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Abstract 

Sight relies on the integrity of the photoreceptor cells of the retina (rods and cones), 

and damage to these cells results in irreversible vision loss. Several degenerative 

diseases affect cones specifically, including age-related macular degeneration (AMD), 

one of the leading causes of blindness worldwide. A promising therapeutic strategy to 

restore vision in these patients is photoreceptor replacement, but our ability to produce 

cones in vitro is limited. Humans and other primates have a specialized region of the 

central retina called the fovea—the region affected by AMD—that contains the highest 

density of cones. This cone dominance is a sharp contrast to the majority of the retina, 

where rods outnumber cones 20:1. All the neurons of the retina (including rods and cones) 

are born from a single population of multipotent progenitors. However, the molecular 

mechanisms that dictate why the foveal progenitors differentiate into high yields of cones 

and not rods are unknown. A more complete understanding of these factors can be used 

to optimize existing stem cell protocols and increase cone production in vitro.  

In my collection of published work, I explored various molecular mechanisms that 

contribute to neural fate specification, including molecules of the retinoic acid pathway 

and microRNAs (miRNAs). My research focused primarily in the retina. I began by 

reviewing foveal development and curating the current knowledge of the steps towards 

its specification and maturation. The mechanisms driving foveal development are widely 

unknown, so I sought to study the fovea in the human and nonhuman primate. The La 

Torre lab is just three miles down the road from the California National Primate Research 

Center, priming us for access to nonhuman primate tissue across gestation. With these 

rhesus macaque tissues, I characterized retinal development and identified key stages of 
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neurogenesis. I also showed that the expression patterns of molecules in and associated 

with the retinoic acid pathway, including CPY26A and FGF8, are not conserved between 

chicken and primate. Whereas in the chicken retina, these molecules contribute to the 

specification of the high acuity area, they are not fovea-specific in the primate retina. I 

continued to explore the role of miRNAs in fate specification through analyzing of the 

miRNA landscape across the developing nonhuman primate retina. I further validated 

those miRNAs found to be highly differentially expressed in the human retina. I reviewed 

oscillation patterns of miRNAs and the role in retinal development. Given that the cortex 

shares a similar developmental pattern with the retina, also having a progenitor population 

that all the neurons descend from in a stereotypic sequence, I explored how the Notch 

pathway and miRNAs influence fate specification in the mouse brain. Together, these 

studies identify a subset of the molecular mechanisms that drive neural differentiation and 

will inform future research on increasing the cone production in stem cell protocols with 

an ultimate goal of restoring vision in patients affected by optic neuropathies. 
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1. Introduction 

1.1 General introduction 

Vision begins, and may end, in the photoreceptor cells. The ability to see relies on 

the integrity of the photoreceptor cells in the retina (rods and cones) to receive light and 

convert this information into biochemical messages. The electrical signal is transported 

through a circuit of cells in the retina and sent to the brain for interpretation. All the neurons 

of the retina that participate in this transmission of signal, including rods and cones, are 

born from a single population of multipotent progenitors 1. These progenitors are primed 

by both intrinsic and extrinsic factors to differentiate into the appropriate populations of 

neurons or glia at any given stage of development. This ensures that the developed retina 

has the appropriate composition of cells for the animal’s vision needs. Rods are low light 

sensing cells responsible for night vision, and cones are color sensing cells that mediate 

most daylight vision 2. In the primate eye, rods are the dominant photoreceptor population 

throughout the retina, outnumbering cones 20:1 3. There is one region in the central retina, 

the fovea, that contains the highest density of cones and no rods 4. The fovea is especially 

vulnerable to several degenerative diseases, including age-related macular degeneration 

(AMD). As the leading cause of non-inherited blindness, AMD affects over 6% of the world 

population 5. The retina is part of the central nervous system (CNS) and cannot 

regenerate. Current treatments only slow down the progression of these 

neurodegeneration diseases; degenerated photoreceptors are unsalvageable, so any 

therapeutic strategy to restore vision will require prosthetics or cone replacement. 

Consequently, there is strong interest in developing neuron replacement therapies for 
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degenerative eye diseases. Pluripotent stem cells hold great potential as an unlimited 

donor source for photoreceptor replacement therapies, as embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs) may be differentiated into several retinal cell 

fates 6-15. However, there is no method for making cone-enriched retinal organoids, as the 

current protocols closely replicate endogenous developmental mechanisms 16-18. Thus, 

cone production in vitro is expensive, inefficient, and difficult to scale up. A more complete 

understanding of the molecular mechanisms that dictate cone photoreceptor specification 

is critical to translate stem cell technologies into novel cone transplantation approaches. 

 

1.2 The retina 

Visual perception is a multi-step process that transpires in the eyes and brain. A 

photon of light is converted into an electrical signal that is further refined, and then the 

signal is interpreted as a visual image. This orchestrated process commences in the 

retina. The retina is a highly organized, laminar tissue that lines the posterior of the eye 

(Figure 1.1). All the cells that participate in the retinal circuitry are born from a single 

population of multipotent stem cells, called retinal progenitor cells (RPCs). RPCs 

differentiate into six types of neurons—rod and cone photoreceptors (PRs), bipolar cells 

(BPs), horizontal cells (HCs), amacrine cells (ACs), and retinal ganglion cells (RGCs)—

and one glia—Müller glia (MG) 19-21. These neurons and glia are positioned across the 

layers of the retina, each residing within their appropriate neuronal layer and synapsing 

with their respective targets in the appropriate plexiform layer. There are three neuronal 

layers—the outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer 

(GCL)—and two plexiform layers—the outer plexiform layer (OPL) and inner plexiform 
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layer (IPL). The retina is part of the central nervous system (CNS) and directly connects 

to the brain via the optic nerve (ON) 22. RGCs project long axons that shape the nerve 

fiber layer (NFL) within the retina, and bundle together to form the ON. Outside of the eye, 

the ON is myelinated to efficiently send signals over a long distance towards the vision 

processing centers of the brain 23. Retinal signal travels from the retina to the lateral 

geniculate nucleus (LGN) in the thalamus and superior colliculus in the midbrain (among 

other regions in the brain), and finally to the primary visual cortex in the occipital lobe to 

be synthesized and interpreted 24-26. Overall, a healthy retina with functioning 

photoreceptors is vital for proper vision. 

 

1.3 Retinal cell types 

1.3.1 Photoreceptors 

Photoreceptors (PRs) are the primary light-sensing neurons in the retina. There 

are two types of PRs: rods and cones. Rods are acutely sensitive to light and are thus 

responsible for vision in low-light conditions; cones are less responsive to light and are 

adapted for bright light and color perception 27,28. To perform their function, PRs are highly 

compartmentalized. They consist of an outer segment (OS), inner segment (IS), soma, 

and synaptic terminal. The OS and IS reside in the photoreceptor layer (PL), the soma 

lies in the outer nuclear layer (ONL), and the synaptic terminal synapses to second-order 

neurons in the outer plexiform layer (OPL). 

A photon of light must pass through the entire retinal thickness before it reaches 

the PRs in the apical retina, farthest from where light enters the eye. The OS is most 
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apical and the outermost part of the retina. Rods and cones have distinguishing OS 

morphologies that give rise to their nomenclature: rod OSs are long, thin, and rod-like, 

while cone OSs are shorter, stockier, and conical 29. It is here where phototransduction 

occurs. The IS is connected to the basal side of the OS. Here, the PR’s metabolic 

machinery resides. Proteins synthesized in the IS are transported to the OS through the 

connecting cilium. The synaptic terminal is the most basal part of the PR. Although the 

synaptic terminal in rods is called a spherule and in cones a pedicle, both types of PRs 

participate in “ribbon synapses” via the synaptic ribbons 29. 

 

1.3.1.1 Phototransduction 

Phototransduction is the process where a photon of light is converted into an 

electrical signal (Figure 1.2) 30. Within the OSs are stacks of discs that house Opsins 

(rhodopsin in rods and cone opsins in cones) and retinal molecules. When retinal absorbs 

light, its consequent configuration change prompts Opsins to activate transducin 31. 

Transducin activates phosphodiesterase to break down cyclin guanosine 

monophosphate (cGMP) 32. As cGMP levels decrease, the ion channels that they mediate 

close. The decreased sodium influx and continued potassium outflux cause the PR to 

hyperpolarize. Whereas an unstimulated PR constantly releases the neurotransmitter 

glutamate to the postsynaptic BPs and HCs, a light stimulated, hyperpolarized PR 

decreases the release of glutamate 33,34. Thus, decreased neurotransmitter release 

signals that a light stimulus is present. After responding to a light stimulus, the PR must 

arrest the phototransduction cascade and repolarize. The appropriately named Arrestin 

proteins (arrestin-1 in rods and arrestin-1 and -4 in cones) support this process by 
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arresting the activity of G protein-coupled receptors (GPCRs), which includes Opsins 35,36. 

Finally, when retinal is restored to its original configuration, the PR is ready to respond to 

the next light stimulus 31. 

 

1.3.1.2 Opsins 

In primates, each PR contains one type of Opsin, either Rhodopsin in rods or one 

of three types of cone opsin in cones. These Opsins vary in their sensitivity to light. 

Rhodopsin has peak sensitivity to wavelengths of light at 500 nanometers (nm). Cone 

opsins are sensitive to 420 nm (short wavelength, S-opsin), 530 nm (medium wavelength, 

M-opsin), or 560 nm (long wavelength, L-opsin) wavelengths 37-39. Together, these blue, 

green, and red cone subtypes allow for perception of the visual spectrum. It is worth noting 

that the visual system of each organism has evolved to fit its needs. While diurnal 

primates have three types of cone PRs, each with a distinct cone opsin, nocturnal mice 

have only two cone opsins that are co-expressed in a single cone PR. Without L-opsin, 

mice cannot perceive red light 40,41.  

 

1.3.2 Bipolar cells 

Bipolar cells (BPs) are the second-order neurons that receive the signal from PRs. 

These interneurons reside in the INL, receive input from PRs and HCs in the OPL, and 

relay signal to RGCs and ACs in the IPL. BPs are characterized as ON or OFF, depending 

on their response to light. ON BPs respond to light stimulus by depolarizing, and OFF 

BPs respond by hyperpolarizing 42. In addition to receiving input from PRs, BPs receive 
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lateral input from HCs 19,43. This lateral inhibition of the PRs’ signal enhances image 

contrast 44.  

 

1.3.3 Horizontal cells 

Horizontal cells (HCs) are laterally connecting interneurons that moderate 

signaling across the OPL. Their cell bodies reside on the apical side of the INL, and they 

synapse to PRs and BPs in the OPL. HCs are GABAergic and provide inhibitory feedback 

to PRs and feedforward signaling to BPs 45. This lateral inhibition enhances contrast and 

improves color opponency 46. HCs are characterized by their dendritic structure and 

synaptic terminal organization 47. In humans, three types of HCs have been identified 47,48. 

 

1.3.4 Amacrine cells 

Amacrine cells (ACs) are a diverse group of interneurons that also modulate the 

transmission of visual signal within the retina. There are over 60 subtypes, each with 

distinct morphologies 49,50. AC bodies reside on the basal side of the INL, with some 

displaced in the GCL, and they synapse in the IPL 51. They primarily receive input from 

BPs and output signal to other ACs and RGCs 52. Most ACs are GABAergic or glycinergic, 

serving as inhibitors to their synapsing neurons 49. Such regulation influences the 

temporal and spatial aspect of visual processing, including direction selectivity and motion 

detection 19,52,53.  
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1.3.5 Retinal ganglion cells 

Retinal ganglion cells (RGCs) are the output neurons of the retina that send the 

visual signal to the brain. These third-order neurons are the sole connection between the 

retina and the brain. RGCs reside in the most basal retina; the cell bodies lie in the GCL, 

they receive input from BPs and ACs in the IPL, and their axons form the NFL. RGC axons 

converge at the optic nerve head (ONH, also known as the optic disc), where they bundle 

together to form the ON. Consequently, the NFL is thinnest towards the ora serrata and 

thickest closest to the ONH 54. Action potentials are transmitted down the long axons, 

which are myelinated outside of the retina, towards the brain. In this final location of the 

visual pathway, RGCs synapse to visual processing centers, including the Lateral 

Geniculate Nucleus (LGN) and Superior Colliculus 24,25. There is a large diversity of retinal 

ganglion cell subtypes, based off distinct morphologies, physiologies, and molecular 

classifications—17 subtypes have been identified in primates 55. One subtype of note in 

the mouse retina is the alpha retinal ganglion cell (αRGC), which is especially resilient to 

degeneration in glaucoma models. Glaucoma causes blindness through retinal ganglion 

cells death, prematurely suspending the transmission of visual signal before it reaches 

the brain 56. 

The density of RGCs serves as a useful tool for understanding visual acuity in 

various organisms. Retinal regions responsible for high visual acuity, such as the fovea 

in primates, birds of prey, and lizards or a high acuity area in some birds, have unique 

circuitry. In primates, the majority of the retina contains parasol circuitry (or magnocellular 

pathways), where the signals from many PRs converge onto an interneuron, and many 

interneurons converge on a RGC. In high acuity regions, midget circuity (or parvocellular 
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pathways) dominates, where a PR synapses with two BPs (ON and OFF), which synapse 

onto two RGCs 57,58. As a result, there is a much higher density of RGCs in high acuity 

areas compared to the rest of the retina. Identifying regions of high RGC density in flat 

mount retinas has been useful to compare visual acuity across species. 

 

1.3.6 Müller glia 

Müller glia (MG) are the primary glia of the retina. They are the only cells that 

extend over every retinal layer, from the apical ONL to the basal NFL. Their ubiquitous 

presence is appropriate for their many roles. Beyond maintaining tensile strength within 

the retina, MG are involved in neurotransmitter uptake and recycling, especially of 

glutamate 59,60. They respond to retinal damage by removing cell debris and secreting 

neurotrophins 61,62. Perhaps most important and exciting for this research field is that MG 

are born from the same population of progenitor cells as the retinal neurons. In some 

species, MG may dedifferentiate into a RPC-like state and then differentiate into new 

retinal neurons 62-64. There is ongoing research into reprogramming MG to treat PR 

degeneration models.  

 

1.3.7 Retinal pigment epithelium 

Although originating from the optic vesicle (OV), the retinal pigment epithelium 

(RPE) diverges away from the neuroepithelial developmental program and is thus distinct 

from the neural retina 22,65. This monolayer of cells contains a high concentration of 

melanin, making them pigmented. They line the apical retina and interact with the PR 

OSs. A normal functioning retina is vulnerable to toxic photooxidative product build up 
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from light exposure and the energy-intensive process of phototransduction 66. PRs are 

continuously producing new discs and pushing the existing ones apically. Consequently, 

PRs shed up to 10% of their volume daily for the RPE to phagocytose and clear away 67. 

Their proximity to the PRs also primes the RPE for a key role in phototransduction. 

Specifically, they participate in the initiating event of converting all-trans-retinal into 11-

cis-retinal 68,69. When the RPE degenerates, as in the Age-Related Macular Degeneration 

(AMD) model, the retina cannot properly function, leading to blindness 70,71.  

 

1.4 The developing vertebrate retina 

1.4.1 Eye field specification 

The central nervous system (CNS), including the retina and the brain, is derived 

from the neuroectoderm. When the neural plate forms into the neural tube, a group of 

cells positioned at the center of the anterior neural plate (ANP) are specified as eye field 

progenitors. A gene regulatory network, the eye field transcription factors (EFTFs) Rax, 

Pax6, Six3, and Lhx2, are responsible for the specification 22,65,72-75. Additionally, a 

combination of four key morphogenic molecules—Bone Morphogenetic Protein (BMP), 

Sonic hedgehog (Shh), Wingless/Integrated (Wnt), and Insulin-derived Growth Factor 

(IGF)—establish the eye field domain. When most of the cells are converging into the 

neural plate, these eye field progenitors bilaterally evaginate to form the optic vesicles 

(OVs) (Figure 1.3) 65,73,75. The pseudostratified OVs continue to outwardly displace until 

the tissues contact the surface ectoderm. This event cues the ectoderm and OVs to 

invaginate, thus establishing the lens placodes and optic cups, respectively 22,73. Within 

the bilayered optic cup, the proximal tissue becomes the RPE and the distal tissue 
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becomes the neural retina. A group of transcription factors specify the distinct regions of 

the developing eye. Mitf appears in the OV and is selectively restricted to the future RPE 

across time. Pax2 is initially expressed by all RPCs and progressively restricts to the optic 

stalk and ONH. Vsx2 (Chx10) labels the RPCs 22,65,75-79. Proper eye development requires 

the proper patterning of these developmental transcription factors. 

 

1.4.2 Early retinal development 

All the cells of the retina are derived from a single population of multipotent stem 

cells, called retinal progenitor cells (RPCs). Lineage tracing studies, where fluorescent 

tags or retroviruses label a RPC and allow for its future progeny to be identify, showed 

that a single RPC is capable to differentiating into all six types of neurons and one glia in 

the retina 80-83. As a RPC is dividing, it undergoes interkinetic nuclear migration (INM) 

(Figure 1.4) 84-86. During this process, the nucleus travels the width of the retina, ensuring 

that it is in the basal retina during S-phase (synthesis phase, when DNA is being 

synthesized) and in the apical retina during M-phase (mitosis, when the cell is dividing)84. 

A cycling RPC has one of three paths to follow during mitosis: symmetric division into two 

RPCs, asymmetric division into one RPC and one neuron, or symmetric post-mitotic 

division into two neurons (of the same or different types) (Figure 1.5). Retinogenesis, and 

organogenesis in general, requires the balance between progenitor proliferation and 

differentiation. Early in retina development, RPCs symmetrically divide into more RPCs 

to maintain the progenitor pool and grow the tissue. As development progresses, 

asymmetric divisions and symmetric post-mitotic divisions become more prevalent.  
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1.4.2.1 Retinal progenitor cell proliferation 

The proliferative state of RPCs is maintained by both intrinsic and extrinsic factors. 

Intrinsically, a group of transcription factors, including Rax, Six6, Pax6 and Sox2, 

regulates RPC proliferation 87. 

 

1.4.2.1.1 Cell Cycle 

Of course, RPC proliferation relies on the ability to advance through the cell cycle. 

Briefly, the cell cycle involves four phases and three major checkpoints (Figure 1.6) 88. 

After a cell divides, the new daughter cells begin the cell cycle in Gap 1 (G1) phase, that 

is simply the gap between cell division and DNA synthesis. The G1/S checkpoint ensures 

the integrity of DNA before the genome is replicated in S-phase (synthesis phase). The 

cell can either remedy a problem at this checkpoint to continue in the cell cycle or advance 

to G0 phase, which is a resting phase. When replication is complete, the cell continues 

to grow during Gap 2 (G2) phase. The G2/M checkpoint ensures proper chromosome 

duplication before cell division occurs in mitosis (M-phase). Within mitosis is prophase, 

metaphase, anaphase, telophase, and cytokinesis. A checkpoint between metaphase 

and anaphase ensures that each kinetochore attaches to a spindle fiber. The resulting 

daughter cells begin a new cell cycle or exit the cell cycle and differentiate 89. 

Progression through the cell cycle is driven by cyclin-dependent kinases (CDKs) 

binding to their cognate cyclin partners. Whereas cyclins are variably expressed through 

the cell cycle, with specific cyclins produced at specific stages, CDKs are always present. 

A CDK is only active when bound to its appropriate cyclin partner. During G1, cyclins D 

and E are produced, facilitating the creation of CDK4/6-cyclin D and CDK2-cyclin E 
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complexes. Importantly, the CDK4-cyclin D complex phosphorylates retinoblastoma (Rb) 

to render the protein inactive and unable to inhibit DNA replication. Such an event allows 

for progression from G1 to S-phase. S-phase coincides with cyclin A production, which 

complexes with CDK1/2 to activate DNA replication. During G2, cyclin B is produced and 

activates cell division with CDK1. The timely production of cyclins and consequent 

activation of the appropriate CDKs are necessary to inhibit proteins blocking cell cycle 

progression or promote proteins needed for cell cycle progression. 

Specifically, the expression of CyclinD1 (Ccnd1) is key for RPC proliferation 90. 

CyclinD1 interacts with kinases to promote progression through G1 and inhibit activity of 

p27Kip1 (Cdkn1b), a cyclin-kinase inhibitor (CKI) that causes cell cycle arrest 91-93.  

 

1.4.2.1.2 Notch pathway 

The Notch pathway is one of the most well-studied extrinsic pathways responsible 

for regulating the balance between RPC proliferation and differentiation 1. Activated by 

cell-to-cell contacts, the intercellular pathway perpetuates RPC maintenance (See Figure 

5.5, page 173). When the transmembrane Notch receptor of one cell interacts with the 

Notch ligands (Delta and Jagged) on a neighboring cell, the Notch receptors’ intracellular 

domain (NICD) is cleaved and translocates to the nucleus. There, it complexes with the 

Rbpj/Maml1 transcriptional coactivator protein complex and activates the expression of 

target genes. Two well-known targets, Hes1 and Hes5, encode antiproneural basic helix-

loop-helix (bHLH) proteins that block neurogenesis 94. Studies show that increasing Notch 

pathway activity prolongs the period of progenitor maintenance and consequently delays 

differentiation. Conversely, disrupting or inhibiting the Notch pathway signaling causes 
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premature neuronal differentiation 94-97. There are other signaling pathways that also 

control the expression of Hes family proteins, including Sonic hedgehog (Shh) and 

fibroblast growth factor (FGF) 98. Therefore, RPC proliferation is regulated by a variety of 

intrinsic and extrinsic factors in concert.  

 

1.4.2.2 Neurogenesis in the retina 

The retina is built by the consecutive addition of different classes of cells in a 

stereotypic sequence that is conserved in all vertebrates: RGCs, cone PRs, HCs, and 

starburst ACs are the first populations born, and the remaining subtypes of ACs, rod PRs, 

BPs, and MG are born later 1,99,100. With that, some cell populations are made only at 

early stages of development (early-born cells), while others are generated at later 

ontogenic stages (late-born cells). Such findings were observed in birth dating studies, 

where radiolabeled thymidine (and more recently, 5-ethynyl-2’-deoxyuridine, EdU, and 5-

bromo-2’-deoxyuridine, BrdU) marked cells during S-phase of the cell cycle and followed 

the fate of their progeny 101. These experiments discovered the temporal patterning of 

retinogenesis and showed that multiple retinal cell types are born concomitantly at any 

given developmental time 99,102,103. Specification of RPCs to different neuron types and 

glia is internally regulated by transcription factors that belong to the basic helix-loop-helix 

(bHLH), homeodomain, and forkhead families 20,104.  

There are several theories regarding what regulates the order of neurogenesis in 

the retina. The competence model suggests that RPCs pass through waves of 

competence to make specific cell types as development proceeds 100. Early RPCs are 

capable of making early-born cells, and then the RPCs undergo a shift of competence to 
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both lose the ability to make early-born cells and acquire the ability to make late-born 

cells. MicroRNAs (miRNAs) are necessary for the RPC competence shift (See 

“microRNAs in retina development” section, page 20). This intrinsic change is irreversible. 

Heterochronic transplantation studies, where RPCs of one developmental age were 

transplanted into tissue of a different age, revealed that early RPCs cannot be induced to 

make late-born cells prematurely and late RPCs cannot reacquire the ability to make 

early-born cells after already undergoing the competence switch 1,105-107. Additionally, 

competence is intrinsically restricted. To complement the findings of the heterochronic 

transplantation studies, experiments on retinal explants revealed that late RPCs 

differentiate into the appropriate ratios of cell types regardless of their environment 108-

110. A model of stochasticity explains how early or late RPCs then make different cell types 

111. RPCs experience fluctuations of gene expression that cause the stochastic nature of 

cell fate decisions. For example, a study using single cell RNA sequencing (RNAseq) of 

human retinas found the NFI transcription factors selectively expressed in late RPCs and 

implicated in controlling BP and MG cell fate specification 112. Similarly, only late RPCs 

express some transcription factors, such as Sox9 and Ascl1, and respond to epidermal 

growth factor (EGF) 113-117. In vivo lineage tracing of individual RPCs in the zebrafish and 

rat retinas showed that the size and cellular composition of retinal clones are highly 

variable 109,118. Such variability allows for the concurrent generation of different cell types 

from the single population of RPCs and the lineage progression observed. 

Although RPC competence is minimally impacted by the retinal environment, that 

is not to say that there are no extrinsic factors that regulate proper retina development. 

Feedback inhibition is important for ensuring the proper ratio of different cell types. The 
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presence of differentiated neurons of a specific type negatively regulates further 

production of that neuron type. One example of this is RGCs producing Shh and Vascular 

endothelial growth factor (VEGF), both of which inhibit RPCs from differentiating into more 

RGCs 119,120. One compelling hypothesis is that intrinsic factors regulate cell fate 

specification before external factors regulate the volume of production of different cell 

types, and intrinsic factors respond by modifying RPC competence and cell fate 

specification 20. Recent studies support this, as the period of RPC competence to produce 

RGCs is slightly longer in in vitro models compared to in vivo. This delayed end to RGC 

neurogenesis suggests that extrinsic factors, in additional to intrinsic factors, do indeed 

contribute to cell fate specification neurogenesis in the retina.      

 

1.4.3 Specification and differentiation of photoreceptors  

While the gene regulatory networks controlling PR specification are well 

characterized in mice, zebrafish, and flies, there are efforts (beyond this dissertation) to 

better understand these networks in human and non-human primates. Although cones 

are an early-born cell type and rods are a late-born cell type, there is substantial overlap 

in the windows of cone and rod genesis. There are two key “decisions” that RPCs make 

for cone or rod specification. First, to become a PR or adopt a non-PR fate. Second, the 

choice between a cone or rod fate.  

 

1.4.3.1 Photoreceptor or non-photoreceptor fate 

A group of transcription factors, Cone-rod homeobox (Crx), Orthodenticle 

homeobox protein (Otx2), and Retinal homeobox proteins (Rx and Rax), facilitate PR 
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differentiation in vertebrates. Otx2 is upregulated as RPCs exit the cell cycle to 

differentiate 121. Cells expressing Otx2 will differentiate into PR or BPs 122-124. Downstream 

of Otx2, Prdm1 (Blimp1) restricts Otx2-expressing cells to PR fates and Vsx2 (Chx10) 

restricts to BP fates 124-127. While knocking out Otx2 prevents the development of PRs 123, 

Prdm1 mutants create BPs at the expense of PRs 127,128. 

Some groups hypothesize that Otx2 activation is the “default” program in all RPCs, 

and those RPCs that will become cells other than PRs and BPs must repress Otx2 129. 

To this end, studies in cultured chick retinas suggest than all RPCs are able to express 

Otx2 130. Additionally, studies in cultured mouse retinas show that blocking Notch 

signaling drives Otx2 expression, and consequently PR genesis 97. However, Otx2-

expressing precursors do not make RGCs. In accordance with this hypothesis, a 

subpopulation of RPCs express Atoh7 (Math5) and go on to become RGCs, while the 

rest of the RPCs will express Ascl1 and eventually Otx2 when they exit the cell cycle 

129,131-134. Both Ascl1- and Olig2-expressing RPCs have the potential to differentiate into 

PRs, among all retinal cell types other than RGCs (Ascl1 and Olig2) and MGs (Olig2) 

115,135,136.  
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Transcription factor Loss-of-function effect on mouse PR development 
Ascl1 (Mash1) Reduction in late-born fate 115,137 

Atoh7 (Math5) More cones 131 

Crx PRs present but unfunctional 138-140 

Foxn4 More PRs 141 

Neurod1 Loss of M-cones, more S-opsin expression 142,143 

Notch1 Early loss causes more cones,  

late loss causes more rods 96,144 

Nr2e3 Many PRs co-express cone and rod genes, more S-opsin cones, 

rod functional deficits 145,146 

Nrl Rods become S-opsin cones 147 

Onecut1 (Oc1) Fewer cones in total, loss of M-cones, more S-opsin expression 148 

Otx2 No PRs 122,149 

Pax6 No PRs 150 

Prdm1 (Blimp1) More BPs at the expense of PRs 126,127 

Rorb More cones at the expense of rods, PRs unfunctional 151 

Rxrg More S-opsin cones 152 

Thrb2 (Thrb) Loss of M-cones, more S-opsin expression 153,154 

Vsx2 (Chx10) More rods at the expense of BPs 155 

 

Table 1. Transcription factors expressed in RPCs and loss-of-function effects on 
mouse photoreceptor development. Table modified from Brzezinski & Reh, 2015 129. 

 

1.4.3.2 Rod vs. cone fate 

The distinction between rod and cone gene expression occurs downstream of Otx2 

and Crx, both of which are necessary for the expression of most PR genes 129. Rod 

specification requires the combined efforts of rod activators and cone repressors. In rod-

fated cells, Rorβ is also needed to initiate the expression of the transcription factor Neural 
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retina leucine zipper protein (Nrl) 156. Nrl is necessary to activate rod-specific genes 129. 

One such gene, Nr2e3, both activates other rod genes and silences cone genes, including 

Opn1sw (S-opsin) 157-161. This direct regulation of Opn1sw by Nr2e3 could explain why 

aberrations to rod-associated genes generally result in the increase of S-opsin-

expressing cones. As such, overexpressing Nrl results in cones reprogramming into rods 

162, and Nr2e3 mutants show increased S-opsin expression at the expense of rod gene 

expression 145,146,162. 

Cone specification is not as well understood as rod specification is. A smaller 

cohort of cone-specific markers have been identified, including the thyroid hormone 

receptor 2 (Thrβ2) 129. Thrβ2 is neither necessary nor sufficient for cone development, as 

null mice still generate cones, and replacing Nrl with Thrβ2 does not induce cone 

development at the expense of rods 153. However, Thrβ2 manipulations in mice modulate 

the ratio between M-opsin- and S-opsin-expressing cones 154,163,164. Similar results were 

found in human retinal organoid experiments 16. NeuroD1 is necessary for sustained 

expression of Thrβ2 143. Additionally, Onecut1 (OC1) and Otx2 work in concert to activate 

Thrβ2 expression 129. Although OC1 mutant mice show similar phenotypes to Thrβ2 

mutant mice, with no substantial reduction in total number of cones and an increase in S-

opsin-expressing cones 165, OC1 could be part of the group of factors not lineage 

restricted to PR fates that regulate cone specification.  

In zebrafish and chicken, retinoic acid (RA) signaling is also implicated in 

photoreceptor development. Specifically, rod specification through the RARab and 

possibly the RXR-ga receptors 166,167, and cone specification through the Rxrg receptor 

152,168-170. Loss of Rxrg does not modulate total cone number, just subtype 148. In Chapter 
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3, I explore the expression patterns of molecules associated with the RA pathway in the 

developing non-human primate retina. 

A few hypotheses have emerged for what regulates cone specification 129. Perhaps 

the cone pathway is the default for all PRs, and negative regulators, such as Nr2e3, allow 

for rod specification. Alternatively, there could be a cone-activator, like Nrl is for rod 

specification, that has yet to be identified. Beyond the efforts in this dissertation, single-

cell sequencing experiments will be valuable for identifying such genes. However, 

obtaining age-appropriate samples to study RPCs before cone specification is 

paramount. 

 

1.5 MicroRNAs 

1.5.1 MicroRNA biogenesis 

MicroRNAs (miRNAs) are high-conserved, small, non-coding RNAs that regulate 

gene expression. A series of cleavage events process the initial RNA transcripts into 

mature miRNAs, which are typically 19-25 nucleotides long (See Figure 5.1, page 168). 

MiRNAs are first transcribed from DNA sequences by RNA polymerases II and III. These 

primary miRNAs (pri-miRNAs) are double-stranded transcripts that fold into hairpin-like 

structures. Depending on the miRNA being intergenic or intragenic, biogenesis follows a 

canonical or non-canonical pathway, respectively 171. Intergenic miRNAs are processed 

via the canonical pathway, where the hairpin-like structures are cleaved by the 

Drosha/DiGeorge critical region 8 (DGCR8) Microprocessor protein complex. Intragenic 

miRNAs are processed via the non-canonical pathway by the splicing machinery. The 

resultant precursor miRNA (pre-miRNA) from both pathways is an individual hairpin-like 
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structure of about 70 nucleotides. Pre-miRNAs are exported from the nucleus into the 

cytoplasm, where they are further processed by Dicer into mature miRNA duplexes. One 

miRNA strand is loaded into Argonaute (Ago) to form a miRNA-Ago complex, called the 

RNA-induced Silencing Complex (RISC) 171-173. Mature miRNAs bind to the antisense 

sequences in the 3’ untranslated region (UTR) of target messenger RNA (mRNA) 

transcripts. They are implicated in influencing translation by inhibiting mRNA translation 

and inducing mRNA decay 174-176. 

 

1.5.2 MicroRNAs in retina development 

The first miRNA was discovered in Caenorhabditis elegans in 1984. In the 40 years 

since, over 2,000 miRNAs have been reported in the miRbase from over 200 species 177. 

Computation and experimental analyses indicate that over 60% of the human 

transcriptome is regulated by one or more miRNA, with each miRNA predicted to regulate 

the mRNA transcripts of about 200 genes 178. miRNAs have been implicated in slowing 

translating ribosomes and influencing mRNA stability, among other roles 179,180. Given 

their broad ability to influence translation, miRNAs are likely involved in most biological 

processes.  

To discern the role of miRNAs in retinal development, various research groups 

have targeted the enzymes necessary for miRNA processing. The most targeted enzyme 

is Dicer 181. Dicer plays a pivotal role in processing mature miRNAs, specifically by 

cleaving pre-miRNAs into miRNA duplexes. Except for one miRNA that is processed by 

Ago catalysis instead of Dicer, all miRNAs are processed in a Dicer-dependent manner 

182-184. Bernstein et al. found in Dicer null mice that miRNAs are necessary for proper 
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development beyond gastrulation, and they observed embryonic lethality in their absence 

185. This lethal phenotype when Dicer is removed in every tissue impedes studies on the 

role of miRNAs in late stages of development. Subsequent studies circumvented this 

roadblock by removing Dicer in specific tissues. The discrete expression patterns of 

various Cre lines gave way to strikingly different phenotypes. Damiani et al. used a floxed 

conditional Dicer allele with the Chx10cre allele to remove Dicer from retinal progenitor 

cells 186. Chx10cre causes mosaic recombination throughout the retina, resulting in 

interspersed Dicer-deficient and wildtype cells. They observed all cell types and proper 

lamination in these Dicer-deficient retinas, concluding that miRNAs are not necessary for 

cell fate specification. Georgi et al. used the αPax6cre transgene with a conditional Dicer 

mutant mouse 116. αPax6cre mediates recombination in large blocks in the peripheral 

retina, as it is expressed in RPCs at E10.5. Their ROSA26-YFP reporter identified cells 

once Dicer activity was removed, showing developmental delay. Instead of following the 

stereotypic sequence of neurogenesis, these progenitors produced only early-born 

neurons at the expense of late-born neurons. Such findings suggest that miRNAs are 

indeed necessary for proper retinal neurogenesis. 

La Torre et al. continued on to identify three specific miRNAs that mediate proper 

retinal development 187. In mice, the competence switch, when RPCs transition from 

making early-born neurons to making late-born neurons, occurs between E14 and birth 

(postnatal day P0). This study used miRNA microarray analysis of wildtype retinas during 

this key developmental window and found three miRNAs—let-7, miR-9, and miR-125b—

that increased in expression. These miRNAs, termed Late Progenitor or LP-miRNAs, 

proved to be important for neuronal fate specification. When the LP-miRNAs are inhibited, 
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RPCs are restricted to making early-born neurons, even during the normal period of late-

born neuron specification; when the LP-miRNAs are overexpressed before they are 

endogenously expressed, RPCs prematurely differentiate into late-born neurons. These 

LP-miRNAs are both necessary and sufficient for the RPC competence switch (Figure 

1.7). Two of the three LP-miRNAs—let-7 and miR-9—have been shown to also mediate 

proper timing of fate specification during cortical development 188. Overall, miRNAs are 

proven mediators of the temporal sequence of neurogenesis throughout the CNS. 

 

1.6 Summary 

In this dissertation, I explore the mechanisms that drive cell fate specification in 

the CNS, primarily focusing on how foveal progenitor cells preferentially differentiate into 

cone photoreceptors. I present an overview of the retina, fovea, and relevant concepts 

within the context of fate specification. Given that much of our understanding of retinal 

development is derived from rodent models, which are afoveated, I sought to investigate 

the mechanisms driving foveal development in the human and nonhuman primate. In 

primates, I characterized retinal development, identified expression patterns of retinoic 

acid pathway molecules, and presented novel miRNAs that are upregulated in the fovea. 

I reviewed oscillation patterns of miRNAs and the consequent role in retinal development, 

and explored how the Notch pathway and miRNAs influence fate specification in the 

mouse brain. 
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1.7 Figures 
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Figure 1.1 Eye and retina anatomy 

(Top) Cross section of a human eye. Light passes through the lens to be focused on the retina 

(yellow) in the back of the eye. The vitreous (orange) is an optically transparent gel that maintains 

the shape of the eye. Behind the neural retina, the choroid (red) contains vasculature, and the 

sclera (blue) provides structural support. (Bottom) Inset is expanded to show retinal anatomy. 

Rod and cone photoreceptors receive photons of light and convert it into electrical signal. This 

signal is passed to bipolar cells and retinal ganglion cells, to be sent to the brain through the optic 

nerve, which are RGC axons bundled together. Horizontal and amacrine cells are interneurons 

that modulate the signal transmission. Müller glia are the non-neural cells of the retina. Sitting just 

behind the retina, apically in the eye, is a layer of pigmented cells, the retinal pigment epithelium. 

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. This figure was created with BioRender.com. 
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Figure 1.2 Phototransduction 

Phototransduction begins in the outer segment of photoreceptors, where stacks of retinal- and 

Opsin-containing discs reside. Exposing PRs to dark (A) or light (B) yields different responses. 

(A) Unstimulated, retinal is in the 11-cis configuration. Transducin and phosphodiesterase are 

inactive (top), and cGMP is present to open ion channel and facilitate the influx of sodium ions 

into the cell (bottom). This allows for the PR to constantly release neurotransmitters. (B) In the 

presence of a light stimulus, the retinal undergoes a configuration change to all-trans. Transducin 

is activated, which prompts phosphodiesterase to convert cGMP to GMP. Without cGMP, the ion 

channels are closed, and sodium does not enter the cell. The consequent hyperpolarization 

causes the PR to decrease neurotransmitter release. T: transducin; PDE: phosphodiesterase; 

cGMP: cyclic guanosine monophosphate; GMP: guanosine monophosphate; Na+: sodium. Figure 

adapted from Kappler et. al., 2016 189. This figure was created with BioRender.com. 
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Figure 1.3 Early eye development  

(A) The optic vesicles (blue) evaginate from the anterior neural plate towards the surface 

ectoderm (green), establishing the lens placode (red). (B) The optic vesicle and lens placode 

invaginate, forming the optic cup (blue) and lens pit (red), respectively. (C) After separating from 

the surface ectoderm (green), the lens vesicle (red) will become the lens. (D) The bilayered cup 

will become the neural retina (yellow; inner, proximal tissue) and retinal pigment epithelium (grey; 

distal, outer tissue). Gene expression domains distinguish the parts of the developing eye: optic 

stalk cells express Pax2, retinal pigment epithelium expresses MITF, and neural retina expresses 

Pax6. This figure was created with BioRender.com. 
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Figure 1.4 RPCs undergo interkinetic nuclear migration 

Throughout the cell cycle, a RPC participates in interkinetic nuclear migration. The nucleus travel 

from the apical to the basal surface and then back to the apical surface during each cycle. A 

newly-born cell begins with its nucleus in the apical retina, and the nucleus will travel basally 

during G1. The nucleus is in the basal retina during S-phase, before travelling apically during G2. 

Mitosis occurs when the nucleus is most apical. This figure was created with BioRender.com. 
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Figure 1.5 RPCs undergo symmetric or asymmetric divisions 

During mitosis, a RPC will make one of three possible combinations of daughter cells: (A) 

symmetric division making two RPCs, (B) asymmetric division making one RPC and one post-

mitotic cell, or (C) symmetric division making two post-mitotic cells of the same or different type. 

This figure was created with BioRender.com. 
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Figure 1.6 Cell cycle 

(A) The cell cycle consists of four phases: Gap 1, synthesis phase, Gap 2, and mitosis. Three 

checkpoints ensure that one phase is appropriately completed before progressing to the next 

phase. Groups of cyclin and cyclin dependent kinases facilitate cell cycle progression. (B) Cyclin 

expression is variable throughout the cell cycle. Cyclin D is needed for most of the cell cycle. 

Cyclin E expression peaks at the transition from G1 to S-phase. Cyclin A is most highly expressed 

in G2. Cyclin B expression peaks at the transition from G2 to M-phase. CDK: cyclin-dependent 

kinase; G1: Gap 1 phase; S: synthesis phase; G2: Gap 2 phase; M: mitosis. This figure was 

created with BioRender.com. 
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Figure 1.7 miRNAs control RPC competence 

Neurogenesis in the retina occurs in a stereotypic sequence. RPCs can differentiate into early 

cell fates (retinal ganglion cells, cone photoreceptors, horizontal cells, and a subtype of amacrine 

cells) before shifting competence, where they lose the ability to make early-born fates and acquire 

the ability to make late-born fates (all the other subtypes of amacrine cells, rod photoreceptors, 

bipolar cells, and Müller glia). This competence switch is mediated my miRNAs, specifically the 

late progenitor miRNAs, Let-7, miR-9, and miR-125b. Expression of the LP-miRNAs increases as 

development continues. RPC: retinal progenitor cell; RGC: retinal ganglion cell; PR: 

photoreceptor; HC: horizontal cell; AC: amacrine cell; BP: bipolar cell; MG: Müller glia; LP-miRNA: 

late progenitor miRNA. This figure was created with BioRender.com. 
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2.1 Abstract 

The fovea centralis (fovea) is the region of the primate retina specialized for high 

visual acuity. It consists of a small pitted invagination located a few millimeters temporal 

to the optic nerve disc. The fovea contains a high density of cone photoreceptors and a 

large number of inner neurons that have been displaced peripherally to reduce light 

scattering and facilitate the direct illumination of the photoreceptors. The development of 

the fovea has been the subject of study for over a century, yet many of the molecular, 

cellular and mechanical factors that contribute to foveal development are not well 

understood. Here, we have identified five different developmental events that distinguish 

the fovea from the rest of the retina, including (1) differential retinal progenitor cell growth, 

(2) neurogenesis timing, (3) fate acquisition, (4) vascularization, and (5) pit formation. We 

discuss all these processes in detail, highlighting the current knowledge as well as normal 

versus pathological features.   

 

2.2 Key points 

- The development of the foveal region can be distinguished from the rest of the 

retina by a series of events that span from early embryonic development to 

postnatal stages. 

- The first recognizable difference is a differential growth of the retinal progenitors of 

the fovea. 

- In primates, neurogenesis follows a fovea-to-peripheral pattern. 

- The center of the fovea contains an extraordinary number of cones photoreceptors 

while rods are not present at any developmental time-point. 
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- Anti-angiogenic factors, guidance cues, and an absence of astrocytes in the foveal 

center contribute to the development of the foveal avascular zone. 

- Centrifugal and centripetal cell movements result in the development of the foveal 

pit. 

 

2.3 Introduction 

The vertebrate retina has evolved to fit the visual necessities required of animals' 

behaviors and habitats 190,191. Different visual features can provide advantages for 

foraging, mate selection, predator avoidance, and navigation. One such adaptation is a 

specialized region in the primate central retina called the macula lutea (‘yellow spot’, 

macula), named because of the presence of yellow pigment. This region allows for high 

visual acuity to resolve spatial details and color, and has provided primates with extensive 

evolutionary advantages 192. 

The macula resides in the posterior pole of the retina on the temporal side of the 

optic disc, spanning the central 3 mm of the visual field (or 10° of visual angle). Within the 

central 1 mm of the macula resides the fovea centralis (fovea), which is responsible for 

maximal visual acuity. The fovea lies on the visual axis of the eye, such that the light 

passing perpendicularly through the center of the lens will impact this region. The fovea 

is defined by a depression, or small pit as it is named after (fovea means ‘pit’ in Latin), 

where the inner retinal layers have migrated peripherally to leave only the outer nuclear 

layer (Figure 2.1). Thus, the macula is divided into four concentric areas: the foveola, the 

fovea, the parafovea, and the perifovea. The foveola, the innermost region of the foveal 

pit, is about 250 µm in diameter, and represents the central 1° 20’ of the visual field. This 
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area is the thinnest part of the retina, as it contains only glial cells and cone photoreceptor 

inner and outer segments and their nuclei. The axons from these cones extend radially 

to synapse with cells that have been displaced away from the pit and form the Henle’s 

fiber layer. The average length of these fibers is 558 µm and the first synapses occur 

approximately 350 µm from the foveal center 193. Given the large number of foveal 

photoreceptors and the considerable displacement, the Henle’s fiber layer constitutes a 

significant fraction of the thickness of the retina 194 (Figure 2.1B). Next, the fovea 

encompasses the adjacent 750 µm around the foveola. The fovea contains all the layers 

of the retina, including the widest part of the retina and the foveal slope. This region has 

very wide ganglion cell and Henle’s fiber/outer plexiform layers. In addition to the inner 

retina layers displaced laterally, blood vessels are also absent in the foveola and foveal 

slope, defining the foveal avascular zone (FAZ), which is about 500 µm in diameter. The 

region adjacent to the fovea is the parafovea, a region 500 µm wide. In the parafovea, 

the ganglion cell layer is about 8 cells thick, but decreases to 4 cells thick at the peripheral 

edge. The rest of the macula is the perifovea, which is 1.5 mm wide, and its periphery 

lies near to the optic disk. In the peripheral edge of this region, the ganglion cell layer 

decreases to 1 cell thick.  

While retina development has been well studied, the mechanisms governing fovea 

development remain largely unknown. This substantial gap in knowledge may be partially 

attributed to the lack of fovea in typical small model organisms and the limited number of 

foveated species that have been used for research. It is thought that the fovea first 

appeared in the temporal retina of teleost fish 195. Then, birds developed a nasal fovea 

and bifoveated retinas emerged with foveas in both the central and temporal regions in 
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some avian species 196,197. The fovea disappeared in primitive mammals before 

reappearing in diurnal primates. Other species, including chickens, pigeons, and 

zebrafish, have retinal specializations with the features of a high-acuity area (HAA) that 

have been the focus of ongoing research. This chapter will focus on fovea development 

in the human and non-human primate retina. 

Primate fovea development has been the topic of research for more than two 

hundred years. In fact, several anatomists already documented some of the foveal 

specializations in the eighteenth century. In 1782, Francesco Buzzi described the macula 

in the dissected eyes of a 35-year-old man as a yellow-colored region in the retina 

posterior pole 198. In 1799, Samuel Thomas Soemmerring was the first to use the term 

“macula lutea” 199 and he also described the fovea but at the time, he thought the fovea 

was a hole in the central retina. The first studies of the developing primate retina were 

carried out by Johan Henrik Chievitz (1888) 200 and others 201,202. These early anatomical 

characterizations were greatly expanded on by Ida Mann in 1928 203. These classic 

studies already recognized that foveal specialization begins early in embryonic time and 

continues well into the neonatal period. After Ida Mann’s work, not many studies 

addressed the topic of foveal development until 1976, when Anita Hendrickson and Carl 

Kupfer published a paper entitled “The histogenesis of the fovea in the macaque monkey” 

204. The subsequent legacy of Anita Hendrickson cannot be overstated. Using human 

samples and both Old World and New World primates, her work encompasses 

comprehensive studies of the photoreceptor topography, mechanics of the foveal pit 

formation, and development of the vasculature (see below). Her beautiful and extensive 

histological studies showed that key events of fovea development occur in a well-
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established sequence that is comparable between human and non-human primates. 

More recently, advancements in molecular analyses, imaging technologies, and 

theoretical modeling have provided further clarity on the different ontogenic stages and 

events. Five key features have emerged that distinguish the development of the fovea 

from that of the rest of the retina: (1) Differential progenitor growth. The first indication 

of the incipient fovea, even before neurogenesis, is a swelling or enlargement in the 

temporal retina that will lead to the “foveal bulge”. (2) Neurogenesis timing. 

Neurogenesis begins in the temporal retina, at the center of the fovea, and continues in 

a wave that extends peripherally. (3) Differential cell fate acquisition. The fovea has 

the highest density of cone photoreceptors in the entire retina, about 200-fold higher than 

the most eccentric retinal regions. This peak of cone density parallels a peak in retinal 

ganglion cell density. Furthermore, the foveola contains only highly packed cones and no 

rods, defining a rod-free zone (RFZ). (4) Differential vascularization. Anti-angiogenic 

factors and axon guidance cues prevent the growth of capillaries into the incipient fovea. 

The foveal avascular zone (FAZ) is further defined postnatally when the vasculature 

further recedes away from the macula.  (5) Pit formation. Late in gestation and into 

postnatal development, centrifugal migration of the inner retinal neurons results in the 

reduction of the ganglion and bipolar cell layers to establish a pitted invagination. The 

resultant foveal pit contains only cone cell bodies and glia in the depression floor. 

Here, we will review the current knowledge regarding the mechanisms that 

orchestrate the coordinated progression of all these events. 
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2.4 Patterning and differential growth 

The first morphological indication of the development of the incipient fovea is an 

asymmetric growth of the temporal retina, right after the formation of the optic cup. The 

location of this “foveal bulge” is constant; despite a widespread variation in eye and retinal 

sizes 205-208 among all the foveal primates, the dimensions and relative position within the 

temporal retina are conserved. 

During the optic cup stage, patterning processes are extremely important to define 

the various tissues (neuroretina, retinal pigment epithelium, ciliary marginal zone, etc. 

22,209) as well as axial orientations. Nasal-temporal patterning refers to the organization 

along the nasal (toward the nose) to temporal (toward the temple) axis of the eye. The 

exact mechanisms by which nasal-temporal patterning is determined in the primate retina 

are not fully understood, but it is thought to be influenced by opposing combinations of 

gene expression, morphogenetic gradients, and cell interactions.  

 

2.4.1 FOXD1 and FOXG1 

The winged-helix transcriptions factors FOXD1 and FOXG1 are some of the 

earliest known determinants of the nasal-temporal axis. These proteins are expressed on 

either the temporal (FOXD1) or nasal (FOXG1) side of the optic vesicle in a 

complimentary, restrictive pattern 210,211. The fovea, as well as the HAA of different 

species, is generally located in the temporal retina, suggesting that the specification of 

these regions may depend on temporal identity. In this direction, studies using zebrafish 

have shown that the establishment of a foxd1 domain in the retina is linked to the 
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formation of the HAA. Thus, zebrafish larvae lacking foxd1 showed absence of HAA 

markers, reduced numbers of UV cones, and expanded nasal identities 212. 

 

2.4.2 SHH and FGF 

During retinal development, gradients of signaling morphogens also play a role in 

establishing positional information along the nasal-temporal axis. Gradients of Sonic 

Hedgehog (SHH) and Fibroblast Growth Factor (FGF) are known to be required in the 

establishment of nasal and temporal identities, respectively. Elegant experiments using 

zebrafish and chick models have shown that Shh, which is expressed by the ventral 

midline, is required for the expression of foxd1 213. This expression begins in the ventral 

half of the optic cup that will then become the temporal side. Similarly, Fgf8 from the 

dorsal forebrain induces foxg1 expression in the dorsal (future nasal) optic cup 213-215. 

Cross-repression between Foxg1 and Foxd1 further refines this patterning 213,216-218. 

 

2.4.3 Ventropin and BMP-2 

In chickens, the BMP2/4 antagonist Ventropin is expressed in both a ventral-high 

dorsal-low pattern of expression as well as a nasal-high temporal-low pattern, reinforcing 

that this molecule is particularly enriched in the nasal-ventral quadrant 219. Conversely, 

BMP-2 is expressed in a pattern complimentary to that of Ventropin, with a double 

gradient along the temporal-nasal and dorso-ventral axes 217,220. Gain of function 

experiments of either Ventropin or BMP-2 shifted the retina axes. Interestingly, these 

experiments showed that FoxG1 alterations were sufficient to modulate BMP signaling 
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217, suggesting that the gradients of BMP and Ventropin take place downstream of 

FoxD1/FoxG1. 

 

2.4.4 EphrinA2/A5 and EphrinB1  

Eph receptors and their transmembrane ligands, Ephrins, are some of the classic 

molecules known to be expressed in complementary gradients in the developing retina. 

The Eph receptor EphA3 and its two ligands, Ephrin A2, and Ephrin A5, are enriched in 

the nasal retina 221-223 and regulate the topographic targeting of axons on the optic tectum 

217,224. Similarly, two homeobox genes, SOHo1 and GH6 are expressed in a nasal-high, 

temporal-low pattern and misexpression of either of these genes represses EphA3 and 

leads to axon routing mistakes 225. In contrast, EphB1 is expressed in the peripheral 

ventro-temporal crescent of the retina and is sufficient to drive ipsilateral projections in 

mice 226. In humans, EPHB1 is expressed in the temporal half of the retina at 10 gestation 

weeks 227. However, all these Eph receptors and Ephrins are mostly expressed by retinal 

ganglion cells. Ablation of Foxd1 in mice led to an expansion of EphrinA expression 

domains while proteins involved in ipsilateral projections, such as EphrinB1 were 

downregulated 218. Similarly, FoxG1 induced the expression of EphrinA2, suggesting that 

the expression of these molecules is also dependent on the previous acquisition of 

temporal or nasal identities and remain downstream of FoxD1/FoxG1. 

 

2.4.5 Retinoic acid signaling 

An important study by da Silva and Cepko 228 discovered a key role for retinoic 

acid (RA), the active form of vitamin A, in the development of the avian HAA. This study 
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describes that the RA catabolizing enzymes CYP26A1 and CYP26C1 are enriched in the 

HAA, and RA reporters showed high RA activity across the retina with the exception of 

the HAA. Similarly, FGF8 expression is also confined to the HAA. When the levels of RA 

were experimentally increased, the expression of FGF8 was affected and rods were now 

present in the HAA. Together this evidence suggests that FGF8 expression driven by low 

levels of RA in the presumptive HAA is required for the patterning of the avian rod-free 

area. Notably, CYP26A1 has also been detected in the zebrafish HAA 229,230. In primates, 

different approaches have identified CYP26A1 enrichment in both human and rhesus 

monkey foveal cells from early stages of development 231,232. Later in development, 

CYP26A1 is exclusively expressed by the Müller glia cells of the macula (including the 

foveola, fovea, and parafovea) 233. None of these experiments have detected enriched 

expression of FGF8 in the primate fovea, suggesting that perhaps only some aspects of 

the avian HAA development are conserved. RA is important for some of the eye 

morphogenetic movements that shape the optic cup 234, rod photoreceptor differentiation 

235, and for cone photoreceptor survival 236 in mice. In humans, a microdeletion containing 

both CYP26A1 and CYP26C1 genes led to optic nerve aplasia and microphthalmia 237. 

Thus, while it is clear the RA plays multiple and significant roles in eye development, how 

RA signaling and/or FGF8 specifically contribute to the regulation of foveal development 

as well as what mechanism(s) restrict the expression of CYP26 enzymes in the 

developing eye remain unresolved. It is also important to note that Cyp26A1 and 

Cyp26C1 also establish a stripe of lower RA levels within the equatorial rodent retina 

238,239. In mice, alterations in Cyp26 expression led to perturbations in the ratios of cone 

opsins and RGC projection patterns 239. However, given that mice do not have foveal 
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specialization or rod-free regions, and thus, neither CYP26A1 expression nor lower levels 

of RA are sufficient to drive foveal development.  

 

Besides the expression of different molecular markers, the nasal-temporal axis 

exhibits differential tissue growth beginning at early stages of development. The exact 

mechanisms of how this differential growth occurs still remains elusive. In rhesus monkey, 

the retina remains symmetrical across the temporal-nasal axis at 30 days gestational age 

(18% gestation), but less than a week later (36 days gestational age, 22% gestation), the 

temporal half is substantially larger at the foveal anlage, and more invaginated in 

comparison to its nasal counterpart 240. Recent quantifications have shown that at these 

early stages, the temporal retina almost double the length (1.9 folds) of the nasal side 241. 

Similarly, the “foveal bulge” is apparent in human fetal week 8 samples and more marked 

by fetal week 12 242 (Figure 2.2). Thus, this asymmetry across the nasal-temporal axis 

appears to be established very early on in primate development, which indicates that the 

temporal progenitor cells must exhibit different growth dynamics relative to their nasal 

counterparts.  

 

2.5 Differential neurogenesis timing 

Neurogenesis in the developing human and non-human primate retina follows a 

fovea-to-periphery gradient. Studies using hematoxylin and eosin (H&E) staining, 3H-

thymidine labeling, immunohistochemistry (IHC), in situ hybridization (ISH), and more 

recently, RNA-sequencing have described this wave of neurogenesis. While there are 

minor discrepancies between the ages of differentiation events, there is a strong 
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consensus in the literature about neurogenesis both beginning and finishing first in the 

center of the fovea. 

All the cells of the retina are born from a single population of multipotent progenitor 

cells (RPCs) in a well-known sequence that is conserved across species: retinal ganglion 

cells (RGCs), cone photoreceptors, horizontal cells, and starburst amacrines are the first 

cell populations born, while other amacrines, rod photoreceptors, bipolar cells, and Müller 

glia are born later in development. This stereotypic sequence of neuronal differentiation 

and retinal layering has allowed for various studies aimed at comparing the rate of 

development within the fovea and peripheral retina.  

 
 
2.5.1 Retinal layering 

General staining methods such as methylene blue-azure II and H&E are valuable 

to compare the rate of laminar development across the developing primate retina. Before 

neurogenesis commences, the entire retina is a comprised of progenitor cells that 

undergo interkinetic nuclear migration movements within the neuroblastic layer (NbL). 

Ganglion cell layer (GCL) differentiation is the first observable lamination event. By 20% 

gestation in humans and 25% gestation in rhesus monkey, RGCs are already 

distinguishable from retinal progenitors in both the temporal and nasal retina. However, 

both the GCL and the nerve fiber layer (NFL) of axons are thicker in the temporal retina.  

The emergence of the inner plexiform layer (IPL) clearly demarcates the GCL from the 

NbL (Figure 2.2). Older studies defined an “outer neuroblastic layer” and an “inner 

neuroblastic layer”; however, now it is clear that what was thought to be the “inner 

neuroblastic layer” is composed of RGCs and postmitotic RGC precursors migrating 
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inward and not mitotic neuroblasts. Thus, we propose that the correct nomenclature for 

this layer is GCL and that there is only one NbL. 

In humans, the presence of the IPL has been recorded in the temporal retina at 

approximately embryonic day 56 (20% gestation) but it is not observed in the nasal retina 

until 45% gestation 242. In rhesus monkey, the IPL is first observable in the temporal retina 

at day 50 (30% gestation), and it is distinct by 36% gestation, but the IPL is not observed 

in the nasal retina until 42% gestation, and it is distinct by 48% gestation. Finally, the outer 

plexiform layer (OPL) first emerges in the temporal retina at 28% gestation, the nasal 

retina by 50% gestation, and the entire peripheral retina by 75% gestation. In the rhesus 

monkey retina, initiation of the OPL is noticeable in the temporal retina at 48% gestation, 

before it is observed in the nasal retina at 66% gestation. The discrepancy between 

developmental milestones in the human and non-human primate retina may be due to the 

inexact aging of human samples and sampling differences for each species.  

 
 
2.5.2 Neurogenesis begins in the fovea first 

There is overwhelming evidence that neurogenesis in the developing human and 

non-human primate begins in the fovea. In a hallmark study by La Vail, Rapaport, and 

Rakic 102, 3H-thymidine labeling of non-human primate retinas in utero demonstrated that 

all retinal neurons and Müller glia are generated first in the fovea and neurogenesis 

gradually moves more peripherally as development continues. Labeling experiments in 

developing human retinas using specific cell type and synaptic markers showed that the 

peripheral retina is delayed from the central retina by almost 20% 243. This developmental 

delay has been further validated in transcriptomic studies, where the temporal and nasal 
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samples of non-human primate retinas displayed differential expression of cell markers 

across gestation 232.  

 

2.5.2.1 Early cell types 

In rhesus monkeys, 96% of all cells are generated between 36 and 120-days 

gestational age (22-73% gestation), with the peak in cell production at 85 days (52% 

gestation). Neurogenesis begins in the fovea at 30-33 days (18-20% gestation), when the 

first RGCs are generated 102. By day 40 (24% gestation), RGCs are observed in both the 

temporal and nasal central retina. Using human samples, Hoshino and collaborators 

already observed RGCs in both temporal and peripheral retinas by embryonic day 59 

(21% gestation), but at this stage, the central retina contained about 10-15 rows of RGCs, 

while the peripheral retina had about half as many 243. Similarly, cones and horizontal 

cells are born before day 40 gestational period in rhesus monkeys 102. Early studies 

proposed that cones were first specified during week 11 of human development 244 but 

these observations were based on the expression of opsins. It is now clear that there is 

a substantial lag between cone genesis and cone opsin expression. In mice for instance, 

cone genesis begins around embryonic day 12, while M-opsin is not expressed until 

postnatal day 7 129,245. In this direction, subsequent analyses using early photoreceptor 

markers such as OTX2, RECOVERIN, and PDE6B already detected expression of these 

photoreceptor markers by embryonic day 59 243.  

ATOH7 is a basic helix-loop-helix (bHLH) transcription factor required for the 

generation of RGCs 131,246. In mice and other vertebrates, ablation of Atoh7 leads to an 

almost total loss of RGCs 131,247,248 and human mutations in ATOH7 or its cis-regulatory 
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elements have been associated with optic nerve agenesis 249-251. In mice, Atoh7 is 

expressed between E11.5 and P0, corresponding with the early period of neurogenesis 

132,252, even though the Atoh7 lineage give rise to all the different cell types 132. In rhesus 

monkeys, ATOH7 is downregulated at the foveal center at 40 days gestation period (24% 

gestation) and absent in the central temporal retina by 30% gestation 241. Similarly, in situ 

hybridization experiments have shown downregulation of ATOH7 in the temporal retina 

by day 89 in human samples (32% gestation) 243. 

 

2.5.2.2 Late cell types 

Retinal progenitors undergo changes of competence to both lose the ability to 

generate early cell types (e.g., RGCs and cones) and acquire the ability to generate late 

cell types (e.g., bipolars, and Müller glia) 112,232. In rhesus monkey, La Vail and 

collaborators identified the onset of rod photoreceptor, bipolar cells, and Müller glia 

genesis at around 45 days gestational period (27% gestation) 102. Similarly, bipolar cells 

and Müller glia have been observed only in the foveal center at embryonic day 50 (30% 

gestation) 241, indicating that the shift between early and late competence states takes 

place during this time window in the non-human primate retina, well before this shift 

occurs in the nasal and rest of the peripheral retina. Consistent with this, upregulation of 

markers of bipolar cells and Müller glia markers have been detected in the temporal retina 

using transcriptomic approaches 231,232,243. For instance, the bipolar markers VSX1, 

GSG1, and TMEM215 253 showed several folds enrichment in the rhesus temporal retina 

at 50 days gestational period compared to its nasal counterpart 232. Similarly, VSX1, 

GRM6, CABP5, and LHX4 were present in the human retina from embryonic day 67 243 
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(24% gestation) and Müller glia genes such as RLBP1, SLC1A3, CA2, and SOX9 were 

enriched in the temporal retina from 50 day gestation (30% gestation) in rhesus. The first 

Müller glia cells (RLBP1+ SOX9+) have been recently identified in the human fovea at 

day 54 (19% gestation), earlier than previously suspected 254. 

 
 
2.5.3 Neurogenesis completes in the fovea first 

In addition to neurogenesis beginning in the incipient fovea, neurogenesis is also 

completed first in the fovea. It was originally reported that mitotic figures were absent from 

the fovea of human retinas at 35% gestation, indicating that neurogenesis was complete 

in the central retina, while still ongoing past 60% gestation in the peripheral retina. More 

recent studies using the mitotic PH3 in both human and non-human primate retinas have 

shown even more precocious loss of mitotic progenitor cells in the fovea compared to the 

nasal retina—at 29% gestation in humans 232 and 36% gestation in non-human 

primates241. 

 
 

2.6 Differential cell fate acquisition 

Recently, comprehensive single-cell RNA-sequencing cell atlases have 

characterized at the cellular composition and gene expression patterns of the adult 

primate retina 233,255. These experiments showed that both the macula region and the rest 

of the retina contain mostly the same cell types, and only a population of OFF bipolar 

cells seems to be fovea specific 233. Instead, the dramatic specialization of the fovea 

arises mostly from changes in cell ratios rather than region-specific cell types 233. 
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Cell movements are an essential part of foveal development (see the Pit Formation 

Section, page 56); these cellular rearrangements participate in the mechanisms that shift 

the ratios of cells detected in the adult fovea. However, some evidence indicate that the 

foveal progenitors yield different proportions of postmitotic cells from early stages of 

development. However, the mechanisms that regulate the differences in foveal progenitor 

competence and/or cell differentiation patterns are still not known and remain a 

fundamental question in the field of retinal developmental biology. 

 

2.6.1 Cone photoreceptor mosaic  

Whereas throughout the retina rods outnumber cones 20:1, within the foveola, the 

photoreceptor population is 100% cones. In the fovea, cones are in a tightly packed 

conformation and are at their maximum concentration in the foveal center (up to 

200,000/mm2, Figure 2.3) 4,256.  

The mature human fovea consists of 3 types of cones: L-cones (red or long 

wavelength), M-cones (green or medium wavelength), and S-cones (blue or short 

wavelength). S-cones are relatively infrequent in the foveal pit (2-3% of all cones in the 

region) 257, and some publications have suggested that the fovea is a “blue cone blind 

spot” 258. S-cone concentration is the highest at the foveal slope (15% of all cones) and 

on average, S-cones constitute 8-12% of all cones in the rest of the retina 257,259,260. 

Distinguishing M- and L-cones is challenging given that these two molecules are very 

similar; in fact, the opsin genes OPN1MW and OPN1LW have 98% identical coding 

sequences 261. Measurements using adaptive optics to quantify spectral sensitivities in 
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the living human eye 262 have shown that humans varied greatly in the proportions of L-

cones to M-cones, and their distribution seems random in the foveal center 263. 

Work from different model systems and in vitro studies has proposed a role for 

thyroid hormone in the regulation of cone subtype specification. Mouse retinas treated 

with T3 (thyroid hormone) exhibited fewer S-cones and more M-cones 154 while 

hypothyroid mice showed increased ratios of S-cones at the expense of M-cones 163,164. 

More recently, similar effects were shown using a very elegant approach in human retinal 

organoids 16. Clinical evidence also supports these data as premature infants with low 

ratios of T3 to T4 experience impaired visual abilities 264. DIO2 (Iodothyronine Deiodinase 

2), the enzyme that catalyzes the conversion of the prohormone thyroxine (T4) to the 

bioactive thyroid hormone (T3), has been found to be enriched in the human developing 

macula 231. Thus, a differential expression of DIO2 could be a factor regulating the lower 

ratio of S-cones in the fovea.  

 

2.6.2 Rod photoreceptor mosaic 

Rods are not present in the foveal pit, and first appear in the central retina halfway 

into the foveal slope 4,205,265. Notably, early markers of rod photoreceptor identity, such as 

NRL and NR2E3, are not detected in the foveal region even at early stages of 

development. For example, NRL and NR2E3 were detected from embryonic day 80 in 

human samples (30% gestation) in the foveal edge but not in the foveal center 243. This 

stage of development is prior to the cell rearrangements that lead to the pit formation and 

thus, this evidence indicates that the progenitor cells of the fovea do not produce rod 

photoreceptors. 



 49 
 

 
 

2.6.3 RGCs 

Many photoreceptors converge onto a RGC across the retina, but the ratio of cone 

photoreceptor to RGC in the fovea can be as low as 1:3 57,266. The macula is consequently 

home to 25% of all RGCs, while only occupying 0.02% of the total retinal area 267. The 

RGCs of the macula resemble their peripheral counterparts, but generally they have much 

smaller dendritic fields. Morphological studies have distinguished about 18 RGC subtypes 

in the primate retina 268,269. This evidence has been recently confirmed by single-cell 

sequencing approaches 233. In the fovea, midget (45%) and parasol (24%) RGCs are the 

majority of the RGCs. In the periphery these proportions decrease and instead show a 

higher ratio of broad thorny and other widefield RGCs 269. Whether these differences are 

achieved through cell movements or differential cell production is currently not known. 

 

2.6.4 Inner nuclear layer cells  

In general, the makeup of the INL remains relatively constant throughout the retina. 

One notable exception is the increasing proportion of cone bipolar cells in the fovea from 

37% to 52%, at the expense of rod bipolar cells 270. The proportion of Müller glia cells 

near the fovea (17%) is relatively lower than in the peripheral retina (27%) 270. 

 
 
2.6.5 Could cell cycle exit play a role in the differential neurogenesis in 

the fovea? 

A growing body of literature indicates that the progenitors of the fovea produce 

different ratios of cell types, including different subtypes of cones, an absence of rods, 

and perhaps different ratios of RGCs. Since all the cells of the retina are generated 
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following a conserved order, such that neurons that exit the cell cycle early assume early 

cell fates (e.g., RGCs and cones), could the timing of cell cycle exit account for some of 

the different cell ratios observed? The RPCs of the fovea exit the cell cycle before their 

nasal and peripheral counterparts and thus, it has been proposed that an early provision 

and ending of neurogenic RPCs in the central retina could produce an abundance of 

RGCs and cones along with fewer rods, with the opposite case in the peripheral retina 

271,272. Heterochrony, a change in the timing of developmental events, is known to be an 

important mechanism of many evolutionary changes. Supporting this hypothesis, a 

comparison between the foveated diurnal New World monkey Cebus apella and the 

afoveated nocturnal owl monkey (Aotus azarae) have shown changes in cell ratios, as 

Aotus exhibits a higher proportion of rod photoreceptors and a reduction in cones and 

RGCs 273,274. Cell proliferation is extended in Aotus 273 and thus, it has been proposed 

that an heterochronic change that shifts the timing of RPCs cell cycle exit with respect to 

the general timetable of retinal cell specification could be part of the molecular mechanism 

that controls these changes in cell population ratios 271. However, this model does not 

explain the complete lack of rods in the center of the fovea while other late born cells such 

as Müller glia and bipolar cells are produced in this region. 

 
 
2.6.6 Post-transcriptional mechanisms in foveal development 

MicroRNAs (miRNAs) are small post-transcriptional regulators known to regulate 

developmental transitions and cell fate decisions across the CNS 188,275-278, and in the 

retina in particular 187,279. Similarly, miRNAs regulate cell cycle kinetics in retinal cells 276. 

Experiments looking at the miRNA landscape in the developing primate and human 
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retinas have identified several families of miRNAs differentially expressed in the foveal 

region 232. As expected, miRNAs known to be enriched in photoreceptors, such as the 

miR-182/96/183 cluster 280-282, are significantly enriched in the foveal region on in early 

development. MiR-15b-5p, miR-30b-5p, miR-103-3p and miR-369-3p are also enriched 

in the fovea, while other miRNAs, including miR-342-5p, miR-505-5p and miR-423-5p are 

expressed at lower levels in the fovea. The differential expressions noted could be 

attributed to three different factors: (1) the different cell composition of the fovea at the 

time analyzed, (2) the differences in timing as the foveal region is developmentally 

advanced, or (3) some of these miRNAs could be fovea specific or contribute to the 

molecular events that lead to the development of the primate fovea. Future studies aimed 

at the identification of the miRNA-mediated networks in conjunction with primate 

expression datasets may shed light on the roles of these post-transcriptional regulators 

in different ontogenic periods of foveal development. 

 

2.7 Differential vascularization 

Before photons of light reach the light-sensitive photoreceptors, they must first 

pass through the cornea, lens, vitreous, intra-retinal vasculature, and inner retinal layers. 

While many of these structures are clear and unobstructive, the presence of inner retina 

layers and blood vessels between the light source and the photoreceptors may pose 

challenges. In the majority of the retina where the photoreceptor population is dominated 

by rods, blood vessels have a minimal impact on visual perception as the circuitry is 

simplified through convergence. On the other hand, foveal cones participate in midget 

circuits, where a single cone synapses onto two bipolar cells (ON and OFF), which in turn 
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synapse onto two retinal ganglion cells 57,58. In the context of this “private line”, blood 

vessels could create shadows on the retina and obstruct the visual field. Evolution of the 

mammalian retina has revealed a solution to this problem: the foveal avascular zone 

(FAZ). Studies in both rhesus monkeys and humans have revealed that the center of the 

fovea is not vascularized during any stage of development 283-286. At the same time, given 

the high density of cones in the fovea, this is a region of very high metabolic demand 

287,288. In avascular retinas found in many nocturnal mammals, the entire retina is 

oxygenated from the choroidal vasculature that abuts the retinal pigment epithelium. In 

diurnal species, the choroidal circulation serves the ONL, and the retinal circulation 

oxygenates the INL and GCL through a network of capillary plexuses within the inner 

retina, that reach as deep as the interface between the INL and OPL 289,290. The OPL of 

foveated primates also receives oxygenation from the choroidal circulation and thus, the 

foveal center can spare the retinal circulation. While adaptations of the choriocapillaris 

underlying the fovea may suffice for the high oxygen and nutrient demands, these 

adaptations could also make the fovea more vulnerable to age-related changes, including 

accumulation of material in the Bruch’s membrane 291. 

Understanding how retinal vasculature develops is important to understand the 

mechanisms that establish the FAZ. Briefly, the primary vasculature sits at the NFL-GCL 

interface. In the human eye, blood vessels of the primary vasculature enter the developing 

retina at 14-weeks gestation (10-weeks gestation in macaque) 283,285. Vasculogenesis 

begins as endothelial cells enter the retina through the optic disc, forming vessels in a 

lobular arrangement with lobes for each quadrant artery (nasal superior, nasal inferior, 

temporal superior, and temporal inferior). A combination of an astrocytic scaffold and 
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angiogenic factors further develop the vasculature towards the periphery in a 

stereotypical pattern. Astrocyte precursors across the retina are stimulated by the 

invading endothelial cells to differentiate into mature GFAP-expressing astrocytes 292,293. 

These astrocytes are broadly distributed ahead of the development of the vascular 

endothelium 292 and express vascular endothelial growth factor (VEGF) to further induce 

endothelial cell migration, proliferation, and maintenance. According to the hypoxia-

mediated model of retinal vascularization, astrocytes are sensitive to hypoxia and 

respond to the lack of vasculature ahead by upregulating VEGF mRNA, thus stimulating 

endothelial cell migration to increase capillary formation and reduce the unfavorable 

hypoxic conditions. VEGF is now known to be one of the primary target genes of HIF-a 

(Hypoxia Inducible Factor) 294 and some of these hypotheses have been recently 

confirmed in mouse models 295. 

Given that the fovea is the most developmentally advanced retinal region and has 

the highest density of cells, it is the most hypoxic region of the still-avascular retina. Thus, 

it would be expected that astrocytes and blood vessels are quick to vascularize the fovea. 

Instead, the opposite it observed. Many studies have shown that after initiation of the 

primary vasculature, the nasal lobes quickly merge along the horizontal axis (merged by 

22 weeks in human, 95 days in rhesus monkey), while the temporal lobes are slower to 

meet along the horizontal meridian temporal to the incipient fovea (25 weeks in human, 

105 days in rhesus monkey) 296. The vasculature then proceeds to develop across the 

retina towards the ora serrata, skirting around the developing fovea, forming a ring around 

an avascular center. Formation of the deeper layers of retinal vessels is similarly delayed 
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in the region around the fovea; for example in rhesus monkey, the deep layers of 

capillaries only assemble around the foveal depression in the perinatal period 291.  

Studies looking at genes differentially expressed across the developing human 

retina at 20-weeks of gestation (50% gestation) observed anti-angiogenic factors 

differentially expressed in the macula compared to the nasal and peripheral retina 297. 

Thus, negative regulators of angiogenesis such as pigment epithelium derived factor 

(PEDF) and natriuretic peptide precursor B (NPPB) are highly upregulated in the fovea 

298. Both PEDF and NPPB inhibit VEGF-induced angiogenesis and are localized in RGCs, 

among other cell types, where the primary vasculature develops.  

The same study identified axon guidance genes differentially expressed in the 

macula, including 12 members of families known to regulate vascular development 

(Ephrin, Semaphorin, Slit, and Netrin). These expression patterns were sustained well 

after macular RGCs axons enter the optic disc, suggesting a possible role in vascular 

patterning of the macula. One axon guidance factor in particular, EphA6, has been well-

studied for its role in patterning retinal blood vessels. EphA6 is expressed by RGCs in a 

gradient across the retina, centered at the developing fovea 299. Two ligands of EphA6, 

Ephrin-A1 and Ephrin-A4, are expressed by astrocytes. As the signaling between EphAs 

and their receptors is repellant, the presence of EphA6 in the macula could inhibit 

astrocytes from migrating into the fovea. This absence of astrocytes in the developing 

fovea has been proposed to both delay the migration of the temporal lobes of vasculature 

towards the fovea and inhibit vasculature from ever entering the fovea.  

Between 37-40 weeks of gestation in humans (100% gestation), the FAZ diameter 

remains at 150-170 µm. Soon after birth, remodeling will shape the FAZ to its adult 
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dimensions (500 µm). These remodeling changes involve vessel retraction and occur at 

least up to 15 months of age 296. Similar findings have been found in marmoset monkeys 

(Callithrix jacchus), where the FAZ retracts quickly after birth from a central region of 

about 200 µm to a final 400 µm 300. 

One clear paradox from these data is that while the fovea is the first region of the 

retina to differentiate and is developmentally advanced, it is the very last region of the 

retina to develop a blood supply. It has been proposed that the late arrival of the blood 

supply could cause metabolic stress that will be later ameliorated by the development of 

the foveal depression 291. Both astrocytes and blood vessels form a ring that is spatially 

coincident with the rim of the early foveal pit 293, and notably, absence of FAZ has been 

associated with foveal hypoplasia in patients with different conditions 301,302. Twenty-four 

to 27-weeks post-conception is a critical period for the development of the fovea, as it 

corresponds to the development of the perifoveal vascular plexus and the formation of 

the foveal pit. Preterm birth, and the accompanying change in oxygen supply, can alter 

the expression of the factors that guide the vessels around the FAZ, leading to defects in 

the formation of the foveal depression and retinopathy of prematurity (ROP) 303-305.  

Springer and Hendrickson suggested that the absence of blood vessels makes the 

FAZ more flexible and malleable compared to the surrounding vascularized retina, and 

that the intraocular pressure is the stimulus that initiates the pit formation 306. While most 

current models support that the FAZ is a prerequisite for the formation of the pit, it is also 

important to note that some subjects with congenital achromotopsia can exhibit foveal 

hypoplasia but have a FAZ 307 and thus, the presence of FAZ may be a requirement but 

is not sufficient for complete pit formation. 



 56 
 

 
 

2.8 Pit formation 

The process of developing the foveal pit is a slow process that is not completed 

until after birth. In fact, the adult cone density at the center of the foveola is not reached 

until four years of age in humans 286,308 and one year in monkeys 205. 

The development of the pit begins with a centrifugal migration of RGCs first, 

followed later by the neurons of the INL. In humans, the foveal pit is first evident at fetal 

week 25 (63% gestation) 309 and 110 days gestational age (65% gestation) in macaques 

310. As the process advances, the pit becomes wider and shallower, and appears mature 

by 12 weeks postnatal in rhesus monkeys but not until 15 months in humans. The 

photoreceptor layer also changes such that cones increase in density, elongate, and 

become thinner, and some rods get progressively closer to the foveola. Between week 

25 and birth in humans, all photoreceptors develop distinct inner and outer segments, but 

these are shorter in foveal cones compared to peripheral cones. After birth, the foveal 

ONL becomes thicker as cone packing (centripetal migration) occurs. This process 

changes the OPL from a thin sheet of pedicles into one of the thickest layer in the central 

retina as the Henle’s fiber layer develops. Foveal cone inner and outer segments length 

are comparable to that of peripheral cones by 15 months postnatal, and they are 4 times 

longer by 13 years 309. 

It has been proposed that adhesive interactions between photoreceptors may be 

part of the molecular mechanism that regulates foveal photoreceptor packing 284. As the 

foveal cones become more elongated, neighboring photoreceptors anchored to those are 

drawn towards the center. Evidence indicates that cone packing takes place 

independently of their relationship to retinal pigment epithelium cells, since the ratio of 
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foveal cones increases 5-fold during development 311, but the initial trigger of cone 

elongation is still unknown.  

While the data clearly show that differentiated photoreceptors (with complex 

morphologies and synaptic contacts) migrate towards the foveal center, the retinal area 

increases by a factor of 2.4 from two weeks before birth to adulthood in macaques 

(measurements made in pigtail macaques, Macaca nemestrina) as the central part of the 

temporal retina where the fovea resides remains stable throughout the same period. This 

growth results in a net decrease in peripheral rod and cone density 205. 

 

2.8.1 The Albinism Riddle 

Oculocutaneous albinism refers to a group of conditions that affect pigmentation 

of skin, hair, and eyes and are frequently caused by mutations in OCA2, TYR 

(Tyrosinase), TYRP1, or SLC45A2, which are enzymes that participate in the production 

of melanin. In contrast, ocular albinism presents hypopigmentation only in the eyes and 

is caused by mutations in the GPR143 gene or hypomorphic TYR variants 312-314. People 

affected by either type of albinism can exhibit a range of ocular features but some degree 

of foveal hypoplasia is systematically observed. Elschnig was the first to identify an 

absent fovea and underdeveloped macula in a human eye affected with albinism 315. More 

recently, albino animal models have shown delays in neurogenesis 316, and abnormal 

ipsilateral RGC projections 317,318, but the cone population seems unaffected. However, 

the retina does not normally produce melanin and thus, how pigment can affect the 

development of the fovea has been dubbed “the albino riddle” 319. One hypothesis is that 

the retinal pigment epithelium, a monolayer of highly pigmented cells adjacent to the 
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retina, influences retinal development through the regulation of calcium homeostasis via 

L-DOPA, a byproduct of melanin synthesis 319-321. Recently, data from mice have shown 

that calcium signaling also regulates the expression of CyclinD2, changing the cell cycle 

dynamics at the ciliary marginal zone, a region that produces ipsilateral RGCs in mice. 

However, the riddle persists and the role(s) of pigmentation in foveal morphogenesis and 

pit formation have not yet been solved. One important piece of evidence comes from 

optical coherence tomography imaging datasets that indicates that individuals with 

albinism can have normal cone packing in the absence of foveal pit, suggesting that the 

pit formation is not a requirement for the cone displacement to occur 322. Also, the fovea 

remains located in its proper position in these patients, indicating that some of the early 

molecular events that regulate foveal development remain unaffected.  

 

2.8.2 SLC38A8 

Missense, nonsense, and frameshift mutations of SLC38A8, a putative glutamine 

transporter gene, result in foveal hypoplasia, nystagmus and optic nerve decussation 

defects, and anterior segment dysgenesis (FHONDA syndrome). These disorders share 

many phenotypical characteristics with albinism, but these patients exhibit no features of 

cutaneous or ocular hypopigmentation 323. Thus, it is hypothesized that SLC38A8 

participates in a melanin-independent component of foveal development. SLC38A8 

patients also show reduced outer segment cone thickness that has been interpreted as a 

reduction in foveal cone photoreceptor packing 324.   
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2.8.3 PAX6  

PAX6 mutations are associated with many ocular phenotypes and display 

significant heterogeneity, including aniridia, microphthalmia, coloboma, and foveal 

hypoplasia 325-328. PAX6 is considered a master regulator of the eye. During early 

development, PAX6 is expressed in the optic vesicle and optic cup but also in the anterior 

segment structures including the surface ectoderm and lens. Later in development, PAX6 

is expressed by RGCs, amacrine and horizontal cells within the retina, and in lens, 

cornea, iris and ciliary body 329.  

Hingorani et al. 330 and Sannan et al. 331 described that 72-86% of patients (from a 

total of 43 and 33 patients, respectively) with PAX6 mutations exhibited some degree of 

foveal hypoplasia. The PAX6(5a) isoform seems to be the isoform responsible for some 

of these phenotypes and it is known to have different binding properties and to be highly 

expressed in the fovea 332. However, the specific roles of PAX6 in foveal development 

remain undetermined.  

 

2.9 Conclusions 

It is apparent that the development of the fovea is not a single developmental event 

but instead a beautifully orchestrated sequence of changes that affect progenitor cell 

growth, developmental timing, cell fate acquisition, vasculature development, and lateral 

cell migration. While all these steps are required for the proper development of the fovea, 

almost none of them is yet understood in any molecular or functional detail. The advent 

of novel technologies, including human stem cell-derived organoids, high-throughput 

“omics”, and imaging capabilities in combination with the use of a growing number of 
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foveated species for research may open new avenues for a better understanding of the 

processes that control foveal developmental dynamics. A better grasp of these events 

and their molecular underpinnings may shed light onto the changes that take place in the 

aging retina and lead to macular degeneration. 

 

2.10 Acknowledgements 

The authors wish to thank all the members of the Simo and La Torre laboratories 

for comments. We also wish to thank Drs. Sergi Simó, Nadean Brown, Tom Glaser, and 

Rob Hufnagel for valuable discussions. 

  



 61 
 

 
 

2.11 Figures 

 
Figure 2.1  

(A) Central temporal retina of an adult rhesus monkey retina stained with toluidine blue. (B) 

Periphery, parafovea, and foveolar regions of the rhesus monkey retina. Note the different widths 

of the GCL and INL, as well as the different size of the cone photoreceptor outer segments in the 

different areas. The displacement of the inner neurons is evident in the foveola. This displacement 

leads to the formation of the HFL. ON: optic nerve, S: sclera, Ch: choroid, R: retina, ONL: outer 

nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer, HFL: Henle’s fiber layer. Scale 

bars: 500 microns in A, 150 microns in B. 
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Figure 2.2 

(A) Hematoxylin and eosin (H&E) staining of a 12-week human fetal retina shows a clear 

enlargement of the temporal side were the foveal anlage resides (arrow). (B) The temporal side 

of the retina exhibits a well-defined INL that separates the GCL from the NbL, and a row of cones 

form the ONL. (C) Contrarily, the ILM is not yet evident in the nasal side of the retina. N: nasal, T: 

temporal, C: cornea, L: lens, ON: optic nerve, ONL: outer nuclear layer, NbL: neuroblastic layer, 

INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar: 250 microns in A and 100 microns in 

B-C. 
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Figure 2.3 

(A) Rhesus monkey flat-mounted retina at 140 gestational age labeled with L/M-Opsin (Sigma, 

AB5405). Note the diverse size and distribution of M- and L-cones in the different regions of the 

retina. Scale bar: 50 microns. (B)  Diagram of cone (orange) and rod (gray) photoreceptor 

densities along the horizontal meridian of a human eye, plotted by the distance in degrees from 

the foveal center. Data adapted from Osterberg, 1935. 
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3.2 Abstract 

The fovea centralis (fovea) is a specialized region of the primate retina that plays 

crucial roles in high-resolution visual acuity and color perception. The fovea is 

characterized by a high density of cone photoreceptors and no rods, and unique 

anatomical properties that contribute to its remarkable visual capabilities. Early 

histological analyses identified some of the key events that contribute to foveal 

development, but the mechanisms that direct the specification of this area are not 

understood. Recently, the expression of the retinoic acid-metabolizing enzyme CYP26A1 

has become a hallmark of some of the retinal specializations found in vertebrates, 

including the primate fovea and the high-acuity area in avian species. In chickens, the 

retinoic acid pathway regulates the expression of FGF8 to then direct the development of 

a rod-free area. Similarly, high levels of CYP26A1, CDKN1A, and NPVF expression have 

been observed in the primate macula using transcriptomic approaches. However, what 

retinal cells express these genes and their expression dynamics in the developing primate 

eye remain unknown. Here, we systematically characterize the expression patterns of 

CYP26A1, FGF8, CDKN1A, and NPVF during the development of the rhesus monkey 

retina, from early stages of development in the first trimester until the third trimester (near 

term). Our data suggest that some of the markers previously proposed to be fovea-

specific are not enriched in the progenitors of the rhesus monkey fovea. In contrast, 

CYP26A1 is expressed at high levels in the progenitors of the fovea, while it localizes in 
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a subpopulation of macular Müller glia cells later in development. Together these data 

provide invaluable insights into the expression dynamics of several molecules in the 

nonhuman primate retina and highlight the developmental advancement of the foveal 

region. 

 
 

3.3 Introduction 

Sight is our most important sense and has provided us with an unparalleled 

evolutionary advantage for complex tasks, such as decision making, attention, and 

memory. Vision begins at the retina, an intricate laminar structure that lines the back of 

the eye 333. The retina detects light and converts it to neural signals that are then relayed 

to the visual centers of the brain. To accomplish these functions, the retinal layers contain 

diverse and specialized sets of cellular populations, including sensory receptors (rod and 

cone photoreceptors), projection neurons (retinal ganglion cells, RGCs), interneurons 

(horizontal cells, bipolar cells, and amacrine cells), and a population of glia (Müller glia) 

334. It is well established that during development, a single population of multipotent 

progenitor cells produces these seven main retinal cell types 80,81. Moreover, the 

sequential birth order of these cells is conserved across all vertebrate species, such that 

RGCs, cones, horizontal cells, and GABAergic amacrine cells are born first, while other 

amacrine populations, rod photoreceptors, bipolar cells, and Müller glia are generated 

later during the period of neurogenesis 20,77,99,101,102,335.  

Despite this conservation, there are species-specific retinal differences due to 

visual necessities, behaviors, and habitats, namely variations in the ratios of different cell 

types and populations 191,336. Even within a single retina, specialized regions with distinct 
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cell compositions exist. The primate fovea centralis (fovea) is one such example of a 

specialized retinal region, where cone photoreceptors are the dominant cell population in 

a sharp contrast to the majority of the retina where rods outnumber cones 20:1 3,4. 

Located at the center of the macula lutea (macula), slightly temporal to the optic disk, the 

fovea contains a particularly high number of densely-packed cone photoreceptors, 

organized in a bouquet-like spatial arrangement, and no rods 3,4,337. Other differences 

between the macula and the neighboring retina include a different ratio of photoreceptors 

to RGCs, the output neurons of the retina. The ratio of cones to RGCs in the fovea can 

be 1:3 266, whereas outside the fovea, there is convergence of signals from many 

photoreceptors onto one RGC. This adaptation results in a higher concentration of RGCs 

in the macula, such that a region that occupies only 0.002% of the total retinal surface 

contains 25% of all RGCs 267. Additionally, the fovea develops into a pitted invagination 

by peripherally displacing the inner retinal layers 204,284,309. Together with the lack of blood 

vessels (foveal avascular zone 296,338), these specializations minimize light scattering and 

provide the fovea with the highest visual resolution of the retina. 

Even though the development of the retina has been well studied, the mechanisms 

governing the development of the fovea have remained largely unexplored, mostly due 

to the lack of a fovea in small animal model organisms. Gaining understanding into the 

factors governing how the fovea develops is not only critical for unraveling the 

fundamental principles of retinal development, but also holds tremendous potential for 

therapeutic strategies aimed at combating retinal diseases and restoring vision. 

Besides primates, birds of prey and lizards also have high-acuity vision and 

foveated retinas 197,339-341, and other species, including chickens and zebrafish, have 



 69 
 

 
 

retinal specializations with the features of a high-acuity area (HAA) 228,229. Using some of 

these models, the retinoic acid (RA) pathway has been proposed as a key regulator of 

foveal development. RA is an active derivative of vitamin A, and its spatial and temporal 

distributions result from the regulated expression of RA-synthesizing retinaldehyde 

dehydrogenases (RALDHs) and RA-metabolizing cytochrome P450s (CYP26) enzymes. 

Together with FGF8, CYP26A1 expression is an early distinctive feature of the chick HAA, 

and, in fact, the expression of FGF8 regulated by RA seems to be a requirement for the 

development of a rod-free region in avian species 228. Notably, transcriptomic approaches 

using human 231 and nonhuman primate (rhesus monkey) 232 samples have also shown 

high levels of expression of CYP26A1 in the developing macula, underscoring its potential 

roles in foveal development. These studies have also identified other genes with higher 

expression rates in the developing temporal retina, including NPVF and CDKN1A 

(P21CIP1). However, their expression patterns in the developing primate retina have yet to 

be described. 

Here, we have investigated the expression dynamics of CYP26A1, FGF8, NPVF, 

and CDKN1A at different developmental stages using the rhesus monkey model (Macaca 

mulatta). The rhesus monkey offers unique advantages, as it shares most of the features 

of human vision, including our high-resolution central vision 342, and it is possible to obtain 

samples across all stages of gestation. Our data indicate that some of the markers 

transcriptionally enriched in the fovea at early stages of development are expressed by 

Müller glia cells, highlighting the developmental advancement of this region, but these 

markers are not fovea-specific at later stages of development. We also show that 

CYP26A1 exhibits high expression levels in the progenitors of the fovea, albeit its 
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expression is not limited to this region at early stages, while at later, this gene is restricted 

to the Müller glia cells of the macula. Together, these data underscore the stark advances 

of the foveal area in comparison to the rest of the retina and suggest that the foveal Müller 

glia could have unique molecular signatures. 

 
 

3.4 Materials and methods 

3.4.1 Sample collection 

All animal procedures conformed to the requirements of the Animal Welfare Act 

and protocols were approved prior to implementation by the Institutional Animal Care and 

Use Committee (IACUC) at the University of California at Davis. Healthy adult female 

rhesus monkeys (Macaca mulatta) were time-mated and identified as pregnant using 

established methods 343. Pregnancy in the rhesus monkey is divided into trimesters by 

55-day increments: 0-55 days gestational age represents the first trimester, 56-110 days 

represents the second trimester, and 111-165 days the third trimester (term 165 ± 10 

days). Normal fetal growth and development were confirmed by ultrasound during 

gestation 344. Dams were scheduled for hysterotomy (e.g., approximately 40, 50, 60, 75, 

80, 110, 140, and 145 days gestational age; all gestational ages ±2 days based on timed 

mating protocol) for fetal tissue collection. Gestational percentages (Table 3.1) are 24% 

and 30% gestation (1st trimester), 36%, 42%, and 65% gestation (2nd trimester), and 85% 

and 88% gestation (3rd trimester). For each time point we collected at least two samples 

with the early stage (40 days gestational age) and later stage (140 days gestational age) 

represented by three samples. Dams were returned to the breeding colony post-

hysterotomy. 
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The fetal eyes were collected into cold media (DMEM and FBS) then extraneous 

tissue was removed and the retina was incubated in oxygenated media for 90 min at room 

temperature. Samples were then fixed in modified Carnoy’s fixative (ethanol, 

formaldehyde, and acetic acid) overnight at 4°C, dehydrated in stepwise ethanol/water 

solutions, cleared with xylene, and embedded in paraffin blocks. Retinas were sectioned 

(6 µm) on a horizontal plane and were stored in open slide boxes at room temperature 

before subsequent staining. 

For all comparisons between nasal and foveal regions, the nasal area was 

selected at the same distance from the ONH as the presumptive fovea (also referred as 

temporal). 

 
 
3.4.2 RNAscope in situ hybridization and immunohistochemistry 

RNAscope detection was performed according to the RNAscope Multiplex 

Fluorescent Reagent Kit v2 Assay manual. Following sample fixation and preparation 

described above, sections were treated with heat and three pretreatment steps: After 

baking for 1 h at 60°C and deparaffinizing with xylene and ethanol, sections were 

pretreated with hydrogen peroxide for 10 min at room temperature, target retrieval for 15 

min at 99°C, and protease plus for 30 min at 40°C. Sections were incubated with the 

appropriate hybridization probes for 2 h at 40°C, followed by a series of amplification 

steps and fluorescent labeling with Opal dyes (Opal 520 and 620), as per manufacturer 

instructions. After the final wash buffer step in the RNAscope protocol, we began an 

immunohistochemistry protocol to combine the RNA in situ with antibody staining. 

Sections were incubated in PBS for 5 min and blocked in 10% normal donkey serum/PBS-
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0.1% Triton X-100 for 1 h at room temperature. Primary antibodies were diluted in blocking 

solution for an overnight incubation at 4°C. After primary antibody incubation, sections 

were washed five times (5 min each) in PBS. Species-specific, fluorescently labeled 

secondary antibodies (Invitrogen, 1:200) were diluted in blocking solution for a 1 h 

incubation at room temperature. Cell nuclei were counterstained with 4’,6-diamidino-2-

phenylindole (DAPI, Sigma-Aldrich). The sections were rinsed five times (5 min each) in 

PBS and mounted for microscopy using a Fluoromount-G (Southern Biotech). See table 

below for details of antibodies and working dilutions. Images were taken using a Fluoview 

FV3000 confocal microscope (Olympus) or Axio Imager.M2 with Apotom.2 microscope 

system (Zeiss). All images were assembled using Photoshop and Illustrator (Adobe).  

Antibody Source Catalog Lot Concentration 
Anti-ATOH7 
(Rabbit) 

Novus Biological 88639 A106752 1:200 

Anti-BRN3 
(Goat) 

Santa Cruz sc-6026 H2416 1:100 

Anti-CRX 
(Mouse) 

Abnova H00001406-
M02 

KB191-4G11 1:200 

Anti-Glutamine 
Synthetase 
(Mouse IgG2a) 

Millipore MAB302 3821584  1:150 

Anti-LHX4 
(Rabbit) 

Proteintech 11183-1AP 00040977 1:200 

Anti-NRL (Goat) R&D Systems AF2945 VYM032002A 1:400 
Anti-OTX2 
(Goat) 

R&D Systems AF1979 KRS0320091 1:200 

Anti-PAX6 
(Rabbit) 

Bio Legend 901301 B386304 1:200 

Anti-PCNA 
(Rabbit) 

Abcam AB18197  GR3262110-2 1:100 

Anti-PH3 
(Rabbit) 

Thermo Fisher PA5-17869  1:100 

Anti-TUJ1 
(Mouse) 

BioLegend  801201  B264428 1:500 

Anti-RXRgamma 
(Mouse) 

Santa Cruz sc-365252 D0623 1:200 
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3.4.3 Hematoxylin and eosin (H&E) staining 

Samples were fixed and prepared as described above. Next, sections were 

deparaffinized using xylene, rehydrated with stepwise ethanol/water solutions, stained 

with hematoxylin, rinsed with acid alcohol and ammonia water, counterstained with eosin, 

and dehydrated in stepwise ethanol/water solutions. Sections were then rinsed with 

xylene and mounted for microscopy using Permount (Fisher Chemical).  

 

3.4.4 Edu Click-iT 

For 5-Ethynyl-2’-deoxyuridine (EdU) labeling experiments, eyes were incubated in 

oxygenated media for 90 minutes, followed by a 2 h incubation of EdU at 5 mg/ml at 40°C. 

Eyes were then fixed with modified Carnoy’s media (see above), paraffin embedded, and 

sectioned. Tissue sections were treated with antigen retrieval steps of hot (95°C) 0.01 M 

sodium citrate pH 8 twice for 5 min each, followed by an acid treatment (2 N HCl and 

PBS-0.5% Triton X-100/PBS) for 1 h at room temperature in a humidifying chamber. EdU 

was then detected following the manufacturer instructions (Thermo Fisher Scientific, 

C10337). RNAscope in situ (protocol above) were performed in combination with Edu 

Click-it kit staining. Here, the EdU protocol was initiated after the final wash buffer steps 

of the in situ protocol. In this case, we did not perform the sodium citrate antigen retrieval.  

 

3.4.5 Statistical methods 

Quantifications of retinal length were obtained for each side of the retina (temporal 

and nasal) from the ONH to the ora serrata using three biological replicates. Mean and 

P-values were obtained using the Student’s T-test. Similarly, the GCL thickness was 
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quantified at the foveal center and at the equivalent distance from the ONH in the nasal 

side from three biological replicates at 40 days gestational age (first trimester). Student’s 

T-test was used to obtain mean and P-values. All statistical analyses and plot generation 

was performed using Prism 9 (GraphPad). 

 
 

3.5 Results 

3.5.1 Neurogenesis in the developing rhesus retina follows a fovea-to-

periphery gradient 

Fetal rhesus monkey samples spanning the three trimesters of gestation were 

analyzed using H&E staining (Table 3.1). We analyzed samples from the first trimester 

(~40 days) to the late third trimester (140 days gestational age; term 165±10 days). These 

experiments revealed the asymmetry of the developing retina from 40 days gestational 

age (~24% gestation), where the temporal region is larger (1.93-fold larger, p-value: 

0.001, Figure 3.1A-B, Table 3.1) and shows a wider ganglion cell layer (GCL) (Figure 

3.1C, p-value: 0.011 and Figure 3.1D). We also observed a clear developmental 

advancement of the foveal region, evidenced by an earlier presence of plexiform layers 

in the foveal region compared to the equidistant region from the ONH in the nasal region 

(Figure 3.1E-P). By 50 days gestational age (~30% gestation), the inner plexiform layer 

(IPL) begins to develop at the center of the foveal anlage, and by 60 days (~36% 

gestation), the IPL is distinct in the temporal retina but not yet in the nasal retina (Figure 

3.1F-G, L-M, arrows). Similarly, by 80 days gestational age (second trimester, ~48% 

gestation) the IPL is well-defined across the entire retina, with the initial presence of the 

outer plexiform layer (OPL) only in the foveal region (Figure 3.1H, N). By 110 days 
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(beginning of the third trimester, ~67% gestation), the foveal pit has started to develop 

into a shallow depression that already exhibits some lateral RGC displacement (Figure 

3.1D, Q, Table1). At 140 days gestational age (~85% gestation), the fovea consists of a 

deep invagination and part of the GCL has displaced peripherally, as revealed by a thinner 

GCL at the foveal center (1-2 cells thickness Figure 3.1D,S; Table 3.1). However, the inner 

nuclear layer (INL) still maintains a uniform thickness between the pit region and the 

surrounding retina (Figure 3.1S). Similar regions in the nasal side do not present these 

modifications (Figure 3.1R, T). Immunohistochemistry confirmed that while the majority 

of CRX+ photoreceptors are NRL+ rods throughout the retina, we did not detect NRL+ 

cells at the center of the foveal pit, indicating the predominance of cone photoreceptors 

in this region (Figure 3.1U-V’’). 

 
 
3.5.2 A switch from early to late progenitor competence takes place in 

the late first trimester at 50 days gestational age in the center of the 

fovea 

We used cell-specific antibodies to evaluate neurogenesis of different retinal 

populations. Recent analyses have revealed a distinct shift in retinal progenitor cells 

(RPCs) consistent with their competence to generate early- (e.g., RGCs and cones) 

versus late-born retinal cell types (e.g., bipolar cells and Müller glia). Early and late RPCs 

express distinct transcriptional signatures, and single cell “omics” have distinguished 

broad transitions in RPCs at embryonic day 16 (E16) in mice and between 11 and 15 

gestational weeks in humans 17,112,231.  
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At the earliest stage analyzed (40 days gestational age), we observed BRN3+ 

TUJ1+ RGCs in the apical side throughout the retina (Figure 3.2A-B’, arrows). RPCs 

divide at the apical side of the retina and as a result, newly born postmitotic neurons need 

to migrate basally to their appropriate layers. Thus, the presence of BRN3+ TUJ1+ cells 

in the apical region indicates active RGC neurogenesis. By 50 days, most of the RGCs 

are localized in the GCL in the temporal side of the retina, suggesting that RGC genesis 

is completed in the fovea (Figure 3.2C-C’). In contrast, we still detected many BRN3+ 

RGCs in the most apical part of the retina in the nasal region (Figure 3.2D, arrows).  

The basic helix-loop-helix (bHLH) transcription factor ATOH7 plays a critical role in 

early neurogenesis, and while ATOH7+ progenitors can generate all different cell types, 

it is necessary for the generation of RGCs 132,246. Its expression starts during the final cell 

division of RPCs and follows a highly-regulated expression pattern that coincides with the 

first wave of neurogenesis. In mouse retinas, Atoh7 expression initiates at E11, peaks at 

E14.5, and rapidly decreases after E16.5 252. In the rhesus monkey retina, ATOH7 is 

downregulated first at the center of the fovea at 40 days gestational age, later extending 

within the temporal side (Figure 3.2E-F’). By 50 days, ATOH7 is not detected in the foveal 

region by immunohistochemistry, but ATOH7 expression still remains expressed 

elsewhere within the same retina (Figure 3.2G-H’). Similarly, we observe RXRgamma+ 

photoreceptors (presumptively cone photoreceptors) first in the temporal retina. By 40 

days gestational age, we observe RXRg+ photoreceptors in the foveal region, but only at 

50 days, we observe RXRg+ photoreceptors across all regions (Figure 3.2 I-L’).  

Correspondingly, at this stage, LHX4+ OTX2+ bipolar cells and RLBP1+ Müller glia 

are detected only in the center of the fovea, indicating that by end of the first trimester (50 
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days gestational age), foveal RPCs are producing late cell types (Figure 3.3). Previous 

studies have identified LHX4 expression in cone photoreceptors 345 and therefore, to 

further validate that the LHX4+ cells detected at 50 days are indeed bipolar cells, we 

assessed the expression of LHX4 and OTX2 at different developmental stages 

(Supplementary Figure 3.1). By 75 days gestational age, we only detected LHX4+ cells 

in the INL (bipolar cells) and not in OTX2+ cells of the ONL (photoreceptors). By 110 days 

(beginning of the third trimester), we begin to see LHX4+ cone photoreceptors at the 

apical side of the ONL in the temporal side, but its expression remains constrained to the 

INL in the nasal side. These data suggest that LHX4 is expressed in bipolar cells at early 

stages of development, and only at later stages of maturation is it expressed in cones.  

We also analyzed the presence of mitotic cells using phospho-Histone3 (PH3) 

immunostaining (Supplementary Figure 3.2). At 50 days gestational age, we detected 

mitotic cells across the retina, but from 60 days onward, we no longer observed PH3+ 

cells in the center of the foveal region. As development proceeds, the absence of PH3 

extended peripherally, but by 80 days gestational age, we still detected PH3+ mitotic 

RPCs in the nasal side of the retina. By the late third trimester (140 days gestational age), 

we only detected a few mitotic cells in the ciliary margin, nor did we observe PH3+ RPCs 

in either side of the retina. 

As summarized in Table 3.1, these data indicate that the fovea is developmentally 

advanced compared to the rest of the retina and that neurogenesis takes places in a wave 

that begins in the center of the fovea and extends towards the periphery. Our results also 

indicate that a shift between early and late RPC competence states takes place in the 

late first trimester (around 50 days gestational age) in the rhesus monkey fovea. 
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3.5.3 CYP26A1 is highly expressed in the developing rhesus monkey 

fovea at different stages of development 

In order to describe the expression pattern of genes previously proposed to be 

enriched in foveal RPCs, we used RNAscope in situ hybridization (Advanced Cell 

Diagnostics). In our experiments, the background levels detected with this method are 

very low (Supplementary Figure 3.3).  

At 40 days gestational age, the earliest time-point analyzed, CYP26A1 is highly 

enriched in the developing fovea and only expressed at low levels in the nasal region 

(Figure 3.4A-B’). We also detected CYP26A1 expression in RPCs surrounding the optic 

nerve head (ONH, Figure 3.4A-B’), in the ciliary marginal zone, and in the lens epithelium 

(Figure 3.4A-A’, Table 3.2). The cells that expressed the highest levels of CYP26A1 are 

PCNA+ (Figure 3.4B-B’, Supplementary Figure 3.4A-A’’) and some colocalize with EdU 

(Supplementary Figure 3.4B-C’’), indicating that CYP26A1 is expressed by RPCs. 

However, even within the foveal anlage, not every EdU+ cell expressed CYP26A1. We 

did not detect colocalization with OTX2+ photoreceptors nor any expression in the GCL, 

suggesting that CYP26A1 is not expressed in photoreceptors or RGCs (Supplementary 

Figure 3.4D-D’’, Table 3.2). This expression remains unchanged at 50 days, where the 

foveal RPCs and a small patch of cells bordering the ONH exhibit the highest levels of 

CYP26A1 (Figure 3.4, Table 3.2).  

At later stages of development, CYP26A1 expression is restricted to the Müller glia 

(Figure 3.5). The Müller glia of the fovea and macula regions (including the foveal center, 

parafovea and part of the perifovea) express high levels of CYP26A1, but this gene is not 

expressed by the Müller glia of other parts of the retina (Figure 3.5A-D). Thus, CYP26A1 
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colocalizes with RLBP1 (also known as CRALBP), a robust marker of Müller glia cells 346, 

and glutamine synthetase (GS, Figure 3.5E-E’’’ and Supplementary Figure 3.5A-A’’’).  

 

3.5.4 FGF8 is expressed in retinal progenitors in a ONH-to-periphery 

gradient 

In avian species, the RA pathway regulates the expression of FGF8, which serves 

as a molecular marker for the HAA throughout development 347,348. We investigated 

whether this expression is conserved in primates using RNAscope in situ hybridization. 

In contrast with the known expression pattern in chickens, in the early developing rhesus 

monkey retina, the highest levels of FGF8 were found localized around the ONH and 

diffuse in a gradient peripherally (Figure 3.6A, Table 3.2). Co-labeling experiments using 

FGF8 and CYP26A1 showed distinct expression patterns for these two genes (Figure 

3.6. A’). This pattern of expression remained unaltered at 50- and 70-days gestational age 

(Figure 3.6B-G’). At later stages of development, FGF8 is only detected at low levels of 

expression in both the ONL and INL, but not in other eye tissues (Figure 3.6. H-J’, Table 

3.2). 

 

3.5.5 CDKN1A is expressed by the Müller glia and ONH cells 

Previous experiments have identified CDKN1A (p21CIP1) as a gene enriched in the 

temporal region of the retina from 50 to 150 day gestational age in rhesus monkeys 232 

and in human fetal week 20 samples 231. CDKN1A was also found in a study aimed at 

identifying cone-specific transcriptional signatures 345. p21CIP1 and p27XIC1 are G1-
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checkpoint CDK inhibitors, and thus, we investigated the intriguing possibility that 

CDKN1A could be enriched in foveal RPCs and/or cone photoreceptors.  

RNAscope in situ hybridization did not detect expression of CDKN1A at 40 days 

gestational age, but by 50 days, our analyses revealed CDKN1A expression in the center 

of the foveal anlage as well as in the optic nerve head (ONH, Figure 3.7A-A’’ arrows, Table 

3.2). This expression co-localized with RLBP1. The expression of CDKN1A extended 

peripherally as time progressed and by 75 days, it has extended throughout the temporal 

retina (Figure 3.7E-E’). At this stage of development, we still detected high levels of 

expression in the ONH (Figure 3.7F-F’, arrow). By the late third trimester, we observed 

CDKN1A throughout the whole retina and its expression remained restricted to RLBP1+ 

Müller glia cells in both the temporal and nasal sides of the retina (Figure 3.7H-J’). 

Together, these data suggest that CDKN1A is expressed by Müller glia cells throughout 

development in the rhesus monkey. 

 

3.5.6 The neuropeptide NPVF is expressed by the Müller glia 

Similarly, NPVF (Neuropeptide VF precursor) was previously found to be enriched 

in the temporal primate retina 231,232. NPVF is expressed by the hypothalamus and 

regulates sleep in some species 349. Expression of NPVF was previously correlated with 

retina aging 350, but the pattern of expression during development has not been explored.  

Using RNAscope in situ hybridization, we observed NPVF expression beginning 

at approximately 50 days gestational age (Figure 3.8). At this stage, NPVF is only 

expressed by a few cells at the center of the macula. The expression of NPVF extends 

laterally as time proceeds and colocalizes with RLBP1 and GS, indicating that this gene 
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is expressed by the Müller glia, possibly at somewhat later developmental stages than 

compared to CDKN1A expression (Figure 3.8, Table 3.2). 

 

3.6 Discussion 

In the study described herein, we have characterized key morphological 

characteristics of the developing rhesus monkey fovea, the timing of neurogenesis, and 

the expression patterns of CYP26A1, FGF8, NPVF, and CDKN1A at different ontogenic 

stages. 

We have shown that the embryonic retina undergoes asymmetrical growth, 

exhibiting a larger temporal region, where the incipient fovea resides (Figure 3.1). This 

observation mimics published histological images that show that, while the optic cup is 

symmetrical in its temporal-nasal axis by 30 days gestational age, the temporal side of 

the optic cup is much larger than the nasal side from 36 days onward 240. We also 

observed a thicker GCL in the temporal side at 40 days (24% of gestation) and a clear 

developmental advancement of the foveal region, as the plexiform layers appear first in 

the center of the fovea before extending towards the periphery. The foveal pit is initially a 

shallow depression that can be observed by 110 days gestational age (65% of gestation) 

and then develops into a deeper pit. The development of the pit takes place in conjunction 

with a lateral displacement of the GCL, similar to prior descriptions in other morphological 

studies 310. 

Foundational studies by Hendrickson 204,310,351, Provis 352, and Rakic 102,353, and 

more recently transcriptomic approaches 17,231,232,354,355 have revealed changes in 

differentiation and maturation rates between the fovea and the rest of the retina. For 
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instance, late-born cell types, such as bipolar cells and Müller glia, are found in the fovea 

at much earlier developmental stages compared to the nasal retina 102,232,243. 

Correspondingly, progenitors exit the cell cycle much sooner in the foveal region 232,243,273. 

Classic studies from La Vail, Rapaport, and Rakic 102 used 3H-thymidine labeling at 

different times during development to define the timing of cell genesis in the rhesus 

monkey retina. Since these analyses were performed at later stages, several factors 

could be confounding the data: (1) significant retinal growth takes place after 

neurogenesis and thus passive cell movements to accompany organ growth could have 

occurred between cell birth and sample collection, (2) active cell movements towards and 

away from the fovea have been described during pit formation 204,286,308,356, (3) all the 

analyses were performed after the period of cell death and RGC culling 357, and (4) all the 

analyses were based on cell position but no specific markers were used. 

In the La Vail dataset, the onset of neurogenesis was defined at ~30 days 

gestational age, when the first RGCs and horizontal cells are born in the foveal center. 

The onset of cone genesis was found at ~33 days, and the onset of genesis of late cell 

types was identified at ~45 days. This study describes a pronounced fovea-to-periphery 

gradient of cytogenesis. Similarly, in silico predictions have been recently used to 

estimate the onset of neurogenesis for different retinal cell populations 232. These 

calculations estimate RGC genesis to begin around 33 days, rod bipolar genesis onset to 

be ~52 days, and bipolar cell genesis to begin at ~55 days gestational age. To shed light 

on the timing of cell birth in rhesus monkeys, we have explored neurogenesis during the 

embryonic period. Our data suggest that RGC genesis begins prior to 40 days and is 

completed by 50 days in the foveal center (Figure 3.2), while bipolar cells and Müller glia 
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are found in the center of the foveal anlage by 50 days (late first trimester) (Figure 3.3). 

ATOH7, a transcription factor dynamically expressed in subsets of RPCs and required for 

RGC formation 132,246,252, is downregulated from the fovea by day 50. Together these data 

validate the dataset published by La Vail and indicate that the shift between early and late 

competence periods takes place at the end of the first trimester in the primate fovea.  

Through the advent of high-throughput sequencing technologies, our 

understanding of primate retina cell types and their gene expression profiles has 

broadened 233,255,350, spurring the search for reliable foveal markers and the 

complementing mechanisms driving foveal development. Notably, the RA catabolizing 

enzyme CYP26A1 has been previously identified as a foveal marker in several studies 

228,231-233, and a pathway involving CYP26A1 and FGF8 is required for the patterning of 

the HAA in chickens 228. Our data indicate that CYP26A1 is highly enriched in primate 

foveal RPCs, although we also detected some levels of CYP26A1 expression in other 

regions of the eye. Contrarily, FGF8 is not enriched in the developing fovea at any of the 

gestational ages analyzed. These expression patterns suggest that RA-dependent 

patterning could be an important aspect regulating the development of the fovea and high 

acuity areas across species, but the exact molecular mechanism(s) downstream may not 

be conserved between avian species and primates.  

RA is known to participate in dorso-ventral patterning 358 and in mice, Cyp26A1 

and Cyp26C1 cooperate to establish a stripe of lower RA levels within the equatorial 

rodent retina 238,239. Alterations in Cyp26 expression leads to perturbations of the ratios of 

cone opsins and RGC projection patterns 238. However, mice do not have foveal 
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specialization or rod-free regions, and thus, neither CYP26A1 expression nor lower levels 

of RA are sufficient to drive foveal development.  

At later times in development, CYP26A1 is expressed by RLBP1+ GS+ macular 

Müller glia, including the Müller glia within the foveola, fovea, parafovea, and part of the 

perifovea, but CYP26A1 is not expressed by Müller glia in other parts of the retina. This 

expression pattern has been observed in the adult rhesus monkey eye 233. Similarly, novel 

findings using the zebrafish model also suggest conserved expression patterns of 

cyp26a1 in the Müller glia of the HAA 230. 

Similar to CYP26A1, CDKN1A and NPVF have been identified in transcriptomic 

analyses as genes enriched in the developing fovea. In our previous analyses, NPVF was 

shown to have one of the highest enrichments in the temporal retina compared to the 

nasal retina (420-fold enrichment at 90 days gestational age). CDKN1A showed 11.7-fold 

enrichment in the temporal side, comparable to the 17.9-fold enrichment exhibited by 

CYP26A1 at the same developmental time point 232. Here, we observed a clear 

colocalization between both CDKN1A and NPVF with RLBP1, indicating that these 

molecules are expressed in Müller glia cells. By 50 days gestational age, we observed 

substantial levels of CDKN1A in the temporal retina, while NPVF is only expressed by a 

few cells in the center of the foveal anlage. As development proceeds, the region that 

expresses these genes extends peripherally, such that by 140 days gestational age (late 

third trimester), we observed CDKN1A expression in both sides of the retina, while NPVF 

expression had extended in the temporal retina but is only modestly expressed by the 

Müller glia at the nasal side. Together, these data suggest that these genes are not 

exclusive of the developing fovea but are instead expressed by Müller glia at different 
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stages of maturation, and that the enriched expression detected in previous studies is 

associated with the gradient of Müller glia production and maturation. 

The presence of different glial cells in the foveal pit remains poorly understood. 

Early electron microscopy studies 359 observed “cone-shaped Müller glia” in the innermost 

part of the fovea. Gass 360 revisited these preparations and observed that the cytoplasm 

composing the outer portion of these Müller cells appeared optically empty, indicating that 

perhaps the Müller glia of the foveola could have unique properties. More recently, one 

study has identified GFAP+ glial cells in the foveal center but these glia cells do not appear 

to express RLBP1 or GS 361. The authors of this study proposed that the glial cells present 

in the foveal floor are not Müller glia but astrocytes. However, previous primate studies 

suggest that the avascular zone within the macula remains devoid of astrocytes and 

vessels at all times 293 and thus, the identity of the glia cells of the foveola remains a 

contentious topic. In our preparations, we observed a reduction in RLBP1 in the center of 

the foveal pit at 140 days gestational age (see Figures 3.7H’ and 3.8E’). However, we did 

not observe a corresponding reduction in CYP26A1, CDKN1A, or NPVF, indicating that 

Müller glia cells are likely present in this region. Single-cell sequencing studies have 

reported differences between the glial cells of the fovea and the periphery, but expression 

of RLBP1 has been detected in both foveal and peripheral Müller glia 362. However, most 

“omics” studies analyze the tissue obtained within a 2-3 mm punch and thus, these 

approaches do not distinguish the center of the fovea from the rest of the macula. The 

possible reduction of RBLP1 together with the expression of CYP26A1 only in the macular 

Müller glia suggests that the Müller glia of the fovea/macula exhibit some unique 

molecular signatures.  
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Taken together, our results demonstrate the spatial and temporal expression 

patterns of several genes, previously hypothesized to be fovea-specific, and reveal that 

from all the genes analyzed, only CYP26A1 is enriched in the fovea across different 

ontogenic stages. However, the dynamic changes of CYP26A1 expression in different 

regions of the retina, and in RPCs and Müller glia may pose challenges to be used as a 

fovea RPC-specific marker for single-cell approaches. 

In the future, by integrating the knowledge obtained from diverse species, including 

primate, chickens, and mice, we can advance our understanding of the intricate roles of 

RA pathway molecules in retinal patterning and foveal progenitor development. 

Ultimately, such insights may contribute to unraveling the mechanisms underlying foveal 

specialization.  
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3.8 Figures 
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Figure 3.1 The foveal region is developmentally advanced 

(A) Hematoxylin and eosin (H&E) staining of a paraffin-embedded section of the eye at 40 days 

gestational age which shows a larger temporal side. (B-C) Quantifications of retinal length 

(relative to the nasal side) and GCL thickness (m9icrons) at 40 days gestational age. Mean ± 

SEM. P-values were obtained using Student’s T-test. (D) The number of rows of RGCs in the 

center of the fovea, macula (tissue surrounding the center of the fovea), and nasal regions was 

quantified at different gestational ages. (E-P) H&E staining (40-140 days gestational age). White 

arrows (F-H) indicate the presence of plexiform layers in the temporal side. (Q-R) Development 

of the foveal pit is observed in the temporal side from ~110 days gestational age. (S-T) Mature 

foveal pit observed near term at 140 days gestational age. (U-V’’) The 140 days gestational age 

sections were immunostained with NRL (cyan), CRX (magenta), and counterstained with DAPI 

(gray). Arrows in U indicate NRL+ cells at the edge of the fovea but note that while there are 

CRX+ photoreceptors, there are no NRL+ rods in the center of the fovea. Scale bars: 250 µm in 

A, 100 µm in O, 200 µm in S and U. DG: days gestational age, ON: optic nerve, GCL: ganglion 

cell layer, NbL: neuroblastic layer, ONL: outer nuclear layer, INL: inner nuclear layer. 
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Figure 3.2 Early neurogenesis in the developing rhesus monkey retina 

(A-D’) RGCs are stained with BRN3 (magenta), TUJ1 (cyan), and counterstained with DAPI (grey) 

at the gestational ages indicated (40-50 days gestational age). Arrows indicate newly-born RGCs 

located in the apical side of the retina. (E-H’) ATOH7 is labeled in cyan (arrows) and the retinas 

are counterstained with DAPI (grey). Note the absence of ATOH7+ cells in the temporal retina at 

50 days gestational age (G-G’). (I-L’) RXRgamma is labeled in magenta (arrows) and the retinas 

are counterstained with DAPI (grey). Scale bar: 100 µm. DG: days gestational age, NbL: 

neuroblastic layer, GCL: ganglion cell layer. 
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Figure 3.3 Late cell type are detected in the foveal anlage at 50 days gestational 

age 

(A-A’) Low magnification image of a 50 days gestational age retina showed the expression of 

LHX4 protein (magenta). (B-B’) RNAscope in situ hybridization for RLBP1 (magenta) showed 

enriched expression in the temporal retina at 50 days gestational age. (C-D-D’’) LHX4+ cells 

(magenta) colocalize with OTX2 (cyan). Note the restricted expression of LHX4 in the temporal 

retina. (E-F’) RLBP1 exhibits low levels of expression throughout the retina but it is highly 

expressed in the foveal region. In all cases, tissues have been counterstained with DAPI (gray). 

Scale bar: 250 µm in A’ and B’, 100 µm in D’’ and F’.ON: optic nerve, T: temporal, N: nasal.  
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Figure 3.4 CYP26A1 is enriched in the progenitors of the fovea 

(A-A’) RNAscope in situ hybridization for CYP26A1 (magenta) at 40 days gestational age (DG) 

revealed enriched expression in the foveal region. Other regions (A, white arrows) such as the 

lens epithelium, the ciliary margin, and a patch of cells around the optic nerve also expressed 

CYP26A1. (B-B’) Colocalization between CYP26A1 (magenta) and PCNA (cyan) is shown at 40 

days gestational age. Retinas were counterstained with DAPI (gray). (C-F’) Expression pattern of 

CYP26A1 (magenta) in the temporal and nasal retina at indicated ages (50-70 days gestational 

age). Samples have been counterstained with DAPI (grey). Scale bars: 250 µm in B’, 100 µm in 

F’. ONH: optic nerve head.  
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Figure 3.5 At later stages of gestation CYP26A1 colocalized with Müller glia cells 

(A-D’) In situ hybridization for CYP26A1 (magenta) at ~140 days gestational age (DG) showed 

expression in the center of the fovea and other macula regions (foveolar, fovea, and perifovea. 

Arrows in A) but not in the rest of the retina. (E-E’’’) The expression of CYP26A1 (magenta) 

colocalizes with RLBP1 (cyan) and GS (yellow). All tissues have been counterstained with DAPI 

(gray). Scale bars: 400 µm in A’, 150 µm in D’, 100 µm in E’. 
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Figure 3.6 FGF8 is expressed in a central-to-periphery gradient in the developing 

rhesus monkey retina 

(A-A’) FGF8 (magenta) is highly expressed in the cells surrounding the optic nerve and its 

expression exhibits a gradient that extends peripherally in both temporal and nasal sides of the 

retina. This expression pattern does not mimic CYP26A1 expression (cyan, A’). (B-G’) The 

expression pattern of FGF8 (magenta) at 50 and 75 days gestational age show a similar pattern 

with higher expression in the central part of the retina. Samples were counterstained with DAPI 

(grey). (H-J’) At later time points, FGF8 is only expressed at low levels in both the ONL and INL. 

Scale bars: 250 µm in A’, 100 µm in J’. ONH: optic nerve head.  
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Figure 3.7 CDKN1A is expressed by Müller glia cells 

(A-A’’) RNAscope in situ hybridization for CDKN1A (magenta) revealed enriched expression in 

the foveal region and optic nerve head cells at 50 days gestational age (arrows in A). The enriched 

expression at the center of the fovea colocalizes with high levels of RLBP1 (cyan). (B-G’ 

Expression of CDKN1A (magenta) and RLBP1 (cyan) in different regions of the retina at 50 and 

75 days gestational age. Arrows indicate enriched expression in the temporal retina and optic 

nerve head. (H-J’) In the late third trimester (~140 days gestation) CDKN1A (magenta) was shown 

to be expressed by RLBP1+ cells (cyan) throughout all regions of the retina. Scale bars: 250 µm 

in A’’, 70 µm in D’, G’, and J’. ONH: optic nerve head, ON: optic nerve.  
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Figure 3.8 NPVF is expressed by Müller glia cells at slightly later times in 

development 

(A-B’) NPVF (magenta) was only weakly expressed by some cells at the center of the foveal 

anlage (arrows in A) at 50 days gestational age (late first trimester). (C-D’) By 110 days gestational 

age (early third trimester), the expression of NPVF had extended throughout the temporal side of 

the retina. (E-F’) At 140 days gestational age (late third trimester), the expression of NPVF can 

be faintly detected in the nasal retina (arrows in F). The cells that expressed NPVF also expressed 

RLBP1 (cyan). Scale bar: 100 µm in D’, 150 µm in F’. 
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3.9 Tables 

Gestation Day % Gestation Foveal development and morphology 
40 24 Thicker GCL; early cell types are produced 
50 30 IPL appears; cones form a continuous row; late-born 

cells are present in the foveal center 
60 26 Clear IPL; neurogenesis is done in the foveal center 
70 44 OPL appears 
110 65 Shallow foveal pit; OS appear 
140 86 GCL is 2 cells thick; 2 layers of elongated cones with 

IS and OS 
 
Table 3.1 Summary of morphological characteristic and neurogenesis of the fovea 

at different periods of gestation 

GCL: ganglion cell layer; IPL: inner plexiform layer; OPL: outer plexiform layer; OS: outer 

segments; IS: inner segments. 
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CYP26A1 DG 40 DG 50 DG 75 DG 110 DG 140-145 
RETINA           
RPCs temporal/fovea ++++ ++++ n/a n/a n/a 
RPCs nasal + + -/+ -/+ n/a 
RPCs central ++ ++ + - n/a 
RGCs - -/+ -/+ - - 
Photoreceptors - - - - - 
Horizontal cells     - - - 
Amacrine cells n/a   - - - 
Bipolar cells n/a   - - - 
Müller glia n/a ++ ++* ++++* ++++* 
ONH - - - - - 
Optic nerve - - -/+ -/+ -/+ 
RPE - - - - - 
Ciliary margin zone + + + + + 
LENS           
Lens epithelium ++ ++ ++ ++   
Bow region     - -   
Lens fibers     - -   
CORNEA - - - - - 
*Exclusively expressed 
in the macula    

 

 
    
FGF8 DG 40 DG 50 DG 75 DG 110 DG 140-145 

RETINA           
RPCs temporal/fovea ++ ++ n/a n/a n/a 
RPCs nasal + + + + n/a 
RPCs central ++++ ++++ ++++ ++ n/a 
RGCs - - - -/+ -/+ 
Photoreceptors     + + + 
Horizontal cells   -/+ -/+ -/+ -/+ 
Amacrine cells n/a -/+ -/+ + + 
Bipolar cells n/a -/+ -/+ + + 
Müller glia n/a   + + + 
ONH + + + + + 
Optic nerve - - - - - 
RPE - - - - - 
Ciliary margin zone - - - - - 
LENS           
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FGF8 (continued) DG 40 DG 50 DG 75 DG 110 DG 140-145 
Bow region     - -   
Lens fibers     - -   
CORNEA - - - - - 

      
NPVF DG 40 DG 50 DG 75 DG 110 DG 140-145 

RETINA           
RPCs temporal/fovea - - n/a n/a n/a 
RPCs nasal - -     n/a 
RPCs central - - - - n/a 
RGCs - - - - - 
Photoreceptors - - - - - 
Horizontal cells     - - - 
Amacrine cells n/a - - - - 
Bipolar cells n/a - - - - 
Müller glia n/a - + ++ +++ 
ONH - - - - - 
Optic nerve - - - - - 
RPE - - -/+ -/+ -/+ 
Ciliary margin zone - - - - - 
LENS           
Lens epithelium ++ + -/+ -/+   
Bow region     - -   
Lens fibers     - -   
CORNEA           

      
CDKN1A DG 40 DG 50 DG 75 DG 110 DG 140-145 

RETINA           
RPCs temporal/fovea - - n/a n/a n/a 
RPCs nasal - - -   n/a 
RPCs central - - - - n/a 
RGCs - - - - - 
Photoreceptors - - - - - 
Horizontal cells   - - - - 
Amacrine cells n/a - - - - 
Bipolar cells n/a - - - - 
Müller glia n/a ++ +++ +++ +++ 
ONH ++ ++ +++ +++ + 
Optic nerve + + + + - 
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CDKN1A (continued) DG 40 DG 50 DG 75 DG 110 DG 140-145 

Ciliary margin zone +/- +/- +/- +/- +/- 
LENS           
Lens epithelium ++ + - -   
Bow region     - -   
Lens fibers     - -   
CORNEA ++ + + + + 
 
 
Table 3.2 Expression patterns of CYP26A1, FGF8, CDKN1A, and NPVF in the rhesus 

monkey eye 

Expression patterns of CYP26A1, FGF8, CDKN1A, and NPVF in the rhesus monkey eye. Very 

low (+/−), low (+), moderate (++), high (+++), and very high (++++) levels of expression. No 

detectable expression is indicated (−). N/A (not applicable) indicating that the corresponding areas 

were not defined at that developmental stage. (*) indicates exclusively expressed in the macula 

but not in other retinal regions. Empty tables: expression not analyzed. GD: days gestational age; 

RPC: retinal progenitor cell; ONH: optic nerve head; RPE: retinal pigment epithelium. 
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3.10 Supplementary figures  

 
Supplementary Figure 3.1 

Expression pattern of LHX4 (magenta) and OTX2 (cyan) at 70 and 110 days gestational age. 

Retinas have been counterstained with DAPI (gray). Note the expression in the outer part of the 

ONL only in the temporal region at 110 days (arrows). ONL: outer nuclear layer, INL: inner nuclear 

layer, GCL: ganglion cell layer. Scale bar: 100 µm. 
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Supplementary Figure 3.2 

Mitotic cells are labeled with Phospho-histone3 (PH3, magenta. Arrows in A, B, D, and F). Retinas 

are counterstained with DAPI (gray). Scale bar: 100 µm. 
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Supplementary Figure 3.3 

Positive control probe (UBC, magenta in A-A’) and negative control (RNAscope 3-plex Negative 

Control Probe, magenta in B-B’) are shown at 40 days gestational age. Scale bar: 75 µm. 
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Supplementary Figure 3.4 

(A-A’’) Expression of CYP26A1 (magenta) colocalizes with PCNA+ RPCs (cyan, white arrows). 

(B-C’’) Expression of CYP26A1 (magenta) was detected in some EdU+ cells (cyan, white arrow) 

while some EdU+ cells in the center of the fovea do not express CYP26A1 (black arrow). (C-C’’) 

CYP26A1 (magenta) did not colocalize with OTX2 (cyan). All tissues have been counterstained 

with DAPI (gray). Scale bars: 75 µm in A’’, B’’ and C’’, 250 µm in A’’, and 20 µm in small insets. 
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Supplementary Figure 3.5 

(A-A’’’’) Expression of CYP26A1 (magenta), RBLP1 (cyan), GS (yellow) is shown at 140 days 

gestational age (DG). Arrows in A-A’’’ indicate some of the cells that co-express all the markers. 

(B-B’’’) Expression of CYP26A1 (magenta) and RBLP1 (cyan) is shown at 140 days gestational 

age. (“C-C’’’) Expression of CYP26A1 (magenta) and RBLP1 (cyan) is shown at 140 days 

gestational age. All samples have been counterstained with DAPI (gray). ONL: outer nuclear layer, 

INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar: 75 µm.  



 106 
 

 
 

4. Published results: MicroRNA signatures of the 
developing primate fovea 
 
Elizabeth S. Fishman1*, Mikaela Louie1*, Adam M. Miltner1*, Simranjeet K. Cheema1, 

Joanna Wong1, Nicholas M. Schlaeger1, Ala Moshiri2, Sergi Simó1, Alice F. Tarantal1,3,4, 

and Anna La Torre1# 

 

1 Department of Cell Biology and Human Anatomy, University of California Davis, Davis, 

95616 

2 Department of Ophthalmology, University of California Davis, Davis, 95616 

3 Department of Pediatrics, University of California Davis, Davis, 95616 

4 California National Primate Research Center, University of California Davis, Davis, 

95616 

* These authors contributed equally to this work 

# Author for correspondence: alatorre@ucdavis.edu 

 

The following chapter was submitted as a manuscript to Frontiers in Cell and 

Developmental Biology and published on April 8, 2021. The accepted version of this 

manuscript has been reformatted for this dissertation. The authors of the manuscript were 

Elizabeth S. Fishman (Elizabeth Fishman-Williams), Mikaela Louie, Adam M. Miltner, 

Simranjeet K. Chema, Joanna Wong, Nicholas M. Schlaeger, Ala Moshiri, Sergi Simó, 

Alice F. Tarantula, and Anna La Torre, with myself, Mikaela, and Adam contributing 

equally. I performed the miRNA in situ hybridizations and immunohistochemistry 

experiments. 



 107 
 

 
 

4.1 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 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 differentially expressed in 

the presumptive fovea, including miR-15b-5p, miR-342-5p, miR-30b-5p, miR-103-3p, 

miR-93-5p 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. 

 



 108 
 

 
 

4.2 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 35.  

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 336,363-366. 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 135,367), while the human retina contains an average 

of 92 million rods and 4.6 million cones (20:1 rod to cone ratio 3). In humans and other 

primates, most of the cones are confined to a small region of the central temporal retina 

called the macula lutea (macula), where the cone concentration is about 200-fold higher 

than the most eccentric retinal regions 3,4,242,309. 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 368-371. Despite the overall predominance of rod photoreceptors, 

primates have evolved to primarily utilize cone pathways, and most of our useful photopic 
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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 372. It has 

been estimated that AMD affects up to 25% of the U.S. population over the age of 80 373, 

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 

1,99,100,374: 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 105-107,375, in which neural progenitors were transplanted into an 

environment of a different age and, more recently, single-cell transcriptomics 17,231,376 has 

revealed that (1) retinal progenitors are intrinsically restricted, and (2) retinal progenitors 
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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) 177 and both computational and experimental analyses indicate that most 

protein-coding genes are regulated by one or more miRNAs 377,378. 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 

187,188,279,379,380 and in vitro 381,382, and some miRNAs have been associated with the 

production of specific cell types 381,383-385.  

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 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 posterior side of the retina) compared to its equivalent region at the other side 

of the optic nerve head (nasal posterior) 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. 
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4.3 Results 

4.3.1 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 nerve head (nasal side), from three different time points spanning the three 

trimesters (50 days gestational age [late first trimester], 90 days [second trimester], and 

150 days [third trimester]; term 165 ± 10 days). Rhesus monkey trimesters are divided by 

55-day increments (0-55 days, 56-110, days 111-165 days) 343. We performed Next 

Generation Sequencing (NGS) analyses (50 days: 6 samples, 3 temporal and 3 nasal, 90 

days and 150 days: 2 samples each, 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 (Figure 4.1A-E, Supplementary Table 4.1). 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 genes associated with active proliferation (e.g., CCND1, CDK4, E2F1, 

E2F2) do not peak until 90 days gestational age (Figure 4.1A and Supplementary Figure 

4.1A). Previous reports have identified clear transcriptional differences between early and 
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late retinal progenitor competence states in mouse and human retinas 17,231,376, including 

a progressive increase in Notch signaling. The activation of the Notch pathway maintains 

cells in a proliferative state ensuring that a subset of progenitors remains for the 

consecutive waves of neurogenesis 386,387. Notch also regulates fate decisions through 

the regulation of neurogenic genes 94,388. Correspondingly, many genes involved in the 

Notch signaling pathway show their highest levels of expression at 90 days gestational 

age in our screening (Supplementary Figure 4.1B), with NOTCH1, NOTCH3, DLL1, DLL3 

and HES5 peaking at this time. 

Similarly, genes known to be expressed in both mouse and human RGCs exhibit 

specific expression at different time points (Figure 4.1B). For example, several 

transcription factors such as ISL1 and SOX11 are highly expressed at early stages of 

development corresponding with their expression in other species 389-391, 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 129 and bipolar cell-specific markers 253 are detected first in the temporal samples 

before the nasal samples starting from 50 days gestational age (Figure 4.1C-D). 

Accordingly, by this time, the temporal samples exhibit higher levels of cone genes (e.g., 

PDE6H, 3.5-fold enrichment; Figure 4.1C) 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; Figure 4.1D). These differences between temporal and nasal regions are 

more prominent in the second trimester (90 days gestational age), reflecting a vast 

developmental acceleration in the presumptive fovea. Thus, by this time, the expression 

of GUCA1B is 14.5-fold higher in the temporal samples, PDE6H shows an enrichment of 
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5.8-fold (photoreceptor markers), 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 (Figure 4.1E). 

In addition to the cell-specific markers, other genes also exhibit transcriptional 

differences between the temporal and nasal regions of the developing rhesus eye (Figure 

4.1F, Supplementary Tables 4.1 and 4.2). 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, chicken, mouse, and human 213,243,392-

395. Hoshino and collaborators demonstrated that CYP1B1 is enriched in the periphery of 

the human fetal retina 243. Notably, CYP26A1 is higher in the temporal retina at all the 

ages analyzed and ALDH1A1 is enriched in the nasal retina. CYP26A1 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 396. CYP26A1 and NPVF have also been previously identified as developing 

macula markers in human samples by different reports 231,243. Additionally, our analyses 

also identify 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 (Figure 4.1F). Collectively, 

these results show that the rhesus monkey 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. 
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4.3.2 miRNA-sequencing and differential expression profiles between 

temporal and nasal fetal rhesus monkey retina 

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 Figure 4.2A, 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 (Figure 4.2B-C). For 

example, 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 280,282,397. 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 
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enrichment 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 (Figure 

4.2B). 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 (Supplementary Table 4.3). This suggests that these 

miRNA families are frequently regulated as a whole, perhaps at the primary transcript 

stage. 

Previous studies have indicated that miRNAs coordinately regulate protein levels 

and thus, miRNAs that target the same complexes are often co-expressed 398. We have 

used MIENTURNET (MicroRNA ENrichment TURned NETwork, 399 to gain insight into the 

possible miRNA networks in the different regions of the primate retina (Supplementary 

Figure 4.2). The network analyses of some of the highest expressed miRNAs for each 

region suggest possible differences in cell cycle regulation as several cell cycle genes 

including CCND1, CDKN1A, TP53, and CCNE1 are potentially regulated by differentially 

expressed miRNAs (Supplementary Tables 4.4 and 4.5). Similarly, FOXG1 is potentially 

targeted by miR-30b-5p and miR.103-3p while NFIA and NFIB, two transcription factors 

involved in fate specification in the retina 376, are potentially targeted by miR-30b-5p, miR-
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103-3p, and miR-93 (Supplementary Figure 4.2 and Supplementary Table 4.5). 

Additionally, several genes involved in the NOTCH, WNT, and RA pathways are also 

targeted by the temporal miRNA network.  

Notably, our analyses also reveal several miRNAs that were not previously 

annotated in the Macaca mulatta database but known in other species (Figure 4.3A) as 

well as putative novel miRNAs (Figure 4.3B), based on counts and putative secondary 

precursor hairpin structures identified using the miRPara software 400. 

 

4.3.3 miRNA expression in the developing mouse 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) (Figure 4.4). 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, Figure 4.4 S-U). miR-15b, miR-30b and 
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miR-103-3p are up-regulated over the time points analyzed and show the highest levels 

of expression at P3 (Figure 4.4A-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, Figure 

4.4A and Supplementary Figure 4.3). By E16.5, most of the retina expresses miR-15b, 

but we found lower levels of expression in the peripheral tips (Figure 4.4B) 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 (Figure 4.4F and Supplementary Figure 4.3). 

Interestingly, miR-93 expression is missing from the apical side of the retina at P3, 

suggesting that this miRNA may be expressed at lower levels in developing murine 

photoreceptors (Figure 4.4I and Supplementary Figure 4.3). Finally, miR-342-5p shows 

higher expression levels in the peripheral retina from E16.5 onward (Supplementary 

Figure 4.3), and this pattern of expression is maintained by P3 (Figure 4.4N-O, black 

arrows). In contrast, positive control experiments (U6 probe, Figure 4.4P-R) show neither 

regional differences nor changes in expression coordinated with the stage of 

development. 

 

4.3.4 Expression in the developing human 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 
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primates and relevant to human biology, we used human fetal retina tissue to test miRNA 

expression of our top candidates (Figure 4.5 and Supplementary Figure 4.3). We 

collected human fetal samples at gestational ages estimated to be between 77-83 

gestational days (28-31% of gestation, Supplementary Figure 4.4). 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 

(Supplementary Figure 4.5). 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, Supplementary Figure 

4.5A-C’). Similarly, we detected fewer PH3+ mitotic cells on the temporal site of the retina 

compared to the nasal side (arrows, Supplementary Figure 4.5B-C’, F), indicating that 

more progenitors have already exited the cell cycle in this region. Correspondingly, we 

also detected increased numbers of OTX2+ photoreceptors on the temporal side of the 

eye (Supplementary Figure 4.5D-G’).  

Remarkably, miR-15b is expressed at higher levels in the temporal side of the optic 

nerve head (Figure 4.5A-A’’) and miR-342-5p shows higher labeling signals in the nasal 

side of the eye (Figure 4.5B-B’’) as predicted by our miRNA-seq analyses (Figure 4.2B-

C). Both miRNAs display stronger signal in the neuroblast layer compared to other 

regions of the retina, including the GCL and the most apical side of the retina where the 

developing photoreceptors reside (arrows in Figure 4.5B’’, Supplementary Figure 4.7). In 

contrast, we did not detect significant miR-93 or miR-30b differences between the 

temporal and nasal retina (Supplementary Figure 4.6). As shown previously, our U6 
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positive control is ubiquitously expressed (Figure 4.5C) and our negative controls (Figure 

4.5D) show very low levels of non-specific labeling. 

 

4.4 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 shown that the primate retina develops over many months 

and, in fact, the human fovea is not fully developed until four years of age 309. 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 242,244,308,401. Moreover, 

primate retinal development does not progress in a central-to-peripheral gradient similar 

to mice but advances in a fovea-to-periphery manner. Consistent with this species-

specific difference in patterning, the expression of S-Opsin and L/M-Opsin is first detected 

in the fovea 402,403. Recently, the first transcriptional profiling datasets of the developing 

human retina have been published using both human fetal tissue and stem cell organoids 

17,231,243. However, obtaining human tissue at very early or late stages of development is 

challenging and these resources are subject to ethical and political issues 404. In contrast, 

nonhuman primate models offer a unique opportunity to decipher some of the molecular 
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mechanisms that dictate foveal development. The genus Macaca, probably the most 

extensively used nonhuman primate model 405,406, shares with humans susceptibility 

genes for AMD 407-409 and for other photoreceptor pathologies such as achromatopsia 410. 

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 50 days gestational age, the temporal side of the retina is already more 

developmentally advanced when compared to the nasal side (Figure 4.1).  A model 

developed by Finlay 411, Clancy 412, and Workman 413 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 (Supplementary Figure 4.4), by 50 days gestational age (end of the first 

trimester, 30% gestation), the rhesus monkey 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 (Figure 4.1D), two genes identified by the 
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Brzezinski group as cone bipolar markers 253. Our data also indicate that the maturation 

of photoreceptor cells follows a fovea-to-periphery gradient (Figure 4.1C), in agreement 

with histological evidence 414. Importantly, we also distinguish other genes differentially 

expressed in the presumptive developing fovea (Figure 4.1F), 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 273. 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 243,303. 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 produce different cell populations as development 
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proceeds 116,187,380. Similarly, we have also shown that miRNAs coordinate cell cycle 

kinetics 276. 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 415,416 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 monkey samples we used for the miRNA-seq (Supplementary 

Figure 4.4). 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 417 while miR-342-5p acts downstream of Notch to regulate neural 

stem cell fate choices 418. 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. 
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4.5 Materials and methods 

4.5.1 Experimental models and subject details 

4.5.1.1 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 Care 

and Use Committee (IACUC) at the University of California at Davis. Normal, healthy adult 

female rhesus monkeys (Macaca mulatta) were bred and identified as pregnant using 

established methods 343. Pregnancy in the 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 gestational age the third trimester 

(term 165 ± 10 days). Female rhesus monkeys (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. Dams were 

returned to the breeding colony post-hysterotomy. 

The fetal eyes were collected in cold PBS and the retinas were immediately 

dissected. With the cornea facing up, we made a small puncture in the center of the 

cornea with an 18 gauge needle. Using spring scissors (10mm tip), we slowly cut the 

cornea from the puncture towards the corneo-scleral junction. We successively rotated 

the eye 90º and made three more cuts and we gently remove the lens. Then, using one 

of the cuts, we carefully inserted the lower blade of the scissors between the sclera/RPE 

and the retina and we cut all the way to the optic nerve head being careful not to damage 
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the retina. We repeated using the other cuts at the corneo-scleral divide. Next, the sclera, 

RPE, and choroid were carefully removed with fine forceps (World Precision Instruments, 

Dumont tweezers 0.05 x 0.01mm tips) to dissect the retina away from the rest of the 

tissues. We performed two cuts in the dorsal and ventral part of the retina to open its cup 

shape and the temporal and nasal samples were obtained using 2.5mm biopsy punches 

(World Precision Instruments) at equidistant regions about 0.5mm from the ONH. As the 

total size of the retina changes during development, the percentage of retina captured at 

the different stages varied in the different samples. At 50 days gestational age, the biopsy 

captured more than half of the retina from the ONH to the ora serrata, thus extending 

beyond the foveal anlage.  

 

4.5.1.2 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 IACUC. Dams 

were euthanized and embryos were dissected and fixed for ISH as described below. 

 

4.5.1.3 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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4.5.2 RNA and miRNA sequencing 

4.5.2.1 Library preparation and next generation sequencing 

Upon dissection, all the tissues were preserved in RNAlater (Thermo Fisher) at -

80ºC. Then, total RNA was obtained from all the samples using the Total RNA Purification 

plus micro kit (Cat #48500, Norgen), and we used an Agilent Bioanalyzer 2100 to evaluate 

the quality of the RNA obtained. 

The 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 
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Nextseq500/ High Output sequencing kit (51 cycles according to the manufacturer 

instructions (Illumina Inc.) using 50-bp single-end reads and 30 million reads. 

 

4.5.2.2 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.  

 

4.5.2.3 miRNA-sequencing: library preparation and next generation 

sequencing 

For miRNA-sequencing, we used the same samples that we used for RNA-seq. 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 
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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.  

 

4.5.3 Analyses of RNA-seq and miRNA-seq data 

Following sequencing, intensity correction and base calling (into BCL files), 

FASTQ files were generated using the appropriate bcl2fastq software (Illumina Inc.) which 

includes quality scoring of each individual base in a read. We found that the vast majority 

of the data has a Q score greater than 30 (>99.9% correct), indicating that high quality 

data was obtained for all samples. 

PCA 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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4.5.4 In situ hybridization (ISH) 

All samples were collected and quickly fixed in a modified Carnoy’s fixative 

overnight at 4°C. For the mouse embryonic samples, we fixed whole heads while 

postnatal day 3 and human fetal samples were fixed as whole eyes. A small hole was 

made with an 18 gauge needle at the corneal limbus to facilitate the fixation. After fixation, 

samples were dehydrated and embedded in paraffin as described elsewhere 419. 

Horizontal sections of whole embryo heads (mouse E13.5 and E16.5) and sagittal 

sections of whole eyes (mouse P3 and human 77-83 days) 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-5p (Qiagen, Cat# 

YD00611174-BEG, 1:500), miR-30b-5p (YD00610927-BCG, miR-30b, 1:500), miR-93-5p 

(Qiagen, Cat# YD00611038, miR-93-5b, 1:300), miR-103-3p (Qiagen Cat# YD00612004, 

1:500), miR-342-5p (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 



 129 
 

 
 

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 0.1 M/tris pH 

9.5 0.1M/magnesium chloride 10 mM/0.1% Tween-20 and NBT (nitroblue 

tetrazolium)/BCIP (5-bromo-4-chloro-3-indolyl phosphate) stock solution (Roche). After 

the reactions were deemed complete (1-4 days), sections were fixed with 4% 

paraformaldehyde and mounted for microscopy using Fluoromount-G (Southern Biotech). 

 

4.5.5 Immunofluorescence 

Sections were prepared as described previously 420,421. Sections were then 

deparaffinized using xylene, rehydrated with ethanol (stepwise), rinsed with PBS-0.3% 

Triton X-100, and antigen retrieval was performed 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). 
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4.5.6 Hematoxylin and eosin staining 

Samples were prepared as described previously 422. Next, sections were 

deparaffinized using xylene, rehydrated with ethanol (stepwise) and water, and stained 

with hematoxylin and eosin, and dehydrated with ethanol (stepwise). The sections were 

then rinsed in xylene and mounted for microscopy using a Fluoromount-G (Southern 

Biotech). 

 

4.5.7 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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4.12 Figures 

 

 
 
Figure 4.1 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 showing differences between 

temporal and nasal expression. TvN: Temporal vs Nasal. Stars indicate genes previously 

identified as macula-enriched. 
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Figure 4.2 MiRNA-sequencing of Macaca mulatta retinas 

(A) Two-dimensional Principal Component Analysis was used to visualize sample variance 

between six retinal tissue samples collected at 50 days gestational age. (B) Heatmap shows 

different miRNA expression between temporal and nasal samples. Only miRNAs with a False 

Discovery Rate (FDR) value of <0.012 between nasal and temporal samples are shown. miRNAs 

enriched in the temporal samples are shown in bold. (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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Figure 4.3 Novel Macaca mulatta miRNAs at 50 days gestational age 

(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.  
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Figure 4.4 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). 
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Figure 4.5 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’’. 
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4.13 Supplementary figures 

 
Supplementary Figure 4.1 (related to Figure 4.1) 

(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 4.2 (related to figure 4.2) 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 4.3 (related to figure 4.4) 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. 
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Supplementary Figure 4.4 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 4.5 (related to figure 4.5) Hematoxylin and eosin (H&E) 

staining and immunohistochemistry of human fetal retinas 

(A-A’’) H&E staining of human fetal retina at 77 days of gestation (H&E) staining. (B-C’) 

Immunohistochemistry using PH3 (green, white arrows in B and C), PCNA (red), RBPMS (gray) 

antibodies and counterstained with DAPI. (D-E’) 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 A, 200 microns in A’-E’’. Error 

bars indicate standard deviation. 
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Supplementary Figure 4.6 (related to figure 4.5) 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-A’’) and 

miR-30b (B-B’’) expression in the developing human retina. Scale bars: 500 microns in A and B, 

and 200 microns in A’, A’’, B’ and B’’. 
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Supplementary Figure 4.7 (related to figure 4.5) 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. 
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4.14 Supplementary Tables 

Supplementary Table 4.1 mRNA-sequencing results of Macaca mulatta retinas 

Supplementary Table 4.2 miRNA-sequencing results of Macaca mulatta retinas 

Supplementary Table 4.3 MiENTURNET target enrichment for the temporal network 

Supplementary Table 4.4 MiENTURNET target enrichment for the nasal network 

Supplementary Table 4.5  

 

Supplementary Tables 4.1 through 4.5: These are large tables that are not suitable for 

print. To view this data, please visit the official publication where all figure and 

supplemental information may be downloaded.  
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5.1 Abstract 

A broad repertoire of transcription factors and other genes display oscillatory 

patterns of expression, typically ranging from 30 minutes to 24 hours. These oscillations 

are associated with a variety of biological processes, including the circadian cycle, somite 

segmentation, cell cycle, and metabolism. These rhythmic behaviors are often prompted 

by transcriptional feedback loops in which transcriptional activities are inhibited by their 

corresponding gene target products. Oscillatory transcriptional patterns have been 

proposed as a mechanism to drive biological clocks, the molecular machinery that 

transforms temporal information into accurate spatial patterning during development. 

Notably, several microRNAs (miRNAs)—small non-coding RNA molecules—have been 

recently shown to both exhibit rhythmic expression patterns and regulate oscillatory 

activities. Here, we discuss some of these new findings in the context of the developing 

retina. We propose that miRNA oscillations are a powerful mechanism to coordinate 

signaling pathways and gene expression, and that addressing the dynamic interplay 

between miRNA expression and their target genes could be key for a more complete 

understanding of many developmental processes. 

 

5.2 Key words 

miR-183 cluster, let-7, miR-9, circadian rhythm, cell cycle, Notch 
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5.3 Introduction 

The surge of new techniques to survey the transcriptome over the last few decades 

has led to the identification of numerous types of non-coding RNAs. While protein-coding 

sequences constitute less than 1.5% of the human genome, large-scale screenings have 

revealed that virtually the entire genome is transcribed to generate myriads of non-coding 

RNAs 423-426. These RNA molecules are differentially expressed in distinct cell types and 

dynamically regulated during development 427,428.  

Among non-protein coding RNAs, microRNAs (miRNAs) have emerged as key 

post-transcriptional regulators of gene expression 429-431. MiRNAs are small (~22-

nucleotide (nt) long), evolutionarily conserved molecules. First described in 

Caenorhabditis elegans 432, miRNAs are also present in a wide diversity of organisms in 

the bacteria, archaea, and eukaryote domains 433. 

MiRNAs are transcribed from DNA sequences as long transcripts called primary 

miRNAs (pri-miRNAs) that contain double-stranded hairpin-like structures in which at 

least one of the two strands includes a mature miRNA (Figure 5.1). About half of all 

currently identified miRNAs are intergenic, mostly localized in introns, and controlled by 

the regulatory elements of the host gene; the other half are intragenic and are regulated 

independently by their own promoters 171. About 25% of all miRNAs are arranged in 

clusters and transcribed as longer transcripts that contain more than one mature miRNA 

sequence. Intergenic miRNAs are processed by the splicing machinery while intragenic 

pri-miRNAs are cleaved by the microprocessor complex that includes Drosha 

ribonuclease and DiGeorge critical region 8 (DGCR8). In both cases, this first cleavage 

step produces a precursor miRNA (pre-miRNA) of about 70-nt that is exported out of the 
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nucleus. Pre-miRNAs are further processed by the enzyme Dicer, which removes the loop 

of the hairpin, yielding a mature miRNA duplex that can be loaded onto the RNA-Induced 

Silencing Complex (RISC, Figure 5.1). Mature miRNAs bind to their target mRNAs, 

usually to the 3’ untranslated region (3’UTR), through imperfect base-pairing, hindering 

the stability and translation of their target mRNAs 176. Hence, miRNAs are part of complex 

networks where one individual miRNA can regulate a large number of genes, frequently 

from a similar biochemical pathway, and where a single target mRNA can be regulated 

concomitantly by multiple miRNAs. Thus far, about 2,500 mature miRNAs have been 

identified in the human genome (miRBase.org) 434, and bioinformatics studies have 

estimated that over 60% of the human transcriptome is regulated by miRNAs 178. 

A large body of research suggests that this previously unknown miRNA-based 

regulation is crucial for many physiological and pathophysiological events and that the 

complex interactions between transcription factors and miRNAs could be instrumental in 

delineating developmental programs. 

 

5.4 miRNAs in the developing retina 

To gain further understanding of the roles of miRNAs in ocular tissues, several 

groups have attempted to characterize the retina miRNome by in situ hybridization, 

computational predictions, and profiling techniques. Hundreds of different miRNAs have 

been identified in the retina of different species 232,435-440 and several miRNAs show a 

significantly enriched expression in the retina compared to other tissues (Table 5.1). Two 

early reports by Hackler et al. 438 and Xu et al. 435 compared miRNA expression patterns 

at different developmental ages in the mouse retina and brain. Consistent with other 
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studies 441, the authors found that miRNAs with identical seed sequences exhibited highly 

similar expression profiles. Additionally, these studies and others have defined the 

repertoire of miRNAs expressed at different time points during retinal development (Table 

5.1). Two main miRNA categories have been consistently identified: miRNAs expressed 

primarily at early developmental stages (embryonic day (E)10-E16 in the mouse) and 

miRNAs present at later stages of retinal development (E16- postnatal day (P)7) and 

maturation (>P7). Specifically, miR-17, miR-18, miR-19, miR-20, miR-93, miR-106, and 

miR-130 are down-regulated throughout development while the let-7 family, miR-7, miR-

9, miR-9*, miR-96, miR-101, miR-124, miR-181, miR-182, and miR-183 are some of the 

miRNAs that increase during retinal development from E10 to adulthood in mice. 

Additional studies have also identified cell-specific expression of subsets of these 

miRNAs (Table 5.1) 116,442,443. 

Dicer and DGCR8 transgenic models 116,186,187,279,415,444-448, miRNA mutants 

281,282,449, sponge strategies 280, and miRNA inhibitors 187,380,450,451 have been extensively 

used to shed some light on the specific roles of miRNAs during retinal development. While 

many miRNA functions have been elucidated using these strategies, far less is known 

about miRNA target genes and the specific circuits that regulate development and 

pathophysiological processes in the retina. Furthermore, these global analyses do not 

capture the dynamic nature of miRNA expression and activity. Importantly, several 

miRNAs are involved in complex feedback and feed-forward regulations with their target 

genes, allowing for increased robustness of protein expression towards gene background 

noise 452. MiRNAs also participate in negative feedback loops, where target mRNAs 

regulate miRNA expression leading to the occurrence of biological rhythms. 
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Correspondingly, miRNAs have been shown to display rhythmic behaviors in the retina 

and other organs, and to regulate the circadian clock, the cell cycle, and the Hes1 

ultradian oscillator (Figure 5.2). Here, we summarize some of the recent findings on 

miRNA oscillatory behaviors, their regulatory mechanisms, and some of their possible 

functions during retinal development. 

 

5.5 miR-183, -96, and -182 and the circadian clock 

The textbook view of the circadian clock consists of a light-dark pattern of 

approximately 24 hours (Figure 5.2A) that governs rhythmicity within the organism and is 

regulated by two interwoven feedback loops with positive and negative components 

(Figure 5.3). One of these regulatory mechanisms involves the heterodimeric 

transcriptional activators CLOCK and BMAL1, which trigger the expression of repressors 

such as Period (PER1, PER2, and PER3) and Cryptochrome (CRY1 and CRY2) that, in 

turn, will repress the transcriptional activity of their activators 453-455. The second loop 

involves the expression of Rev-Erbα and Rorα genes also regulated by CLOCK and 

BMAL1. Subsequently, REV-ERBα and RORα proteins compete for binding to the Bmal1 

promoter 455. These self-sustaining feedback clocks are reset by fluctuating inputs, 

including light, temperature, or feeding patterns, to synchronize the molecular clock with 

the environment and the Earth’s rotation. This timing mechanism is controlled by a master 

pacemaker in the suprachiasmatic nuclei (SCN) of the hypothalamus, but independent 

circadian oscillators are present throughout the organism. Studies in the early 80s already 

demonstrated that the circadian clock was present in the Xenopus retina  456, and further 

analyses have added that the retinal circadian rhythm controls many aspects of the 
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vertebrate ocular physiology, including melatonin and dopamine synthesis, photoreceptor 

disk shedding, visual sensitivity, and intraocular pressure 457-461. Dysregulation of these 

retinal circadian clocks can lead to ocular diseases and have impacts on the circadian 

rhythm of the whole body 462. 

Mathematical modeling predicted decades ago that the regulation of mRNA 

stability is essential for rhythmic protein output 463. More recently, high-throughput 

analyses have shown that 25-50% of all rhythmically expressed proteins do not exhibit 

transcriptional rhythmicity 464. Accordingly, instead of the simplified transcription-

translation view, the circadian rhythm undergoes very complex and dynamic regulatory 

processes that include polyadenylation, RNA splicing, and miRNA regulation. 

Numerous miRNAs exhibit circadian rhythmicity, although the mechanisms that 

regulate these oscillations often remain unclear. In some cases, miRNA coding regions 

contain E-Box or RORE upstream elements that could be regulated by the core 

components of the circadian clock 465. Dicer expression has also been reported to display 

diurnal rhythmicity 466, which could lead to a rhythmic pattern of miRNA maturation.  

By means of microarray technologies and other tools, early screenings identified 

the miR-183 cluster (miR-183, miR-96, and miR-182) as miRNAs robustly regulated by 

the circadian clock 467,468. For instance, circadian fluctuations in dme-miR-263a and dme-

miR-263b expression, the Drosophila orthologues of the miR-183 cluster, were detected 

in wild type flies and the levels of these miRNAs were significantly reduced in the 

arrhythmic clock mutant cyc01 468. Likewise, in the adult mouse retina, the expression of 

these miRNAs obeys a circadian rhythm, with the miRNA levels being significantly higher 

during zeitgeber time (ZT) 17 (midnight) compared to ZT 5 (noon) 467. The expression of 
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these miRNAs is also regulated by light in the mammalian retina and the total levels of 

miR-183, miR-96, and miR-182 shift quickly (within 30 minutes) after light or dark 

adaptation 469.  

MiR-183, -96, and -182 are part of a highly-conserved polycystronic miRNA cluster 

that plays multiple roles in sensory tissues including the retina 467,470, the inner ear 471, 

and the olfactory epithelium 467. In the vertebrate retina, this cluster has been shown to 

elicit neuroprotective functions in photoreceptors, modulate outer segment maintenance, 

and enhance light responses in stem cell-derived retinal organoids 281,415,469,472. Many 

reports indicate that the miR-183 cluster is a key regulator of apoptosis and programmed 

cell death and validated target genes include CASP2, FOXO1, SLC1A1, and PDCD4 416. 

Recent studies have indicated that the miR-183 cluster is also an important 

morphogenetic factor regulating multiple signaling pathways involved in photoreceptor 

differentiation and maintenance. In this direction, the miR-183 cluster targets PAX6 473, a 

highly conserved paired-box transcription factor that is critical for eye morphogenesis in 

a wide range of species 325,326,474,475. 

The exact mechanisms that regulate the oscillatory expression of this miRNA 

cluster are not well understood. The putative promoter region of the miR-183 cluster 

contains several binding sites for transcription factors known to regulate the circadian 

rhythm in the eye, including RORα 467, but there is currently no experimental data to 

confirm this transcriptional regulation. Genetic variants with abnormal processing of pre-

miR-182 have been described 476 and neuronal miRNAs have been shown to have very 

quick turn-over ratios 469 compared to nonneuronal cells 469,477,478. Thus, the regulation of 
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miRNA processing and/or degradation could also play important roles in its oscillatory 

behavior.   

A recent phenotype-driven genome-wide miRNA screen using reporter human cell 

lines identified several miRNAs with the potential to modulate circadian rhythms 479. 

Among 989 miRNAs tested, this study identified 120 miRNAs that significantly changed 

the period length in a dose-dependent manner, including let-7, miR-17, and the 183 

cluster. Importantly, these changes were tissue-specific and the inactivation of the miR-

183 cluster shortened the circadian period in the retina but did not change the period 

length of the SCN in mice. All three members of the miR-183 cluster can modulate 

circadian rhythms and luciferase-based assays have shown that miR-182 potentially 

targets CLOCK 476 as well as the circadian rhythm regulators ADCY6 and MITF 467, while 

miR-96 directly targets PER-2 479 (Figure 5.3). Similarly, experimental evidence in 

zebrafish indicates that miR-183 targets other circadian regulators such as E4BP4-6 and 

AANAT2 480. However, these results do not exclude possible additional regulation through 

non-cell autonomous mechanisms. 

Finally, while it is not known whether the oscillatory behavior of miR-183 has any 

effects on retinal development, the removal of circadian clock genes led to defective 

dorso-ventral patterning of cones, thinner inner retinal nuclear and plexiform layers, and 

reduced photoreceptor viability 481,482. Future studies might shed light on the role of the 

miR-183 cluster in these phenotypes and the interplay between the circadian rhythmicity 

and miRNA roles in photoreceptor differentiation and function.  
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5.6 Let-7 levels oscillate with the cell cycle in the embryonic 

retina 

The cell cycle is a precisely regulated oscillatory process essential for growth and 

maintenance of tissues as well as for coordinating the timing of major cellular events 

during development. The cell cycle is classically divided into four different phases: Gap1 

(G1), DNA Synthesis (S), Gap2 (G2), and Mitosis (M) 88. The ability of the cells to progress 

though these phases to ultimately produce two daughter cells is generally attributed to 

two classes of molecules: Cyclin-dependent kinases (CDKs), a large family of 

serine/threonine kinases, and their binding partners named Cyclins because their 

concentration varies in a cyclical manner 89. The abundance of individual Cyclins, and the 

consequent activation of the appropriate CDKs at specific phases, orchestrates the 

orderly completion of DNA replication and cell division and constitutes the core cell cycle 

oscillator (Figure 5.4). Thus, CyclinD/CDK4,6 activity ensures G1 progression, 

CyclinE/CDK2 promotes the G1/S transition, while CyclinA/CDK2 regulates the transition 

between S and G2. Finally, CyclinB/CDK1 warrants the G2/M transition and entry of cell 

into mitosis 89. However, cell cycle progression is not only regulated by the rise and fall of 

Cyclin molecules’ concentrations, but is tightly regulated at several levels and through 

many different mechanisms (Figure 5.4).  

The first studies on miRNAs published three decades ago already suggested a 

role for the miRNA let-7 in the cell cycle of C. elegans 483,484. Let-7 is part of the 

heterochronic pathway required in the nematode seam cells to determine the timing of 

stage-specific developmental events 485,486. Since then, numerous studies have revealed 

that let-7 is a master regulator of cell proliferation. Accordingly, let-7 alters cell cycle 
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progression, controls the timing of cell cycle exit, and inhibits self-renewal, and disruptions 

in let-7 coding genes can enhance oncogenic transformation 487-489.  

Elegant genetic studies from the Ruvkun laboratory 490,491 revealed that let-7 is a 

genetic switch that controls major developmental transitions in bilaterally symmetrical 

animals, from flies and worms to vertebrates. In the developing mammalian retina, let-7 

regulates the developmental transition that allows the retinal progenitors to generate the 

late cell types (amacrine cells, rod photoreceptors, bipolar cells, and Müller glia) 187,492, 

and also plays a central role in Müller glia-dependent regeneration  380,493. Similar roles 

have been described in other parts of the developing CNS, where let-7 is required for the 

generation of the later cell populations in different species 188,381,494. 

In the developing retina, let-7 regulates cell cycle kinetics by both promoting cell 

cycle exit and lengthening S/G2 phases 276. Notably, no differences were detected in G1 

length in time-lapse experiments using the fluorescent reporter FUCCI (Fluorescence 

Ubiquitination-based Cell Cycle Indicator) in combination with gain-of-function or loss-of-

function of let-7 276. Given that let-7 levels normally increase throughout developmental 

time in the retina 187,492,495 (Table 5.1), these data correlate with classic experiments using 

3H-thymidine cumulative labeling that indicated that the cell cycle lengthens during retinal 

development mainly due to an increase in S-phase length 496. 

The cell cycle proteins CDC25A, CDC34, CDK4, CDK6, Cyclin A, Cyclin D1, D2, 

and D3 are known let-7 targets 497 (Figure 5.4) as well as TLX 488, another cell cycle 

regulator, and oncogenic chromatin proteins such as HMGA1 and HMGA2 492,498. 

However, since the specific effects of let-7 overexpression or inhibition are different in 

different experimental paradigms (e.g., induction of cell cycle arrest vs cell cycle 
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lengthening), let-7’s ability to target these genes may be concentration and/or context 

dependent. Similarly, the human genome contains 10 different mature miRNAs in the let-

7 family (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i, mir-98, miR-202), 

produced from 13 precursor sequences. As each of these miRNAs have identical seed 

sequences and highly conserved regions for target recognition and thus, the individual 

roles and targets for each let-7 are not well characterized. 

Strikingly, not only does let-7 regulate developmental transitions and cell cycle, but 

its expression and activities also oscillate concurrently with the cell cycle across the 

developing CNS, including the retina 276 (Figure 5.2B). Neural progenitors undergo 

interkinetic nuclear migration between the apical and basal surfaces in concert with the 

cell cycle 86,499,500. Thus, mitotic cell bodies are only found in the apical surface, and cell 

somas move basally in G1. Cells in S-phase are found at the most basal positions, which 

move again apically in G2. Intriguingly, let-7 levels also fluctuate within these regions, 

suggesting that let-7 oscillates in coordination with cell cycle 276.  Mathematical modeling 

also supports that oscillatory levels of let-7 are required for the complex balance between 

let-7 and Cyclin/CDK complexes 501 and more recently, these fluctuations have been 

validated by flow cytometry analyses and time-lapse imaging 276.  

The cell cycle-dependent fluctuation of let-7 suggests that some cell cycle genes 

may be regulating its expression; however, given that the let-7 family is located in 13 

different loci in the genome, the transcriptional regulation of these miRNAs is still poorly 

understood. E2F transcription factors have been shown to directly regulate let7a-d and 

let-7i expression and c-MYC represses the expression of several let-7 clusters 497. 

Additionally, CyclinD1 can regulate the expression of Dicer 502 and thus, cell-cycle 
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dependent miRNA processing may have an impact on let-7 fluctuations. Consistent with 

this idea of negative feedback loops, the miRNA machinery can be directly regulated by 

miRNAs and for example, a loop involving let-7 and Ago2 is critical to maintain 

pluripotency 503. Importantly, miRNA stability and turn-over rates could also be regulated 

in a cell cycle-dependent manner. 

The specific role(s) of the periodicity of let-7 expression and activity have not been 

previously explored but it can be speculated that cell cycle-coupled miRNA oscillatory 

circuits may be an important strategy to coordinate division rates with complex cellular 

activities as well as the timing of cell cycle exit and fate decisions. 

 

5.7 miR-9 is part of the Notch ultradian oscillator 

Proper retina development relies on the tight balance between retinal progenitor 

cell (RPC) proliferation and differentiation. It is well-documented that Notch activation 

perpetuates RPC maintenance, whereas Notch pathway disruption leads to neuronal 

differentiation 97,504-507. Notch also regulates neural patterning 508,509, cell fate specification 

96,510,511, is essential for Müller glia development 512-514, and a key mediator of regeneration 

515,516. Together, a growing body of literature supports the notion that the Notch pathway 

is dynamic and remarkably pleiotropic, and that the timing and levels of Notch signaling 

must be precisely regulated to maintain the temporal control driving normal retinal 

development.  

Since the Notch receptor was first identified in Drosophila over 100 years ago 517, 

genetic and molecular interaction studies have helped map the Notch signaling pathway 

that is recognized today (Figure 5.5) (reviewed in 386,518,519. Briefly, the intracellular 
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signaling pathway is initiated by cell-cell contacts, where the transmembrane Notch 

receptor (Notch1-4) on one cell is activated by a ligand (Delta-like (Dll1, Dll3, and Dll4), 

or Jagged (Jag1 and Jag2)) on a neighboring cell. Ligand binding prompts a series of 

proteolytic cleavage events that culminates in the release of the Notch receptor’s 

intracellular domain (NICD). NICD translocates into the nucleus, where it forms a 

transcriptional complex with Rbpj (recombination signal-binding protein for 

immunoglobulin kappa J region) and Maml1 (Mastermind-like transcriptional co-activator 

1) to activate gene expression. The best characterized Notch targets are the Hes (Hes1, 

Hes3, and Hes5) and related Hey genes 520, which encode inhibitory basic helix-loop-

helix (bHLH) proteins that suppress pro-neural bHLH genes Ngn1, Ngn2 (Neurogenins 1-

2), NeuroD1, NeuroD2, NeuroD4, NeuroD6 (Neuronal Differentiation 1-2,4,6), and Ascl1 

(Acheate-Scute) 521,522). Importantly, Hes proteins also repress the expression of Notch 

ligands, affecting the Notch activity of their neighbors 523.   

These cross-regulatory activities raise a hypothetical problem: in the absence of 

Hes1, cells prematurely differentiate into neurons but then, how is the progenitor pool 

maintained if Hes1 reduces Notch signaling in neighboring cells? Several pioneering 

studies from the Kageyama laboratory solved the conundrum and showed that the 

expression of Hes1, Ascl1, and Dll1 display oscillatory behaviors (Figure 5.2C top) using 

luciferase-based reporters in several contexts 524, including neural progenitors 525,526. 

These oscillatory expression patterns are driven by the Hes1 oscillator 527. Hes1 protein 

represses its own expression by binding to N-box regulatory elements in the Hes1 

promoter, and both Hes1 protein and mRNA have very short half-lives. Thus, upon 

repression, the levels of Hes1 decline rapidly leading to the reactivation of Hes1 
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transcription with a rhythmicity of 2-3 hours 527. These oscillations are key in maintaining 

pools of progenitor cells from precociously differentiating; when Hes1 oscillations are 

quenched, even if the Notch signaling pathway can still be activated, neural progenitors 

undergo premature cell cycle exit 528. Importantly, these rhythmic patterns can in part 

explain the heterogeneity of gene expression observed in individual RPCs with “snapshot” 

techniques such as immunostaining and sequencing 17,112,529,530. 

Many signaling pathways are common beneficiaries of miRNA-mediated 

regulation, and the Notch pathway is no exception 531,532. In fact, functional relationships 

between Notch and miRNA pathways have been described in the developing retina as 

Dicer conditional knockout mice showed downregulation of Notch pathway components 

and at the same time, overexpression of NICD in Dicer-null retinas did not lead to classic 

“Notchy” phenotypes such as induction of glial fates 279. 

MiR-9, a miRNA highly expressed in the developing CNS, interacts with Notch 

components in several organisms 533. Target prediction analyses have shown that miR-9 

may directly target components of the Notch pathway, including Notch ligands, Rbpj, and 

Maml1 534. Additionally, bioinformatics analyses have identified miR-9-binding sites in 

mouse, rat, and human Hes1 509, zebrafish her5 and her9 535, and Xenopus hairy1 536. 

Manipulation of miR-9 activity by antisense inhibitors resulted in increased levels of Hes1, 

and overexpression of miR-9 conversely reduced the half-life of Hes1 537.  

In humans, miR-9 is transcribed from three independent genomic loci (pri-miR-9-

1, pri-miR-9-2, and pri-miR-9-3) that give rise to two functional miRNAs, mir-9-5p and 

miR-9-3p. Hes1 reduces miR-9 expression, as observed by in situ hybridization of pri-

miR-9-2 in the mouse cortex and binds to several N-boxes in the putative miR-9 
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promoters of all three miR-9 genes (Figure 5.6). However, Hes1 only regulates the 

expression of pri-miR-9-1 and pri-miR-9-2, but not pri-miR-9-3 537. These promoters are 

embedded within CpG islands and thus, they could also be regulated by epigenetic 

mechanisms or other indirect means. 

Importantly, the cross-regulations between miR-9 and Hes1 (Figure 5.6) also 

contribute to the Hes1 oscillator, and overexpressing or inhibiting miR-9 has been shown 

to reduce Hes1 oscillations 537. The negative feedback loops between miR-9 and Hes1 

creates an out-of-phase oscillatory pattern of expression (Figure 5.2C top), which is 

important for limiting Hes1 oscillations 532. As development continues, miR-9 accumulates 

(due to its longer half-life than the less-stable Hes1 mRNA and protein) until it reaches a 

threshold for differentiation 528. At that point, Hes1 oscillations are dampened, and miR-9 

maintains high, steady levels allowing for neural differentiation to proceed (Figure 5.2C 

bottom) 537. Although oscillations of miR-9 have not been observed directly, mathematical 

modelling analyses incorporating miR-9 into the Hes1 oscillator recapitulate the behaviors 

observed experimentally 538. 

During retinal development, miR-9 expression increases in RPCs over 

developmental time and regulates cell fate acquisition 187, but miR-9 is also important in 

the mature mouse retina to maintain homeostasis of the Müller glia 539 and can potentiate 

Müller glia conversion into progenitor-like cells in culture in combination with miR-124 385. 

While the molecular mechanisms downstream of these functional roles remain widely 

unexplored, it can be speculated that the oscillatory interplay between Notch and miR-9 

in combination with the increasing levels of mature miR-9 over time may be one of the 

mechanisms that enables cells with an ability to keep track of time while maintaining the 
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ability to adapt to external stimuli. This model accommodates the existing evidence 

indicating that fate decisions during retinal development are both cell autonomous and 

strongly influenced by external factors.  

Recently, a novel CIS-regulatory element of pri-miR-9-2 has been described for its 

association with retinal diseases such as Macular Telangiectasia Type 2 and Macular 

degeneration 540. Interestingly, the deletion of this enhancer leads to reduced miR-9 

levels, a decrease in the number of rod photoreceptors, and perturbation of Müller glia 

homeostasis in human retinal organoids. Transcriptional data indicates that the Notch 

pathway is affected in these cells but the exact nature of this regulation and whether the 

oscillatory behaviors and feedback loops between Notch and miR-9 play any roles have 

not yet been investigated. 

 

5.8 Conclusions and perspectives 

During normal development, different cell fates are specified with exquisite spatial 

and temporal accuracy. Oscillatory feedback circuits that integrate temporal cues are part 

of the machinery that establishes the robustness of developmental transitions and 

progenitor outcomes. It is now obvious that miRNAs are functionally integrated in many 

of these oscillatory pathways. Beyond the examples offered in this review, a reciprocal 

relationship between miRNAs and transcription factors that in turn regulate miRNA 

expression may be a common theme in a variety of developmental contexts.  

Despite all the evidence accumulated in the last few years, we are only starting to 

understand the relevance of these rhythmic behaviors, largely because most of the 

miRNA expression data to date comes from studies that used sequencing technologies 
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that do not capture dynamic changes of expression within a cell. Thus, efforts to develop 

tools to show miRNA levels longitudinally with cellular resolution need to be advanced.  

In addition, our understanding of miRNA transcriptional regulation is still quite 

limited. The complex regulation of miRNA processing and turn-over may similarly open 

new avenues to further understand the regulatory networks that govern neural 

development. 
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5.13 Figures 

 
 
Figure 5.1 miRNA biogenesis 

Primary miRNAs (pri-miRNAs) are transcribed as double-stranded hairpin-like structures. 

Intragenic pri-miRNAs are processed via the canonical pathway, where the clusters of hairpin-like 

structures are cleaved into individual precursor miRNAs (pre-miRNAs) by the microprocessor 

complex. Intergenic pri-miRNAs are processed by the splicing machinery. The resultant pre-

miRNA from both pathways is an individual hairpin-like structure of 70-nt. After being exported 

from the nucleus via Exportin5, pre-miRNAs are further processed by Dicer into mature miRNA 

duplexes. One miRNA strand is loaded into the RNA-Induced Silencing Complex (RISC). Mature 

miRNA binds to its target mRNA, inhibiting mRNA translation and inducing mRNA decay. This 

figure was created with BioRender.com. 
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Figure 5.2 Oscillatory patterns of miRNAs in biological processes 

(A) Oscillatory behavior of the miR-183 complex. miR-96 directly targets PER2, causing an out-

of-phase oscillation pattern with PER-2 peaking during light and miR-183/96/182 peaking in dark 

hours. (B) Let-7 oscillatory behavior. The fluctuation of let-7 expression in accordance with the 

cell cycle changes at different stages of development. Early in development (let-7 early), let-7 

expression is at its lowest at the start of the cell cycle in G1, and peaks in S-phase. The phase of 

oscillation shifts later in development (let-7 late), when let-7 expression is at its highest in mitosis 

and lowest in S-phase. (C) Hes1/miR-9 ultradian oscillator. (Top) Hes1 oscillation is self-driven 

with a rhythmicity of 2-3 hours. The Hes1 oscillator represses Ascl1 and Notch ligands, 

consequently driving their oscillation patterns. MiR-9 and Hes1 participate in a negative feedback 

loop, creating an out-of-phase expression pattern. (Bottom) Hes1 and miR-9 have out-of-phase 

expression patterns and are dependent on one another. As miR-9 continues to accumulate during 

proliferation, Hes1 is consequently dampened. RPC differentiation is induced when miR-9 levels 

reach a threshold to maintain high, steady levels while dulling Hes1 oscillations, resulting in 

neuronal maturation.  
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Figure 5.3 Overview of the molecular components of the circadian rhythm 

Circadian rhythm is regulated by two interwoven feedback loops. The first loop involves CLOCK 

and BMAL1 activating regulatory elements containing E-boxes to induce expression of 

repressors. PER and CRY proteins bind to CLOCK/BMAL1 to repress the transcriptional activity 

of their activators. MiR-182 targets CLOCK, among other circadian rhythm regulators, and miR-9 

targets PER-2. The second loop involves REV-ERBα and RORα competing for binding on RORE 

binding elements, which promotes Bmal1 transcription. This figure was created with 

BioRender.com. 
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Figure 5.4 Let-7 regulation of the cell cycle 

Let-7 regulates the cell cycle kinetics by both promoting cell cycle exit and lengthening distinct 

phases. Let-7 targets Cyclin D, CDK4, and CDK6, CDC25A, Cyclin A, and CDC34, affecting the 

G1/S, S/G2, and G2/M transitions, respectively. This figure was created with BioRender.com.  
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Figure 5.5 Summary of the Notch pathway 

Notch signaling is initiated when a transmembrane Notch receptor (Notch1-4) on one cell is 

activated by a neighboring cell’s ligand (Delta, Jagged/Serrate), prompting proteolytic cleavage 

events by ADAM and γ-secretase to release the Notch receptor’s intracellular domain (NICD). 

Inside the cell, NICD translocates into the nucleus to form a transcriptional complex with a number 

of co-activators to in turn, activate the expression of genes, including the Hes and Hey families. 

The miRNA miR-9 regulates several members of this pathway.  
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Figure 5.6 The Hes1/miR-9 oscillator 

Activation of the Notch pathway leads to the activation of Hes1 transcription. Hes1 protein then 

dimerizes and binds to N-box domains to repress its own expression as well as miR-9 

transcription. In turn, miR-9 reduces Hes1 levels by controlling the stability of Hes1 mRNA and 

inhibiting its translation, resulting in oscillatory behaviors. 
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5.14 Tables 

miRNA Enriched 

in retina 
Development 

expression 
Known function Proposed roles 

in retinal 

diseases 

References 

Let-7a no late development neural differentiation; 
competence progression, 

repression of 

regeneration  

Retinoblastoma 116,187,276,437,

492,495,541-543 

Let-7b no late development neural differentiation; 

competence progression, 

repression of regeneration 

Retinoblastoma, 

diabetic 

retinopathy 

276,279,437,492,

541,543-545 

Let-7c no late development neural differentiation; 

competence progression, 

repression of regeneration 

AMD, 

Retinoblastoma, 

276,279,437,492,

541,543,546 

Let-7d no late development neural differentiation; 

competence progression, 

repression of regeneration 

Retinoblastoma 187,276,279,437,

541,543 

Let-7e no late development neural differentiation; 
competence progression, 

repression of regeneration 

Retinoblastoma 279,437,541,543 

Let-7f no late development neural differentiation; 
competence progression, 

repression of regeneration 

Retinoblastoma 187,279,437,541,

542,547 

miR-101a   late development    279,495 

miR-103   late development    232,467 

miR-106 yes early development   AMD 187,467,541,546 

miR-107   early development    467,495,541 

miR-124 no late development neuronal fate 

determination 

AMD and other 

neuro-

degenerations 

380,437,467,472,

495,544,547-551 

miR-125b no late development/ 

no change 

Competence progression 

neuronal differentiation 

AMD, 

Retinoblastoma 

116,437,472,541,

544,547,552,553 

miR-127 no late development    467,541 

miR-128a no      437,467 

miR-129   early development photoreceptor/bipolar fate  450 

miR-139        467,495 

miR-140 yes      467,495 

miR-15a   downregulated 

postnatally 

   443  
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miR-15b   enriched in fovea, 

downregulated 
postnatally 

  Diabetic 

retinopathy 

232,443,554 

miR-151 yes      467 

miR-155   early development photoreceptor/bipolar fate AMD 450 

miR-16 no early development    116,495,541 

miR-17 no early development Retinal progenitor 

proliferation, circadian 
oscillator regulator 

AMD, 

Retinoblastoma 

279,443,495,541,

552,555,556 

miR-18 no early development   Retinoblastoma 279,541,553 

miR-181a   late development   Glaucoma, 

LHON 

440,472,495,541,

557 

miR-181b   late development   Glaucoma, 

LHON 

467,495,544,547,

557-559 

miR-181c yes late development    467,495,541 

miR-182 yes enriched in 

photoreceptors 

photoreceptor physiology, 

circadian oscillator 

regulator 

 232,279,281,282,

415,437,440,467,

472,495,541,547,

558-560 

miR-183 yes enriched in 

photoreceptors 

photoreceptor physiology, 

circadian oscillator 

regulator 

RP 232,279,281,282,

415,437,440,467,

472,495,541,547,

558-560 

miR-184 yes     AMD 437,440,467,472,

559,561 

miR-185 yes      467,559 

miR-191        279 

miR-194 yes      467 

miR-200b*       AMD, Diabetic 

retinopathy, 

Glaucoma 

279,562,563 

miR-204     retina and lens 
development 

AMD, 
Coloboma, 

Glaucoma 

440,467,547,548,

558,561,564,565 

miR-21 no late development   AMD 541,544 

miR-210 yes      437,467,541 

miR-211 yes      437,467,495 

miR-214   early development photoreceptor/bipolar fate  450 

miR-219 yes      467,495 

miR-222   early development photoreceptor/bipolar fate  450 
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miR-24a   late development inhibition of apoptosis AMD, 

Glaucoma 

561,566 

miR-25 yes downregulated 

postnatally 

circadian oscillator 

regulator 

Retinoblastoma 443,467,495,553 

miR-26a yes   circadian oscillator 
regulator 

AMD 279,472,546,547 

miR-29b   late development   AMD, Diabetic 

retinopathy, 
Glaucoma 

467,495,541,561,

563,565 

miR-29c   late development   Glaucoma 439,495,541,565 

miR-30 no late development    232,279,437,495,

541,547,558 

miR-31 yes      437,467,472,547 

miR-320 yes     Diabetic 

retinopathy 

467,545 

miR-342-5p   late development, 

enriched in 
peripheral/nasal 

retina 

neural stem cell 

proliferation 

AMD 232,418,546 

miR-361 yes      467 

miR-550   late development    279 

miR-690   late development    279 

miR-7 no early development    279,437,467,495 

mir-709   late development    279 

miR-720        187,279 

miR-9/9* yes late development neuronal fate 
determination 

AMD, Macular 
Telangiectasia 

Type 2 

 187,279,467,472,

495,540,541,548,

558 

miR-92 yes progenitors   Retinoblastoma 467,548,556,567 

miR-93   early development    232,279,495,541 

miR-96 yes late development photoreceptor physiology, 

circadian oscillator 
regulator 

RP 232,279,281,282,

415,437,440,467,

472,495,541,547,

558,559 

 
Table 5.1 Summary of miRNAs highly expressed in the developing retina 

Retina enrichment is defined as increased expression compared to brain samples; early 

development refers to E10-E16 and late development refers to E16-P7, as defined by the 

progenitor states in Clark et al. 112. Acronyms: AMD: age-related macular degeneration, LHON: 

Leber’s hereditary optic neuropathy, RP: retinitis pigmentosa.   
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6.1 Introduction to cortical development (unpublished) 

There are many structures in the CNS, beyond the retina, that require the 

coordinated effort of cell fate specification and cell migration for proper development. The 

cortex is one such highly-organized, laminated structure. Derived from the telencephalon, 

the cerebral cortex gives rise to both the hippocampus and the neocortex 568. The 

hippocampus will become responsible for memory, learning, and emotion, and the 

neocortex will be important for cognition and sensation perception.  

All the projection neurons and most of the glia of the cortex are born from a single 

population of multipotent progenitor cells, called radial glia cells (RGs, not to be confused 

with retinal ganglion cells) 569-573. RGs are found in the ventricular zone (VZ), and their 

processes extend the entire width. This allows for the RGs to participate in interkinetic 

nuclear migration (INM) 574-576. With that, the nucleus is most basal, near the pial surface, 

during S-phase and most apical, near the ventricular surface, during M-phase. These 

RGs can either symmetrically divide into the same cell type or asymmetrically divide into 

two different cell types. A cycling RG may divide into a combination of three different cell 

types: more RGs, intermediate progenitors (IPs), and post-mitotic neurons. IPs are similar 

to RGs in their ability to proliferate and produce more progenitors or post-mitotic neurons, 

but they are limited in their number of cell divisions before terminally differentiating 577-579. 

IPs are found in the basal VZ, or even more basal in their own layer, the subventricular 

zone (SVZ).  

Similar to the development of the retina, the cortex is built by the consecutive 

addition of different classes of cells in a stereotypic sequence that is well-conserved 569-

573. There are distinct early-born cell populations, and others generated as late-born cells. 
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When the first cell population (fated for layer VI) is born, it uses the RGs processes as a 

scaffold to migrate radially across. Future cell populations will continue to differentiate 

and migrate across the RG atop the previous layer. Such a migration pattern forms an 

“inside out” lamination, where the deeper layers in the apical cortex (e.g. layer VI) contain 

early-born neurons, and the higher layers in the more basal region (e.g. layers II-III) 

contain late-born neurons 579. 

MiRNAs have been implicated in regulating cortical fate determination. 

Experiments manipulating Dicer showed that miRNAs are required to have both early-

born and late-born neurons in the fully developed cortex 379,382. Both miR-17 and miR-92 

are involved in the production of IPs 383,580. Similar to the LP-miRNAs of the retina, let-7 

and miR-125b are part of the molecular mechanisms that enable RGs and IPs to 

differentiate into late fates 187,188. One study showed that miR-9, miR-128, and let-7 are 

expressed in temporally opposite gradients to specify the production of each cortical layer 

188. 

 

6.2 Abstract 

The central nervous system (CNS) contains myriads of different cell types 

produced from multipotent neural progenitors. Neural progenitors acquire distinct cell 

identities depending on their spatial position, but they are also influenced by temporal 

cues to give rise to different cell populations over time. For instance, the progenitors of 

the cerebral neocortex generate different populations of excitatory projection neurons 

following a well-known sequence. The Notch signaling pathway plays crucial roles during 

this process but the molecular mechanisms by which Notch impacts progenitor fate 
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decisions have not been fully resolved. Here, we show that Notch signaling is essential 

for neocortical and hippocampal morphogenesis, and for the development of the corpus 

callosum and choroid plexus. Our data also indicate that in the neocortex, Notch controls 

projection neuron fate determination through the regulation of two microRNA (miRNA) 

clusters that include let-7, miR-99a/100, and miR-125b. Our findings collectively suggest 

that balanced Notch signaling is crucial for telencephalic development and that the 

interplay between Notch and miRNAs is critical to control neocortical progenitor behaviors 

and neuron cell fate decisions. 

 

6.3 Key words 

Cortical development, neurogenesis, cell fate, Notch, miRNA 

 

6.4 Introduction 

The mammalian telencephalon contains an unparalleled diversity of neural 

populations generated during development in a tightly regulated series of events. Despite 

the astounding intricacies of the mature cerebrum, the telencephalon arises from a 

relatively simple neuroepithelial sheet composed solely of neural progenitors 581,582. An 

exquisitely orchestrated interplay of intrinsic and extrinsic factors choreographs the 

emergence of distinct territories along the different axes. The posterior medio-dorsal 

region will develop into the hippocampus, cortical hem, and choroid plexus, while the 

embryonic dorsal telencephalon will develop into the neocortex in the anterior and lateral 

aspects 583-585. 
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At early stages of development, neural progenitors called radial glial cells (RGs) 

expand the whole thickness of the neocortex from the ventricular (apical) surface to the 

pial (basal) surface. As development proceeds and the cortex grows, the somas of the 

RGs remain close to lateral ventricles, forming the ventricular zone where RGs can divide 

symmetrically to self-renew or asymmetrically to yield intermediate progenitors and post-

mitotic neurons 586,587. Importantly, these progenitors produce excitatory projection 

neurons in a conserved sequential manner 588-591. Throughout neurogenesis, newly-born 

excitatory projection neurons use the RGs as a scaffold to migrate radially across the 

existing cortex and position themselves atop, forming an ‘inside-out’ lamination pattern 

579. Accordingly, the deeper neocortical layers (e.g., layer VI) are formed by early-born 

neurons, while the more superficial layers (e.g., layer II-III) contain late-born cells.  

The Notch signaling pathway is a pivotal regulator of numerous developmental 

processes in the telencephalon, including regulating the balance between proliferation 

and differentiation of progenitor populations, cell fate acquisition, and glial cell 

specification, among other roles 504,505,592-594. Ligands such as Delta-like or 

Jagged/Serrate bind to the transmembrane Notch receptors (Notch 1-4), causing the 

proteolytic release of the Notch intracellular domain (NICD). NICD then translocates to 

the nucleus 595 and binds to a complex that includes RBPJ (recombination signal-binding 

protein for immunoglobulin κ J region, also known as CSL and CBF1), MAML1 

(mastermind-like transcriptional co-activator1), p300, and other proteins, to 

transcriptionally activate downstream genes 596,597. Well-known effector targets of the 

Notch pathway include the HES (Hairy and Enhancer of Split) and HEY (Hairy Ears, Y-

linked) families. Previous studies have reported that HES1-deficient mice exhibited 
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accelerated neuronal differentiation in the neocortex while either HES1 598 or HES5 599 

overexpression led to an expansion of the neural progenitor pool and prolonged 

production of superficial layer neurons and astrocytes. Such findings suggest that the 

timing and levels of Notch signaling must be properly regulated to maintain the temporal 

control of neurogenesis.  

Importantly, the Notch signaling pathway also engages in complex feedback loops 

with several microRNA (miRNAs) 278. MiRNAs regulate the expression of Notch pathway 

components, including HES1 and HES5 279,381. At the same time, Notch activity regulates 

the transcription of several miRNAs in different paradigms 532,533,600. MiRNAs have 

recently emerged as key regulators of cortical fate acquisition and developmental timing. 

In particular, let-7 and miR-125b are part of the heterochronic pathway that regulates 

many developmental transitions in bilaterally-symmetrical animals and are key 

components of the molecular machinery that allows neural progenitors to generate late 

cell populations in the cortex and retina 187,188.   

Here, we show that balanced Notch signaling is necessary for proper development 

of the neocortex, corpus callosum, hippocampus, and choroid plexus. Additionally, we 

show that Notch signaling regulates neurogenesis and cortical laminar organization.  At 

a molecular level, Notch coordinates the expression of several transcription factors, 

including bHLH neurogenic transcription factors as well as two miRNA clusters, miR99ahg 

and miR100hg, the host genes for the miRNAs miR-99a, let-7c, and miR-125b-2; and 

miR-100, let-7a, and miR-125b-1, respectively. Strikingly, we demonstrate that inhibition 

of these miRNAs partially rescues Notch gain-of-function phenotypes in vivo. Together 
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our data indicate that complex interactions between the Notch pathway and miRNAs are 

essential for proper cell fate specification and overall telencephalic development. 

 

6.5 Results 

6.5.1 Notch signaling regulates corpus callosum and hippocampal 

development 

To investigate the roles of the Notch pathway during early telencephalic 

development, we generated Notch gain-of-function (GOF) and dominant negative (DN) 

mouse transgenic lines. A GOF strain was generated by crossing ROSA26loxP-stop-loxP-

Notch1-ICD 601 with the Emx1-Cre driver 602. The resulting mouse line, hereafter referred to 

as Emx1-NICD, overexpresses Notch1-ICD in the dorsal telencephalon from embryonic 

day 10.5 (E10.5). Similarly, we generated a DN line by overexpressing a truncated 

MAML1 protein that acts as a dominant negative (ROSA26loxP-stop-loxP-dnMAML1 603) using 

the same Emx1-Cre driver (hereafter Emx1-dnMAML). In both lines, CRE recombinase 

mediates excision of the loxP-flanked STOP cassette, allowing for the expression of either 

NICD or dnMAML. Littermates containing no CRE were used as controls for all 

experiments. In both cases, the constructs are inserted at the ROSA26 locus and thus, 

they are equivalent, avoiding expression differences due to the surrounding genomic 

DNA.  

Emx1-NICD mice fail to thrive (Supplemental Figure 6.1A) and die around two 

weeks of age, whereas Emx1-dnMAML mice show no differences in animal size or 

survival rates compared to their control littermates. At a global level, neither of these 

strains show significant brain size differences at birth (Postnatal day 0, P0), but by P10, 
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Emx1-dnMAML animals exhibit smaller telencephalons compared to controls 

(Supplemental Figure 6.1B-D).  

Analyses of these mice at P0 revealed several telencephalic gross morphological 

defects. Emx1-NICD brains exhibit enlarged lateral ventricles, aberrant hippocampi, 

thinner cortices, and agenesis of corpus callosum (Figure 6.1A-B, D-E, G-H, J-L). In 

contrast, Emx1-dnMAML show smaller lateral ventricle volumes, smaller hippocampi, and 

dysgenesis of corpus callosum (Figure 6.1C, F, I-L), with stronger deficiencies in the 

posterior corpus collosum, including misrouted axons (Figure 6.1F).  

The corpus callosum is a large commissure that connects the right and left 

hemispheres and is formed by the axons of SATB2+ neurons that are found in all cortex 

layers, but particularly abundant in upper layers 604,605. Since Notch signaling regulates 

neuronal differentiation, one possibility is that the SATB2+ neurons are not correctly 

produced in Emx1-NICD brains, thus resulting in a lack of callosal cells 606,607. To test this 

hypothesis, we quantified the number of SATB2+ neurons in the neocortex of Emx1-NICD 

mice at P0. Strikingly, Emx1-NICD exhibits increased numbers of SATB2+ neurons 

compared to their littermate controls (2.49-fold increase, p-value: 0.004, Supplemental 

Figure 6.2A-B), indicating that the observed phenotype is not caused by a deficiency in 

the production of callosal neurons, but possibly due to deficiencies in axon pathfinding or 

midline defects. In this direction, we observed Probst bundles by H&E staining and L1 

axon immunolabeling, suggesting that aberrant axon bundles fail to extend across the 

midline (arrows in Figure 6.1B and E). We labeled neurons with mCherry fluorescent 

protein in E13.5 control and Emx1-NICD embryos by in utero electroporation (IUE), when 

the first SATB2+ neurons are born 608, then collected P0 mice for analysis. In control mice, 
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we detected mCherry-labeled axons through the midline. In Emx1-NICD mice, some 

mCherry+ axons extended towards the midline but failed to cross to the other hemisphere, 

resulting in an aberrant accumulation of axon fascicles (Supplemental Figure 6.2C).  

The hippocampus is also affected in both Emx1-NICD and Emx1-dnMAML mice 

(Figure 6.1G-I). The hippocampus is comprised of the dentate gyrus (DG), which includes 

the granule cells (Calbindin+), and the hippocampus proper, which contains pyramidal 

neurons (DKK3+) 609,610. Emx1-NICD hippocampi are smaller than the controls and show 

a severe disorganization of both cell types at P10, without increased apoptosis at P0 

(Figure 6.1H-L, Supplemental Figure 6.3). Conversely, upon dnMAML expression, the 

hippocampus is organized correctly, but all regions are drastically reduced in size (Figure 

6.1I, L). We also noticed instances of mispositioned DKK3+ neurons in the Emx1-

dnMAML hippocampi, namely DKK3+ cells cross the upper DG blade and/or ectopically 

clustering in the hippocampal fissure (Supplemental Figure 6.3D, arrows).  

 

6.5.2 Notch signaling is not a main mediator of dorsal telencephalic 

patterning but regulates Cajal-Retzius cell production 

During the course of CNS patterning, the dorsal telencephalic midline gets 

organized into three distinct regions: the choroid plexus (ChP), the cortical hem (CH), and 

the hippocampal primordium, which is contiguous with the neocortex 611 (Figure 6.2A-A’).  

Since both Emx1-NICD and Emx1-dnMAML mice exhibit abnormal hippocampi 

and enlarged or smaller lateral ventricles respectively, we hypothesized that the dorsal 

telencephalic midline patterning could be affected in our models. Consistent with this idea, 

a triple knockout of the Notch signaling effectors Hes1, Hes3, and Hes5 exhibited defects 
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in ChP development 612. To identify possible patterning alterations, we labeled E13.5 

coronal sections with FOXG1 and MSX1 to distinguish the hippocampal primordium, CH, 

and ChP regions (Figure 6.2A-C’). Emx1-NICD mice exhibit elongated hippocampi and 

CH, while these structures are significantly shorter in Emx1-dnMAML, compared to their 

littermate controls (Figure 6.2A-C’, G-J). These changes could be reflecting alterations in 

cell cycle dynamics, but the general patterning and localization of these territories is 

maintained. 

An important function of the CH is the production of Cajal-Retzius cells that secrete 

the extracellular glycoprotein Reelin 613, which is essential for cortical and hippocampal 

neuron migration and lamination 614-619. Since the size of the CH is altered in both Emx1-

NICD and Emx1-dnMAML mice, we labeled and quantified the number of Cajal-Retzius 

cells, using Reelin as a marker. Although the CH is larger in Emx1-NICD brains, we found 

a reduction in Reelin+ cells in both the cortical marginal zone (Figure 6.2D, E, K, 

Supplemental Figure 6.4A, C) and in the hippocampus at P0 (Supplemental Figure 6.4B). 

Interestingly, despite fewer Reelin+ cells present in the cortex and hippocampus, we 

identified ectopic patches of Reelin+ cells within the ChP of Emx1-NICD mice (Figure 6.2 

M-N). In order to further confirm whether these cells are indeed Cajal-Retzius cells or 

cells that have aberrantly upregulated the expression of Reelin, we tested two other Cajal-

Retzius markers: Calretinin and TBR1 620. Notably, the ectopic Reelin+ cells express 

Calretinin but not TBR1 (Supplemental Figure 6.4F-H’’’). Emx1-dnMAML mice showed a 

significant increase in Reelin+ cells at E13.5 in the cortical marginal zone (Figure 6.2C, 

L), although no changes were observed in the hippocampus (Supplemental Figure 6.4D). 
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6.5.3 Early-born projection neuron production is limited by Notch 

signaling during neocortical development 

Since our Emx1-NICD animals showed increased numbers of SATB2+ cells, we 

assessed if other cortical cell types were also affected by NICD overexpression. To avoid 

staining or counting biases, we used a semi-automatic cell counter platform (RapID 621) 

and we normalized each quantification to their corresponding littermate controls. In Emx1-

NICD cortices, we observed a dramatic reduction of CTIP2+ and TBR1+ neurons and an 

increase in CUX1+ cells in comparison to controls (Figure 6.3A-D). Despite the significant 

changes in the ratio of cell populations in these cortices and the reduction in Reelin+ cells, 

lamination was largely normal, with CUX1+ projection neurons located at the top of the 

cortex and TBR1+ neurons located in the most apical layer of the cortical plate (Figure 

6.3A). 

To further investigate the changes in cell populations, we performed birth-dating 

experiments using EdU (5-ethynyl-2’-deoxyuridine) to label dividing progenitors. We 

injected EdU at E13.5 and then we analyzed the cortices at P0 to assess the fate 

outcomes of the EdU-labeled progenitors. The number of neurons that were both EdU+ 

and CUX1+, CTIP2+, or TBR1+ were quantified and normalized by the total number of 

EdU+ neurons (Figure 6.3E-H). Whereas in control brains EdU-labeled E13.5 neural 

progenitor cells mostly gave rise to CTIP2+ layer V neurons (Figure 6.3E, G), we 

observed a strong decrease of EdU+ CTIP2+ cells in Emx1-NICD brains. Concomitantly, 

the presence of EdU+ CUX1+ cells increased almost two-fold in Emx1-NICD brain in 

comparison to their control littermates (Figure 6.3E, F). At this stage of development, RGs 
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have already passed beyond the period of production of layer VI neurons, and we did not 

observe a significant change in EdU+ TBR1+ cell production (Figure 6.3H). 

 Next, we evaluated the consequences of blocking Notch signaling in the 

developing cortex using the Emx1-dnMAML model. Unfortunately, the anti-CUX1 

antibody that we were using (Santa Cruz Biotechnology) was discontinued and we had 

to switch to a new vendor (Proteintech). The new antibody only labels CUX1+ neurons 

efficiently after P10 and thus, we switched the age of all subsequent CUX1 analyses from 

P0 to P10. In this case, we found a significant decrease in CUX1+ projection neurons, 

whereas CTIP2+ and TBR1+ neurons were overrepresented (Figure 6.4A-G). We also 

performed birth-dating experiments to measure whether the changes in cortical neuron 

composition are linked to changes in the timing of neurogenesis, similar to the 

experiments described before. We found a significant decrease in EdU+ CUX1+ neurons 

and corresponding increases in EdU+ CTIP2+ and EdU+ TBR1+ neurons, suggesting 

that the neural progenitors in the Emx1-dnMAML mice continue to produce TBR1+ 

neurons beyond the normal time window of layer VI neurogenesis (Figure 6.4J-O).  

In contrast with the normal lamination observed in Notch GOF, Emx1-dnMAML 

mice neocortices also show severe disruption of the cortical layers in the dorsomedial 

region with milder lamination defects in the lateral aspects of the neocortex (Supplemental 

Figure 6.5). To quantify this phenotype, we divided the cortical plate into eight bins and 

counted the number of CTIP2+ and TBR1+ neurons in each bin. In control animals, 

TBR1+ neurons are mainly positioned at the bottom of the cortical plate as expected (bins 

6-8 contain 63.5% of all TBR1+ neurons) and CTIP2+ cells are enriched in more basal 

locations (bins 3-4 contain 49.2% of all CTIP2+ cells). Conversely, both CTIP2+ and 
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TBR1+ neurons are dispersed across the whole thickness of the cortical plate in Emx1-

dnMAML samples (bins 6-8 contain only 27.8% of all TBR1+ cells while bins 3-4 include 

29.9% of CTIP2+ neurons) (Figure 6.4H-I).  

Despite MAML having clear roles in the Notch signaling pathway, several studies 

suggest broader functions for MAML1 as a cofactor for multiple signaling pathways, 

including Wnt, Hippo, and Sonic Hedgehog 622-625. To determine whether the defects 

observed in Emx1-dnMAML mice are caused by MAML’s role in the MAML-RBPJ-NICD 

trimeric protein complex, we generated a Notch1 conditional knockout line by crossing 

Notch1f/f mice 626 with the Emx1-CRE driver (hereafter Notch1cKO). Similar to Emx1-

dnMAML1 mice, Notch1cKO exhibited dysgenesis of the corpus callosum and smaller 

lateral ventricles and hippocampi (Supplemental Figure 6.6A-D). We also observed 

thinner cortices that had considerably reduced upper layers (II-III) and dispersed cortical 

neurons, but this phenotype was not as severe as in the Emx1-dnMAML model 

(Supplemental Figure 6.6E, F). We performed birth-dating experiments as described 

above. Experiments showed a 2.4-fold increase in TBR1+ population production (i.e., 

TBR1+ EdU+) compared to littermate controls, whereas no differences were observed for 

CTIP2+ population (Supplemental Figure 6.6G-J). These data indicate that Notch1cKO 

closely mimic Emx1-dnMAML phenotypes, suggesting that the overall defects we observe 

in Emx1-dnMAML mice are mainly due to the imbalance downstream of Notch. 

Given the migration defects observed in both LOF models, we hypothesized that 

defects in the RGs could be contributing to these phenotypes, as described before in 

Emx1-RBPJf/f mice 627. We labeled RGs using Nestin at E13 and P0 (Supplemental Figure 

6.7). Surprisingly, we did not observe changes in the organization or distribution of the 
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RGs. At P0, we observed a depletion of Nestin signal in the most medial region of the 

cortex but not in the lateral aspects in the Emx1-dnMAML model, suggesting a possible 

depletion of ventricular progenitors at this age. 

 

6.5.4 Notch signaling regulates radial glia cell cycle dynamics 

Notch signaling is required for maintaining the progenitor pool, and Hes genes 

downstream of Notch repress bHLH transcription factors, especially those with proneural 

functions 388,505,521,628-631. Overexpression of Delta1, HES1, or activated Notch1 prolongs 

mitotic activity in different types of progenitor cells 504,628,632,633. For these reasons, we 

characterized the cortical neural progenitors in our transgenic models at E13.5. We 

observed decreased numbers of TUJ1+ post-mitotic neurons at E13.5 in Emx1-NICD 

mice as expected (Figure 6.5A, left panels), but we also found that all Emx1-NICD 

embryos exhibit a complete depletion of TBR2+ intermediate progenitors (Figure 6.5A, 

right panels). To further validate that the intermediate progenitors were absent, as 

opposed to a downregulation of TBR2 protein, we labeled all mitotic cells with 

Phosphohistone H3 (PH3). While we did not observe any changes in the number of mitotic 

cells adjacent to the ventricle (RGs), the basally located PH3+ cells (intermediate 

progenitors) were absent in Emx1-NICD mice (Figure 6.5B-D). In order to discriminate 

whether the lack of TBR2+ progenitors observed is a developmental delay or a permanent 

loss of intermediate progenitors, we extended these analyses to E15.5. Interestingly, at 

E15.5, we observed TBR2+ cells at ratios similar to the controls (Supplemental Figure 

6.8), suggesting that the lack of intermediate progenitors at E13.5 reveals a 

developmental delay. 
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To further characterize the cell cycle dynamics in our different genetic models, we 

measured the length of the cell cycle using dual-window labeling with the thymidine 

analogs EdU and BrdU (5-bromo-2'-deoxy-uridine) as described before 634. Pregnant 

mice at E13.5 were injected with a pulse of EdU followed by a pulse of BrdU two hours 

later. All animals were euthanized 30 minutes after the second pulse (150 minutes total) 

and the tissues were processed and stained for EdU, BrdU, and PAX6. Since NICD mice 

were missing the TBR2+ intermediate progenitors, we limited the quantification to PAX6+ 

apical RGs. RGs labeled by EdU but not BrdU (PAX6+ EdU+ BrdU-) left S-phase during 

the 2-hour period between pulses. The ratio of PAX6+ EdU+ BrdU- cells over the total 

number of cells in S-phase (PAX6+ EdU+) equals 2h/Time of S-phase (2h/Ts). The ratio 

between the number of cells in S-phase at one given timepoint (PAX6+ BrdU+) and the 

total PAX6+ proliferating population is proportional to the ratio Ts/total cell cycle time 

(Ts/Tc). Using these parameters, we estimated the percentage of cells in S-phase for each 

sample and then calculated the average Ts and Tc, normalizing each value to their 

littermate controls to avoid staining or imaging biases.  

While the length of S-phase was not significantly altered in any of the models 

(9.02h in control, 9.12h in Emx1-NICD and 9.20h in Emx1-dnMAML, Figure 6.5E-G), the 

total length of cell cycle was significantly longer in Emx1-NICD progenitors (7.9 hours 

longer or 1.42- fold increase ±0.19, p-value: 0.040) and shorter in Emx1-dnMAML RGs 

(6.7 hours shorter or 1.38-fold reduction ±0.59, p-value: 0.003). 

These data together show that activation of Notch signaling results in depletion of 

intermediate progenitors at early time-points but not at E15.5 and lengthening of the cell 

cycle without affecting the total length of S-phase. 
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6.5.5 Overactivation of Notch signaling results in transcriptomic 

changes of Notch effectors, bHLH transcription factors, and miRNAs 

let-7, miR-99a/100, and miR-125b 

To identify the downstream targets of Notch activation that may play a role in 

neurogenesis and/or cell cycle regulation within the progenitor population, we profiled 

E13.5 RG transcriptomes using RNA sequencing (RNAseq), facilitated by specific 

labeling of RGs using FlashTag 635. As described previously, FlashTag utilizes 

carboxyfluorescein esters (CFSEs) that, when injected into the ventricles, label cells in 

contact with the cerebrospinal fluid. Since the apical RGs are transiently in contact with 

the ventricle walls during mitosis, this technique allows for a specific labeling of the RG 

population. We confirmed that 1 hour after injection, all FlashTag-labeled cells were 

PAX6+ RGs (Figure 6.6A). Next, we used FlashTag to label RGs in control (n=3) and 

Emx1-NICD (n=5) littermate embryos at E13.5. We dissected the neocortices 1 hour post-

injection, isolated the labeled RGs using FACS, and performed RNAseq. 

Multidimensional scaling analysis showed a clear clustering of all the Emx1-NICD 

samples (Supplemental Figure 6.9A).  Gene ontology (GO) enrichment analyses using 

PANTHER revealed that processes overrepresented in Emx1-NICD cortices include the 

terms: “regulation of Notch signaling pathway” (GO:0008593, p-value: 0.00135), 

“negative regulation of cell differentiation” (GO:0045596, p-value 2.22x10-9), “cell fate 

commitment” (GO:0045165, p-value: 1.73x10-8), and “regulation of cell cycle” 

(GO:0051762, p-value: 0.00026); processes downregulated include the terms: “neuron 

differentiation” (GO:0030182, p-value: 4.36x10-17), “forebrain development” 
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(GO:0030900, p-value: 1.65x10-10), and “axon guidance” (GO:0007411, p-value: 

0.00148) (Supplemental Figure 6.9B). 

As expected, known Notch effectors such as Hes1, Hes5, Hey1, and Hey2 were 

upregulated by NICD, while the Notch receptors, Dll1 and Dll3, were downregulated along 

with Mfng (Manic Fringe Homolog), a glycosyltransferase that modulates Notch activity 

(Figure 6.6B-C). Hes and Hey genes negatively regulate the expression of proneural 

basic helix-loop-helix (bHLH) transcription factors in several contexts and accordingly, we 

observed a reduction in Neurog1, Neurog2, Neurod1, Neurod2, Neurod6, and Ascl1 

(Figure 6B-C). Even though we only analyzed the RG transcriptome, we observed a 

significant downregulation of some deep-layer markers (e.g., Tbr1, Myt1 and Rprm), layer 

V genes (Bcl11b/Ctip2), and intermediate progenitor markers (e.g., Eomes/Tbr2), but we 

did not observe differences in upper-layer markers (e.g., Cux1 and Satb2). 

Strikingly, we also observed upregulation of miR100hg and miR99ahg, which are 

the host genes for two miRNA clusters (Figure 6.6C, purple data points). MiR100hg (miR-

100 host gene) includes miR-100, let-7a-2, and miR-125b-1, while miR99ahg (mir-99a 

host gene) encodes for miR-99a, miR-125b-2, and let-7c. Upregulation of these miRNAs 

in Emx1-NICD samples was further confirmed by miRNA sequencing of FlashTag-labeled 

purified RGs (Figure 6.6D and Supplemental Table 6.2), as described before. To further 

confirm the sequencing results, we performed single molecule in situ hybridization 

(RNAscope) of miR99ahg; as expected, miR99ahg expression is increased in Emx1-

NICD samples compared to controls (Supplemental Figure 6.10). 
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6.5.6 Let-7, miR-125b, and miR-99/100 are required downstream of 

Notch to restrict early-born projection neuron fates 

To test whether the upregulation of let-7, miR-125b and/or miR-99a/100 play any 

roles in the cortical phenotypes observed, we performed IUE using microRNA sponges 

187,636 to inhibit miRNA activity in Emx1-NICD mice, and we analyzed the consequent 

effects on cell fate. Plasmids expressing specific miRNA sponges together with an 

mScarlet plasmid were IUEd into Emx1-NICD E13.5 embryos, and the electroporated 

brains were collected at P0 (Figure 6.7A-F). These samples were processed, labeled with 

CTIP2 antibodies, and the numbers of CTIP2+ mScarlet+ cells were determined. 

Whereas in control animals we observed 19.4% ± 8.4 of CTIP2+ mScarlet+ /mScarlet+ 

cells, we did not observe any CTIP2+ mScarlet+ cells in Emx1-NICD brains (Figure 6.7A-

B), in agreement with our data showing that upon NICD overexpression, E13.5 RGs 

generate upper-layer cells instead of layer V neurons. We did not observe any significant 

changes when either let-7, miR-125b or miR-100 were inhibited (5.56% ± 2.9, 0% and 

2.83% ± 2.6, respectively, Figure 6.7D,E,G). Notably, when we electroporated the three 

sponges together (let-7, miR-125b and miR-100) in Emx1-NICD mice, significantly more 

electroporated cells were now CTIP2+ (11.15% ± 7.4, Figure 6.7F,G). Similarly, we 

quantified the distribution of the electroporated cells throughout the cortical plate (Figure 

6.7H). In control samples, most of the electroporated cells locate in bins 4-5 whereas 

NICD overexpression shifts the cells to bins 2-3. Inhibition with the three sponges reduces 

the number of cells in the upper bins (p-value: 0.041). Together these data suggest that 

these miRNAs are downstream effectors of Notch signaling and necessary to produce 

upper-layer neurons, possibly through epistatic mechanisms. 
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6.6 Discussion 

6.6.1 Multifaceted functions of Notch during telencephalic 

morphogenesis 

The Notch pathway has long been recognized for its roles in cell specification, 

patterning, differentiation, and regeneration 97,388,505,508,510,515,592,630,637. However, its 

contributions to telencephalic development remain unresolved. Utilizing GOF and DN 

transgenic mouse lines, we demonstrate that balanced Notch signaling is required for 

hippocampal and corpus callosum development, and we also show that Notch is a key 

regulator of neurogenesis in the neocortex.  

Given the vast array of gross morphological defects observed in both GOF and DN 

models, we examined whether Notch regulates the patterning of the dorsal telencephalic 

midline, perhaps affecting the development of the hippocampus and ChP, changing brain 

fluid homeostasis and the volume of the ventricles. Although there are obvious differences 

in the size of the hippocampal, CH, and ChP areas in the transgenic mice, the 

establishment of the different territories is not affected by Notch changes.  

While the ChP is properly patterned and establishes a sharp boundary with the 

CH, we identified ectopic Reelin+ cells in the ChP region at E13.5 in Emx1-NICD brains. 

Notably, these ectopic cells express Reelin and Calretinin (both markers of Cajal-Retzius) 

but not TBR1, a marker normally detected in Cajal-Retzius cells at E13.5, but not 

expressed in these cells at later stages  620.  A previous study using lineage-tracing 

analysis of the prospective ChP region indicated that these progenitors sequentially give 

rise to Reelin+ Cajal-Retzius cells first and later to nonneural ChP epithelial fates 612. 

Inactivation of Hes1, Hes3 and Hes5 genes led to an enhanced development of Cajal-
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Retzius cells at the expense of ChP cell fates, suggesting that Notch signaling regulates 

the progenitor transition from cells that produce Cajal-Retzius cells to progenitors that will 

generate nonneural ChP epithelial cell identities. However, around E12.5, the levels of 

HES1 and HES5 are downregulated after ChP cell fate specification 612. The presence of 

ectopic Reelin+ cells suggests that this later downregulation of Notch signaling may be 

required to maintain the ChP fate and that ChP progenitors can transdifferentiate to neural 

fates, or at least express some neural markers, upon sustained HES1/5 activity. The 

ectopic Reelin+ cells observed could alternatively be the consequence of aberrant 

migratory patterns from the CH. In fact, Notch has been shown to regulate migration 

patterns in the cortex through interactions with the Reelin-Dab1 signaling pathway 638. 

Alternatively, Notch could also be affecting the tangential expansion of the 

progenitor pool, indirectly affecting the volume of the ventricles. In some large mammals, 

including humans, the cerebral cortex undergoes a massive expansion than takes place 

by a growth in surface area rather than in thickness and is the basis for gyrencephaly 639. 

In this direction, recent work has shown that local disruption of Notch signaling can trigger 

cortical folding 640. 

 

6.6.2 Balanced Notch signaling is essential for the development of the 

corpus callosum 

Transgenic models overexpressing Hes5 in the neocortex 599 and 

Hes1/Hes3/Hes5 and RBPJ knockouts has been described before 612,627,630, but to our 

knowledge, our study is the first to report corpus callosum defects upon alterations of 

Notch signaling in mice.  
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In Emx1-NICD mice, we observed an increase of SATB2+ cells together with the 

presence of Probst bundles, indicating that callosal axons are present but unable to cross 

the midline. One possibility is that the defects in the corpus callosum may be directly 

caused by the changes in the cortical cell ratios observed in our different models. The 

pioneering axons, the first axons to cross the midline during development, are known to 

guide later axons and experimental approaches indicate that later axons are unable to 

find the correct path in the absence of pioneering axons 641. SATB2+ neurons are normally 

detected from E13.5 as CUX1+ upper layer neurons, but a small percentage colocalize 

with CTIP2 or TBR1 606. Thus, it is possible that the lack of CTIP2+ SATB2+ or TBR1+ 

SATB2+ pioneering axons is causing this phenotype. Alternatively, deficiencies in the 

midline glia (glial wedge and indusium griseum), which secrete guidance cues, or 

changes in the expression of the appropriate receptors in the SATB2+ neurons could also 

result in the failure to cross the midline. In this direction, our RNAseq results indicate that 

several guidance receptors are altered upon NICD overexpression, including Slit1, DCC1, 

UNC5a, Plxna4, and Nrp1 (Supplemental Table 6.1), even though our analyses were 

restricted to RGs and not postmitotic neurons.  

 

6.6.3 Notch regulates radial glia cell cycle length and cortical 

neurogenesis 

In the present study, we show that the switch between generating deep to upper-

layer projection neurons is regulated by Notch, as RGs labeled with EdU generated 

upper-layer fates sooner in Emx1-NICD mice and they generated deep-layer cells for 

longer periods upon the expression of dnMAML compared to their respective littermate 
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controls. These results parallel phenotypes observed in Hes5 KO and Hes5-

overexpression models where the timing of neurogenesis was also affected 599.  

Since the length of the cell cycle is longer in Emx1-NICD RGs, the fate acquisition 

changes do not seem to correlate with the number of cell divisions. However, the length 

of the cell cycle and the timing of cell cycle exit could be influencing these neurogenic 

fate decisions. For example, during bristle patterning in Drosophila, Notch signaling 

controls cell cycle progression, such that cells with elevated Notch signaling divide first 

while those with lower signaling extend their G2 phase, making them more sensitive to 

lateral inhibition and consequently change their cell fate 642. Our data could fit a similar 

model in which NICD extends RG cell cycle time, making these cells more susceptible to 

fate determinant factor(s). 

Even though effects driven by the ectopic expression of NICD or dnMAML in post-

mitotic neurons cannot be completely ruled out, our data support the idea that fate 

decisions are decided at the progenitor stage. In this direction, pro-neural bHLH 

transcription factors, a family of transcriptional regulators known to play key roles in fate 

determination, are expressed in the terminal cell cycle of neural progenitors from S-phase 

or G2 643, and are known to regulate both cell cycle exit and fate choices 644-646. 

Surprisingly, we also detected the presence of transcripts normally associated with 

specific subpopulations of postmitotic neurons in our sequencing experiments using 

purified RGs. As suggested before, low levels of these mRNAs in RGs may not lead to 

detectable protein expression but might prime the cells for differentiation upon cell cycle 

exit. While we distinguished significant differences in the expression of IP markers 

(EOMES/Tbr2) and deep-layer genes (Tbr1, Myt1, Ctip2), we did not observe any 
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differences in upper-layer markers (Cux1, Satb2). Published reports have shown that 

TBR1/CTIP2 and TBR1/FEZF2 initially overlap in their expression before genetic 

repression and depression networks establish the distinct layer subtype identities 647.  For 

instance, FEZF2 is a transcriptional repressor that acts by repressing genes that would 

be inappropriate for layer V, including Tbr1 648 and layer II-IV genes 649. Our data may 

suggest that the reduction in deep-layer genes in RGs may be affecting the expression 

of upper-layer gens later (i.e., upon cell cycle exit).  

 
 
6.6.4 miRNAs downstream of Notch are required for upper-layer neuron 

fate acquisition 

We identified two miRNA clusters—miR100hg and miR99ahg—with increased 

expression in Emx1-NICD cortices. Both clusters encode for let-7, miR-125b, and miR-

99a/100. Let-7 and miR-125b are essential regulators of developmental timing in various 

organisms 485,490,494. In the mammalian retina, let-7 and miR-125b regulate the switch 

from progenitors that produce early cell fates to retinal progenitors that yield late-born cell 

fates 187,492. In the cortex, let-7 has been recognized as an important factor to maintain 

homeostasis 650 and vital in the generation of late cell types 188,381. Moreover, we have 

recently shown that let-7 also regulates progenitor cell cycle dynamics in the cortex 276. 

While there is limited literature on the roles of miR-99a/100 in the CNS, the miR-99a/100, 

let-7, miR-125b tricistrons have been shown to regulate hematopoietic progenitor 

homeostasis 651. 

Strikingly, the inhibition of these miRNAs’ activity using specific miRNA sponges is 

sufficient to partially rescue the Emx1-NICD phenotype. We have previously shown that 
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let-7 inhibition leads to a shortening of the S/G2 phase of cell cycle276, but further inquiry 

is needed to discern if the effects of these sponges are mediated by the regulation of cell 

cycle or through other downstream targets. A widely-recognized target of let-7 is the 

chromatin remodeler HMGA2 498, an important regulator of neocortical neurogenesis 188. 

Let-7 also regulates the levels of the nuclear receptor TLX 488 and the cell cycle genes 

Cyclin D1, Cyclin D2, CDK4, CDK6 and CDC25A 497. Further experiments aimed at 

understanding the molecular mechanisms downstream of let-7 and the possible 

cooperative activities between the different miRNAs will shed light on the machinery that 

instructs cortical fate acquisition. 

Importantly, miR100hg is located in a human chromosome region (11q24.1) whose 

deletion is associated with Jacobsen syndrome (JBS, OMIM #147791). This syndrome 

involves intellectual disability, abnormal head shape, microphthalmia, and increased 

likelihood of autism spectrum disorders 652-654. The JBS patient deletions range from 7 to 

20 Mb. The heterogeneity of phenotypes supports the hypothesis that JBS is a contiguous 

gene deletion syndrome where the loss of different combinations of genes causes 

particular phenotypes. Owing to the rarity of reported cases, it has not yet been possible 

to tease out the requirements of individual genes, including miR100hg. Notably, a rare 

microtriplication of 1.8 Mb in the 11q24.1 region (partial trisomy), which includes 

miR100hg and only a handful of other genes (11 in total), also results in intellectual 

disability with severe verbal impairment 655. Thus, a further understanding of the roles that 

miR99ahg and miR100hg play in telencephalic development will also allow us to gain 

further insights into the molecular underpinnings of developmental brain disorders. 
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6.8 Experimental models and subject details 

6.8.1 Animals 

All animals were used with approval from the University of California Davis 

Institutional Animal Care and Use Committees and housed and cared for in accordance 

with the guidelines provided by the National Institutes of Health. B6N.129-

Gt(ROSA)26Sortm1(MAML1)Wsp/J (ROSA26loxP-stop-loxP-dnMAML1) and Notch1tm2Rko/GridJ 

(Notch1f/f) were generous gifts from Dr. Ivan Maillard and Dr. Raphael Kopan, 
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respectively. Gt(ROSA)26Sortm1(Notch1)Dam/J (ROSA26loxP-stop-loxP-Notch1-ICD) and B6.129S2-

Emx1tm1(cre)Krj/J (Emx1-Cre) mice were obtained from The Jackson Laboratory. All animals 

are currently available at The Jackson Laboratory (Cat. #008159 601, #032613 603, 

#006951 626 and #005628 602, respectively). To drive NICD and dnMAML expression in 

the developing mouse telencephalon, ROSA26loxP-stop-loxP-Notch1-ICD or ROSA26loxP-stop-loxP-

dnMAML1 were crossed with Emx1-Cre/+ mice. To generate Emx1-Cre/+; Notch1f/f 

(Notch1cKO) mice, Notch1f/f were crossed with Emx1-Cre/+ mice to generate an 

intermediate stock and then Emx1-Cre/+; Notch1f/+ were bred with Notch1f/f. 

 

6.8.2 Constructs 

The MSCV puro let-7 sponge was a gift from Dr. Phil Sharp (Addgene plasmid 

#29766) 656, the pRNA-U6-let-7 sponge was a gift from Dr. Phillip Zamore (Addgene 

plasmid #35664), and the MG-miR-125b-sponge-bulge was a gift from Dr. David 

Baltimore (Addgene plasmid #45790) 657. The miR-100 sponge was designed using the 

miRNAsong algorithm 636 

(5’- CACAAGTTCGGATCTACGGGTTAATTCACAAGTTCGGATCTACGGGTT-3’). MiR-

100 sponge sequences were cloned in tandem into a pCAG backbone 617 to obtain a 

12mer miR-100 sponge sequences. miR-100 sponge is expected to also target miR-99a 

based on sequence homology. 

 

6.8.3 Histology and immunohistochemistry 

Brains were collected at indicated ages and prepared for cryoembedding or 

paraffin embedding. Samples to be cryoembedded were fixed in 3.7% formalin/PBS by 
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submersion overnight at 4ºC, cryoprotected with 30% sucrose/PBS solution, embedded 

in Optimum Cutting Temperature (OCT) compound (Tissue-Tek, Torrance, CA), and 

quickly frozen using dry-ice. Samples for paraffin embedding were fixed in modified 

Carnoy’s fixative (ethanol, formaldehyde, and acetic acid) overnight at 4ºC, dehydrated, 

cleared with xylene, and embedded in paraffin blocks. OCT embedded brain blocks were 

cryo-sectioned (15 µm) and paraffin embedded blocks were sectioned (5 µm), both on a 

coronal plane. Immunostainings were performed in free-floating cryoprotected sections 

and mounted paraffin sections with agitation. Paraffin sections were deparaffinized using 

xylene, rehydrated with ethanol, and rinsed with PBS/0.3% Triton X-100. Antigen retrieval 

was performed on all samples with hot 0.01 M sodium citrate pH 8 for 20 min. Some 

samples required further antigen retrieval, which included an additional acid wash (2N 

HCl and PBS/0.5% Triton X-100) for 1h at room temperature. All sections were then 

blocked with PBS/0.1% Triton X-100 and either 5% milk or 10% normal donkey serum for 

1h at room temperature. Blocking solution was used for primary antibody incubation 

(overnight, 4°C). After primary antibody incubation, free-floating sections were washed 

three times (10 min each) in PBS/0.1% Triton X-100 and mounted sections were washed 

five time (5 min each) in PBS. Species-specific, fluorescently-labelled secondary 

antibodies were used in blocking solution (60-90 minutes, room temperature). 4’,6-

diamidino-2- phenylindole (DAPI) (Sigma-Aldrich) was used for nuclear staining. The list 

and concentrations of antibodies used in this work are described in the table below. 

Images were taken in a Fluoview FV3000 confocal microscope (Olympus, Center Valley, 

PA) or Axio Imager.M2 with Apotome.2 microscope system (Zeiss, Dublin, CA). All images 

were assembled using Photoshop and Illustrator (Adobe, San, Jose, CA).  
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Antibody Source Catalog  Lot Concentration 
Anti-BrdU (Mouse) ThermoFisher  B35128  2125239 1:100 
Anti-Calbindin (Mouse) Millipore Sigma C9848-100UL  079M4794V 1:200 
Anti-Calretinin (Goat) Swant CG1 N/A 1:50 
Anti-Cleaved Caspase-3 
(Rabbit) 

Cell Signaling 
Technologies 

9664S  22 1:200 

Anti-CTIP2 (Rat) Abcam ab18465 GR3462350-1 1:500 
Anti-CUX1 (Rabbit) Proteintech 11733-1-AP  00098340 1:1000 
Anti-CUX1 (Rabbit) Santa Cruz 

Biotechnologies  
sc-13024, 
discontinued 

CDP M-222X 1:50 

Anit-DKK3 (Rabbit) Sino Biological 50247-RP02  HB04MA1301-B 1:200 
Anti-EOMES (TBR2) 
(Rat) 

ThermoFisher 14-4875-82 2504948 1:200 

Anti-FOXG1 (Rabbit) Abcam ab196868 GR3242662-8 1:100 
Anti-GFAP (Mouse) Antibodies 

Incorporated 
73-240 455-8JD-45C 1:100 

Anti-L1 (Rat) Millipore Sigma MAB5272  3663105 1:500 
Anti-MSX1 (Goat) R&D Systems AF5045 CALG0119111 1:100 
Anti-Nestin (Mouse) BD Biosciences 556309 6084618 1:100 
Anti-PAX6 (Rabbit) BioLegend 901301 B386304 1:200 
Anti-PH3 (Rabbit) Millipore Sigma 06-570 3795233 1:100 
Anti-Reelin (Mouse) Millipore Sigma MAB5364 3439219 1:100 
Anti-RFP (Rabbit) Novus Biologicals NBP2-25157  71615 1:1000 
Anti-RFP (Goat) Origene AB0040-200 N/A 1:1000 
Anti-SATB2 (Mouse) Abcam 51502 N/A 1:200 
Anti-TBR1 (Rabbit) Invitrogen PA5-34582 WG3332981A 1:1000 
Anti-TBR2 (Rabbit) Abcam ab23345 GR3230866-2 1:200 
Anti-β-III-Tubulin (TUJ1) 
(Mouse) 

BioLegend 801201 B264428 1:500 

 
 
 
6.8.4 In utero electroporation 

In utero microinjection and electroporation was performed at embryonic day 

(E)13.5 as described previously 617, using timed pregnant Emx1-NICD mice. For control 

electroporations, DNA solutions containing 0.5 mg/ml pCAG-ChFP plasmids were mixed 

in 10 mM Tris, pH 8.0, with 0.01% Fast Green and 1 µl of the solution was injected per 

embryo. Tweezertrodes electrodes (BTX) with 5-mm pads were used for electroporation 
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(five 50ms pulses of 30V). To express the miRNA sponges, a solution containing 1 mg/ml 

of each sponge individually, or combined, and 0.5 mg/ml pCAG-ChFP was used. All 

experimental manipulations were performed in accordance with protocols approved by 

the University of California, Davis Institutional Animal Care and Use Committee (IACUC). 

At P0, electroporated brains were collected and processed as described. 

 

6.8.5 FlashTag NSC labelling and FACS 

Labelling of cortical neuronal progenitors with carboxyfluorescein esters (CFSEs) 

was achieved as described elsewhere 635. Briefly, 1µl of a 5mM solution of CellTrace 

CFSE (from the CellTrace CFSE Cell Proliferation Kit, Invitrogen #C34554) and 0.01% 

FastGreen in DMSO was injected into the 3rd ventricle of E13.5 control and Emx1-NICD 

embryos. Dams were allowed to recover and injected embryos were collected 1 hour 

post-injection. Embryonic cortices were dissected individually and dissociated into single 

cells using Papain Dissociation System (Worthington, # LK003150) manufacturer’s 

protocol. Cells were resuspended in FACS media (DMEM/F12 without phenol red 

supplemented with 10% FBS and B-27) and sorted using a Beckman Coulter Astrios EQ 

Cell Sorter.  

 

6.8.6 RNA and miRNA sequencing 

Total RNA from control (n=3) and Emx1-NICD (n=5) sorted cells was extracted 

using the Total RNA Purification Plus Kit (NORGEN Biotek Corp., #48300). Gene 

expression profiling was carried out using a 3'-Tag-RNA-Seq protocol.  Barcoded 

sequencing libraries were prepared using the QuantSeq FWD kit (Lexogen, Vienna, 
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Austria) for multiplexed sequencing according to the recommendations of the 

manufacturer using both the UDI-adapter and UMI Second-Strand Synthesis modules 

(Lexogen).  The fragment size distribution of the libraries was verified via micro-

capillary gel electrophoresis on a LabChip GX system (PerkinElmer). Barcoded miRNA-

Seq libraries were prepared using the NEXTflex Small RNA Sequencing kit 

V3 (PerkinElmer) with sequence randomized adapters according to the 

recommendations of the manufacturer.  The fragment size distribution of the libraries was 

verified via micro-capillary gel electrophoresis on a Bioanalyzer 2100 (Agilent).   Both 

sets of libraries were quantified by fluorometry on a Qubit instrument (Life Technologies, 

Carlsbad, CA), and then pooled in equimolar ratios.  The library pools were quantified by 

qPCR with a Kapa Library Quant kit (Kapa Biosystems/Roche). Finally, both library sets 

were sequenced on a HiSeq 4000 sequencer (Illumina) with single-end 100 bp reads. 

 

6.8.7 Data availability 

All relevant data can be found within the article and its supplementary information. 

Moreover, information about next generation sequencing including raw data, quality 

controls, and experimental pipeline are available at: doi:10.25338/B8RM0H. Custom 

scripts used to process sequencing data are available upon request. 

 

6.8.8 Edu and BrdU labeling 

For EdU birth-dating experiments, pregnant dams were injected intraperitoneally 

with 25mg EdU/kg body weight at E13.5 and pups were sacrificed at birth. For the 

EdU/BrdU dual window labeling experiments, pregnant dams were injected 
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intraperitoneally with 12.5mg/kg body weight of EdU at E13.5 and injected again with 

12.5mg/kg body weight of BrdU after 2 hours. Brains were collected 30 minutes post BrdU 

injection. EdU was detected following manufacturer instructions (ThermoFisher Scientific, 

#C10337). Prior to detection of BrdU by immunofluorescence as previously described, 

tissue was treated with hot 0.01 M sodium citrate pH 8 for 20 min followed by an acid 

wash (2N HCl and PBS/0.5% Triton X-100) for 1h at room temperature. 

 

6.8.9 Statistical methods 

Specific number of biological replicates (Ns) and statistical methods used are 

specified in each figure or figure legend. For cortical thickness, the thickness of the 

somatosensory cortex in three consecutive brain slices was measured and averaged per 

brain. The same strategy was used to measure the corpus callosum thickness. The 

hippocampal area was measured from both hippocampal hemispheres of three sections 

containing the dorsal hippocampus in which the habenula was visible. These measures 

were averaged and represented the results for a single brain. For histological and IUE 

quantifications, single or double fluorescently labelled cells were quantified for at least 

three consecutive sections in each brain and their results averaged. 

To measure cell distribution in the cortex we used RapID 621. Briefly, a grid 

containing eight equally-sized bins was manually placed in the cortex with bin 1 mainly 

covering the marginal zone and bin 8 covering the intermediate zone. The quantification 

of fluorescently labelled cells was automatically determined by the software.   

All statistical analyses and plot generation were performed using Prism 9 

(GraphPad, San Diego, CA).   
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6.9 Figures 
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Figure 6.1 Morphological defects in Emx1-NICD and Emx1-dnMAML models 

(A-C) Hematoxylin and eosin staining (H&E) of Control (A), Emx1-NICD (B) and Emx1-dnMAML 

(C) P0 brains. Lateral ventricles are indicated with an asterisk. Arrow in B indicates axon Probst 

bundles.  (D-F) P0 cortical slices were immunolabeled against GFAP (red) and L1 (green) and 

counterstained with DAPI (blue). The thickness of the corpus callosum is indicated in D and F 

with white bars. White arrows in E point at Probst bundles and asterisk indicates lack of corpus 

callosum. (G-I) P10 slices were immunolabeled against DKK3 (red) and Calbindin (green) and 

counterstained with DAPI (blue). Note the disorganization of the hippocampus in Emx1-NICD (H). 

(J-L) Quantifications of cortical thickness (J), corpus callosum thickness (K), and hippocampal 

area (L). Mean ± SEM. P-values were obtained using Student’s T-test. LV: lateral ventricle, DG: 

dentate gyrus, CA1-CA3: cornu ammonis hippocampal regions. Scale bars: 500µm A-C and G-I, 

250µm D-F. 
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Figure 6.2 Midline patterning and production of Cajal-Retzius cells in Emx1-NICD 

and Emx1-dnMAML telencephalons 

(A-C’) Embryonic day 13.5 sections were immunolabeled against MSX1 (red), FoxG1 (green), 

and counterstained with DAPI (blue). White bars indicate hippocampal primordia (A-C) and 

cortical hem (A’-C’) regions. (D-F) Reelin (white) labeling in the marginal zone of the neocortex 

identifies Cajal-Retzius cells (yellow arrows). (G-L) Quantifications of hippocampal length (G-H), 

cortical hem length (I-J), and number of Reelin+ cells/area (K-L) are shown as fold change 

compared to each control littermate. Mean ± SEM. P-values were obtained using Student’s T-test. 

(M-N) Emx1-NICD mice show patches of ectopic Reelin+ cells at E13.5 (white arrows). LV: lateral 

ventricle; hip: hippocampal primordia; CH: cortical hem; ChP: choroid plexus; MZ: marginal zone. 

Scale bars: 250µm A-C, 100µm A’-C’ and M-N, 20µm D-F. 
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Figure 6.3 Emx1-NICD neocortices exhibit increased ratios of upper-layer neurons 

(A) P0 cortical brain section immunolabeled with CUX1 (red), CTIP2 (green), and TBR1 (green) 

antibodies, and counterstained with DAPI (blue). (B-D) Quantifications of the number of cells per 

area are shown as fold change compared to their control littermates. (E) Cortical section labelings 

of EdU (green), CUX1 (red), CTIP2 (white left, red right) are counterstained with DAPI (blue). (F-

H) Quantifications of the number of cells per area are shown normalized to their corresponding 

control littermates. Mean ± SEM (B-D and F-H). P-values were obtained using Student’s T-test. 

Scale bars: 50µm.  
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Figure 6.4 Emx1-dnMAML neocortices exhibit increased numbers of deep-layer 

neurons and lamination defects 

(A-D’) P0 cortical coronal section immunolabeled with CTIP2 (green) and TBR1 (red) (A-A’’ and 

C-C’’) and P10 coronal section immunolabeled with CUX1 (red) antibodies. Tissues were 

counterstained with DAPI (blue). (E-G) Quantifications of the number of cells per area are shown 

as fold change compared to their control littermates. (H-I) Distribution of CTIP2+ (H) and TBR1+ 

(I) cells in control (Ctrl) and Emx1-dnMAML (dnM) in P0 cortical brain slices. (J-M’) Cortical 

section labelings of EdU (green), CTIP2 (red), and TBR1 (red) are counterstained with DAPI 

(blue). (N-O) Quantifications of the number of cells per area are normalized to their corresponding 

control littermates. Mean ± SEM. P-values in (E-G) and (N-O) were obtained using Student’s T-

test. For cell distribution in (H-I), multiple unpaired T tests (one per bin) with Welch correction 

were performed (*, Adjusted P value <0.05; ***, Adjusted p-value <0.001). Scale bar: 50µm. 
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Figure 6.5 Notch regulates Radial Glia cell cycle dynamics 

(A) Cortical slices from E13.5 control and Emx1-NICD embryos immunostained against PAX6 

(green), ß-III-Tubulin (Tuj1, red), TBR2 (green) and DAPI (blue). (B) Cortical slices from E13.5 

control and Emx1-NICD embryos immunostained against phospho-Histone3 (PH3, green). (C-D) 

Quantification of PH3+ cells in the ventricular surface (C) and anywhere else in the cortex area 

above the ventricular surface (D). (E) E13.5 cortical section labelings of EdU (green), BrdU (red), 

and PAX6 (white), and DAPI (blue). (F-G) Quantification of S-phase length in Emx1-NICD (F) and 

Emx1-dnMAML (dnM) (G) mice in comparison to their control littermates. (H-I) Quantification of 

total cell cycle length in Emx1-NICD (H) and Emx1-dnMAML (dnM) (I) mice in comparison to their 

control littermates. Mean ± SEM (F-I). P-values were obtained using Student’s T-test. Scale bars: 

50µm A, B and E (except for the right panels in E, 20µm).  
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Figure 6.6 Transcriptional changes in Emx1-NICD Radial Glia 

(A) Experimental design (top). Only the PAX6+ RGs (red) closest to the ventricular surface were 

labeled with FlashTag (green) 1h post-injection (bottom). (B) Heatmaps showing RNA-seq 

analysis of selected Notch signaling-related genes (top), bHLH genes (middle), and cortical 

markers (bottom). (C-D) Volcano plots representing differential gene (C) and miRNA (D) 

expression between Emx1-NICD (n=5) and control (n=3) RGs samples. Ratio of counts per million 

between Emx1-NICD and control per gene or miRNA is plotted. The x-axis represents the 

logarithmic fold ratio of Emx1-NICD/control per gene and miRNA identified. The y-axis represents 

the logarithmic adjusted p-value (false discovery rate) calculated by the Benjamini-Hochberg 

Procedure. Genes with fewer than 5 counts per million reads in all samples were filtered prior to 

analysis, leaving 12,556 genes. MiRNAs present in fewer than 3 samples were filtered prior to 

analysis, leaving 779 miRNAs.   
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Figure 6.7 Inhibition of let-7, miR-125b, and miR-100 expression rescues cortical 

cell fate defects in Emx1-NICD mice   

(A-B) Representative images of control (A) and Emx1-NICD (B) mice electroporated with control 

plasmid (mScarlet, red) and Emx1-NICD mice co-electroporated with mScarlet and miRNA 

sponges against let-7 (C) miR-125b (D), miR-100 (E), or all three sponges (F). Quantification of 

the percentage of CTIP2+/mScarlet+ cells in each condition (G). Mean ± SEM. Adjusted p-values 

were obtained with Kruskal-Wallis test and Dunn’s post-hoc test. (H) Distribution of mScarlet+ 

cells from (A), (B), and (F) electroporations. Mean ± SEM. Adjusted p-values were obtained with 

Kruskal-Wallis test and Dunn’s post-hoc test. Scale bar: 250µm. 
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6.10 Supplementary figures 

 
Supplementary Figure 6.1 Emx1-NICD and Emx1-dnMAML mice 

(A) At P14, Emx1-NICD mice are smaller in size compared to their control littermates.  (B) At P0, 

the size of the brain is significantly smaller in Emx1-dnMAML mice compared to their littermate 

controls but no significant differences were observed in Emx1-NICD. Scale bar B-D: 5mm. 
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Supplementary Figure 6.2 Agenesis of the corpus callosum in EMX1-NICD mice 

(A-B) At P0, Emx1-NICD cortices exhibit increased ratios of SATB2+ callosal neurons (green) 

compared to their littermates, DAPI (blue) was used for counterstaining. P-value was obtained 

using Student’s T-test. Scale bar: 100 microns. (C) Upon in utero electroporation of mCherry (red), 

labeled axons (while arrows) cross the midline in control animals but result in aberrant bundles in 

Emx1-NICD mice. Scale bars: 100mm A-B; 250mm C. 



 224 
 

 
 

 
 
Supplementary Figure 6.3 Hippocampal defects in Emx1-NICD and Emx1-dnMAML 

mice 

(A) Caspase3 (green) and GFAP (red) immunolabeling of control and Emx1-NICD hippocampi at 

P0, counterstained with DAPI (blue). Scale bar: 100 microns. (B) Caspase3 (green) 

immunolabeling of control and Emx1-NICD neocortices at P0. White arrows point at Caspase3+ 

cells. Scale bar: 70 microns. (C) Quantification of Caspase3+ cells in hippocampus and cortex, 

p-values were obtained using Student’s T-test. (D) Immunolabeling using DKK3 (red) and 

Calbindin (green) antibodies, counter-stained with DAPI (blue) of Emx1-dnMAML hippocampal 

section. Note the ectopic location of some DKK3+ cells (white arrows). Scale bars: 100mm A, 

70mm B, 200mm D. 
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Supplementary Figure 6.4 Aberrant production of Cajal-Retzius cells in Emx1-NICD 

and Emx1-dnMAML mice 

(A) Emx1-NICD cortices exhibit less Reelin+ (white label, yellow arrows) than their littermate 

controls at P0. Scale bar: 50 microns. MZ: marginal zone. (B) Immunolabeling with Reelin (red) 

in control and Emx1-NICD hippocampal sections. The white inset box is shown in E. LV: lateral 

ventricle, DG: dentate gyrus. Scale bar: 200 microns. (C-D) Quantification of number of Reelin+ 

cells/area in Emx1-NICD and Emx1-dnMAML hippocampi at P0. P-Values were obtained using 

Student’s T-tests. (E) Only a handful of Reelin+ cells (white, noted with yellow arrows) are 

detected in Emx1-NICD hippocampi. F-H’’’. Emx1-NICD hippocampi have fewer Cajal-Retzius 

cells compared to controls at E13.5. Cajal-Retzius cells are detected using a combination of 

Reelin, Calretinin, and Tbr1 markers. Ectopic patches are detected in the choroid plexus regions 

of Emx1-NICD mice, which co-express Calretinin but not TBR1. Hip: hippocampal primordia; CH: 

cortical hem; ChP: choroid plexus. Scale bars: 50mm A, 200mm B, 100mm E and F-H’’’. 
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Supplementary Figure 6.5 Lamination defects in Emx1-dnMAML neocortices 

Brain coronal sections immunolabeled against CTIP2 (green), TBR1 (red), and counterstained 

with DAPI (blue). Scale bar: 500mm. 
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Supplementary Figure 6.6 Notch1cKO phenotypes 

(A-B) Brain coronal sections immunolabeled against CTIP2 (green), TBR1 (red), and 

counterstained with DAPI (blue). The thickness of the corpus callosum is indicated with a white 

bar. Scale bar: 500 microns. CC: corpus callosum; LV: lateral ventricle. (C-D) Hippocampal 

sections stained against Calbindin (green) and DKK3 (red) and counterstained with DAPI (blue). 

Scale bar: 250 microns. CA1-CA3: hippocampal regions, DG: dentate gyrus. (E-F) Cortical 

sections stained with TBR1 (green) and CTIP2 (magenta), and counterstained with DAPI (blue). 

Scale bar: 100 microns. (G-H) Quantifications of CTIP2+ and TBR1+ cells/area, respectively in 

control and Notch1cKO samples. (I-J) Quantification of ratio of EdU+ cells colabeled with either 

CTIP2 or TBR1. For all quantifications (G-J), p-values were obtained using Student’s T-tests. 

Scale bars: 500mm A-B, 250mm C-D, 100mm E-F.  
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Supplementary Figure 6.7 Radial glia in Emx1-dnMAML and Emx1-Notch1cKO 

(A) Nestin (white), PAX6 (red) and TBR2 (green) antibody labeling of control and Emx1-dnMAML 

cortices were counterstained with DAPI (blue). (B) Nestin (white) immunolabeling of cortices from 

control samples, Emx1-dnMAML, and Emx1-Notch1cKO. Note the difference between the medial 

(dnMAML-med) and lateral aspects (dnMAML-lat) of the cortices upon dnMAML upregulation. VZ: 

ventricular zone. Scale bar: 100mm.  
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Supplementary Figure 6.8 TBR2+ intermediate progenitors at E15.5 

PAX6 (red), TBR2 (green) and DAPI (blue) in Control (A-A’’) and Emx1-NICD (B-B’’) cortices at 

E15.5. Scale bar: 100mm. 
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Supplementary Figure 6.9 RNA sequencing 

(A) Multidimensional scaling analysis (MDS) showing control samples (orange) and Emx1-NICD 

samples (teal). (B) Gene Ontology (GO) analyses using PANTHER Classification System.  
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Supplementary Figure 6.10 Validation of RNA sequencing using RNAscope 

(A-A’’) Negative control probe (green) counterstained with DAPI (blue). (B-C’’) miR99ahg probe 

signal is shown in green in control (B-B’’) and Emx1-NICD mice (C-C’’). These samples have 

also been counterstained with DAPI (blue). Scale bar: 100mm in C’ and 50mm in C’’. 
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6.11 Supplementary tables 

Supplementary Table 6.1 RNA-seq differential expression 

Normalized counts of Emx1-NICD vs Control samples. 

Supplementary Table 6.2 microRNA-seq differential expression 

Normalized counts of Emx1-NICD vs Control samples. 

 

Supplementary Tables 6.1 and 6.2: These are large tables that are not suitable for print. 

To view this data, please visit the official publication where all figure and supplemental 

information may be downloaded.  
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7. Concluding remarks 

7.1 Summary 

In this dissertation, I explore the mechanisms that drive cell fate specification in 

the central nervous system. My studies on retina development extend across models with 

variable visual acuity, from non-human primate and humans to mice models, and the 

cortical development experiments were conducted in the mouse model.  

Chapter 3 characterizes normal retinal development in the non-human primate. 

Modern labeling techniques were used to define key stages of neurogenesis that lay 

critical groundwork for future comparative studies with other organisms. We investigated 

how molecules of the retinoic acid pathway, which have previously been implicated in the 

development of the specialized region of the chicken retina, are expressed in a foveated 

retina. Interestingly, we found CYP26A1 to be expressed in progenitors not limited to the 

fovea in early retinal development and later in Müller glia. My findings contrast those from 

other studies that stated this molecule is exclusively expressed in foveal progenitors in 

the human retina. While FGF8 is required for the development of the HAA in chickens, it 

is not fovea-specific in the developing non-human primate retina. Such findings further 

emphasize that the avian HAA and primate fovea are not analogous. This examination of 

gene expression patterns reveals that the specialized retinal regions are not defined by 

the same mechanisms. However, the distinct mechanisms to make the HAA and fovea 

may be leveraged to further discern the roles of molecules involved in foveal development 

(See “Interpreting results with additional models” section, page 246).    

Chapter 4 analyzed what distinguishes genes with distinct temporal and nasal 

expression patterns in the developing non-human primate retina. We identified genes and 
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miRNAs highly differentially expressed across the non-human primate retina. We further 

validated those miRNAs unique to either the temporal or the nasal retina in the 

sequencing experiments through in situ hybridizations in the human and mouse retinas. 

The miRNAs enriched in the temporal non-human primate and human retinas were 

enriched in the central mouse retina, and those enriched in the nasal foveated retinas 

were enriched in the peripheral afoveated retina. These results suggest that the miRNAs 

found to be highly differentially expressed across the primate retina are indicating older 

and newer regions of the retina.  

Chapter 6 explored how the Notch pathway and miRNAs influence cell fate 

specification in the mouse cortex. Using a gain-of-function mutant to increase Notch 

expression, we showed that Notch signal limits early-born neuron production. A dominant 

negative model revealed that inhibiting Notch extends the production of early-born 

neurons. Over activating Notch caused general transcriptome changes of miRNAs, 

namely of the miR-100 and miR-99 host genes. Overexpressing Let-7, miR-125b, and 

miR-100 showed that miRNAs are required to restrict early-born neurons. Both the retina 

and cortex are derived from a single population of multipotent progenitors that are 

temporally regulated to differentiate into early- and late-born cell populations. The ability 

to perform manipulations of miRNAs in vivo via IUEs makes the cortex a valuable system 

to study how miRNAs influence cell cycle dynamics and cell fate specification. 

Together, these studies identify a subset of the molecular mechanisms that drive 

cell fate specification in the central nervous system. They show that miRNAs do not act 

alone in this process, but are instead part of a concerted effort of various molecules and 

pathways. 
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7.2 Utilizing microRNAs to advance stem cell protocols 

The ultimate future goal of this research is to develop and optimize stem cell 

protocols to increase cone yield. Successful protocols exist to culture and differentiate 

human embryonic stem cells into retinal organoids. While these organoids appropriately 

resemble the retina, none have existed that possess a fovea. With the findings from this 

research, we hypothesize that miRNAs could be targeted during retinal organoid 

development to increase cone production.  

   

7.2.1 Organoid protocols 

Organoid production is an involved process that requires months of attention, and 

then maintaining the retinal organoids is an act of patience. There are a seemingly infinite 

number of opportunities to manipulate development, as the cells are accessible at every 

stage of proliferation, differentiation, and organogenesis. Current organoid protocols 

include the timely introduction of various medias, including neural induction media, retinal 

differentiation media, retinal maintenance media, and photoreceptor induction media. The 

sequential modification of nutrients and factors mimics the environment of in vivo eye 

development to encourage the transitions of embryoid body to optic vesicle and then 

retinal differentiation to photoreceptor maturation. There is a wide variability among 

protocols. One study suggests a combination of B27, fetal bovine serum (FBS), and 

taurine to create a cone-rich retinal organoid 658. Some groups are looking more 

specifically at manipulating retinoic acid and thyroid hormone levels to influence cone 

subtypes 16,659. There are conflicting findings about the usefulness of retinoic acid in 

differentiation protocols, with some studies claiming it is wholly unnecessary and other 
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claiming that it increases rod photoreceptor yield 660-662. Additionally, studies are looking 

at the usefulness of all-trans retinoic acid (ATRA) or 9-cis-retinoic acid 660. While it is 

valuable to be able to make retinal organoids enhanced for various cell types, the field is 

not yet there for the cone-rich retinal organoids needed for transplantations.  

I hypothesize that manipulating miRNAs in various steps of retinal organoid 

differentiation will be necessary for increasing cone yield. First, extend the window of cone 

production. This could be accomplished by limiting RPCs from undergoing the 

competence switch, and consequently losing the ability to make early-born cell types. The 

LP-miRNAs—Let-7, miR-9, and miR-125b—have been shown to promote RPCs to switch 

their competence from making early-born to making late-born cells. Perhaps these 

miRNAs may be targeted to prevent the RPCs in the organoids from transitioning to the 

late competence state, increasing early-born cell production at the expense of late-born 

cell types. Second, target miRNAs that directly contribute to cone fate specification. The 

list of miRNAs differentially expressed across the developing non-human primate retina 

(Chapter 4) may contain prime candidates for cone production regulators. Further 

validation of expression, mRNA regulation, and the upstream factors that regulate 

expression of the candidates will reveal if these miRNAs (individually or grouped together) 

influence cone production. After identifying miRNAs that increase cone production, it will 

be imperative to identify the appropriate windows to do so during organoid differentiation. 

The LP-miRNAs would be targeted after optic vesicle formation, and the miRNAs more 

specific to cone fate targeted after.  

There are a number of modalities to manipulate the miRNAs in stem cells. It is 

worth considering that the resultant neurons are intended for human transplantation, so 
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minimizing unnecessary genetic modification is important. Some options include 

nanoparticle and lipid molecules to deliver specific miRNAs or antagomiRs663. Such 

methods a currently being investigated to deliver RNA interference (RNAi) in cancer 

models and show promise 664.    

 

7.2.2 microRNAs and the cell cycle 

 The timing at which cells exit the cell cycle affects their final cell fate. One 

hypothesis for the unique cell composition of the fovea is that the foveal progenitors are 

the first in the retina to differentiate, so their precocious exit from the cell cycle primes 

them for early cell fates. Supporting this, one study experimentally lengthened the cell 

cycle in neural progenitors and caused premature cell fate switches 665. Another study 

comparing nocturnal (afoveated) and diurnal (foveated) New World primates reported 

differences in cell cycle length 273. This close relationship between cell cycle dynamics 

and cell fate specification has been well documented in many developmental systems 

and contexts 666-675. Thus, the molecular mechanisms that regulate cell cycle could be 

playing a fundamental role in regulating the higher production of early cell types (e.g. 

cones) in the fovea. To complement this, miRNAs have been implicated in controlling cell 

cycle dynamics. Our lab has shown that Let-7d, miR-9, and miR-125b coordinately guide 

cell cycle length in neural progenitors by specifically regulating the length of S/G2 276. 

Perhaps miRNAs could be used to manipulate cell cycle dynamics in the RPCs of 

organoids to increase cone yield.   

 In Chapter 4, we identified miRNAs highly differentially expressed across the 

developing retina. We defined a list of top candidate miRNAs that were upregulated in the 
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non-human primate temporal (miR-15, miR-30, miR-93, and miR-103) or nasal (miR-342) 

retina. These candidates are a great starting place for investigating the role of specific 

miRNAs in cell fate specification. Some of these miRNAs have already been shown to 

contribute to cell fate determination; miR-15b regulates cell proliferation in many cell types 

and promote neurogenesis in neocortical development676, miR-30 has been shown to 

regulate neurogenesis and proliferation677-679, and miR-342 regulates fate decisions 

downstream of Notch418.  

One interesting avenue to follow with these miRNAs is their influence on the cell 

cycle. Perhaps these miRNAs, either individually or synergistically, are the link between 

the unique cell cycle dynamics (the initially symmetrical retina forming a bulge at the 

incipient fovea during early embryonic development) and cell composition (peak cone 

photoreceptor density) of the fovea. During my preliminary experiments into this question, 

I performed cumulative EdU labeling on human embryonic retina (HER10) cells, a stable 

line of undifferentiated retinal progenitors that already express these candidate miRNAs. 

This is a standard method to calculate cell cycle parameters, including cell cycle length, 

S-phase duration, and growth fraction. I transfected HER10 cells with either mimic 

(miRNA overexpression) or antagomiR (miRNA inhibitor) oligonucleotides for miRNA-

342, together with mCherry RNA as a transfection control. After a 24-hour (h) incubation, 

I continuously pulsed the cells with EdU for incremental periods of time (30 minutes, 4h, 

8h, 12h, 24h, and 48h) before collection. EdU irreversibly labels replicating DNA during 

S-phase of the cell cycle. This time course allowed me to label the full length of S-phase 

in various fractions of the asynchronous cell population. The percentage of EdU+ cells 

was quantified for each time point, and the cell cycle parameters were calculated using a 
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regression calculation. Notably, overexpression of miR-342 resulted in a significant 

increase in the duration of HER10 cells cycle (control: 36.5h; miR-342 mimic: 42.75h, 

17% increase; miR-342 antagomiR: 33.29h, 8.8% reduction) without significant changes 

in cell cycle exit. Given that miR-342 is enriched in the nasal retina and lengthens the cell 

cycle, these findings could suggest that differentially expressed miRNAs are responsible 

for the bulge that forms in the incipient fovea in early retinal development. According to 

this hypothesis, miRNAs in the temporal retina would shorten the cell cycle in foveal 

progenitors and allow for faster cell cycling and relatively increased tissue growth. If these 

miRNAs indeed influence cell cycle length, the findings would be the first to directly link 

miRNAs in the fovea with the unique cell cycle dynamics observed during early 

development. Additionally, these miRNAs may be regulating cell cycle length to facilitate 

precocious cell cycle exit and consequent early-born fate specification. With a better 

understanding of the role of these miRNAs on cell cycle regulation and cell fate 

specification, these miRNAs could be overexpressed or inhibited in organoid protocols to 

shorten cell cycle length and increase cone yield. 

However, this link between miRNAs and cell cycle length does not necessarily link 

miRNAs with cell fate specification. There are other avenues through which miRNAs 

control cell fate. MiRNA target prediction algorithms based on sequence comparison 

(TargetScan and TarBase) and experimental data (miRDB and miRWalk) are useful to 

identify genes potentially targeted by the top miRNA candidates. These computational 

prediction platforms show that these miRNAs are potentially targeting genes controlling 

early retinal patterning (e.g. CYP26A1, PALDH1, DIO2, FOXG1, RBPJ) 215,228,680, 

transcriptional factors known to be involved in progenitor competence regulation (e.g. 
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IKZF1 and CASZ1) 681,682, and transcriptional factors crucial for the determination and 

differentiation of specific cell types (e.g. ONECUT1, POU4F1, NRL, NR2E3) 683. For 

example, Nrl acts as a photoreceptor-specific fate switch to promote rod fates; Nrl-null 

mice exhibit an increase of cones at the expense of rods 147,684. It is controversial if rods 

are trans-fating into cone-like cells in the Nrl-null models, or if these new PRs are 

dysfunctional cone-rod hybrids. While regulating Nrl through our target miRNAs could 

bias the ratios of photoreceptor types towards cones, more experiments are needed to 

confirm the appropriate developmental time to do so and the functionality of these new 

cones. Similarly, experimental manipulations of Onecut1 (OC1) have suggested that this 

transcription factor plays a role in promoting cone and HC fates 165. The 3’UTR of OC1 is 

highly regulated by miRNAs 187. Further validation is needed to establish pathways 

through which the candidate miRNAs may regulate the differences of fate determination 

assays. Novel technologies, such as miRNA enhanced cross linking and 

immunoprecipitation (miR-eCLIP), allow for experimental confirmation of miRNA-mRNA 

interactions. Given that we intend to manipulate miRNA levels to induce cone production, 

it is important to fully understand which mRNAs our target miRNAs regulate, beyond the 

theoretical interactions obtained in bulk sequencing experiments.  

     

7.3 Alternative models 

Of course, choosing the appropriate model to study the development of cones in 

is paramount. The human retina is presumably the best model, as the findings of this 

research are intended to inform treatment of human eye diseases. However, healthy 

human retinal tissue is sparse and the age range available for collection is limiting and 
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unlikely to include early developmental ages. To truly study the mechanisms that drive 

foveal progenitors to preferentially differentiate into cone photoreceptors, we must study 

the fovea prior to the onset of retinal neurogenesis. The foveal progenitors are first to 

undergo neurogenesis, so the optimal developmental age to investigate is almost 

unobtainably early. Therefore, we turn to alternative models to study early retinal 

development. 

 

7.2.1 Primate model 

The non-human primate is an important research model, as its development 

closely resembles that of humans. This model provides access to a much wider age range 

of embryonic samples than are possible in research on humans. Retinal tissue is 

accessible across the entire length of gestation in non-human primates, and because 

matings are scheduled, the developmental age of retinal samples is accurate. There are 

caveats to working with non-human primate tissue, namely the timeline and the cost. 

Rhesus macaques breed seasonally and have lengthy gestation, so collecting tissue at a 

desired development stage is not readily available at any given time. What is most limiting 

are the costs associated with studying non-human primates, as they are expensive. 

Obtaining the retinas from one non-human primate involves impregnating an adult female 

via medical assistance, monitoring the pregnancy, housing and feeding her through the 

desired length of gestation, and employing a trained surgical team, including a 

veterinarian and ophthalmologist, to retrieve the tissue. Such expenses would force even 

the most well-funded lab to reconsider studying the non-human primate. Additionally, 

there is a widespread movement to stop non-human primate research. Whereas the 
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National Institutes of Health (NIH) has been funding National Primate Research Centers 

for over 50 years, there are currently only seven facilities across the country. These 

hurdles make studying non-human primates challenging but should not overshadow the 

usefulness of this model and how informative findings are for better understanding human 

development. So how do we study the fovea, or cone specification more broadly, if not in 

a human or non-human primate? 

 

7.2.2 Avian model 

Avian species hold great potential for studying cone development. Many avian 

species, namely birds of prey, notably have foveas—some even have two. However, 

these species are usually protected and not accessible for this scientific research. Many 

birds have a specialized retinal region that is responsible for high acuity vision, called the 

high acuity area (HAA). While the HAA does not have a thinning of the retina to form a 

pit, and thus cannot be called a true fovea, this specialized region contains a rod-free 

zone (RFZ). 

The goal of studying avian retinal development is to better understand the 

molecular mechanisms regulating cone development for optimizing organoid protocols 

and increasing cone yield. With that, it is preferential to study species whose visual 

system most closely resembles that of humans. How do we know how well different 

species can see? We turn to RGC density maps to better understand the visual acuity of 

an animal. These retinal maps represent regions responsible for higher or lower visual 

acuity by the RGC outputs. In the majority of the retina that employs parasol circuitry, 

where the photoreceptors’ signals are considerably simplified by convergence onto 



 245 
 

 
 

interneurons and RGCs, RGCs will appear at low density. In regions of high acuity vision, 

where the photoreceptors participate in more directed connections via midget circuitry, 

RGCs appear at a higher density. We can see in a mouse retina that there are no regions 

of increased RGC density, but a human retina has a sharp increase of RGC density right 

outside of the fovea. So how does the avian HAA survey on a RGC density map? The 

chicken retina shows two peaks of RGC density, one that coincides with the HAA. While 

the highest peak of RGC density is four times less than that at the human fovea, it is still 

notable. The quail retina is even more remarkable. Similar to the chicken retina, there are 

two peaks of RGC density. However, the quail retina’s highest peak of RGC density is 

over double that of the chicken retina, and less than half that of the human retina. This 

suggests that quails have higher acuity vision than chicken do. This is not wildly 

unexpected, as vision is directly correlated to lifestyle. Most chicken are bred for food, not 

flight. They can only fly for short distances and are known to struggle to find food, even 

when it is right in the front of their visual field. On the other hand, quails were domesticated 

much later, so their vision would more closely reflect that of wild quails. Both wild and 

domesticated quails require keen vision for their flying activities. It is an exciting prospect 

to introduce quails as a new model for studying cone photoreceptor development. 

This is not to say that chickens and quails have not been studied as models in 

other contexts. Utilizing the remarkably similar embryonic development of these two avian 

species, Dr. Nicole Le Douarin led a hallmark study to create chimeric chicken and quail 

embryos 685,686. This experiment of substituting quail cells for chicken cells can be 

performed in ovo, and the hatched chicken will have quail cells at the graft sites. 

Importantly, a large nucleolus with concentrated heterochromatin makes the quail cells 
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easily distinguishable from the diffuse nuclei of the chicken cells 687. Additionally, quail-

specific antigens will discern the quail cells from the chicken cells. The opportunity to 

create such a chimera, with the different cell origins distinguishable, could open exciting 

avenues for retinal research. The ease of manipulation of these species in ovo, simply by 

creating a window in the shell, introducing desired molecules, and closing the window 

with parafilm for development to continue, would make it one of the easiest models to 

manipulate.    

 

7.2.3 Interpreting results with additional models 

The findings from my research are ready to move into the quail model. In my 

published works, I identified molecules differentially expressed across the primate retina. 

Such enrichment in the temporal retina could suggest a number of roles: (1) the molecules 

are expressed in the temporal retina for patterning, (2) the molecules are expressed in 

cells enriched in the temporal retina, or (3) the molecules are first expressed in the fovea, 

and the central and peripheral retinas will express the molecules when they reach that 

same stage of development.  

My preliminary, unpublished findings in the chicken and quail retinas suggest that 

further investigation into these models will provide clarity for discerning the roles of the 

previously identified molecules differentially expressed across the primate retina. In the 

primate eye, the fovea resides in the temporal retina. While the eye cup and retina initially 

develop symmetrically on the nasal-temporal axis, an abrupt shift occurs when growth on 

the temporal side accelerates, leaving the retina asymmetrical. It is in this incipient fovea, 

where relatively faster growth occurs, that neurogenesis begins. On this basis, I expected 
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to observe a similar developmental pattern of the nasally-residing HAA in the chicken and 

quail retinas. Instead, and very interestingly, I observed a different pattern. These avian 

retinas are always asymmetrical; the temporal retina is longer at first, and then growth in 

the nasal retina accelerates. Although the relatively faster growth occurs in the region that 

will become the HAA, this is not where neurogenesis begins; the first cells differentiate in 

the temporal retina of chicken and quails. 

Incorporating multiple models, each with species-specific development and ratios 

of retinal cells, will provide clarity on those molecules found to be highly differentially 

expressed across the primate retina. This distinction between the development of the 

primate fovea and quail HAA is valuable, and future experiments will be very telling. If 

molecules are enriched in the temporal primate retina and nasal quail retina, then they 

are expressed in cells enriched in the HAA. If molecules are enriched in the temporal 

retina of both primates and quails, then they are expressed where neurogenesis begins. 

Supplementing these experiments with the mouse model could be even more informative. 

While mice do not have a fovea or HAA, it is well-known that neurogenesis begins in the 

central retina and proceeds in a wave towards the periphery. Molecules that are enriched 

in the temporal retina of primates and quails and the nasal mouse retina would be further 

validated as connected to the origin of neurogenesis. Those molecules that are present 

in the primate and quail retinas but not in the mouse retina may contribute to the 

development of the specialized retinal regions.  
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The results of this dissertation help elucidate some of the miRNAs and molecules 

that regulate cell fate specification in the CNS. Future studies continuing the work of this 

dissertation include characterizing development of the quail retina and assessing the 

expression patterns of both the candidate miRNAs identified in these studies and the 

molecules associated with the retinoic acid pathway that have been implicated in the 

development of the chicken retina. Manipulating these miRNAs and molecules in ovo will 

reveal pathways that regulate cone development. Such findings will further inform 

protocols to increase cone yields in retinal organoids.  

These efforts address the first steps in the pipeline to curing blindness in patients 

affected by cone degeneration. There are many components to this task, including 

sourcing, isolating, and transplanting cones, as well as achieving integration of the 

transplanted neurons into the existing circuitry. We are one of many research groups 

addressing different steps of this pipeline, making the prospect of using organoid-derived 

cones for curing blindness promising.  
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