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ABSTRACT 

Mechanisms of Corneal Development and Wound Healing 

by 

Anna Babushkina 

Deep corneal injuries are one of the major causes of vision impairment 

and blindness. The shortage in available donor corneas has prompted 

researchers to look into developing alternative means of treating corneal injuries. 

Previously, our lab demonstrated that embryonic cornea heals scar-free. The 

purpose of this thesis work is to elucidate molecular pathways and signals during 

corneal development and to understand how the embryonic cornea heals. 

My current research uses the chick as a model organism to study 

embryonic cornea. During ocular development, periocular neural crest cells 

(pNC) migrate into the region between the lens and presumptive corneal 

epithelium to form the corneal endothelium and stromal keratocytes. Although 

multiple ocular dysgeneses are associated with defects in neural crest cell 

development, very little is known about the molecular mechanisms behind the 

process. To investigate the role of the environment in formation of the corneal 

endothelium and the stroma, I introduce a model for studying pNC development 

in the ocular environment. I demonstrate that upon orthotopic injection of pNC 

into the periocular region the cells timely migrate and differentiate into multiple 

ocular derivatives confirming that pNC are multipotent. Using this model, I show 
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that the presumptive cornea is conducive to endothelial differentiation between 

embryonic day (E) 3-E7. At the same time, the periocular region does not induce 

corneal migration of the heterotopically injected pNC at E5 suggesting 

environmental changes in favor of an alternative ocular fate. I further 

demonstrate that corneal stroma at E7 may have the potential to induce pNC-to-

keratocyte differentiation on the spot.  

To investigate specific signals required for pNC differentiation I focus on 

the corneal endothelium, which is the first corneal layer to be specified from the 

pNC in both avians,and humans. I find that the nascent cornea is competent to 

induce differentiation of ectopically injected pNC into corneal endothelium. 

Injected pNC downregulate the expression of multipotency transcription factors 

and upregulate endothelium-related genes. I show that TGFβ2 signaling in the 

nascent corneal environment plays a critical role in changing the molecular 

signature of pNC during the formation of the corneal endothelium.  

Additionally, proper arrangement of the collagen and the proteoglycans in 

the stromal extracellular matrix (ECM) is essential for functional transparency 

and light refraction of the cornea. Here, I present that the cornea is able to 

recapitulate its three-dimensional collagen structure during wound healing.  

The results of the presented work shed light on the complex molecular 

network involved in pNC differentiation in the eye and on the process of 

embryonic wound healing. Together, these findings could aid the development of 

alternative treatments for corneal injuries and disorders.
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Chapter 1 

Literature Review 

1.1. Overview of the cornea: corneal anatomy and structure 

1.1.1.  Corneal structure: layers, cell types, and function 

The cornea is the anterior-most transparent tissue of the eye that 

possesses over two thirds of its refractive power. The tissue has a highly 

organized structure that allows light transduction and therefore vision. When the 

integrity of the cornea is compromised in the event of an injury or infection, the 

cornea often becomes opaque, therefore, losing its functional transparency. 

Corneal blindness is one of the leading causes of blindness and vision 

impairment worldwide (Resnikoff et al., 2002; 2007). The cornea consists of five 

structurally distinct layers (Fig. 1.1). The epithelium, the stroma, and the 

endothelium are the cellular layers of the cornea which utilize distinct functions. 
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The anterior-most epithelium serves as a barrier to debris; the Bowman`s layer, 

and collagen-rich stroma are responsible for the support and transparency of the 

tissue; the Descemet`s membrane and the endothelium maintain fluid balance of 

the cornea. The Bowman`s layer and the Descemet`s membrane are 

compressed ECM layers that separate cellular layers of the cornea (as reviewed 

by Eghrari et al., 2015; Jakus, 1962 Hassel and Birk, 2010). The epithelium is 

built of stratified squamous epithelial cells and it reaches 50 μm in thickness in 

adults (Moller-Pedersen et al., 1997). The cells form tight junctions and are highly 

proliferative in the basal layer throughout life, which helps to perform the barrier 

function of the cornea (Eghrari et al., 2015). The epithelium is arranged in four to 

six layers of flattened cells followed by posterior cylindrical basal cells. The basal 

Figure 1.1 – Corneal Anatomy.  
The five layers of the cornea listed from anterior to posterior: the epithelium 
(CE), the Bowman`s layer, the stroma (S) with keratocytes, the Descemet`s 
membrane and the endothelium (E) (Adapted with permission from West-
Mays and Dwivedi, 2006). 
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cells are connected to the epithelial basement membrane (BM) via 

hemidesmosome junctions (Jaus, 1962; Reinstein et al., 2008). The epithelial BM 

lies posteriorly to the epithelium and is structured by four major proteins – 

collagen IV, perlecan, nidogen, and laminin (Tuori et al., 1996; Kruegel and 

Miosge, 2010; Torricelli et al., 2013a). Besides the anchoring function, corneal 

epithelial BM regulates the growth factor supply to the stroma (Kruegel and 

Miosge, 2010). The growth factors such as TGF-β and PDGF come from the tear 

fluid and the epithelium. These growth factors regulate differentiation and 

apoptosis of the stromal keratocytes and contribute to fibrosis during adult 

corneal wound healing (Wilson et al., 2001). 

The Bowman`s layer separates the epithelium and the stroma and is 

considered an anterior acellular part of the stromal layer. The function of the 

Bowman`s layer is not clear, although some sources suggest that it protects the 

subepithelial nerves of the cornea (Eghrari et al., 2015) as well as serves as a 

substrate for anchoring of the epithelial layer (Linsenmayer et al., 1998, Tisdale 

et al., 1988). The Bowman`s layer is built of randomly interwoven collagen fibrils, 

which are also abundant in the stroma. The fibrils in the Bowman’s layer are half 

as thick in diameter compared to the stromal fibrils (Jacobsen et al., 1984; 

Tisdale et al., 1988; Hay, 1980; Alvarado et al., 1983). 

The stroma is the largest layer of the cornea. It is comprised of 

keratocytes and highly organized compressed collagen-rich ECM (Maurice 

1957). The stromal ECM mostly consists of collagen I and V, and various 
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proteoglycans. Correct size and proper spacing of the collagen fibrils is required 

for corneal transparency and its function as a light refractor (Meek and Knupp, 

2015; Maurice 1957, Goldman et al., 1968). The structure of the stromal ECM will 

be discussed in section 1.1.2 “Structure of the stroma, ECM organization and 

transparency”. 

The Descemet`s membrane and the endothelium maintain fluid balance of the 

cornea. The Descemet`s membrane is an endothelial BM, which, in contrast to 

the classic structure of a BM, is abundant in collagen VIII (Jakus, 1956; Kapoor 

et al., 1986; Sawada et al., 1990). The function of this layer is to provide 

attachment for corneal endothelium. The corneal endothelium is the posterior-

most single layer of polygonal-shaped flat cells (Maurice, 1968; Ringvold et al., 

1984). The endothelial cells express N-cadherin, a component of the adherens 

junctions (Vassilev et al., 2012; Reneker et al., 2000), and ZO-1, a cytoplasmic 

component of the tight junctions (Barry et al., 1995). N-cadherin bears a crucial 

function in the maintenance of the apical junctional complex during late 

developmental stages and postnatally. When lost, the corneal endothelium 

becomes permeable and the cornea swells (Vassilev et al., 2012).  

The endothelium maintains water balance between the aqueous humor and 

the corneal stroma, which is crucial for transparency. If the endothelium fails to 

utilize its function, there is a fluid influx into the stroma, which results in the 

corneal edema (Maurice, 1972). To maintain a constant rate of influx/efflux of the 

fluid into the stroma, the endothelium sustains tight cell-cell contacts, so fluid 
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does not easily diffuse through it. The cell-cell contacts are necessary but not 

sufficient to maintain fluid balance of the corneal stroma. In addition, the 

endothelium utilizes ionic and fluidic exchange channels to control the fluid 

exchange required for homeostasis. (Reneker et al., 2000; Huang et al., 2003; 

Fischbarg et al., 2006; Thiagarajah and Verkman, 2002). 

1.1.2. Structure of the stroma, ECM organization and transparency  

The stroma makes up about 90% of the corneal thickness in a mammalian 

cornea with variation between species (Maurice, 1962). Corneal transparency is 

mandatory for the normal function of the eye and highly depends on the ECM 

organization of the stroma (Maurice, 1957). The stromal ECM is synthesized and 

arranged by keratocytes. The mature keratocytes become flattened and form a 

network throughout the stroma (Nishida et al., 1998; Poole et al., 1993). The 

keratocytes express enzyme complexes called crystallins, which have 

transketolases and aldehyde dehydrogenases functioning to reduce light 

scattering in the cornea (Jester, 2008; Jester et al., 1999a).  

The major components of the stroma are collagen type I and V, which 

assemble into heterotypical fibrils. This interaction as well as the NH2-domain of 

the collagen V is responsible for the fibril`s diameter regulation which, in turn, is 

necessary for the transparency of the cornea (Birk et al., 1988, Birk, 2001). 

Moreover, reduction in collagen V in the cornea leads to alterations in the fibril 

diameter (Marchant et al., 1996). Collagen molecules are highly organized in 
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fibrils, which, in turn, form lamellae (layers). In human, the average thickness of 

the central part of the cornea is approximately 200 lamellae (Bergmanson et al., 

2005; Radner et al., 1998). This architecture is disrupted in the case of a severe 

corneal injury, which results in corneal opacity and blindness (Torricelli and 

Wilson, 2014).   

The assembly of a collagen fibril in the cornea starts in the endoplasmic 

reticulum (ER) by folding of a triple helical procollagen molecule. After packaging 

in the Golgi and transport outside of the cell, five triple helices assemble into a 

protofibril (microfibril) with a 67 nm periodic (referred as D-period) stagger (Meek 

and Holmes, 1983) (Fig. 1.2). A collagen fibril has a diameter of 30 nm and is 

assembled from roughly 70 protofibrils (Meek and Knupp, 2015; Holmes and 

Kadler, 2005). The surface of the human corneal collagen fibrils has 0.23 nm 

grooves (Meller et al., 1997), which may facilitate accommodation of the collagen 

V N-terminal non-collagenous extensions.  

The fibrils form collagen lamellae which are more interwoven in the 

anterior and mid-stroma in comparison to the posterior (Radner et al., 1998; 

Bergmanson et al., 2005). The amount of collagen increases towards the 

peripheral cornea as it thickens (Boote et al., 2011). In the limbal area there are 

elastic fibers which, together with the anchoring lamellae, likely play a 

biomechanical rather than an optical role (Kamma-Lorger et al., 2010; Meek and 

Knupp, 2015).  
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Another important component, involved in the organization of the stromal 

ECM, is small leucine-rich proteoglycans (SLRPs) (Fig 1.3). SLRPs mainly 

function to regulate collagen fibrillogenesis and spacing as represented on the 

schematic in Fig. 1.3B (Chen and Birk, 2013). The SLRPs are subdivided into 

two classes depending on the glycosaminoglycan (GAG) chains. Class I SLRPs  

Figure 1.2 – Collagen fibril formation (not to scale).   
The procollagen molecule is a triple helix that consists of supercoiled α-
helices. The procollagen molecules then self-assemble into a microfibril, which 
then form a fibril with a 30 nm diameter (Adapted from Meek and Knupp, 
2015). 
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 have dermatan/chondroitin sulfate chains whereas class II SLRPs have keratan 

sulfate GAG chains (Schaefer and Iozzo, 2008). Knockout (KO) mice studies of 

lumican (class II SLRP) show irregularly spaced collagen fibrils with increased 

diameter (Chakravarti et al., 2000). Interestingly, KOs of keratocan and 

fibromodulin (class II SLRP) in mice do not show any change to the corneal 

collagen structure, and a later study suggests that lumican influences the 

Figure 1.3 – Collagen fibril organization within the stroma.  
Small laucine rich proteoglycans (SLRP) are required for regular 
spacing of collagen fibrils during fibrillogenesis. They associate with 
the collagen fibrils as well as  cell surface receptors on the 
keratocytes. Fibril-associated collagens with interrupted triple helices 
(FACIT) are also involved in the ECM compactization; they associate 
with the fibril surface and the other ECM components. Collagen fibrils 
are arranged into orthogonal lattices (Adapted with permission from 
Chen et al., 2015). 
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expression of the other two SLRPs (Shao et al., 2011). When investigating the 

effects of decorin and biglycan (class II SLRP) KO in murine model, it has been 

shown that a single KO of either of the SLRPs has a mild phenotype while a 

double KO has a prominent change in the collagen fibril diameter. The increased 

levels of biglycan in decorin KO suggest a compensatory mechanism for the loss 

of decorin (Zhang et al., 2009). Together these data suggest that the size and the 

spacing of the collagen fibrils in the corneal stroma, regulated by the SLRPs, are 

crucial for maintaining corneal transparency and, therefore, vision ability (Chen et 

al., 2015; Zhang et al., 2009). Other molecules that could potentially influence the 

transparency of the cornea are fibril-associated collagens with interrupted triple 

helices (FACIT). Examples of such collagens are collagen XII and XIV. FACIT 

are involved in collagen fibril packing; they associate with the fibril surface and 

the other components of the ECM or cell-surface molecules (Young et al., 2002 

Chen et al., 2015).  

1.1.3. Wound healing: corneal structure and transparency.  

In this section, I will focus on discussing stromal changes after wound healing 

and their effect on the transparency of the cornea. Corneal wound healing will be 

discussed in more detail in the sub-chapter 1.5 “Wound healing of the cornea”.  

Deep corneal injuries, which penetrate below the epithelial BM into the 

stroma, result in myofibroblast generation and scar tissue formation within the 

middle corneal layer leading to the formation of the corneal haze (Wilson, 2012; 
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Wilson et al., 1999; Torricelli et al., 2013b). This fibrotic response is due to the 

growth factors and cytokines, such as TGF-β, IL-1α and PDGF, infiltrating the 

stroma and initiating transdifferentiation of the stromal cells and bone marrow-

derived precursor cells (Diegelmann and Evans, 2004; Jester et al., 2002; 

Barbosa et al., 2012). As a result, these cells may give rise to alpha-smooth 

muscle actin (α-SMA) expressing myofibroblasts, which function to repair the 

damaged matrix and contract the wound (Jester et al., 1995; Wilson, 2012). The 

myofibroblasts deposit and remodel large quantities of disorganized ECM and 

exhibit reduced crystallin expression, which contributes to loss of corneal 

transparency. (Jester et al., 2012; Mohan et al., 2003, West-Mays and Dwivedi, 

2006). The newly synthesized matrix contains fibronectin and tenascin and is 

different in content comparing to the normal corneal ECM (Tervo et al., 1991; 

Torricelli and Wilson, 2014). The stroma lacks proper organization and the 

regularity of the collagen fibril diameter and spacing (Kamma-Lorger et al., 2009, 

Hassel et al., 1983; Kao and Liu, 2003). Altogether, this makes the corneal 

stroma opaque after the wound is healed.  

1.2. Overview of the neural crest cells 

Neural crest (NC) cells are a multipotent migratory embryonic cell population, 

which originates at the region of the neural tube closure influenced by the signals 

coming from the surface ectoderm (epidermis), the neural tube and the 

dorsolateral mesoderm (Selleck and Bronner-Fraser, 1995, 1996; Marchant et 
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al., 1998). The NC cells are subdivided into the following groups: cranial, vagal, 

sacral and trunk, depending on the level they originate at. The cells migrate 

throughout the body dorsoventrally to form multiple derivatives including the 

neurons and glia, the melanocytes, bone, cartilage and other connective tissue 

derivatives of the head. 

1.2.1. Neural crest specification, delamination and migration. 

It is commonly known that following fertilization the zygote undergoes a 

number of rapid cell divisions to form a sphere of cells (blastula), which further 

goes through the stage of cellular rearrangements called gastrula. During this 

stage, the three germ layers of the embryo are formed. These layers: the 

ectoderm, the mesoderm, and the endoderm will give rise to all of the tissues and 

organs of the body. Early in the development, the ectoderm undergoes neural 

induction, which results in the ectoderm being subdivided into three regions (Fig. 

1.4).  

These three regions are neural ectoderm (neural plate), non-neural 

ectoderm and the border region between them, called the neural plate border. 

Further, they will form the central neural system (CNS), the epidermis and the 

neural crest, respectively. 
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The neural crest precursors are not an easily defined population of cells. 

They do not portray any specific molecular markers at the dorsal neural tube 

prior to becoming migratory. In fact, there has been evidence that those cells can 

also display multipotency prior to their exit from the neural tube and contribute to 

the epidermis and the CNS (Bronner-Fraser and Fraser, 1988).   

The process called neural crest specification is defined by multiple 

Figure 1.4 – Schematic representation of morphogenic movements 
during neurulation.  
(A) Schematic cross-section through chick embryo during NC development. 
The presumptive NC reside in the region between the neural (blue) and non-
neural (gray) ectoderm called neural plate border (green). (B) The neurulation 
continues and the neural plate border becomes neural fold (NC precursor 
region) as a result of neural plate closing in. (C) NC undergo EMT and start to 
delaminate and migrate from the region of the neural tube closure toward their 
respective niches within the embryo (Adapted from Simões-Costa and 
Bronner, 2013). 
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signaling pathways working together with the transcription factors at the neural 

plate border to induce the expression of Sox8, Sox 9, and Sox10, FoxD3, Snai1 

and Snai2, which set the neural crest apart from the other ectoderm derivatives 

(Simões-Costa and Bronner, 2015; Betancur et al., 2010; Sasai et al., 2001). The 

induction process involves multiple signaling cues and WNT signaling coming 

from non-neural ectoderm is both necessary and sufficient to generate neural 

crest cells (Garcia-Castro et al., 2002). The ectoderm is a source of another 

important signal - BMP, which is likely not required for the neural crest initial 

induction but might be needed for the maintenance of the induced neural crest 

(Selleck et al., 1998; Sela-Donenfeld and Kalcheim, 1999). There is evidence 

that BMP gradient is involved in Msx1 induction in the neural crest (Tribulo et al, 

2003); other evidence suggests BMP4 is involved in the induction of neural crest 

delamination and migration by interacting with its inhibitor Noggin which gradient 

decreases rostralward and allows neural crest to delaminate and migrate (Sela-

Donenfeld and Kalcheim, 1999). In Xenopus, the FGF signal comes from the 

paraxial mesoderm, and can induce the neural crest in the neuralized ectoderm. 

Multiple FGFs are expressed in the paraxial mesoderm, but only FGF8 is found 

to induce the neural crest in ectoderm without additional supplementation 

(Monsoro-Burq et al., 2003). Following the signals from the mentioned WNT, 

BMP and FGF pathways, the neural plate border starts expressing a subset of 

genes, called the neural border specifier genes, among which are Zic, Pax3, 
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Pax7 and Msx (Khudyakov and Bronner-Fraser, 2009; Simões-Costa and 

Bronner, 2015). 

Following the induction of the neural border specifier genes, the neural 

crest specifier genes are induced in the neural border specified sub-population. 

The NC specifiers perform an array of functions, such as promoting EMT for the 

NC to delaminate and migrate, as well as maintaining the specifier genes within 

the delaminating and migrating population, that may assist in maintaining 

multipotency in the NC (Sauka-Spengler and Bronner-Fraser, 2008). Neural crest 

specification starts with FoxD3, Ets1 and Snai1/2 (Khudyakov and Bronnner-

Fraser, 2009). These genes are regulated by the neural plate specifier genes, 

Pax3/7, Msx1 and Zic1, which are critical for the acquisition of the neural crest 

identity (Simões-Costa et al., 2012; Barembaum and Bronner, 2013; Plouhinec et 

al., 2014). The neural crest specifier genes cross-regulate each other, for 

example, Snail1/2 regulates FoxD3, Twist and Sox9 in a positive way (Aybar et 

al., 2003) and FoxD3 regulates Ets1 specifically in the cranial NC (Simões-Costa 

et al., 2012).  

As the embryo undergoes neurulation, a process when the neural plate 

folds to become a neural tube, the neural plate borders become neural folds. 

Eventually, once the neural folds are fused or about to fuse, the cells will start 

undergoing delamination and migration. At this point of time, as the cells are 

delaminating and starting to move away from the neural tube, they become the 

migratory neural crest (Fig 1.4). 
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The cells enter a new regulatory state, which sets the cell population aside 

from the ectoderm fate. The premigratory NC cells are defined by the expression 

of the neural crest specifier genes as well as the maintenance of some neural 

plate border specifier genes (Tfap2, Msx1, Zic1). This state allows the cells to 

undergo intracellular rearrangements and prepare for delamination and migration 

(Simões-Costa and Bronner, 2015). 

After the neural crest cells are specified, they express neural crest 

specifier genes, which directly repress the epithelial genes to allow EMT. Some 

of the genes that are critical for establishing the neural crest identity, such as 

Snai1/2, are also involved in EMT process (Simões-Costa and Bronner, 2015). 

Sox9 regulates Snai1/2 and cooperatively they drive the EMT in the neural crest 

cells (Liu et al., 2013). During the EMT in the cranial neural crest, it is essential 

that the cells switch from type 1 cadherins (E-cadherin and N-cadherin), which 

produce strong intercellular junctions, to type 2 cadherins (cadherin 7 and 11), 

which promote the migratory behavior. It is important to note that different 

species use different cadherins for the migration process, for example N-

cadherin expression is necessary for migration in the cranial neural crest in frog 

(Kashef et al., 2009), but is downregulated in migrating chick neural crest 

(Cheung et al., 2005). Snai1/2 plays an important role in the downregulation of 

type 1 cadherins, specifically, N-cadherin is downregulated by the cooperation of 

Snai1/2 with Lmo4 (Ferronha et al., 2013). 
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During the delamination of the neural crest in chick transcription factor 

Zeb2 is active to suppress E-cadherin expression, which promotes the neural 

crest aggregation (Rogers et al., 2013). By suppressing E-cadherin neural crest 

are able to disperse from each other and begin the individual migration (Simões-

Costa and Bronner, 2015).  

The migratory neural crest and its regulation are not yet well understood 

due to the complexity of the environment and signals the cells receive as they 

undergo migration into different regions of the embryo. There has been evidence 

that the cells retain some of the neural crest specifier genes as well such as 

Sox10, which, in cranial neural crest, is regulated via its enhancer Sox10E2 by 

neural crest specifier genes Ets1, cMyb and Sox 9 (Simões-Costa et al., 2012; 

Betancur et al., 2010 ). FoxD3 is also expressed in the migrating cranial neural 

crest cell but via the NC2 enhancer. The NC2 enhancer is different from the NC1 

enhancer that is active in the premigratory neural crest. This specific enhancer 

regulation of FoxD3 seems to play a regulatory role in terms of neural crest 

differentiation fate into neural lineage and melanocyte lineage (Simões-Costa et 

al., 2012; Thomas and Erickson, 2009; Kos et al., 2001).   

The neural crest biology is very complex and extends far beyond what is 

being discussed in this section. This review`s purpose is to introduce the reader 

to the neural crest gene regulatory network (GRN). 
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1.2.2. Cranial neural crest 

The cranial neural crest cells differ from the other subgroups of the neural 

crest by their unique ability to form the cartilage, bones and other connective 

tissue derivatives of the head. While they are still able to produce the neurons, 

glia and the melanocytes like the trunk neural crest, the cranial neural crest cells 

seem to have an intrinsic ability to form cartilage and bone. For example, when 

the cranial dorsal neural tube was transplanted into the trunk region, the 

derivatives of the transplanted neural crest contributed to the cartilage and some 

connective tissue in the trunk region (Le Douarin and Teillet, 1974). If trunk 

dorsal neural tube was transplanted into the cephalic regions, it would require the 

cranial neural crest presence there to form some of the connective tissue, muscle 

and dermis, but not bone or cartilage, which suggests that the environment as 

well as the intrinsic capabilities of NC play an important role in the neural crest 

fate determination (Nakamura and Ayer-Lievre, 1982). Recent findings indicate 

that there is a difference in molecular regulation of the cranial neural crest and 

the trunk neural crest as mentioned in the previous section (Betancur et al., 

2010; Simões-Costa et al., 2012). Briefly, the neural crest specifier gene FoxD3 

has two enhancers – NC1 and NC2, which are involved in initial FoxD3 

expression in cranial and trunk neural crest cells respectively (Simões-Costa et 

al., 2012). Another neural crest specifier gene, Sox10, has two enhancers – E1 

and E2 critical for inducing the Sox10 expression in trunk and cranial neural crest 

cells respectively (Betancur et al., 2010).  



 
18 

 

Cranial neural crest cells upregulate a subset of genes responsible for 

chondroblast fate which in compliment to the transplantation experiments (Le 

Douarin and Teillet, 1974) serves as an explanation to why the cranial neural 

crest cells contribute to cartilage upon transplantation into the trunk region 

(Simões-Costa et al., 2014). 

1.2.3. Cranial neural crest derivatives. 

Cranial neural crest gives rise to the facial bone and cartilage, basically 

shaping one`s facial features. They also contribute to the development of teeth, 

facial muscle, neurons and glia, pericytes of the blood vessels as well as the 

melanocytes of the skin (Noden 1983; Chai et al., 2000; Jaenisch, 1985). They 

are involved in the eye tissues formation which will be further discussed (Creuzet 

et al., 2005).  

First of all, the cranial neural crest cells migrate in streams, which facilitate 

the craniofacial patterning. The neural crest from diencephalon and frontal 

mesencephalon form the membranous bones of the skull and the frontonasal 

process (FNP) (Osumi-Yamashita et al., 1994). The stream from the posterior 

mesencephalon region and rhomobomeres 1 and 2 (r1 and r2) of the 

rhobencephalon populates the trigeminal ganglion and the mandibular arch. The 

stream coming from the r4 and going rostral to the otocyst contributes to the 

hyoid arch and the vestibular ganglia. The last stream which migrates caudal 

from the otocyct contributes to the third and fourth pharyngeal arches and the 
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ganglia in the area (Lumsden et al., 1991). The activity of Erbb4 in the lateral 

mesenchyme forbids neural crest to migrate from r3 and r5 to maintain defined 

neural crest streams from other rhombomeres (Golding et al., 2000). Additionally, 

there is Semaphorin (Sema) signal at the rhombomeres 3 and 5 which does not 

allow Nrp1/2 positive cells from the other neural crest streams to invade that 

area, therefore shaping a highway for neural crest migration into the pharyngeal 

arches (Yu and Moens, 2005). 

The diencephalic, mesencephalic and metencephalic (r1 and r2) neural 

crest contributes to the eye formation. The tissues such as extraocular muscle 

(Couly et al., 1992), the pericytes of the choroid membrane (Johnston et al., 

1979; Etchevers et al., 2001), the cartilage and the bone of the sclera (Le Lièvre 

and Le Douarin, 1975; Le Lièvre, 1978) develop from the migrated cranial neural 

crest. At the anterior, the cornea, the iris, the nictating membrane, the eyelid and 

the ciliary body are the derivatives of the cranial neural crest cells (Creuzet et al., 

2005). 

1.3. Overview of the corneal development 

1.3.1. Periocular crest migration and differentiation in the corneal 

development 

The cornea is formed from the two distinct tissue precursors – the cranial 

surface ectoderm and the periocular neural crest cells (pNC) derived from the 
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cranial subpopulation of the neural crest cells. The surface ectoderm gives rise to 

the corneal epithelium and the pNC give rise to the corneal stroma and the 

corneal endothelium (Hay, 1980; Hay and Revel, 1969). At embryonic day (E) 3 

the pNC reside at the periocular region prior to migrating into the space between 

the lens and the presumptive corneal epithelium at E4.5 (Fig 1.5A, 1.5B). The 

migration hold is due to the lens inhibiting the pNC migration by secreting 

Sema3A, which interacts with the pNC cell surface receptor, NRP-1. At E4.5 the 

pNC downregulate NRP-1, becoming insensitive to the signal of Sema3A 

(Lwigale and Bronner-Fraser, 2009). The corneal epithelium deposits 

orthogonally organized collagen fibrils shortly after E3, which constitute the 

primary stroma. The separation of the primary stroma from the lens happens 

during the first wave of migration of the pNC, which results in the formation of the 

single cell layer of the corneal endothelium by E5 (Fig 1.5B, 1.5C) (Hay and 

Revel, 1969; Hay, 1980). Next, following the endothelium establishment, the 

second wave of pNC migration infiltrates the primary stroma after E5 (Fig 1.5D) 

to form the middle layer of the cornea, the stroma, by E7 (Fig 1.5E). The anterior 

region of the primary stroma, uninvaded by the pNC, becomes the Bowman`s 

layer. Descemet`s membrane forms later on in the development (Hay and Revel, 

1969; Hay, 1980). At E7 the stromal cells are differentiated into the corneal 

keratocytes 



 
21 

 

as can be seen by marking keratan sulfate proteoglycan (KSPG) expression 

(Fundelburgh, 1986) and they remain proliferative until E14 (Hay and Revel, 

1969; Hay, 1980). The cornea undergoes slight dehydration between E13-E18 

achieving adult transparency at E19. This compactization of the collagen and 

other components of the stroma ECM is necessary to allow for corneal functional 

transparency (Coulombre and Coulombre 1964, 1958; Siegler and Quantock, 

2002; Maurice, 1957). 

1.3.2. Comparison of avian and mammalian corneal development 

Here I will briefly compare the development of the avian cornea and the 

development of the human and murine cornea. The chicken is a great model 

organism to study embryogenesis. The fertilized eggs are widely available and 

Figure 1.5 – Chick corneal development.  
(A) The formation of the cornea starts at E3 when the epithelium is formed 
and the pNC reside in the periocular region of the eye. (B) At E4.5 the pNC 
start migrating into the developing cornea to form the endothelium by E5 (C). 
The second wave of migration of pNC, initiated at E6 (D), results in the 
formation of the stromal layer of the cornea (E). cb- ciliary body, ep- 
epithelium, ed- endothelium, , l- lens, oc- optic cup, pnc- periocular neural 
crest cells, st- stroma (Adapted with permission from Lwigale et al., 2005). 
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convenient to use in the lab since they only require a warm humidified 

commercial egg incubator for facilitating their development. Another beneficial 

trait of the chick as a model for studying corneal development is the simplicity in 

accessing the living embryo. The established procedure involves incubating the 

egg sideways and accessing the embryo by removing a part of the top shell, 

making a so-called “window”. This allows me to perform an array of procedures 

in ovo and maintain the embryos until the desired stage post-procedure if 

needed. No mammalian model organism can offer this approach. Another benefit 

of studying chick corneal development is its similarities to the human corneal 

development: in both organisms the pNC migrate subsequently to form the 

corneal endothelium and the corneal stroma in two waves. The rodent cornea, on 

the other hand, develops as a result of a single wave of migration of the pNC into 

the space between the lens and the presumptive epithelium with subsequent 

differentiation into the endothelium and the stroma of the cornea. For my thesis 

project, the mice model is not as attractive to study compared to chick model, 

because I aim to understand and separate out the mechanisms behind the 

endothelial and the stromal development. It is more feasible to do in chick, since 

the development of these layers is temporally separated.  
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1.4. Cellular and molecular mechanisms involved in corneal 

development 

1.4.1. Differentiation of the neural crest in the ocular environment into 

ocular tissues 

Periocular neural crest cells form two layers of the cornea, though the 

molecular mechanisms that govern their differentiation into the corneal cells 

remain unknown. Upon migration into the periocular region, pNC respond to 

retinoic acid (RA) signaling from the optic cup (Matt et al., 2005; Mic et al., 2004; 

Molotkov et al., 2006), WNT signaling from the optic cup and presumptive 

corneal epithelium (Jin et al., 2002; Fujimura, 2016), and TGF signaling from 

the lens vesicle (Ittner et al., 2005; Saika et al., 2001; Flügel-Koch et al., 2002). 

Combined, these signaling events regulate the expression of transcription 

factors, such as Pitx2 and Foxc1, by the pNC (Gage et al., 2005; Ittner et al., 

2005). They were shown to play a critical role in the development of the anterior 

segment. Both Pitx2 and Foxc1 knockout mice have severe ocular defects 

(Kume et al., 1998; Lu et al., 1999; Evans and Gage, 2005) and phenocopy 

Axenfeld-Rieger syndrome (ARS), a human anterior segment disorder (ASD). 

The ARS is characterized by multiple defects in neural crest-derived ocular 

tissues including the cornea (Semina et al., 1996; Tumer and Buch-Holm, 2009). 

Peters anomaly is another ASD in which corneal development is disrupted 

through defective function of transcription factors, Pitx3 and Foxe3, which are 
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expressed in the lens during ocular development (Semina et al., 1998; Blixt et al., 

2000; Ormestad et al., 2002). These studies demonstrated some signals and 

factors involved in early corneal development, however, it is unclear what specific 

molecular mechanisms influence the fate of the pNC during their differentiation 

into corneal endothelium or stroma. Several studies suggest that the lens plays a 

crucial role in the process. When the lens is ablated from the developing eye, the 

pNC prematurely migrate into the forming cornea and  fail to differentiate into 

either of the corneal layers. If the lens is replaced after ablation, the endothelium 

layer forms in two days post-surgery (Beebe and Coats, 2000). The premature 

migration is due to the removal of the migrational hold set up by the lens. The 

pNC express a cell surface receptor NRP-1 which binds its lens-derived ligand 

SEMA3A and this interaction inhibits pNC from the migration into the corneal 

space before E4.5. When the lens is removed, this signaling is perturbed and the 

cells prematurely migrate into the corneal region (Lwigale and Bronner-Fraser, 

2009). Together, even though it is known that the lens plays a very important role 

in the development of the anterior eye structures, the signals in the environment 

of the developing eye are complex and mostly unknown. The previously 

described involvement of the RA, TGF-β and WNT signaling in the pNC 

differentiation are reviewed in the following sections.  
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1.4.2. Anterior segment dysgeneses caused by abnormal neural crest 

development  

Axenfeld-Rieger Syndrome is a group of ocular and extraocular defects of 

neural crest-derived structures of the anterior eye. The ARS defects include, but 

not limited to, the malformations of the cornea, the iris, and the iridocorneal 

angle. The defects include iridial thinning, misplacement of the pupil and hole 

formation in the iris; the peripheral embryotoxon and the bridging of the 

iridocorneal angle by the iris strands are observed in the ARS. The patients are 

placed at an increased risk for developing high intraocular pressure and 

glaucoma, which usually happens in childhood and teenhood. ARS is also 

accompanied by some craniofacial and dental defects (Tumer and Bach-Holm, 

2009).  The genes likely to be involved in the development of the ARS are PITX2 

and FOXC1 as the mutations in them phenocopy the ARS (Semina et al., 1996; 

Evans and Gage, 2005; Mirzayans et al., 2000; Seo et al., 2017). The point 

mutations in PITX2 and FOXC1 are the most common that lead to ARS, but 

there are other types of mutations registered, such as deletions, translocations, 

and telomeric rearrangements (Tumer and Bach-Holm, 2009). Both of these 

genes are involved in cranial neural crest development. Thus, Pitx2 is 

responsible for early cranial neural crest migration and survival together with RA 

(Chawla et al., 2016), and Foxc1 regulates the osteogenic differentiation of the 

cranial neural crest cells into the frontal bone rudiment in mice (Sun et al., 2013). 

Pitx2 can physically bind to Foxc1 and negatively regulate the downstream 
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expression of Foxc1-regulated genes (Berry et al., 2006). As the ARS is a 

congenital disorder, the treatment options are limited to annual examinations and 

treatment of glaucoma, which is a common outcome of ARS. 

Peters anomaly is another congenital disorder that leads to malformations 

in the anterior segment of the eye. It is characterized by corneal opacification, 

and the fusion of lens and iris with the posterior cornea, altogether leading to the 

vision defects. Systemic defects include facial deformities, mental retardation, 

cleft lip and others. Likewise the ARS, Peters anomaly is also associated with 

glaucoma. Haploinsufficiency of Foxe3 leads to inability of the protein to bind 

DNA and resembles the Peters anomaly phenotype (Blixt et al., 2000; Ormestad 

et al., 2002). Mutations associated with PITX3 have a similar phenotype as 

Peters anomaly (Semina et al., 1998) as well as mutations in PITX2 (Doward et 

al., 1999) and PAX6 (Hanson et al., 1994). The condition is uncurable, though 

surgical procedures involving corneal transplantation can be performed to restore 

vision. 

1.4.3. Role of TGF-β, Wnt and retinoic acid signaling in the ocular 

environment during corneal development 

TGF-β superfamily of genes is comprised of TGF-β, BMP, GDF and activins 

subfamilies of genes (Weiss and Attisano, 2013). Here I will focus on signaling 

via TGF-β ligands, but it is also important to keep in mind the possibility of cross-

talk and mutual inhibition between these pathways.  
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TGF-β2 is a prominent protein in corneal development. TGF-β2 KO 

murine corneas form a thinner stroma with fewer keratocytes, diminished 

expression of lumican, keratocan as well as collagen I. The corneas of the KO 

mice had no N-cadherin positive endothelium and displayed a fusion of the 

posterior cornea to the lens, resembling the phenotype of Peters anomaly (Saika 

et al., 2001).  Another extensive study in mice suggests that TGF-β2 is secreted 

by the lens to induce Pitx2 and Foxc1 in the pNC, therefore, guiding pNC 

differentiation by signaling via TGF-β2. Neural crest-specific inactivation of the 

TGF-β2 leads to malformation of the structures located anterior of the lens but 

not posterior (Ittner et al., 2005).  

pNC express receptors for the retinoic acid, (RAR) α, β and γ (Chambon, 

1996; Cvekl and Wang, 2009; Mori et al., 2001), which are necessary for normal 

corneal development. The all-trans retinoic acid binds the RAR receptor, which, 

in turn, binds retinoid-X-receptor (RXR) and together they form a heterodimer. 

Both RAR and RXR belong to the class of nuclear receptors (reviewed in Glass 

and Rosenfeld, 2000), therefore, the heterodimer directly interacts with the DNA 

at the specific sites called retinoic acid response elements (RARE) and induces 

the expression of the downstream genes (as reviewed in Clagett-Dame and 

DeLuca, 2002). Genetic ablation of RAR and RXR results in severe ocular 

defects, amongst which are lens malformation, retinal shortening, and 

dysgenesis of the anterior segment (Lohnes et al., 1994; Kastner 1994). 
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The retina is known to produce RA via the Raldh1,3 enzymes (Mic et al., 

2002; Matt et al.,2005). The Raldh3 null mice or double null mice deficient in 

Raldh1,3 enzymes show defects in retinal formation as well as excessive 

migration of the perioptic mesenchyme into the anterior segment and formation 

of extra-thick stroma and eyelids (Molotkov et al., 2006; Matt et al., 2005). 

Interestingly, upon removal of the lens there is downregulation of a retinoic acid 

synthesis gene RDH10 in the presumptive ciliary body. Following lens removal 

and RDH10 downregulation, there is a reduction in the size of the eye, which is 

likely connected to the reduced collagen II and IX production and deposition into 

the vitreous. This suggests a cross-talk between the lens and the peripheral 

retina with the involvement of RA signaling during eye development and 

expansion (Fig. 1.6) (Smith et al., 2018). Murine retina and corneal ectoderm 

secrete RA to act on the migrating pNC in a paracrine manner (Mic et al., 2004; 

Molotkov et al., 2006). RA was shown to take part in regulation of the anterior 

segment formation and pNC differentiation. RA acts directly on Pitx2 gene, 

inducing its expression in the periocular mesenchyme. Pitx2, in turn, regulates 

WNT signaling by inducing Dkk2, which inhibits WNT signaling in the cornea, 
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therefore letting the cornea form (Fig. 1.7) (Kumar and Duester, 2010). 

Interestingly, in mice the suppression of WNT/β-catenin pathway in keratocytes 

results in corneal epithelium stratification. The WNT/β-catenin normally 

suppresses the BMP4 expression in the keratocytes, which, when released, 

signals to the corneal epithelium and upregulates p63 expression leading to the 

stratification of the corneal epithelial cells (Zhang et al., 2015). Moreover, the 

ablation of the canonical WNT inhibitor, Dkk2, results in skin formation in place of 

the corneal epithelium (Mukhopadhyay et al., 2006). WNT signaling during eye 

development is implicated in proliferation and apoptosis of the neuroretina, 

inhibition of lens formation and has been reported essential for proper formation 

of the ciliary body and iris (Fuhrmann, 2008). The upregulation of different WNT 

genes was identified in the chick cornea at various stages of development. Thus, 

WNT 2, 2B, and 9A may be involved in the mesenchymal-to-endothelial transition  

Figure 1.6 – Regulation of eye expansion.  
Schematic representation of the involvement of the lens in the regulation of 
the retinoic acid-driven collagen IX production into the vitreous and a 
subsequent eye expansion (Adapted with permission from Smith et al., 2018). 
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(MET) (Fokina and Frolova, 2006). Expression patterns of Wnts and their 

inhibitors Dkks during murine eye development show that apart from the lens, 

where Wnt gene expression is present, the corneal epithelium and endothelium 

express several Wnt genes at E12.5-E15.5 with Wnt7a present in both at E14.5 

and Wnt7b at E15.5 (Ang et al., 2004). Remarkably, a cross-talk between TGF-β 

pathway and WNT pathway regulates lens development and its positioning next 

to the retina. Thus, TGF-β induces both Smad3 and WNT2B in the ocular non-

lens ectoderm to suppress ectopic lens formation (Grocott et al., 2011). The 

canonical WNT signaling involves activation nuclear translocation of β-catenin. 

Figure 1.7 – Regulation of anterior segment development.  
Schematic representation of the WNT signaling and retinoic acid signaling in 
the developing eye. RA synthesized in the retina acts on the perioptic 
mesenchyme and induces Pitx2 gene expression. Pitx2 then upregulates 
Dkk2 – a natural WNT antagonist, therefore, attenuating WNT/β-catenin 
signaling in the anterior eye (Used with permission from Kumar and Duester, 
2010). 
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Interestingly, β-catenin gain-of-function mice exhibit increased proliferation of the 

epithelium and keratocytes. The population of keratocytes is abnormally 

increased by E13.5 and does not express collagen I and keratocan by E17.5, 

indicating of failure to differentiate into keratocytes. The endothelium remains 

unchanged at E17.5 (Mizogushi, 2015).  

1.4.4. Role of ECM in corneal development. 

Early in chick development presumptive corneal epithelium synthesized 

structured ECM, called primary stroma. The epithelium deposits it below the 

basement membrane in an orthogonal manner to facilitate cell migration and 

development of the secondary stroma of the cornea (Hay and Revel, 1969; 

Trelstad and Coulobre, 1971). The fibrils in the primary stroma are not organized 

in layers, like the secondary stroma, but are arranged in collagen fibril bundles 

with a uniform distance between each fibril within a bundle. 

The first step in stromal development is the deposition of the primary 

stroma to serve as a scaffold for the following pNC invasion and orientation 

within the still-developing primary stroma. During the next step, the migrated cells 

deposit the orthogonal secondary collagenous stroma, which resembles the 

primary stroma in arrangement (Trelstad and Coulobre, 1971). The collagen from 

the primary stroma constitutes only 1% of overall collagen after hatching; the 

majority of the adult collagen comes from the keratocytes (Conrad, 1970). 
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Both primary and secondary stroma contains fibronectin – a protein only 

present in the corneal stroma during development (also present in the 

Descemet’s membrane in newborns) to facilitate migration and positioning of the 

cells and the ECM (Kurkinen et al., 1978). The presumptive epithelium also 

produces fibrillar collagens I and II (Linsenmayer et al., 1977) and transient fibril-

associated collagen IX necessary for the compactization of the primary stroma 

(Fitch et al., 1988; Cai et al., 1994). Before the cell invasion occurs, the primary 

stroma undergoes swelling that is triggered by proteolysis of collagen IX in the 

primary stroma and its complete abolishment in the secondary stroma (Fitch et 

al., 1998).  

Secondary stroma is also arranged in highly organized arrays of collagen 

fibrils, but, unlike the primary stroma, the fibrils of the secondary stroma are built 

from collagen I and X (reviewed in Linsenmayer et al., 1990; Hay et al., 1979; 

Von Der Mark and Ocalan, 1982). Secondary stroma also contains collagen VI 

(Linsenmayer et al., 1986) and IV for the stabilization of the stroma. Collagen IV 

disappears around E15 and is likely to stabilize the stroma during the swelling 

(Fitch et al., 1991). There are other minor collagen components that are 

synthesized both by the keratocytes and the endothelium. The endothelium-

synthesized collagens VIII and III locate to the Descemet`s membrane (Sawada 

et al., 1990; Cintron et al., 1988). The keratocytes that infiltrated the corneal 

stroma produce proteoglycans, among which are chondroitin sulfate 

proteoglycan, keratan sulfate proteoglycan and heparan sulfate proteoglycan 
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(Conrad, 1970; Hart, 1976; Conrad and Hart, 1975). Those proteoglycans 

facilitate the spacing of the collagen fibrils (Borcherding et al., 1975) within the 

stroma contributing to overall corneal transparency. The stroma grows its 

thickness until E14, when rapid dehydration starts to remove the excess fluid, 

compact the ECM and make the tissue transparent (Coulombre and Coulombre, 

1958; Hay and Revel 1969). 

Regardless of the progress made in investigating the molecular 

mechanisms involved in the anterior eye development, little is known about the 

mechanisms that govern differentiation of the pNC into the corneal cells. 

Furthermore, how the pNC collectively respond to the signals of the environment 

and choose their fate has not been identified either.  

1.5. Wound healing of the cornea 

The cornea is the outermost tissue of the eye, which makes it most prone 

to injuries and infection. It is a transparent tissue that functions to transmit light to 

the lens and the retina. Deep corneal wounds have the most profound effect on 

its function, because they usually result in corneal scarring and haze from the 

inevitable structural changes of the corneal ECM (discussed in section 1.1.3). To 

design a better approach to treating these corneal opacities, one must deeper 

understand the molecular mechanisms behind the process. Extensive research 

has been conducted on the adult corneal wound healing that led to the 
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identification of various fibrosis-associated factors and pathways, which are 

involved in scar formation in the repaired adult corneas. Interestingly, the 

embryonic corneal wound healing displays non-fibrotic regeneration, which 

suggests an alternative molecular mechanism involved in the healing process 

(Spurlin and Lwigale, 2013a). This chapter will review the events and signals 

during wound healing process in adults and will also provide a brief comparison 

to the embryonic wound healing.  

1.5.1. Signals and events during stromal wound healing  

Corneal wounds can be subdivided into superficial and penetrating 

depending on the depth of the injury. Superficial or epithelial wounds that do not 

penetrate below the epithelial basement membrane usually heal on their own 

without any complications. When a wound penetrates below the epithelial 

basement membrane and damages stroma, then typically it causes a fibrotic 

signaling cascade, which then results in scar tissue formation and corneal 

opacification. The representation of the wound healing in figure 1.8 is sequential, 

though many processes may overlap in time.  

The wound healing cascade starts with the cytokine-driven keratocyte 

apoptosis following the moment of injury (Fig 1.8). The apoptosis of keratocytes 

then creates an acellular space in the stroma (Wilson et al., 1996), and a rapid 

proliferation of the corneal fibroblasts begins on the periphery of this space. At 

the same time, there is infiltration of the growth factors into the stroma from the 



 
35 

 

lacrimal gland. These factors promote cell proliferation and myofibroblast 

differentiation. The myofibroblasts then take part in deposition and remodeling of 

the ECM, wound contraction as well as immune cell recruitment to the wound 

(Wilson, 2012). 

Keratocyte apoptosis is likely to be influenced by the cytokine interleukin 1 

(IL-1) which is constitutively expressed in the corneal epithelium (Wilson et al., 

1994a). The IL-1 receptors are expressed by the keratocytes which are capable 

to maintain the autocrine IL-1 signal production post initial activation by epithelial 

IL-1 (Wilson et al., 1994b, West-Mays et al.,1995). IL-1 bears multiple functions 

in the cornea including modulation of keratocyte apoptosis (Mohan et al., 1997, 

2000) and ECM production. The produced ECM is rich in hepatocyte growth 

factor (HGF) and keratinocyte growth factor (KGF), which regulate the repair of 

the epithelium (Weng et al., 1996; Wilson et al., 1994b). IL-1 is also involved in 

the regulation of the matrix remodeling enzymes necessary for the collagenous 

matrix rebuilding during the wound healing (Strissel et al., 1997). The cells in the 

stroma would undergo rapid proliferation around 12-24 h post injury (Mohan et 

al., 2003), which is driven by the growth factors from the epithelium and the 

lacrimal gland, such as EGF, TGF-β and PDGF (Torricelli et al., 2013a; Imanishi 

et al., 2000). All isoforms of PDGF are sequestered to the basement membrane 

and regulate the proliferation and migration of keratocytes (Denk and Knorr, 

1997; Kim et al., 1999; Kamiyama et al.,1998). Notably, PDGF regulates 

migration of the epithelial cells in the presence of fibronectin (Kamiyama et al., 
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1998), which is commonly found in the corneal wounds (Fujikawa et al., 1984; 

Suda et al., 1982). Epidermal growth factor (EGF) was also found to promote 

epithelial cell migration and proliferation (Kitazawa et al., 1990; Foreman et al., 

1995) as well as influence the keratocyte transdifferentiation into the 

myofibroblasts together with TGF-β (He and Bazan, 2008; Faktorovich et al., 

1999).  

The generation of the α-smooth muscle actin myofibroblasts in the cornea 

is a critical factor in corneal opacification and fibrosis (Jester et al., 1999b; 

Wilson, 2012). The keratocytes and the bone marrow cells are influenced by the 

growth factors, such as TGF-β, that constantly infiltrate the stroma from the 

injury-induced structural breach in the basement membrane of the epithelium 

(Torricelli et al., 2013a; Singh et al., 2012). The myofibroblast 

Figure 1.8 – Events during wound healing in the cornea.  
A generalized schematic representation of wound healing events in the 
cornea. The representation is sequential though some processes overlap 
(Adapted with permission from Wilson, 2001). 
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generation is driven by TGF-β and highly influenced by EGF and PDGF (Fig 1.9) 

(Wilson, 2012; He and Bazan, 2008, Singh et al., 2014; Masur et al., 1995). The 

myofibroblasts are characterized by a strong expression of αSMA, vimentin, 

desmin and by generation of focal adhesions (Chaurasia et al., 2009; Darby et 

al., 1990; Tomasek et al., 2002). The intermediate state between the fibroblast  

and the mature myofibroblast is called a proto-myofibroblast stage and is 

characterized by absence of αSMA expression and not yet complex focal 

Figure 1.9  Myofibroblast transdifferentiation.  
Myofibroblast is generated from a keratocyte via exposure to TGF-β and 
PDGF signaling. The transdifferentiation goes through a αSMA-negative 
protomyofibroblast step, which is further influenced by the growth factors and 
the mechanical stiffness of the stroma until it becomes a mature myofibroblast. 
It is unclear if the myofibroblasts exit the cornea, undergo apoptosis or 
transdifferentiate back into the keratocytes when the wound healing is over 
(Adapted with permission from Tomasek et al., 2002). 
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adhesions (Tomasek et al., 2002). The myofibroblasts function to contract the 

wound, synthesize and remodel the ECM (Jester et al., 1995; Wilson, 2012). The 

lack of the corneal transparency after healing is a result of myofibroblasts 

performing their function. First of all, the stromal wound contraction usually 

results in a faulty recapitulation of the epithelial corneal layer as well as the 

underlying basement membrane, which, in this case, may not have the structural 

integrity to serve as a barrier from the PDGF and TFG-β in the tear fluid (Netto et 

al., 2006). Secondly, the newly synthesized ECM does not have the same 

content nor organization as the ECM placed down by the keratocytes during 

corneal development (Tervo et al., 1991; Torricelli and Wilson, 2014). Even 

though they promote the expression of several matrix metalloproteinases, they 

do not fully restore corneal transparency post injury (Mulholland et al., 2005;  

Torricelli and Wilson, 2014). Lastly, the presence of myofibroblasts themselves in 

the eye leads to the disruption of the refractive medium of the cornea as they do 

not possess the same refractive features as the keratocytes (Jester et al., 

1999a). The myofibroblasts are great first responders to the injury, but they lack 

the precision of the keratocytes in terms of organization of the stromal 

collagenous ECM, which mostly happens during the embryogenesis.  

1.5.2. Differences between embryonic and adult corneal wound healing 

Previous research in our lab has demonstrated that embryonic corneas 

heal scar-free. During the experiments the incisions are made into E7 chick eyes 
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and are examined at third- and fifth-days post-wounding (3dpw and 5dpw). They 

exhibit a fibrotic wound healing response at third day post-wounding marked by a 

downstream TGF-β effector αSMA expression, which goes away by the fifth day 

post-wounding (Spurlin and Lwigale, 2013a). Interestingly, the cells at the edge 

of the wound are also pSmad2/3 positive at 3dpw, which is an indicator of an 

active TGF-β signaling. It is unusual, though, that two days later the expression 

of αSMA and pSmad2/3 is diminished and the pSmad1/5/8 signal comes up 

instead, indicating of the activation of an alternative signaling branch, – the BMP 

pathway (Spurlin, unpublished). This is not observed in the adult corneal wound 

healing which may suggest a possibility of an alternative molecular mechanism 

during wound healing in embryonic corneas leading to a lack of haze post 

healing (Spurlin and Lwigale, 2013a). 

1.5.3. Clinical implications 

The research on the embryos has shown incredible regeneration capacity 

of the early gestation fetal tissue in mammals (Rowlatt, 1979; Longaker et 

al.,1990; Ihara et al, 1990; Lorenz et al., 1993; Whitby and Ferguson, 1991). 

Corneal wound healing has shown impressive results in embryonic chicks 

(Spurlin and Lwigale, 2013a) and, therefore, it is appealing to investigate further 

for the sake of finding a new therapeutic approach to treating the adult wounds. 

Embryonic keratocytes of the cornea are mostly responsible for synthesis of the 

corneal ECM and the structural arrangement of the collagen and proteoglycans 
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within the stroma which makes the cornea transparent. The keratocytes originate 

from the periocular neural crest cells, but the molecular mechanisms behind the 

development of the keratocytes are unknown. The current research on the 

treatment of the corneal opacities suggests the use of reprogrammed IPSCs 

(Fujii et al., 2019; Chakrabarty et al., 2018) or culture-grown corneal organoids 

(Foster et al., 2017) for tissue replacement as a way to treat corneal wounds and 

disorders.  

On the other hand, the endothelium is another part of the cornea that can 

be affected by a disease or an injury. Defects in the corneal endothelium such as 

Fuchs endothelial dystrophy account for the majority of corneal transplants 

performed in the United States (Al-Yousuf et al., 2004). Previous regenerative 

studies used corneal endothelial-like cells derived from human embryonic stem 

cells (Zhang et al., 2014), or induced cornea-derived precursors (Hatou et al., 

2012). The researchers demonstrated the feasibility to generate corneal 

endothelial cells in vitro and the ability of the cells to incorporate into wounded 

corneal endothelium and prevent stromal edema and clouding. While much has 

been learned about the potential for neural crest-like cells to generate the corneal 

endothelium, the mechanisms by which periocular neural crest cells 

transdifferentiate into corneal endothelial cells have not been extensively 

investigated.  

The research in the corneal regenerative medicine is a promising path 

towards establishing a novel approach to therapy and replacement of the cornea. 
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However, it still requires growing current body of knowledge on corneal 

development in order to understand the basic molecular mechanisms underlying 

differentiation of the corneal cells, which will allow to better achieve 

reprogramming of the IPSCs and recapitulation of the cornea using those novel 

tools. 
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Chapter 2 

Materials and Methods 

2.1. Animals 

Fertilized White Leghorn chick (Gallus gallus domesticus) and quail 

(Coturnix coturnix japonica) eggs were obtained from commercial sources (Texas 

A&M and Ozark Egg Company, respectively). All eggs were incubated at 38°C 

under humidified conditions. Chick eggs were incubated for various time to obtain 

desired embryonic stages. Quail eggs were incubated for 60 hours to obtain E2.5 

embryos. All procedures on the embryos were carried out following protocols 

approved by the Institutional Animal Care and Use Committee (IACUC) at Rice 

University. 

2.2. In vitro manipulation of avian eyes 

2.2.1. Embryo exposure and maintenance in ovo 

The embryo exposure and wounding was performed as previously 
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described (Spurlin and Lwigale, 2013b). Briefly, windows were created on the top 

of the eggs exposing the embryos to the procedures. At E3 the vitelline 

membrane and amnion were dissected from the head down to the tail region to 

expose the embryo for manipulations at later stages. Eggs were sealed with tape 

and re-incubated at 38oC. At E5 extraembryonic membranes were dissected and 

the allantois was pulled away from the head region. Eggs were sealed with tape 

and re-incubated at 38oC until E7. After each procedure a few drops of Ringer`s 

+ 100 µg/ml penicillin/streptomycin (Gibco) were added to the embryos.  

2.2.2. In ovo corneal wounding 

Briefly, the wounding procedure was performed at E7. The eggs were re-

opened, and the lacerating incision was performed across the cornea of the 

exposed eye. Following that, the eggs were re-sealed with transparent tape and 

re-incubated at 38oC until a desired stage. The stages are referred to as days 

post wounding or dpw.   

2.2.3. pNC isolation and injections  

Quail embryos were collected at E2.5 and placed in Ringer’s solution. The 

anterior eyes including the surrounding periocular mesenchyme were dissected 

and incubated in 1.5 g/ml dispase (Worthington) for 5-10 minutes at 38°C. 

Following dispase treatment, the anterior eyes were rinsed in Ringer’s solution 

with 0.1% (w/v) bovine serum albumin (0.1% BSA) to inactivate the enzyme. The 
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surface ectoderm, the lens vesicles, and the optic cups were physically 

separated using fine forceps. Periocular mesenchyme pooled from approximately 

50 anterior eyes was mechanically dissociated by gentle trituration in 10 l of 

Ringer’s solution. Dissociated cells were filled in pulled glass needle and 

microinjected into the desired ocular regions of E3, E5, and E7 chick embryos 

using a Picospritzer III (Parker Hannifin). Injected chick eggs were sealed and re-

incubated, then collected for further analysis at desired stages. 

2.2.4. In ovo lens ablation 

Lens ablations were performed on E3 chick embryos as previously 

described (Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2007). Briefly, 

eggs were windowed, and the vitelline membrane and amnion were dissected 

from the head region to expose the right eye. An incision was made in the 

surface ectoderm in the ventral region of the eye between the lens and optic cup, 

and the lens vesicles were gently removed through the slit using fine forceps. 

The eggs were sealed and re-incubated for 2 days, then collected at E5 for gene 

expression analysis. The left unablated eyes served as control. 

2.3. Tissue collection and culture  

2.3.1. Embryonic tissue collection for qRT-PCR 

Periocular mesenchyme was isolated from E2.5 chick embryos as 
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described above. To obtain the monolayers of corneal endothelium, anterior eyes 

were dissected from E5 chick embryos and the lenses were removed and 

discarded. The presumptive corneas consisting of the corneal endothelium and 

epithelium were dissected from the surrounding mesenchyme and optic cup, then 

incubated in 1.5 g/ml dispase for 5-10 minutes at 38°C. Following dispase 

treatment, the presumptive corneas were rinsed in 0.1% (w/v) BSA, and the 

epithelial layers were removed using fine forceps. The isolated pNC and corneal 

endothelium layers were pooled in 1.5 ml Eppendorf tubes for RNA isolation.  

2.3.2. Primary culture of dissociated pNC 

Dissociated E2.5 chick pNC were initially cultured in complete media 

(referred to as CM) consisting of Dubecco`s  modified eagle medium (DMEM, 

Corning) + 100 g/ml penicillin-streptomycin (Gibco) + 10% (v/v) fetal bovine 

serum (FBS, Gibco) at a density of 2.1x104 cells per cm2 in 6-well plates, and 

allowed to attach for two hours. Cell cultures were rinsed with minimal DMEM, 

then cultured for 18 hours in DMEM alone (control) or supplemented with 50 

ng/µl active recombinant human (rh) TGF2 (Abcam), or a mix of 50 ng/µl active 

recombinant human (rh) TGF2 (Abcam), 50 ng/µl all-trans retinoic acid (Sigma) 

and 3µM CHIR99021 (MedChemExpress). At the end of the cell culture, plates 

were rinsed twice with phosphate buffered saline (PBS, Gibco) prior to RNA 

isolation. 
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2.3.3. Post-injection isolation of the corneal cells 

Corneas were dissected out from E7 and E9 chick embryos under sterile 

conditions and digested in 1.5 g/ml dispase for 5-10 minutes at 38°C. First, the 

epithelial layer was peeled off using fine forceps, then the endothelial layer was 

cut off with iridectomy knife. To isolate keratocytes, the remaining stromal layer 

was processed as described by Conrad (1970): the stromal tissue was treated 

with 0.25% Collagenase (Worthington) and incubated for 1-2 hours at 38°C, until 

the stromal matrix was completely digested. The cells were centrifugated at 2000 

rpm for 5 min and re-suspended in CM. Cells were also isolated from E7 

embryos injected into the presumptive corneal region at E5 for further culture in 

CM. In this case, instead of isolating keratocytes, a mass of cells between the 

epithelium and the lens was subjected to the procedures described above. 

2.3.4. In vitro cell culture of the post-injection isolated corneal cells 

Isolated quail (E2.5) and chick cells (E7 and E9) were plated in CM. Cells 

were cultured for 2-4 hours, then fixed with 4% (w/v) paraformaldehyde (PFA) for 

30 minutes at room temperature (RT) and prepared for immunostaining. The cell 

mass isolated from E7 injected at E5 into the presumptive corneal region was 

cultured in CM until a monolayer of cells was formed. 
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2.4. Immunofluorescent staining 

Whole heads or eyeballs were fixed overnight in 4% PFA at 4oC. The 

tissues were emerged in 5% (w/v) and 15% (w/v) sucrose before embedding in 

7.5% (w/v) gelatin containing 15% sucrose. Fluorescent immunostaining was 

performed on wholemount heads and trimmed corneas, or on 8-10 μm 

cryosections as described (Lwigale et al., 2005). Briefly, the fixed samples of 

tissues and cells were washed in phosphate buffer solution with addition of 0.1% 

(v/v) (0.3% for the WM) Triton X-100 (PBT), blocked with antibody blocking 

reagent (PBT, containing 0.1% (w/v) BSA and 5% (v/v) heat-inactivated goat 

serum) and incubated with antibody solution O/N. The mouse anti-QCPN 

antibody (IgG1, DHSB) was used at 1:1 dilution to label quail nuclei. The rat anti-

N-cadherin antibody (IgG1, DHSB) was used at 1:3 dilution to label the corneal 

endothelium. Keratan sulfate proteoglycan-I22 mouse antibody (IgG1, DHSB) 

was used at dilution 1:200 to label corneal stromal cells. HNK-1 mouse antibody 

(IgM, DHSB) was used in 1:50 dilution to label migrating neural crest cells. 

Mouse alfa-smooth muscle actin αSMA mouse (IgG2a, Sigma) was used in 

1:400 to label the blood vessels and pericytes. Following overnight incubation 

with primary antibodies, experimental embryos, sections, and cell cultures were 

thoroughly washed in PBT, blocked and incubated with secondary antibodies. 

Signals were visualized using the following secondary antibodies at 1:200 

dilution: Alexa Fluor 488 goat anti-mouse IgG1, Alexa Fluor 488 goat anti-mouse 

IgM, Alexa Fluor goat anti-rat IgG, and Alexa Fluor 594 goat anti-mouse IgG1. 
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Alexa Fluor 350 goat anti-mouse IgG1 was used at 1:400 dilution. Some samples 

were counterstained with 4,6-Diamidino-2-phenylindole (DAPI) to label all nuclei. 

The slides were washed with PBS, cover-slipped and mounted using 

Fluoromount solution (Diagnostic Biosystems). 

2.5. Section in situ hybridization 

Decapitated E3 chick heads or enucleated eyeballs from E5 and E7 

embryos were fixed overnight at 4°C in modified Carnoy’s solution (60% (v/v) 

ethanol, 30% (v/v) formaldehyde, and 10% (v/v) glacial acetic acid). Samples 

were embedded in paraffin blocks and sectioned at 10-12 μm after a series of 

ethanol and histosol dehydration. Section in situ hybridization procedures were 

performed as previously described (Etchevers, 2001). Riboprobes for (EYA2, 

HEY1, MSX2, LMO4, PITX2, RALDH2, RHOB, SNAI1, SHISA2, TGFβ2, and 

WNT9A) were synthesized using cDNA sequences reported in NCBI. The 

sequences were PCR cloned into pCRII-TOPO vector (Invitrogen) and linearized 

at appropriate restriction sites. The digoxigenin (DIG) labelled antisense probes 

were 
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transcribed from SP6 and T7 promoters using Superscript III. Primer sequences 

for generating the probes are listed in Table 2.1.  Sections from embryos injected 

with quail pNC were further immunostained with anti-QCPN antibody after in situ 

hybridization. 

Table 2.1 – Primer sequences for in situ hybridization riboprobes 
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2.6. qRT-PCR 

2.6.1. Primer design 

Primers were designed using NCBI Primer Blast tool based on the cDNA 

sequences obtained from NCBI. Using the software, the primers were designed 

in a way to reduce the possibility of primer dimers and secondary structure 

formation. Where possible, at least one of the primers was designed to span 

across the exon-intron junction to reduce gDNA contamination in the results. The 

Tm was set to be the same for all of the primes: 600C with a difference no more 

than 20C. The primer length was to fall between 18-25 bp with the region of 

amplification between 75-150 bp. The primer sequences used for qRT-PCR are 

listed in Table 2.2. 

2.6.2. RNA isolation and reverse transcription 

Total RNA from chick E2.5 pNC, E5 corneal endothelium, or primary cell 

cultures was extracted using RNAeasy MicroKit (Qiagen) in accordance with the 

manufacturer’s protocol. The protocol includes a DNAse treatment step to 

eliminate gDNA contamination in the samples. The purity and the concentration 

of the extracted RNA was checked using NanoDrop 1000 (Thermo Scientific), 

while the integrity was checked by running a 2% agarose gel. The cDNA was 

reverse transcribed from 100 ng of RNA using Super Script III Reverse 
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 transcriptase kit (Invitrogen). The residual RNA in the acquired samples was  

 digested by treating the samples with RNAse H (Invitrogen) at 370C for 20 min. 

 

 

2.6.3. qPCR procedure protocol 

The cDNA and RNA samples were diluted 1:5 with WFI Quality Water 

(EMD). Each of the genes tested had 2 controls: no reverse transcription (NRT) 

Table 2.2 – Primer sequences for qRT-PCR. Primers for AQP1, GAPDH, 
MSX2, RALDH2, RHOB, SNAI1, TGFβ2, and WNT9A were designed using 
the Primer-Blast tool (NCBI). 
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with RNA serving as a template for qPCR reaction to ensure the sample purity 

from gDNA contamination and no template control (NTC) to ensure the absence 

of primer dimers. The qPCR master mix was made at 110% of the volume 

calculated for each gene to account for the pipetting error. Real-time PCR was 

performed in triplicates using Power SYBR Green PCR Master Mix (Applied 

Biosystems) on StepOnePlus Real-Time PCR System (Applied 

Biosystems).  GAPDH transcript was used to normalize all genes. Fold change 

was calculated as the ΔΔCt relative to mRNA expression by pNC or untreated 

cell cultures (Livak and Schmittgen, 2001).  

2.7. Imaging 

Fluorescent and brightfield images of all wholemount and sectioned 

samples were acquired with a Zeiss Axiocam camera mounted on an 

AxioImager2 fluorescent microscope with ApoTome (Carl Zeiss AG, Oberkochen, 

Germany). Image processing was performed using Adobe Photoshop and Image 

J software. 

2.7.1. Optical sectioning of wholemount immunostained embryonic 

corneas. 

The apotome attachment was used to acquire a stronger fluorescent 

signal and reduce the background noise during the wholemount sample imaging. 

The samples were mounted and coverslipped on the slides with a small volume 
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of PBS added to preserve the tissue from the air. The exposure was set, and a Z-

stack was acquired from a central part of the sample with the focal points ranging 

100-200µm. Depending on the sample, the number of images taken per stack 

would vary between 10-30. Although, most of the images were acquired with a 

20X grid, 5/10X and 40/63X grids were also used. The images would be then 

superimposed to acquire a high-resolution image of the fluorescent sample. 
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Chapter 3 

Nascent Ocular Environment 
Influences the Differentiation of the 

pNC into the Corneal Tissues 

A part of the data discussed in this chapter is under review for publication. 

Babushkina A., and Lwigale P. (2020). Periocular neural crest cell differentiation 

into corneal endothelium is influenced by signals in the nascent corneal 

environment. Developmental Biology. 

3.1. Introduction 

Neural crest cells are a multipotent migratory population of embryonic cells 

that arise at the region of neural fold closure and migrate throughout the embryo 

to their respective niches (Selleck and Bronner-Fraser, 1995, 1996; Marchant et 

al., 1998). The pNC are derived from the cranial sub-population of the neural 

crest cells when they arrive at the periocular region (Creuzet et al., 2005; Lwigale 

et al., 2005; Lumsden et al., 1979). The cranial NC arrive at the eye region 
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around E1 and colonize the periocular region by E3 (Lumsden et al., 1979; 

Creuzet et al., 2005). In that region the pNC are subjected to a vast variety of 

signals coming from the presumptive epithelium (Jin et al., 2002; Fujimura, 

2016), the lens (Ittner et al., 2005; Saika et al., 2001; Flügel-Koch et al., 2002) 

and the optic cup (Matt et al., 2005; Mic et al., 2004; Molotkov et al.,2006), which 

together shape the fate of the pNC. The first migration from the periocular region 

occurs around E4.5, after pNC are released from the SEMA3A/NRP-1 migration 

hold propagated by the lens (Lwigale and Bronner-Fraser, 2009). The result is 

the formation of N-cadherin-positive (NCAD) monolayer of cells called corneal 

endothelium (Hay and Revel, 1969; Hay, 1980; Beebe and Coats, 2000). Shortly 

after, around E6 the second migration event occurs, which leads to the formation 

of a structurally distinct ECM-rich layer of the cornea called corneal stroma. At E7 

KSPG-positive keratocytes inhabit the stroma and are morphologically and 

molecularly distinct from the endothelial cells (Nishida et al., 1988; Tuft and 

Coster, 1990; Bi and Lwigale, 2019), despite their common origin being the pNC 

(Fundelburgh, 1986; Hay; 1980;). The fate choice may be dependent on the 

involvement of multiple signaling pathways, such as TGF-β, RA and WNT, 

although we do not have a comprehensive understanding of exactly how and 

when they collaborate to promote corneal layers formation (Matt et al., 2005; Jin 

et al., 2002; Fujimura, 2016; Ittner et al., 2005; Saika et al., 2001). The 

spatiotemporal regulation of the chick corneal development might be the key to 

understanding the developmental process of the cornea. The temporally diverged 
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formation of the corneal endothelium and stroma is an excellent model for 

studying early differentiation of pNC during ocular development. While migrating 

into the presumptive corneal region, the pNC receive signals from the developing 

eye, and using this model, I can distinguish the crucial spatiotemporal 

characteristics in the development of the corneal layers.  

3.2. Rationale 

Previous studies aimed to understand how the anterior segment of the eye 

forms to help diversify the clinical approaches of treating injuries and genetic 

disorders (Saika, 2004; Kumar and Duester, 2010; Tumer and Bach-Holm, 2009; 

Tan et al., 2006). The neural crest cells form numerous tissues in the eye, 

including the stroma of the iris, corneal stroma, and corneal endothelium. They 

contribute to the formation of the eyelid and also can differentiate into pericytes 

(Creuzet et al., 2005; Noden, 1978; Johnston et al.,1979). Though we know that 

the pNC give rise to multiple anterior segment derivatives, the mechanisms that 

control the differentiation and migration of pNC are not well understood. It was 

previously shown that upon orthotopic transplantation of the quail neural crest 

into the chick, the embryo formed normally, which indicates that the environment 

influences the differentiation and fate of the migrating neural crest (Noden, 1978). 

Here, I aim to investigate the role of the ocular environment in the differentiation 

of the pNC into the corneal stroma and endothelium. Therefore, I propose to 
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study how quail pNC respond to the environmental signals and form the cornea 

upon injection into spatiotemporally different regions of the forming eye. 

3.3. Results 

3.3.1. Establishment of the injection model: orthotopically transplanted 

quail pNC migrate and differentiate into various ocular tissues  

Unlike most quail/chick chimera studies that track neural crest cell 

differentiation after xenotransplantation of dorsal neural tubes, this study utilizes 

dissociated quail pNC injected into various ocular regions of chick embryos at 

different developmental stages. This approach allowed me to perform precise cell 

grafts into the ocular region without disruption of the adjacent optic cup, lens 

vesicle, or the overlaying ectoderm. Given that this is the first time such cell 

grafts have been performed in the ocular environment, I initially examined 

whether the isolation, dissociation, and injection procedures (Fig.3.1A) affected 

the ability of injected pNC to migrate and differentiate. These experiments 

involved orthotopic injections of dissociated E2.5 quail pNC into the temporal 

region of E3 chick eyes (n = 5; Fig. 3.1B and 3.1C). Injected embryos were re-

incubated and examined at E5, which corresponds with the formation of the 

corneal endothelium (Creuzet et al., 2005; Lwigale et al., 2005). At this time there 

was a robust displacement of QCPN-positive cells into the periocular and 

presumptive corneal regions (Fig. 3.1D). Further analysis of the QCPN-positive  
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cells localized in the corneal region indicated that they were positive for the 

corneal endothelial marker N-cadherin and displayed expression levels 

noticeably similar to the endogenous (QCPN-negative) chick corneal endothelial 

cells (n=5, Fig. 3.1E, Fig. 3.5G). Out of all QCPN-positive cell 96% were also 

found to be NCAD-positive (Fig. 3.5G). In addition, I observed from transverse 

sections through the eye that the QCPN-positive cells had migrated into the 

Figure 3.1 – Differentiation of quail pNC following orthotopic graft into 
chick.  
(A) Schematic overview of the isolation and dissociation procedures for 
obtaining quail pNC. (B) Wholemount immunostaining of an E3 chick eye 
showing QCPN-positive injected quail pNC (asterisk) in the periocular region. 
The dotted line represents the plane of cross-section in (C) showing 
localization of quail pNC (asterisk) within the periocular mesenchyme. (D) 
Wholemount immunostaining of an E5 chick eye showing the extent of 
migration QCPN-positive injected pNC (asterisk) in the periocular region and 
cornea (delineated by the dotted circle). (E) High magnification of selected 
region in (D) showing expression of NCAD by QCPN-positive cells and 
endogenous chick corneal endothelium. (F) Cross-section through the anterior 
eye of E5 injected embryo showing a monolayer of QCPN-positive cells co-
expressing NCAD. ec, ectoderm; en, corneal endothelium; ep, corneal 
epithelium; L, lens; oc, optic cup. Scale bars represent 100 µm (B, D, E, F); 50 
µm (C). 
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cornea region and formed a monolayer between the epithelium and lens (Fig. 

3.1F), confirming that the injected pNC cells exhibited the characteristic behavior  

of the first wave of cell migration into the presumptive corneal region.  

 Next, I examined the embryos at E7, which corresponds with the 

formation of the corneal stroma (Creuzet et al., 2005; Lwigale et al., 2005). At 

this time, the injected cells also showed a robust displacement towards the  

presumptive corneal region (Fig. 3.2A) similarly to the samples inspected at E5 

Figure 3.2 – Migration of isotopically injected quail pNC and 
differentiation into corneal keratocytes.  
(A) Wholemount immunostaining of an E7 chick eye showing the extent of 
migration QCPN-positive injected pNC in the periocular region and cornea 
(delineated by the dotted circle). (B) Cross-section though the anterior eye of 
E7 embryo showing QCPN-positive cells residing in the endothelium (N-
cadherin-positive), corneal stroma, and iris (arrowhead). (C) Cross-section 
though the E7 cornea showing QCPN-positive cells co-localizing with KSPG 
(green) in the corneal stroma. (D) The stromal cells isolated from the injected 
embryos at E7 express and secrete KSPG (white arrow), QCPN-marked cell 
(red arrow) shows intracellular KSPG expression. bv, blood vessel; ep, 
epithelium, en, endothelium, ir, iris; str, stroma. Scale bars represent 200 µm 
(A); 100 µm (B); 50 µm (C); 25 µm (E). 
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(Fig. 3.1D). Upon closer examination of the E7 eye in a cross-section, I found 

that the QCPN-positive cells contributed to both corneal endothelium and corneal 

stroma (Fig. 3.2B). The QCPN-positive cells in the endothelium showed NCAD 

expression (Fig. 3.2B) when the QCPN-positive cells in the stroma showed so-

localization with a proteoglycan KSPG expressed by keratocytes (Fig. 3.2C). 

Further, I sought to determine if the QCPN-positive cells themselves produce 

KSPG, so I isolated the stromal cells from the cornea and plated them in the 

culture medium for 2-4 hours for the cells to attach. The plated keratocytes 

showed KSPG expression (Fig. 3.2 E, white arrow) in the proximity to the cellular 

nuclei (Fig. 3.2 E, red arrow), indicating of the localization to the ER or Golgi. 

Secreted KSPG was also detected in the media (Fig. 3.2 D, white arrow). Due to 

the low number of viable cells after plating, the statistical analysis could not be 

performed, though approximately 75% of the QCPN-positive cells were also 

KSPG-positive (n=2), altogether, suggesting that the injected pNC cells exhibited 

the characteristic traits of the keratocytes in the second wave of migration. 

Furthermore, I observed in embryos collected at later stages that such injections 

resulted in contribution of QCPN-positive cells to the various neural crest derived 

ocular tissues including the pericytes of the choroid membrane, iris stroma, and 

pericytes in the ocular blood vessels (Fig. 3.3, Creuzet et al., 2005; Lwigale et al., 

2005).  
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Combined, the results indicate that pNC cells are not disrupted by the 

isolation and injection procedures, and that they migrate and differentiate into the 

corneal endothelium within normal developmental timeframe. Therefore, the 

Figure 3.3 – Orthotopically grafted quail pNC migrate and differentiate 
into various tissues of the developing chick eye. (A) Cross-section though 
the E7 chick eye showing contribution of QCPN-positive cells to the nictitating 
membrane and eyelid, and (B) showing contribution to the blood vessels of 
choroid (arrowhead). (C) Cross-section through an E12 chick eye showing 
QCPN-positive cells in the stroma of the iris, some co-localizing with αSMA 
(arrowheads), and (D) showing QCPN-positive cells co-localizing with αSMA 
staining surrounding the blood vessel. bv, blood vessel; ch, choroid; en, 
corneal endothelium; ep, corneal epithelium; ey, eyelid; ir.str, the stroma of 
iris; oc, optic cup; ni, nictating membrane. Scale bars represent 100 µm (A, B, 
D); 50 µm (C). 
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quail-chick pNC graft is an excellent model for testing the differentiation potential 

of pNC into the corneal endothelium under different spatiotemporal conditions.   

3.3.2. The presumptive corneal region at E3 promotes endothelial 

differentiation of the pNC  

Disruption of the timing of the first wave of pNC migration during avian 

ocular development, which normally occurs at about E4.5, causes malformation 

of the corneal endothelium (Beebe and Coats, 2000; Lwigale and Bronner-

Figure 3.4 – pNC injected directly into the presumptive corneal region at 
E3 differentiate into corneal endothelial cells. (A) Schematic overview of 
the injection of pNC into E3 presumptive corneal region (asterisk) and further 
experimental procedures. (B) cross-section through E3 eye, showing QCPN-
positive pNC (asterisk) in the presumptive corneal region between the 
ectoderm and lens. (C) Wholemount immunostaining of an E4 chick eye 
showing no NCAD expression in the presumptive corneal region prior to the 
pNC migration comparing to (D) Wholemount immunostaining of an E4 chick 
eye showing the NCAD expression surrounding some of the QCPN-positive 
cells 1 day post-injection at E3. (E) Wholemount immunostaining of an E5 
chick eye showing the localization QCPN-positive pNC in the cornea 
(delineated by the dotted circle) and surrounding region 2 days post injection 
at E3. (F) Injected pNC stain positive for NCAD at E5. (G) Cross-section of an 
E5 eye showing that the injected pNC form an NCAD-positive monolayered 
corneal endothelium. ec, ectoderm; en, corneal endothelium; ep, corneal 
epithelium; L, lens; oc, optic cup. Scale bars represent 100 µm (B,E); 50 µm 
(C, D, F, G). 
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Fraser, 2009). To determine whether the environmental cues required for the 

formation of the corneal endothelium are present in the presumptive corneal  

region prior to the pNC migration, we injected pNC into in the presumptive 

corneal region between ectoderm and lens vesicle of E3 chick embryos, prior to 

endogenous pNC migration (n = 5; Fig. 3.4A and 3.4B, asterisks). Analysis of the 

injected eyes one day preceding the normal formation of the corneal endothelium 

at E4, showed a precocious expression of N-cadherin by approximately 60% of 

the QCPN-positive cells, whereas the un-injected control cornea showed no 

expression at this time (Fig. 3.4C, 3.4D, and Fig. 3.5). By E5, there was a robust 

coverage of the entire corneal region by QCPN-positive cells, which were also 

positive for N-cadherin (Fig. 3.4E and 3.4F, and Fig. 3.5). Cross-sections through 

injected eyes showed that the QCPN- and N-cadherin-positive cells organized to 

form a monolayer between the epithelium and lens (Fig. 3.4G). Together, these 

data suggest that the presumptive corneal environment is conducive for the 

proper differentiation of pNC into corneal endothelium between E3-E4. 
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Figure 3.5 – Wholemount immunostaining of E4.5 and E5 embryos. (A,B) 
correspond to Fig. 2C, (C,D) correspond to Fig. 2D and (E,F) correspond to 
Fig. 2Fin the manuscript. The cropped area is delineated by a dotted 
rectangle. (G) Bar graphs show percent of N-cadherin-positive cells labeled 
with QCPN. E5 and E7 samples were injected into the periocular region at E3 
(n=5) and into the presumptive corneal region at E5 (n=5), respectively. 
Percentages were determined by counting the total number of cells double-
labeled with N-Cadherin and QCPN in a 75x75 pixel square drawn in each 
cornea and dividing it by the total number of QCPN-positive cells. Data 
represented as mean ± s.d. oc, optic cup. QCPN in red, NCAD in green. Scale 
bars represent 100 µm (A, C, E); 50 µm (B, D, F). 
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3.3.3. The ability to induce pNC differentiation into corneal endothelium 

is maintained by the presumptive corneal region after the 

endothelium is formed  

To determine whether the environmental signals required for the corneal 

endothelial differentiation are tightly regulated, I tested the ability of the corneal 

environment to induce injected pNC after the formation of the endogenous 

corneal endothelium. In this case, E5 chick eyes were injected with quail pNC 

and then examined at E7 (n = 5; Fig. 3.6A and 3.6B). Analysis of E7 wholemount 

corneas indicated that almost all the QCPN-positive cells (99%) stained positive 

for N-cadherin (n = 5; Fig. 3.6G). Transverse sections through the injected eyes 

revealed that the QCPN-positive cells were arranged in supernumerary N-

cadherin-positive monolayers, and each resembled the endogenous corneal 

endothelium (Fig. 3.6C, arrowheads). Moreover, when dissociated and cultured, 

the QCPN-positive cells maintained NCAD-positive intercellular adherens 

junctions (Fig. 3.6D, arrowheads) and, in some cases, endothelial cell 

morphology (Fig. 3.6D) up to 5 days in culture. However, at the same time the 

dissociation of the cells and loss of the adherens junctions (Fig. 3.6E, 

arrowheads) could be observed.  

Notably, the injected cells localized towards the posterior of the cornea 

and did not show strong KSPG expression (Fig. 3.7A), suggesting endothelial 

differentiation. At the same time, the endogenous chick cells, which were KSPG- 
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positive, migrated between the epithelium and the more posterior NCAD-positive 

injected cells (Fig. 3.7A, 3.7B, arrowheads), indicating there are signals to induce 

both endothelial and keratocyte fates. Notably, some of the QCPN-positive cells 

co-expressed KSPG and NCAD (Fig. 3.7C, arrowheads). Furthermore, KSPG 

Figure 3.6 – pNC injected directly into the presumptive corneal region at 
E5 differentiate into corneal endothelial cells. (A) Schematic overview of 
the injection of the pNC into E5 presumptive cornea and further experimental 
procedures. (B) Wholemount immunostaining of an E7 chick eye showing the 
localization QCPN-positive pNC in the cornea (delineated by the cells and 
dotted circle) following 2 days post injection at E5. (C) Cross-section through 
E7 eye, showing that injected cells form multiple layers of QCPN- and NCAD-
positive cells (arrowheads). (D, C) Isolated and dissociated cells from the 
injected E7 presumptive corneal region show NCAD expression upon culture 
in CM up until 5 days post plating. (D) Some cells maintained the NCAD+ 
adherens junctions (arrowheads), but (C) most cells were in the process of 
breaking away from intercellular contacts (arrowheads). ec, ectoderm; en, 
corneal endothelium; ep, corneal epithelium; L, lens; oc, optic cup; str, corneal 
stroma. Scale bars represent 50 µm (B, C); 25 µm (D, E) 
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localized both to the migrating keratocytes (Fig. 3.7D, arrowheads) and to the 

corneal endothelium prior to the completion of the second wave of pNC migration 

in the E6.5 control eye (Fig. 3.7D), which indicated that the corneal endothelium 

produced the proteoglycan. Therefore, the E5 presumptive corneal environment 

Figure 3.7 – Some of the pNC injected directly into the presumptive 
corneal region at E5 co-express KSPG and NCAD. (A-C) Cross-section 
through E7 eye, (A,B) showing that QCPN- and NCAD- positive injected cells 
keep to the posterior cornea and, mostly, do not mix with more anterior 
endogenous KSPG- positive chick cells (arrowheads). (C) Cross-section 
through E7 eye, showing that some of the QCPN- positive cells in an NCAD- 
positive layer of injected cells co-express KSPG (arrowheads). (D) E6.5 
control eye shows KSPG expression withing and anterior from the corneal 
endothelium (arrowheads). Keratocytes migrating into the primary stroma 
show KSPG expression (arrowheads). cb, ciliary body; en, corneal 
endothelium; ep, corneal epithelium; str, corneal stroma. Scale bars represent 
100 µm (D); 50 µm (A, B, C) 
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retains the ability to induce E3 pNC to form the corneal endothelium. Combined 

with section 3.3.2, the results indicate that the presumptive corneal environment 

can induce differentiation of injected undifferentiated E2.5 quail pNC to form 

corneal endothelium at multiple time points during ocular development between 

E3 and E7.  

3.3.4. The periocular region at E5 does not promote pNC migration into 

the cornea and differentiation into the corneal cells   

I showed that the presumptive corneal region at E5 is conducive of the pNC 

differentiation into the corneal endothelium. Next, knowing that E3 periocular 

region promotes migration and differentiation of the pNC into the cornea and that 

Figure 3.8 – pNC injected at E5 into the periocular region do not migrate 
into the cornea. (A) Wholemount immunostaining of an E5 chick eye showing 
the localization of the QCPN-positive pNC outside of the cornea (delineated by 
the dotted circle), in the periocular region. (B) Wholemount immunostaining of 
an E7 chick eye showing the localization of the QCPN-positive pNC in the 
periocular region of the eye, dispersed away from the injection site, 2 days 
post injection at E5. The cells do not exhibit directional migration into the 
cornea (delineated by the dotted circle), (n=7). (C) Wholemount 
immunostaining of an E9 chick eye showing the localization of the QCPN-
positive pNC in the periocular region of the eye, dispersed away from the 
injection site, 4 days post injection at E5. The cells do not exhibit directional 
migration into the cornea (delineated by the dotted circle), (n=5). QCPN in 
white. Scale bars represent 200 µm (A-C). 



 
69 

 

the environment of the developing eye rapidly changes, I aimed to understand if 

the periocular region of the eye continues being competent to induce the pNC 

migration and differentiation at E5.  

 Analysis of the wholemount corneas post injection at E7 into the periocular 

region of the eye (Fig. 3.8A) revealed, that, though, the QCPN-positive cells 

dispersed away from the site of the injection both two (Fig. 3.8B) and four (Fig. 

3.8C) days post injection, they did not show directional migration into the cornea 

unlike what was observed before (Fig. 3.1D, Fig. 3.2A) in E3 periocular region 

injections. This suggests that the environment of the periocular region changes 

between E3 and E5 and is no longer capable of promoting pNC migration into the 

cornea. 

 Further, I aimed to investigate whether the periocular region is capable to 

promote differentiation of the pNC into the corneal endothelium or keratocytes at 

the site of injection. Analysis of the immunostained cross-sections of the E7 

periocular region injected corneas two days post injection showed that the 

QCPN-positive cells exhibited NCAD expression at the proximal part of the 

injection site in regard to the cornea (Fig. 3.9A, Fig. 3.9B). Notably, the NCAD 

expression level in the QCPN-positive cells was similar to the NCAD expression 

of the nearby endogenous chick cells in the endothelial stream (Fig. 3.9B, 

arrowheads), which suggests that the proximity to the presumptive corneal region 

may be the cause of the NCAD expression in these cells. Moreover, later at E9 

the QCPN-positive cells show almost no expression of NCAD anywhere within  



 
70 

 

 

the injected population (Fig. 3.9C, Fig. 3.9D), which may indicate that the 

proximity to the presumptive corneal environment is the key to differentiation into 

the corneal cells, since the cells are localized further away from the cornea in this 

Figure 3.9 – pNC injected at E5 into the periocular region show transient 
NCAD expression in the QCPN-positive cells proximal to the cornea. 
(A,B) Cross-section through an E7 chick eye showing the localization of the 
QCPN-positive pNC in the periocular region of the eye, 2 days post injection at 
E5. (B) Some of the QCPN-positive cells proximal to the cornea exhibit NCAD 
expression (arrowheads) in similar levels to the nearby endogenous chick 
cells in the endothelial stream. The cropped area (B) is delineated by dotted 
rectangle (A). (C,D) Cross-section through an E9 chick eye showing the 
localization of the QCPN-positive pNC in the periocular region of the eye, 4 
days post injection at E5. (D) Mostly, the QCPN-positive cells lack NCAD 
expression and localize towards the ocular surface. The cropped area (D) is 
delineated by dotted rectangle (C). cb, cilliary body; en, corneal endothelium; 
ep, corneal epithelium; oc, optic cup; str, corneal stroma. QCPN in red, NCAD 
in green, DAPI in blue. Scale bars represent 100 µm (A-D). 
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case (Fig. 3.9C). Next, to understand if the injected cells showed any signs of 

keratocyte differentiation, I stained the cross-sections with KSPG, which was not 

detected at E7 two days post injection even at the proximal end of the injected 

Figure 3.10 – pNC injected at E5 into the periocular region show co-
localization of KSPG expression and the QCPN expression in the 
injected cells proximal to the cornea. (A,B) Cross-section through an E7 
chick eye showing the localization of the QCPN-positive pNC in the periocular 
region of the eye, 2 days post injection at E5. (B) The QCPN+ cells do not 
show KSPG expression (arrowhead) unlike the endogenous chick stromal 
cells. KSPG staining surrounds the DAPI labelled nuclei or is located within 
the ECM. The cropped area (B) is delineated by dotted rectangle (A). (C,D) 
Cross-section through an E9 chick eye showing the localization of the QCPN-
positive pNC in the periocular region of the eye, 4 days post injection at E5. 
(D) The anterior QCPN-positive cells proximal to the cornea show co-
localization with KSPG expression. The cropped area (D) is delineated by 
dotted rectangle (C). cb, cilliary body; en, corneal endothelium; ep, corneal 
epithelium; oc, optic cup; str, corneal stroma. QCPN in red, KSPG in green, 
DAPI in blue. Scale bars represent 100 µm (A-D). 



 
72 

 

cell population (Fig.3.10A and Fig. 3.10B, arrowhead). Curiously, four days post-

injection (at E9) the proximal QCPN-positive cells co-localized with KSPG (Fig. 

3.10C, Fig. 3.10D, arrowheads), but not the distal nor central cells within the 

injected population, highlighting the role of the presumptive corneal environment 

in the corneal cell differentiation. It is important to note that this experiment was 

not repeated multiple times, but it looks promising to expand on for further 

investigation of the environment during corneal development. 

3.3.5. The stromal environment promotes keratocyte differentiation of 

the injected pNC 

The adult wounds of the cornea that penetrate below the epithelial BM into 

the stromal result in myofibroblast generation and scar formation when healed 

(Wilson, 2012). The pNC is a natural source of the corneal keratocytes, which 

build transparent cornea and, therefore, could be potentially used in clinical 

settings. To learn about the mechanisms of differentiation of the pNC into 

keratocytes I initially aimed to investigate if the cells could respond to the 

environment of the embryonic cornea and produce the keratocyte cell type.  

The injections were carried out directly into the corneal stroma at E7 and 

analyzed two (Fig. 3.11A) and four (Fig. 3.11D) days past the procedure, which 
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corresponds to the time it takes for the pNC to differentiate into the keratocytes 

(Lwiglae et al., 2005). By E9 the cells located to the stroma and lacked  

 

surrounding KSPG matrix at the site of injection (Fig. 3.11B). However, there was 

little KSPG expression showing within the injected population (Fig. 3.11C, 

arrowheads), suggesting KSPG production start by the injected cells. 

Figure 3.11 – pNC injected directly into the corneal stroma at E7 show 
co-localization with KSPG. (A) Wholemount immunostaining of an E9 chick 
eye showing the localization QCPN-positive pNC in the cornea following 2 
days post injection at E7. (B,C) Cross-section through an E9 eye, showing the 
localization of the QCPN-positive injected cells within the stroma. (C) The 
injected cells show little KSPG expression in the region of injection 
(arrowheads). The cropped area (C) is delineated by a dotted rectangle (B). 
(n=2). (D) Wholemount immunostaining of an E11 chick eye showing the 
localization QCPN-positive pNC in the cornea following 4 days post injection 
at E7. (E, F) Cross-section through an E11 eye, showing the localization of the 
QCPN-positive injected cells within the stroma. (F) The injected cells become 
embedded in the KSPG matrix surrounded by strong KSPG expression in the 
region of injection (arrowheads). The cropped area (F) is delineated by a 
dotted rectangle (E). (n=2). en, corneal endothelium; ep, corneal epithelium; 
str, corneal stroma. QCPN in red, KSPG in green, DAPI in blue. Scale bars 
represent 200 µm (A,D); 50 µm (B, E); 25 µm (C, F). 



 
74 

 

Furthermore, when inspected at E11 the cells were found mostly embedded in 

the KSPG matrix (Fig. 3.11E, Fig. 3.11F, arrowheads), which indicates a KSPG 

matrix recovery by the QCPN-positive cells. However, it was difficult to 

distinguish if the source of the newly synthesized KSPG was the injected cells, 

so further experiments are needed to support this hypothesis. 

3.4. Discussion 

The analysis of the differentiation of the injected pNC revealed that the 

environment and timing during the development of the cornea are major factors 

in cell differentiation consistent with previous observations (Noden, 1978). Up to 

now, the molecular mechanisms involved in pNC differentiation are not clearly 

understood despite severe ocular malformation associated with cranial neural 

crest defects. Given that signals within the environment of the developing embryo 

play a critical role in altering neural crest cell fate (Anderson, 1997; Dorsky et al., 

2000), I investigated the ability of the nascent corneal microenvironment to 

induce pNC differentiation. Here, I showed that pNC injected into the 

presumptive corneal region were induced to express NCAD and to assemble into 

monolayers at various timepoints during ocular development, which is indicative 

of the corneal endothelium formation. More specifically, I demonstrated that 

using the method of pNC injection did not disrupt the potential of the pNC to form 

various ocular tissues, first and foremost, the corneal endothelium at E5, then the 

KSPG-positive corneal keratocytes at E7. Additionally, I observed the 
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differentiation of the pNC into the stroma of the iris by αSMA expression by E12, 

the pericytes of the blood vessels marked by αSMA and the localization to the 

choroid membrane, a known niche of the pNC migration and differentiation 

(Creuzet et al., 2005; Johnston et al., 1979). Altogether, these data show that the 

new model for investigating the pNC differentiation in the eye works. Following 

the initial experiments, I established that the presumptive corneal region – a 

place between the lens and the corneal epithelium - had the capacity to induce 

the pNC to form corneal endothelium between E3 and E7, which may indicate 

that the lens plays a regulatory role in the endothelial differentiation (Beebe and 

Coats, 2000; Smith et al., 2018). First of all, in both presumptive corneal injected 

samples there was a strong NCAD expression and monolayer structure 

formation, which serves as evidence of endothelial differentiation. Furthermore, 

multiple layer induction in the case of presumptive corneal region E5 injection 

could be due to the responsiveness of pNC to the environment and abundance of 

cells within a constrained space similar to previous observations (Beebe and 

Coats, 2000). The cultured NCAD-positive cells exhibited corneal endothelial cell 

morphology (Maurice, 1968; Ringvold et al., 1984) and presence of NCAD-

positive cell-cell junctions (Vassilev et al., 2012; Reneker et al., 2000) which was 

seen up to five days in culture. Surprisingly, some of the injected cells which 

formed NCAD-positive monolayer structures within the E7 cornea exhibited 

KSPG expression. It may be seen as a sign of a keratocyte differentiation, but 

likely it is not, due to other evidence pointing towards endothelial differentiation 
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(NCAD expression, monolayer formation and cell morphology). Moreover, the 

injected cells localize proximally to the lens when the endogenous KSPG-positive 

cells migrated above those cells and proximally to the corneal epithelium. At the 

same time, a control E6.5 cornea showed localization of a strong KSPG 

expression to the migrating keratocytes as well as within the endothelium and at 

the adjacent layer, which would likely become the Descemet`s membrane later 

on (Hendrix et al., 1982).  Finally, the RNAseq experiment in our lab showed a 

4.86-fold increase in KSPG mRNA in endothelium compared to the pNC and only 

1.56-fold increase further in keratocytes (Bi and Lwigale, 2019; supplementary 

material). Together, these observations suggest that following the introduction of 

the pNC into the E5 presumptive corneal region they develop into the corneal 

endothelium. 

 After I established the role of the presumptive corneal region in pNC 

differentiation into endothelium, I aimed to understand the role of the periocular 

region at E5, in regards to the pNC migration and differentiation. Upon 

investigation of the two- and four-days post injection, the data suggested that the 

environment of the E5 periocular region was not conducive to pNC migration. 

The cells seemed to disperse away from the injection site, but not going into the 

cornea, which suggests an alternative fate for them, such as contribution to the 

vasculature (Creuzet et al., 2005). When examined for the corneal endothelial 

marker expression, I found that there was elevated NCAD expression at the 

proximal part of the injected cell population at E7 which was not present at E9. 
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Although, at E9 it could be the distance from the presumptive corneal region that 

drives the lack of NCAD expression in the injected cell and not the environment 

in the periocular region. Nonetheless, it suggests that involvement of the 

presumptive corneal region is required for the induction of the corneal 

endothelium. Upon examining the KSPG expression at the same timepoints the 

opposite could be seen: at E7 there was no KSPG in the injected cells, whereas 

at E9 the proximal part of the injected cell population showed co-localization with 

KSPG staining. This points out that the source of the signal for differentiation is 

the presumptive cornea. Repeating this experiment may be valuable to drive a 

stronger conclusion. 

Moreover, I have observed accumulation of KSPG within the region of stomal 

injection two to four days post injection. Two days after the injection into the 

stroma at E7, the cell population was located within the disrupted KSPG matrix 

with little-to-no KSPG surrounding them. However, the injected cells were nicely 

embedded in the KSPG matrix at E11, which suggests that the cells have 

differentiated into KSPG-producing keratocytes and have surrounded themselves 

by the proteoglycan-rich matrix. Upon closer examination of the cornea at E9, 

weak KSPG expression was noticeable within the injected cell population, hinting 

that the pNC could have been recruited into KSPG production and therefore the 

cells begin to differentiate into keratocytes at E9. A strong presence of KSPG 

within the injected cells at E11 suggests differentiation by E11. At the same time, 

chick corneal stroma is inhabited by the chick keratocytes and their involvement 
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in KSPG matrix synthesis cannot be neglected. To better understand if the 

injected pNC are induced to produce the proteoglycan-rich matrix, I suggest a 

continuation of the experiments of the stromal environment-driven keratocyte 

differentiation; more specifically cell isolation and keratocyte marker analysis 

would be beneficial. 

3.5. Conclusions 

To summarize, in this study I established the quail-chick cell injection 

model to investigate the influence of the ocular environment on pNC 

differentiation during corneal development. I discovered that the presumptive 

corneal environment between E3 and E7 is conducive to corneal endothelium 

formation. The periocular region which normally induces two streams of pNC 

migration was not able to promote the migration of the injected pNC at E5 

towards the cornea. The stroma at E7 is likely to have the capacity of promoting 

keratocyte differentiation, but further investigation is required. In conclusion, I 

have elucidated the role of the ocular environment throughout various stages in 

development of the corneal cells from the pNC, which will potentially help to 

narrow down the search for potential molecular mechanisms behind the corneal 

development. 
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Chapter 4 

Lens-derived TGF-β2 Promotes 
Differentiation of pNC into Corneal 

Endothelium 

A part of the data discussed in this chapter is under review for publication. 

Babushkina A., and Lwigale P. (2020). Periocular neural crest cell differentiation 

into corneal endothelium is influenced by signals in the nascent corneal 

environment. Developmental Biology. 

4.1. Introduction 

During ocular development, the corneal endothelium develops from pNC 

that migrate between the presumptive corneal epithelium and lens. In avians, 

reptiles, and primates, this process occurs as the first wave of pNC migration, 

which results in the formation of a monolayer that consequently forms the corneal 

endothelium (Hay and Revel, 1969; Hay, 1980). In rodents, cats, cows, and pigs, 

the corneal endothelium forms via differentiation of the innermost layer of the 
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presumptive corneal mesenchyme (Dublin, 1970; Pei and Rhodin, 1970; Hay, 

1980). Earlier studies in chick embryos showed that interactions between the 

lens vesicle and the pNC are critical for the proper formation of the corneal 

endothelium. Lens ablation preceding corneal development resulted in aberrant 

migration of the periocular mesenchyme into the presumptive cornea 

environment and malformation of the corneal endothelium (Genis-Galvez, 1966; 

Beebe and Coats, 2000). It was later identified that SEMA3A/NRP1 signaling 

plays an important role in regulating pNC migration during corneal development, 

given that pharmacological inhibition of SEMA3A signaling from the lens caused 

similar defects in pNC migration and corneal malformation (Lwigale and Bronner-

Fraser, 2009). Combined, these studies suggested that pNC differentiation into 

corneal cells is regulated spatially and temporally by signals from the developing 

ocular environment.    

Studies utilizing knockout mice provided additional insight into the 

molecular mechanisms involved in pNC development. Those studies 

demonstrated that pNC in the periocular region are influenced by RA signaling 

from the optic cup (Matt et al., 2005; Mic et al., 2004; Molotkov et al., 2006), 

TGF signaling from the lens (Ittner et al., 2005; Saika et al., 2001; Flügel-Koch 

et al., 2002), and WNT signaling from the corneal epithelium and the optic cup 

(Jin et al., 2002; Fujimura, 2016). In pNC, transcription factors Pitx2 and Foxc1 

are regulated by these combined signals (Gage et al., 2005, 2005; Ittner et al., 

2005). Proper regulation of these transcription factors is critical for the 
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development of the cornea and the anterior segment. Both Pitx2 and Foxc1 

knockout mice have malformations in the anterior segment and related ocular 

defects (Kume et al., 1998; Lu et al., 1999; Evans and Gage, 2005). The mutant 

mice show similar phenotype to Axenfeld-Rieger syndrome, characterized by 

defects in NC-derived ocular tissues including the cornea (Semina et al., 1996; 

Tümer and Buch-Holm, 2009). Apart from ARS there is another anterior segment 

dysgenesis called Peters anomaly, in which defective function of such 

transcription factors as Pitx3 and Foxe3 was shown to disrupt corneal 

development (Semina et al., 1998; Blixt et al., 2000; Ormestad et al., 2002). The 

above studies identified the major signaling pathways and some of the 

associated transcription factors involved in early ocular development. However, 

despite the adverse malformations in the anterior segment, the pNC in these 

mutants migrate and, in most cases, differentiate into appropriate ocular tissues. 

Thus, it still remains unclear how pNC differentiate into specific ocular cell types 

including the corneal endothelium and keratocytes.  

4.2. Rationale:  

During ocular development, pNC migrate into the region between the lens 

and presumptive corneal epithelium to form the corneal endothelium and stromal 

keratocytes. Although defects in neural crest cell development are associated 

with ocular dysgenesis, very little is known about the molecular mechanisms 

involved in this process. This study will focus on the corneal endothelium, a 
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monolayer of specialized cells that are essential for maintaining normal hydration 

and transparency of the cornea. In avians, corneal endothelial cells are first to be 

specified from the pNC during their migration into the presumptive corneal 

region, which gives me an opportunity to independently study the endothelial 

development. 

There have been studies which aimed to identify important factors 

involved in corneal development. Tgfβ2 was shown to be required for the 

endothelium and keratocyte differentiation in the KO mouse (Saika et al., 2001). 

RA signaling is active in the periocular mesenchyme prior to the migration into 

the anterior segment and is required for proper formation of the anterior segment 

of the eye. Also, loss of RARβ/γ in the periocular mesenchyme mimics ocular 

defects similar to Raldh1,3 null mutants, which include malformations of the 

cornea (Cvekl and Wang, 2009). Canonical WNT signaling is required for early 

eye development although it needs to be attenuated for the proper corneal 

development. Also, there is a possibility that PCP signaling may take place 

during the endothelial formation. (Kumar and Duester, 2010). However, little is 

known about how these signals influence specific genes in pNC during corneal 

development. 

Therefore, here, I aim to investigate the effect of specific signals present 

during eye development on the pNC in isolated culture conditions. This will 

enable me to point out a specific signal – effector gene relationships and, 

thereby, elucidate their roles in the development of corneal endothelium. 
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4.3. Results 

4.3.1. pNC-specific genes are downregulated following ectopic injection 

into the presumptive corneal region  

Cranial neural crest cells express several genes during their migration into 

the various embryonic locations (Simões-Costa et al., 2014). The recent 

transcriptomic analysis of gene expression during corneal development that was 

performed by our lab identified that several of these genes including LMO4, 

MSX2, and SNAI1 where expressed during neural crest cell aggregation in the 

periocular region, and that some non-neural crest genes such as HEY1 were 

also expressed by pNC (Bi and Lwigale, 2019; Ma and Lwigale, 2019). To 

determine whether pNC change gene expression during differentiation into 

corneal endothelium, I first examined the expression of the above transcription 

factors by performing in situ hybridization on corneal sections at E3 and E5. The 

results confirmed that HEY1, LMO4, MSX2, and SNAI1 were all strongly 

expressed in the periocular region at E3 (Fig. 4.1A, 4.1D, 4.1G, and 4.1J). In 

contrast, these genes were undetectable in the corneal endothelium at E5 (Fig. 

4.1B, 4.1E, 4.1H, and 4.1K; arrowheads), although their expression is maintained 

in the periocular region (arrows). These results indicate that the above genes are 

downregulated during pNC differentiation into corneal endothelial cells. Given 

that E2.5 pNC injected into the presumptive corneal region at E5 transformed 
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into N-cadherin-positive corneal endothelium, I investigated whether such 

injections caused similar downregulation in the expression of pNC genes. 

The results reveal that the QCPN-positive pNC cells downregulated expression 

of HEY1, LMO4, MSX2, and SNAI1 following direct injection into the presumptive 

Figure 4.1 – Expression of pNC-related genes during normal 
development of the corneal endothelium and by the injected pNC. 
Section in situ hybridization was performed on E3, E5, and E7 injected eyes. 
(A, D, G, J) E3 chick eyes showing the localization of HEY1, LMO4, MSX2 
and SNAI1 in the periocular region. (B, E, H, K) E5 chick eyes showing no 
detection of HEY1, LMO4, MSX2 and SNAI1 expression by the corneal 
endothelium (arrowheads), despite their expression in other ocular regions. 
(C, F, I, L) E7 chick eyes showing no detection of HEY1, LMO4, MSX2 and 
SNAI1 expression by QCPN-positive cells 2 days post injection. Inserts are 
higher magnifications of selected regions. ec, ectoderm; en, corneal 
endothelium; ep, corneal epithelium; L, lens; oc, optic cup; str, corneal stroma. 
Scale bars represent 100 µm (A-L) and the scale bars for the inserts represent 
20 µm (C, F, I, L). 
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corneal region (Fig. 4.1C, 4.1F, 4.1I, 4.1L, and insets) although their expression 

was maintained in other ocular tissues at E7 (Fig. 4.2). Combined, these results  

suggest a molecular transformation of pNC during early corneal development, 

and that the signals responsible for downregulation of transcription factors 

expressed by migratory cranial neural crest and pNC may reside within the 

presumptive corneal region. 

Figure 4.2 – Expression of pNC-related genes in the E7 injected anterior 
eye. E7 injected chick eyes showing the localization of HEY1, LMO4, MSX2 
and SNAI1 in the periocular region and the lens (arrowheads), but not in the 
cornea 2 days post-injection. (A-D) Cross-sections through the E7 injected 
anterior eye showing the mRNA expression of (A) HEY1; (B) LMO4; (C) 
MSX2; (D) SNAI1. QCPN is red. Scale bar represents 100 µm. ep, corneal 
epithelium; L, lens; oc, optic cup. 
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4.3.2. pNC grafted into the presumptive corneal region upregulate 

corneal endothelium related genes  

Next, I wanted to determine whether downregulation of the pNC genes by 

the injected cells corresponds with upregulation of corneal endothelial genes. In 

the recent study in our lab, it was shown that several genes including (RALDH2, 

RHOB, TGF2, and WNT9A) were upregulated during formation of the chick 

corneal endothelium (Bi and Lwigale, 2019). Here, the section in situ 

hybridization results showed that none of the above genes were detectable in the 

periocular region at E3 (Fig. 4.3A, 4.3G, and 4.3J) except for RHOB, which was 

diffusely expressed in the mesenchyme, optic cup and lens (Fig. 4.3D). I 

confirmed that all the above genes were strongly expressed by the corneal 

endothelium at E5 (Fig. 4.3B, 4.3E, 4.3H, and 4.3K; arrowheads). Likewise, I 

observed induced expression of all the above genes in QCPN-positive pNC that 

were injected into the presumptive corneal region at E5 and analyzed at E7 (Fig. 

4.3C, 4.3F, 4.3I, 4.3L, and insets). Thus, the presumptive corneal environment at 

E5 plays a role in inducing a molecular shift in gene expression of grafted E2.5 

pNC towards the corneal endothelium lineage. 
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Figure 4.3 – Expression of corneal endothelium genes during normal 
ocular development and by the injected pNC. Section in situ hybridization 
was performed on E3, E5, and E7 injected eyes. (A, D, G, J) E3 chick eyes 
showing little or no expression of RALDH2, RHOB, TGFβ2 and WNT9A in the 
periocular region. (B, E, H, K) E5 chick eyes robust expression of RALDH2, 
RHOB, TGFβ2 and WNT9A by the corneal endothelium (arrowheads). (C, F, I, 
L) E7 chick eyes showing strong expression of expression of RALDH2, RHOB, 
TGFβ2 and WNT9A by QCPN-positive cells 2 days post injection. Inserts are 
higher magnifications of selected regions. ec, ectoderm; en, corneal 
endothelium; ep, corneal epithelium; L, lens; oc, optic cup; str, corneal stroma. 
Scale bars represent 100 µm (A-L) and the scale bars for the inserts represent 
20 µm (C, F, I, L). 
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4.3.3. Role of Lens in Directing pNC Differentiation into corneal 

endothelium  

During formation of the corneal endothelium, migratory pNC are localized 

in close proximity to the lens epithelium. Previous studies showed that lens 

ablation in chick prior to formation of the cornea resulted in precocious migration 

of pNC into the presumptive corneal region, which disrupted their differentiation 

into corneal endothelium and stromal keratocytes (Beebe and Coats, 2000; 

Lwigale and Bronner-Fraser, 2009). These observations imply that signals from 

the lens are critical for pNC migration and differentiation. To determine whether 

lens signals are required for the changes in the molecular signature of the 

injected pNC (Fig. 4.1 and Fig. 4.3), I performed in situ hybridization on corneal 

sections of malformed E5 eyes from which the lens vesicles had been ablated at 

E3. First, I examined the expression of pNC genes and observed that with the 

exception of HEY1, which was undetectable (Fig. 4.4A), LMO4, MSX2, and 

SNAI1 were all expressed in the ectopic mesenchyme of the malformed cornea 

(Fig. 4.4B, 4.4, and 4.4D). This result indicates that downregulation of HEY1 

during corneal development is independent of signals from the lens. Ectopic 

expression of LMO4, MSX2, and SNAI1 indicate that their downregulation in the 

cornea is dependent on signals from the lens. Next, I analyzed the expression of 

corneal endothelial genes following lens ablation. Surprisingly, different patterns 

of expression of all genes in the ectopic corneal mesenchyme at E5 (Fig. 4.4E-

4.4H) were observed. RALDH2 was expressed broadly across the ectopic 
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mesenchyme filling a void where the lens would normally reside (Fig. 4.4E; 

arrowheads). RHOB and TGFβ2 were diffusely expressed throughout the 

mesenchyme (Fig. 4.4F and 4.4G), whereas WNT9A was expressed in clusters 

of cells spread throughout the mesenchyme (Fig. 4.4H; arrowheads). I also 

analyzed the expression of PITX2, a transcription factor that was previously 

shown to be robustly expressed during mouse ocular development, and its 

absence causes sever ocular defects (Gage et al., 1999; Lu et al., 1999). The 

results show that similar to mouse, PITX2 is strongly expressed in the chick pNC 

(Fig. 4.4I), and it is maintained during development of the corneal endothelium 

(Fig. 4.4J) and stromal keratocytes (Fig. 4.5). Interestingly, analysis of corneal 

sections from E5 lens ablated eyes revealed that robust expression of PITX2 was 

maintained in the mesenchyme of the malformed corneas (Fig. 4.4K). I also 

observed that expression of PITX2 was maintained by the QCPN-positive cells 

injected as E2.5 pNC into the presumptive corneal region at E5, and examined at 

E7 (Fig. 4.4L). The results indicate that lens ablation causes severe defects in 

morphogenesis of the corneal endothelium and disrupts the expression  

of corneal endothelial genes, and that the expression of PITX2 is unperturbed 

despite these defects. Since the corneal endothelial genes are also expressed in 

the periocular region at E5 (Fig. 4.3B, 4.3E, 4.3H, and 4.3K), and that  
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considerably more cells are positive than what would normally form a monolayer, 

it is likely that their expression is induced in the pNC by signals from the optic 

cup prior to their ectopic migration into the malformed corneas.  

4.3.4. Quantitative Evaluation of pNC and Corneal Endothelial Genes  

The section in situ hybridization results showed localized expression of 

sets of genes in the periocular mesenchyme and during development of the 

corneal endothelium (Fig. 4.1 and Fig. 4.3). Thus, I first undertook qPCR analysis 

to quantify the in vivo expression of pNC and corneal endothelial genes. The 

results revealed that genes associated with the pNC (MSX2, SNAI1) were 

decreased, whereas those associated with corneal endothelial differentiation 

(RALDH2, TGF2, WNT9A, NCAD, and AQP1) were increased (Fig. 4.6A). I also 

observed that the genes that were expressed at both stages of neural crest 

development (RHOB and PITX2) showed the least increase in the corneal 

endothelium.    Given that disruption of TGFβ signaling from the lens prevents 

Figure 4.5 – Section in situ hybridization was performed on E3, E5, and E7 
eyes. (A) At E3, PITX2 is strongly expressed in the pNC. (B) At E5, PITX2 is 
expressed by the periocular mesenchyme and corneal endothelium. (C) By 
E7, pNC-derived corneal stroma, endothelium, and iris stroma express PITX2. 
ec, surface ectoderm. en, corneal endothelium; ep, corneal epithelium; ir, iris; 
oc, optic cup; pNC, periocular neural crest cells; str, corneal stroma. 
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formation of the corneal endothelium in mouse (Saika et al., 2001; Flügel-Koch et 

al., 2002), and that TGFβ2 is vividly expressed by the lens epithelium and during 

development of the corneal endothelium (Fig. 4.3G and 4.3H), I examined its role 

in the changes of gene expression observed during pNC differentiation. The 

qPCR analysis of pNC cultured with or without TGFβ2 showed significant  

reduction in the expression of MSX2 and increase in AQP1 and WNT9A (Fig. 

4.6B).  Expression of SNAI1, RALDH2, TGFβ2, NCAD, PITX2, and RHOB 

remained mostly unchanged. Furthermore, I aimed to investigate if the 

endothelial differentiation could be induced by mimicking the ocular environment.  

Therefore, I established an “artificial eye” environment which consisted of three 

major signals present during normal eye development: WNT, RA and TGFβ2, 

where instead of natural WNT ligand I used a commercially available GSKβ 

inhibitor CHIR99021. Under these conditions the expression of MSX2 was 

unchanged unlike when cultured with TGFβ2 alone (Fig. 4.6C). The expression 

of AQP1 and WNT9A was significantly increased and, in case of WNT9A, to 

higher levels than when exposed to TGFβ2 alone. Another interesting 

observation was that NCAD was significantly downregulated under these 

conditions in contrast to what is seen post injection (Chapter 3). Which suggests 

that the “artificial eye” condition does not recreate the in vivo signaling 

environment. Together these results suggest that lens-derived TGFβ2 signaling  

is required for downregulation of some multipotency genes and specification pNC 

towards a corneal endothelial lineage.  
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Figure 4.6 – Molecular mechanisms of pNC differentiation into the 
corneal endothelium. (A-C) Comparative qPCR analysis of pNC and 
endothelial mRNA expression under different conditions. GAPDH was used as 
reference gene. Independent sample replicates n=3. *P<0.05, ** P<0.01, *** 
P<0.001 (Welch`s two-tailed t-test). Data represented as mean ± s.d. (A) Fold 
change (FC) of corneal endothelial genes compared to E2.5 pNC (baseline). 
(B) Fold change in gene expression of TGFβ2-treated pNC compared to 
untreated control culture (baseline). (D) Schematic representation of the 
regulation of pNC and corneal endothelial genes by lens-derived TGFβ2 
signaling. 
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4.4. Discussion  

During early development, a population of cranial neural crest cells migrates 

into the periocular region and subsequently gives rise to various ocular anlage. 

The molecular mechanisms guiding the neural crest differentiation in the ocular 

environment are not clearly understood. Previously, I observed multiple NCAD-

expression layers formation upon injection into the presumptive corneal 

environment at E5.  I found that during this process, injected pNC downregulate 

expression of transcription factors of the neural crest GRN and upregulate genes 

that are consistent with ontogenesis of the chick corneal endothelium. Ocular 

expression of these genes in the presumptive cornea was disrupted in the 

absence of the lens. Lens-derived TGFβ2 was identified as an environmental cue 

that regulates the expression of some pNC and endothelial genes. From these 

data, I concluded that pNC maintain the multipotential characteristics of migratory 

neural crest following their aggregation in the periocular region. These 

characteristics are lost during differentiation into corneal endothelial cells in 

response to TGFβ2 signaling from the lens. 

Previous studies involving orthotopic grafts of quail dorsal neural tubes into 

stage-matched chick embryos showed that neural crest cells migrate into various 

cranial locations, including the periocular region, where they give rise to multiple 

ocular tissues (Johnston et al., 1979; Creuzet et al., 2005; Lwigale et al., 2004; 

2005). Using closely related approaches, I and others have demonstrated the 
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potential of injected cells to differentiate into several neural crest-derived tissues. 

These experiments involved grafting of neural crest cells derived from human 

embryonic stem cells (Curchoe et al., 2010) or culturing NC as “crestospheres” 

(Kerosuo et al., 2015), as well as injection of dissociated neural crest-derived 

corneal keratocytes (Lwigale et al., 2005). This study`s approach involved 

injection of dissociated pNC into different ocular regions at various 

developmental timepoints.  

In avians, the first tissue to differentiate from the periocular mesenchyme is 

the corneal endothelium, which is characterized by the formation of a monolayer 

of N-cadherin-positive cells between the lens vesicle and the presumptive 

corneal epithelium (Hay and Revel, 1969; Bard et al., 1975; Noden 1978; Beebe 

and Coats, 2000; Lwigale and Bronner-Fraser, 2009). Using N-cadherin as an 

early marker of pNC specification into corneal endothelial cells, I show that pNC 

injected directly into the presumptive cornea differentiate into monolayers of 

corneal endothelium. This process involves downregulation of neural crest GRN 

transcription factors LMO4, MSX2, and SNAI1, which are similarly downregulated 

when pNC are injected into the presumptive cornea. Sustained expression of 

these genes in the malformed lens-ablated corneas indicates that signals from 

the lens are involved in downregulation. However, it cannot be ruled out the 

possibility that their expression is maintained in the periocular region by signals 

from the optic cup, and their presence in the malformed corneal region is partly 

due to ectopic migration of pNC caused by the lens ablation. Previous studies 
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showed that LMO4, MSX2, and SNAI1 function in maintaining multipotency of 

neural crest cells. LMO4 acts as a cofactor for SNAIL during early neural crest 

development (Ochoa et al., 2012; Ferronha et al., 2013). Similar downregulation 

of LMO4 expression was observed during neural crest differentiation in the 

mandibular process (Kenny et al., 1998). MSX2 is required for proper 

proliferation and differentiation of neural crest -derived cranial osteoblasts and 

teeth mesenchyme (Hu et al., 2001; Satokata et al., 2000; Han et al., 2007). 

Thus, lens-derived signals play an important role in the initial step of pNC 

differentiation by repressing the expression of genes required for maintaining 

multipotency. 

I also observed downregulation of HEY1, a downstream effector of Notch 

signaling that is involved in maintaining neural precursor cells in the central 

nervous system (Sakamoto et al., 2003). Notch signaling is required for the 

survival of undifferentiated neural crest cells in vitro (Nikopoulos et al., 2009; 

Morrison et al., 2000), and it plays a role during cardiac neural crest cell 

differentiation (High et al., 2007). Expression of HEY1 by pNC could be involved 

in their contribution to vascular pericytes (Fischer et al., 2004; Sainson and 

Harris, 2008; Garcia-Quintans et al., 2016) or inhibition of their differentiation 

towards the ocular muscle lineage (Buas et al., 2010). The lens-ablation results 

suggest that signals from the lens contribute to the induction or maintenance of 

HEY1 expression in the periocular region. 
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 I found that the first wave of pNC migration into the presumptive corneal 

region coincided with the upregulation of RALDH2, RHOB, TGF2, WNT9A, and 

that these genes were induced when pNC were directly injected into the 

presumptive cornea. This suggests that the mentioned genes are involved in the 

initial transformation of pNC into corneal endothelial cells. RALDH2 indicates 

potential RA signaling, which may be autocrine since several receptors including 

RAR, RAY, and RXR are expressed in the periocular mesenchyme during 

ocular development (Mori et al., 2001). Raldh2 mutant mice show abnormal 

distribution of cranial neural crest cells, but they are embryonic lethal prior to 

corneal development (Mic et al., 2004; Ribes, 2006). However, several studies 

have shown that RA signaling is important for proper formation of lens, optic cup 

and neural crest-derived ocular tissues (Matt et al., 2005). Expression of RHOB 

could indicate its involvement in cell adhesion and barrier formation required for 

mesenchyme-to-endothelial transformation (Liu et al., 2001; Adini et al., 2003; 

Wojciak-Stothard et al., 2012). WNT9A has been implicated in both canonical 

(Spater et al., 2006; Matsumoto et al., 2008; Grainger et al., 2016) and PCP 

pathways (Rochard et al., 2016). In the chick corneal endothelium, it is likely that 

this process is via the PCP pathway, since there is no nuclear localization of β-

catenin despite its expression in the cell membranes at this time (Appendix). 

I show that TGFβ2 is strongly expressed in the lens and corneal endothelium, 

and that its expression is upregulated in the injected pNC, indicating that the lens 

induces TGFβ2 expression in the corneal endothelium. TGFβ signaling promotes 
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neural crest cell specification into non-neural lineages that express smooth 

muscle actin in vitro (Shah et al., 1996). Conditional knockout of TGFβ signaling 

in neural crest cells caused malformation of cranial bones, cardiovascular 

defects, and absence of smooth muscle actin (Wurdak et al., 2005). Specific 

disruption of TGFβ2 signaling causes similar developmental defects including 

severe malformation of the eye and cornea (Sanford et al. 1997). Whereas 

targeted knockout of Tgfβr2 in the neural crest cells (Ittner et al., 2005) or TGFβ2 

in the lens (Saika et al., 2001) causes severe malformation of the cornea and 

absence of the corneal endothelium. I show that TGFβ2 is upstream of MSX2, 

AQP1, and WNT9A during pNC differentiation. Developmental defects in 

mesoderm-derived supraoccipital bones in Tgfβr2 mutants were linked to 

downregulation of Msx2 (Hosokawa et al., 2007). However, in this study, I 

discovered that TGFβ2 signaling downregulates MSX2 in pNC. Previous studies 

showed that Msx2 expression in cranial neural crest cells is mediated by BMP 

signaling (Brugger et al., 2004; Liu et al., 2005). This raises the possibility that 

downregulation of MSX2 expression in the pNC could be due to a direct 

response to TGFβ2, or an indirect on via suppression of BMP signaling. Another 

study using Tgfβr2 mutants showed downregulation of Wnt9a expression during 

limb development (Spagnoli et al., 2007), suggesting that TGFβ signaling 

upregulates WNT9A. These results link TGFβ signaling with AQP1 during ocular 

development and are supported by an in vitro study that reported increased 

levels of AQP1 expression by alveolar epithelial cells following treatment with 
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TGFβ (Galan-Cobo et al., 2018). Although AQP1 is important for the proper 

function of the adult cornea (Thiagarajah and Verkman, 2002), its role during 

early development remains unclear. A recent study indicated that AQP1 plays a 

role in cranial neural crest cell migration via FAK activity, increased turnover of 

integrinβ1, and degradation of the extracellular matrix (McLennan et al., 2019). 

There is a possibility that its upregulation during the initial wave of pNC migration 

into the presumptive cornea may involve some of these activities.   

The results of the combined treatment with the mix of TGFβ2, WNT, and 

CHIR99021, mimicking the eye environment, yielded controversial results, 

although with some consistency in regards to AQP1 and WNT9A being 

significantly upregulated as in case of the TGFβ2 treatment alone. By comparing 

the combined treatment results to the single TGFβ2 condition, it can be said that 

the effect of MSX2 downregulation is diminished in case of the combined 

treatment which must be due to the other factors present in the media. Another 

observation was a significant reduction in NCAD levels comparing to the control, 

which may be due to the β-catenin pathway activation since other research 

supports the connection between the two (Hay et al., 2009; Nelson and Nusse, 

2004; Tufan and Tuan, 2001). Between two treatment conditions, the WNT9A 

expression fold change is more robust in case of the combined treatment. This is 

likely because of the cells responding to CHIR99021 which is a known inducer of 

the canonical WNT pathway. However, the introduced system is too complex to 

interpret without individual treatment conditions being tested first. What makes it 
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more difficult is that the in vivo concentration of these signals and their timing is 

not known, which makes it harder to model this environment in vitro.  Another 

complication is identifying the optimal concentration of the molecules, which 

would provide a robust mRNA expression change. Therefore, to precisely model 

the ocular environment which has the capacity to induce endothelial 

differentiation, first, the individual treatments of the pNC are suggested. 

The current model (Fig. 6D) provides a foundation for understanding the 

molecular mechanisms involved in pNC differentiation into corneal endothelium. 

The data suggest an important role of TGFβ2 in the downregulation of 

multipotency genes and upregulation of corneal endothelial genes. The genes 

that appear not to be directly regulated by TGFβ2 (PITX2, NCAD, RHOB) may 

require other growth factors from the optic cup and presumptive corneal 

epithelium. NCAD is downregulated following a combined treatment which is 

likely due to the concentration and timing of the signals not matching the in vivo 

requirements for the NCAD-positive endothelium establishment. Both RA and 

TGFβ signaling are upstream of PITX2 during ocular development (Kumar and 

Duester, 2010; Ittner et al., 2005). PITX2 upregulates NCAD during gut 

morphogenesis (Kurpios et al., 2008; Plageman et al., 2011). This is unlikely the 

case in the chick cornea, since lens ablation abolishes N-cadherin expression 

(Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2009) although PITX2 is 

not affected. It would be of great interest to determine the ocular signals that 

regulate N-cadherin since it allows the segregation of pNC that form the corneal 



 
101 

 

endothelium from the periocular mesenchyme. It has been shown that integrin-

mediated expression of Twist1 induces N-cadherin expression in human breast 

epithelial cells (Alexander et al., 2006). A similar process could be driven by a 

combination of signals from the extracellular matrix and Twist1 expressed in the 

periocular mesenchyme during corneal development (Bi and Lwigale, 2019; Ma 

and Lwigale, 2019).  

4.5. Conclusions 

To summarize, the injected pNC showed gene expression was consistent 

with the normal corneal endothelial gene expression profile, where pNC-related 

genes (HEY1, SNAI1, LMO4, MSX2) are downregulated and a group of 

endothelium-related genes are induced (RALDH2, RHOB, TGF2, and WNT9A). 

For the first time, I showed that TGFβ2 alone is sufficient to induce endothelial 

genes (WNT9A and AQP1) expression in the primary cultured pNC, meaning that 

TGF2 signaling in the nascent corneal environment plays a critical role in 

changing the molecular signature of pNC during formation of the corneal 

endothelium. Also, the endothelial genes in the lens ablated eyes were 

maintained, which suggests the lens does not exclusively promote endothelial 

differentiation, more likely, the optic cup is also involved in endothelial gene 

induction from the migrating pNC.   
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Chapter 5 

Chick embryonic corneas restore 
collagen fibril arrangement during the 

wound healing process in ovo  

This work is a collaboration. A part of the data discussed in this chapter is 

submitted for publication. Koudouna, E., Spurlin, J., Babushkina, A., Quantock, 

A.J., Jester, J.V., Peter Lwigale, P. (2020). Recapitulation of normal collagen 

architecture in embryonic wounded corneas. Sci. Rep. 

5.1. Introduction 

Corneal scarring leads to vision impairment and blindness by disrupting 

corneal transparency (Cintron et al., 1973). Corneal collagen fibrils are organized 

in a specific way, so that incoming electromagnetic waves cause excitation of the 

electrons in the collagen fibrils which propagate the secondary waves within the 

cornea; those secondary waves interfere and cancel out in all directions except 

for one. This allows the light to stream in one direction – into the eye, through the 
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lens and onto the retina. Therefore, precise organization and the diameter of 

collagen fibrils in the cornea is crucial for the tissue to maintain its function 

(Maurice, 1957; Meek and Knupp, 2015).    

The collagen content and organization differ between the scarred and 

unscarred tissue (Cintron et al., 1981; Beanes et al., 2001; Van Zuijlen et al., 

2003). The scars in the cornea also show abnormal cross-linking in collagen 

molecules that could also account for abnormalities in fibril diameter or spacing 

(Cannon and Cintron, 1975).  

The chick cornea is known to possess an orthogonal arrangement of the 

collagen fibrils (Koudouna et al., 2018) when the human cornea was found to be 

more interwoven and random in the collagen arrangement (Winkler et al., 2015). 

Despite these differences between the two species, there are still similarities in 

anatomy and the physiology of the tissue (Winkler et al., 2015; Koudouna et al., 

2018). Chick has proven to be a great developmental biology tool, that previously 

showed its advantages for studying corneal wound healing (Spurlin and Lwigale, 

2013a). Similarly, this model organism can be useful to describe corneal collagen 

structure arrangement during development and wound healing using the second 

harmonic generation (SHG) microscopy technique. 

5.2. Rationale:  

Collagen fibrils organization in the cornea stroma is essential for proper 
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light conductivity and, therefore, transparency of the cornea (Maurice, 1957; 

Goldman, 1968; Meek and Knupp, 2013). The small and regular diameter of the 

collagen fibrils in the cornea and the spacing of them are both crucial factors in 

making the tissue transparent (Kamma-Lorger et al., 2009, Hassel et al., 1983; 

Kao and Liu, 2003). Previous research in our lab demonstrated that wounded 

embryonic corneas exhibited signs of fibrotic repair at 3dpw that were abolished 

by 5dpw. As the healing progressed the cornea restored transparency by 10-

11dpw (Spurlin and Lwigale, 2013a). Based on that, we sought to identify how 

the architecture of collagen changes between the early and late stages of wound 

healing and if the collagen layer structure is restored in the wounded embryonic 

corneas during regeneration. To address these questions, we propose to perform 

wounding experiments as previously described (Spurlin and Lwigale 2013a) and 

analyze the three-dimensional structure of collagen in collaboration with the 

Jester laboratory in UC Irvine. 

5.3. Results 

5.3.1. The irregular organization of collagen during early stages post-

wounding 

Generally, using the SHG technique it is possible to visualize non-

centrosymmetric molecules such as collagen. Usually, the signal is stronger if 

fibrillar collagen is abundant in the tissue (Cicchi et al., 2013). The SHG signal is 
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strongly detected in the collagen lamellae that are coordinated along the plane of 

imaging, which can be seen as gray bands in the control samples (Fig. 5.1B, D, 

F, H). However, the signal is weak if it comes from the lamellae orthogonal to the 

ones in plane. Considering that chick corneal collagen lamellae are arranged 

orthogonally to each other (Koudouna et al., 2018), we can identify the black 

gaps in between those bands and in the posterior stroma corresponding to the 

lamellae perpendicular to ones in the plane of imaging. 

First, to understand how the wounding affects the corneal stromal collagen 

organization we examined the samples during the early stages of wound healing 

(3 and 5dpw, n=4) using SHG microscopy. The early time points (3 and 5 dpw) 

represent early stages of wound repair in the cornea, with the maximum 

expansion of the wound at 3dpw and gradual retraction of it after 3dpw. The 

3dpw sample corneas did not have a very strong SHG signal in both control and 

the wounded cornea, probably to lack of orthogonal fibrillar collagen in the 

stroma during that stage. Interestingly, it still is noticeable that the collagen in 

3dpw is not in the orthogonal arrangement judging by a weak SHG signal from 

the stroma, which indicates irregularity of collagen placement. However, the E10 

matching control shows the gray bands which correspond to how the orthogonal 

collagen looks within the stroma (Fig. 5.1B, arrowhead). Evidently, while the 

5dpw and the E12 matching control still had some irregular collagen in the 

stroma, they began to show a more profound collagen orthogonality (Fig. 5.1C, 
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Figure 5.1 – Homeostatic collagen tissue architecture is achieved following 
embryonic corneal wound healing. SHG imaging of corneal cross-sections at 
different days post wounding (3dpw –10dpw) and stage-matched controls (E10-E17). (A) 
At 3dpw, small, loosely arranged collagen fiber formation in the wounded cornea is 
evident during the early phase of wound healing. The irregular collagen network 
extended into the unwounded peripheral corneal region (A, asterisk). No banded SHG 
collagen signal is apparent indicating that the collagen layers show no angular 
displacement. (B) During normal corneal development, the angular displacement of 
collagen begins on E10, noted by the appearance of one band SHG signal pattern in the 
anterior stroma (B, arrowhead). (C-D) At 5dpw, while SHG imaging did not reveal any 
banded SHG signal pattern at the central wounded area, the periphery of the wound 
displays the normal banded SHG signal pattern (C, arrowheads). The stage matched 
control showed increased angular displacement of collagen that resulted in the 
appearance of two banded SHG signal patterns (D, arrowheads). (E-F) At 9dpw, 
irregular collagen network is evident in the wound region just below the corneal 
epithelium (E, asterisk). Nevertheless, two banded SHG signal patterns are evident 
highlighting a greater angular displacement of the collagen that are similar to stage-
matched control (E and F, arrowheads). (G-H) At 10dpw, the two banded SHG signal 
patterns extend throughout the corneal stroma (G, arrowheads), similar with the stage-
matched control (H, arrowheads). The wound regions and corneal parts are illustrated: 
C, central wounded cornea; MC, mid-central wounded cornea; P, peripheral cornea;Epi, 
epithelium layer; St, stroma; En, Endothelium layer. Scale bar:100 µm. Used from 
Koudouna et al., 2020, submitted for publication. 
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Fig. 5.1D, arrowheads) later in the development. Altogether these data suggest 

acquisition of angular displacement. 

5.3.2. The arrangement of collagen during mid stages wound healing 

displays progressing organization  

During the middle stages of wound healing (8 and 9 dpw, n=3), the cornea 

became re-epithelialized and visibly transparent (observation). It was evident that 

regenerating 9dpw cornea showed abnormalities in collagen fibril organization 

towards the anterior (Fig. 5.1E, asterisk), although the arrangement became 

more organized towards the posterior. The gray bands representing orthogonally 

displaced lamellae were both present in the wounded cornea and the stage-

matched control (Fig. 5.1E, Fig. 5.1F), suggesting a similar angle of collagen 

displacement. The wounded 8dpw showed mostly unidirectional collagen 

organization in the central wound cleft at different depths (Fig. 5.2 A, Fig. 5.2 B, 

Fig. 5.2 C, white arrowheads). The collagen in the mid-central region of the 

wound was mostly oriented across the wound (Fig. 5.2 D, Fig. 5.2 E, Fig. 5.2 F). 

The collagen orientation at the peripheral region of the wound (Fig. 5.2 G, Fig. 

5.2 H, Fig. 5.2 I) showed resemblance to the orthogonal collagen orientation of a 

stage-matched control (Fig. 5.2 A’, Fig. 5.2 B’, Fig. 5.2 C’). The en face images of 

9dpw depicted irregular collagen network in the anterior of the cornea (Fig. 5.3 A, 

Fig. 5.3 B) comparing to the stage-matched control (Fig. 5.3 A’, Fig. 5.3 B’) which 

became more organized in a biaxial manner towards corneal posterior 
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Figure 5.2– Orientation of collagen fibers bridging the corneal stroma 
wound cleft at 8dpw. En face SHG images of collagen macrostructure in the 
central area of the wounded corneal stroma taken at successive lamellar 
planes, progressing from the epithelium towards the endothelium. (A-C) At the 
wound center, transversely (white arrowheads) and longitudinally oriented 
collagen fibers (red arrowheads) bridge the wound cleft, denoted by the 
dotted lines, at different depths of the stroma. (D-F) The mid-central wound 
region consists of higher density of collagen fibers compared to the central 
region. (G-I) The peripheral wound region is composed of normal orthogonal 
layers of collagen displaying a gradual angular displacement, similar to stage-
matched control (A’-C’). The corresponding FFT analysis of collagen at the 
interface is also shown (insets). Epi, epithelium layer; St, stroma; En, 
Endothelium layer; C: Central wounded cornea, MC: Mid-central wounded 
cornea, P: Peripheral cornea. Scale bar: 50 µm. Used from Koudouna et al., 
2020, submitted for publication. 
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 (Fig. 5.3 C, Fig. 5.3 D) resembling the control (Fig. 5.3 C’, Fig. 5.3 D).  

The fast fourie transform (FFT) diagram in the bottom right corner of each 

image shows the predominant direction of collagen which is evidently more 

orthogonal towards the posterior similarly to the control (Fig. 5.3). Though the 

9dpw was not regenerated, the collagen structure was more organized than it 

was during early stages of wound healing suggesting gradual recovery of the 

collagen architecture. 

Figure 5.3 – Arrangement of collagen fibers into bundles and 
development of angular displacement at the central wound area at 
9dpw. (A-D) En face SHG imaging microscopy and respective FFT analysis 
of the central wound and (A’-D’) stage-matched control at different depths of 
the corneal stroma, progressing from the epithelium towards the endothelium. 
(A, B) Disorganized collagen is evident in the anterior region of the wound, 
below the epithelium. (C, D) In the mid-posterior wound, small bundles of 
collagen fibers are orthogonally arranged. The collagen lamellae at the wound 
region began to develop an angular displacement. Scale bar:50 µm. Used 
from Koudouna et al., 2020, submitted for publication. 
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5.3.3. Collagen arrangement during late stages corneal wound healing 

recapitulates normal structure  

Lastly, during the late stages (10dpw and 11dpw, n=3) of the wound 

healing 10 dpw cornea showed two-band pattern of collagen organization within 

the stroma which was similar to the stage-matched control (Fig. 5.1G, Fig. 5.1H). 

Moreover, at 10dpw the collagen arrangement was recapitulated to show 

orthogonality throughout the thickness of the stroma, which is clearly represented 

in the FFT diagrams (Fig. 5.4). Similar results were seen in 11dpw. Together, 

during wound healing of the embryonic cornea, the collagen lamellae show a 

gradual improvement in arrangement which culminates in recapitulation of the 

orthogonal structure by the late stages of wound healing.  

5.4. Discussions 

Our lab has previously shown that embryonic cornea displays scar-free 

regeneration. Initially the wounds show signs of fibrotic repair which disappear 

later around 5dpw (Lwigale and Spurlin, 2013a). This observation raised a 

question of whether and how collagen organization changes during the healing 

process. The fibrotic wound healing response is associated with TGF-β signaling, 

which also drives keratocyte-to-myofibroblast transdifferentiation during corneal 

wound healing (Diegelmann and Evans, 2004; Jester et al., 2002; Barbosa et al., 

2012). Myofibroblasts synthesize ECM during wound healing, though they do not  
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Figure 5.4 – Recapitulation of the normal collagen architecture in the 
corneal stroma of the wound region at 10dpw. En face SHG images and 
corresponding FFT analysis (insets) of the central wound area, taken at 
different depths in the corneal stroma, progressing from the epithelium layer 
towards the endothelium layer. Bundles of collagen fibers are orthogonally 
organized and show an angular displacement in the anterior-mid stroma, 
similar with the stage-matched control. Scale bar: 50 µm Used from Koudouna 
et al., 2020, submitted for publication. 

. 
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properly organize it, as done by keratocytes during normal development (Tervo 

et al., 1991; Torricelli and Wilson, 2014; Young et al., 2014). 

Although the collagen had irregular placement in the stroma during earlier 

stages of healing, the organization became more orthogonal as the regeneration 

proceeded. This is in agreement with evidence on de novo matrix synthesis and 

deposition by the fibroblasts during the early stages of wound healing in the 

cornea (Wilson et al, 2001; Doillon et al., 1985). At the same time, it is possible 

that loose localization of the collagen matrix is associated with heightened 

synthesis of collagen III and its interfibrillar deposition during early stages of 

healing (Burd et al., 1990; Smith et al., 1986).     

A visible change in the organization of collagen fibrils was detected at the 

later stages when the collagen showed a unidirectional organization across the 

wound cleft. Collagen is likely to assists in wound contraction as the wound starts 

to shrink around those stages (Spurlin and Lwigale, 2013a). This finding 

demonstrated the importance of cell-matrix interactions during wound 

contraction. During the remodeling phase, the collagen network acquires a 

biaxial distribution and orthogonality of the lamellae at the wound; collagen 

lamellae begin to condense and show angular displacement at the wound 

posterior, which possibly guides the orientation of the new collagen matrix. 

By the late stages of healing, the collagen matrix organization at the wound 

resembled the unwounded control. The characteristic orthogonality and the 



 
113 

 

angular displacement of collagen at the anterior and mid-stroma is involved in 

restoring the function of the wounded cornea. The stromal cells are likely to 

facilitate the organization of the collagen during stromal remodeling. Although not 

discussed here, the other components, such as fibronectin, perlecan and 

proteoglycans are also important in restoring the tissue structurally and 

functionally (Hassel et al., 1983; Kao and Liu, 2003; Chen and Birk, 2013; Spurlin 

and Lwigale, 2013a). 

5.5. Conclusions 

For the first time we showed that wounded embryonic cornea has the 

ability to fully restore its three-dimensional collagen architecture during the 

wound healing process. The embryonic chick cornea has proven to be a great 

model for regeneration studies. Therefore, it can be used to clearly identify the 

differences in the mechanism of the embryonic and adult wound healing, which is 

of both scientific and clinical importance. 
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Chapter 6 

Conclusions and Future Directions 

The eye formation requires a timely regulated synergetic action of multiple 

signaling pathways to produce the diverse arrangement of tissues that together 

comprise the organ. The work presented in this dissertation shows evidence of 

some molecular pathways involved in the formation of the anterior-most tissue of 

the eye, the cornea. It aids our understanding of the role of ocular environment 

during anterior segment formation and of how it influences the pNC fate during 

the process. The work concerning the wound healing of the embryonic cornea 

described restoration of the three-dimensional collagen architecture. This novel 

finding complements the established paradigm on scar-free embryonic corneal 

wound healing (Spurlin and Lwigale, 2013a). The recognition of the important 

molecular mechanisms of pNC differentiation could have potential implications 

for clinical application of stem cells in treatment of the anterior segment disorders 

and injuries. Additionally, a solid understanding of corneal regeneration would 

provide a basis for the development of novel approaches for treating corneal 

injuries and, possibly, enhance the current approach to creating artificial corneas. 
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However, there are still major gaps in our understanding of corneal development 

and wound healing. 

While I have established the spatiotemporal requirements for the corneal 

induction from pNC during ocular development, there are still questions to 

answer. First, if I am to continue this research using the same model, I would 

gather more numbers for assessment of pNC differentiation in the E5 periocular 

region injected embryos. I showed that at different time points there was NCAD 

and KSPG expression within the injected population (Fig. 3.9). The timepoints 

were E7 for NCAD and E9 for KSPG, which corresponds to the time it takes to 

develop an endothelium or keratocytes. This data should be tested to confirm this 

temporal pattern. More, the observation that the expression was localized to the 

part of the injected cells closest to the presumptive corneal region and the lens 

should be confirmed as well. Clarifying this would further confirm the role of the 

presumptive cornea in the guidance of corneal differentiation as well as its ability 

to induce keratocyte differentiation in the pNC. 

Another useful consideration would be to find an intracellular molecular 

marker of early keratocytes and to use it along with a well-established KSPG. 

First, KSPG is a secreted protein, which would mostly reside in the corneal 

matrix other than inside the cells. This makes it harder to determine keratocyte 

differentiation by doing immunostaining in tissue sections. Another reason is that 

the endothelium showed KSPG expression during the early stages of cornea 

formation (E6-E7), likely aiding the development of the secondary stroma. We 
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could distinguish the endothelium from the keratocytes by co-staining with 

NCAD, but a more independent marker for the keratocytes is required at least 

during the early stages of corneal development to produce firmer results. 

Another loose end to tie is addressing the keratocyte differentiation in the 

stroma at E7. I showed that the injected cells exhibit strong co-localization with 

KSPG between E9-E11. To distinguish between what produces that matrix, one 

could complete another few rounds of injections, collect the embryos at E11, 

dissociate the keratocytes from the cornea, culture them for 2-4 hours, and 

perform an immunostaining using KSPG and another marker for keratocyte 

differentiation. This way the marker(s) expression within the isolated cells would 

be shown directly.  

I propose the above experiments if one wishes to continue using the 

method described in this dissertation. However, the times are changing and soon 

some methods will become obsolete. If the researchers do not go hand in hand 

with the contemporary scientific methods, their research will become obsolete 

too. 

On that note, I think we need a more efficient and standardized way to 

approach the study of pNC moving forward. I identify three major drawbacks of 

using the current method and overcoming them would be advantageous for pNC 

research. Those drawbacks include heterogeneous stage mix within the injected 

population of pNC, lack of a live-monitoring technique (fluorescent protein 
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labeling), and, possibly, inconsistent cell amount in an injection. I see two ways 

of addressing those concerns. The first option is to use early NC, which could be 

kept in culture and maintained in a multipotent state. Such a technique has a 

potential to address all the three concerns. Another option is to use ubiquitous 

GFP expressing transgenic chick lines and extract the pNC from them. 

Culturing NC has been a struggle because it is challenging to maintain the 

cells in a multipotent state without inducing spontaneous differentiation. There 

have multiple protocols developed for primary NC maintenance including 

culturing on collagen-coated plates (Etchevers, 2011). One of the recent 

methods allows long-term maintenance of the cells in “crestospheres” in a self-

renewing multipotent state (Kerosuo et al., 2015). This method shows that 

culturing the cells in nonadherent plates results in floating cell “spheres” 

formation. This type of culture allows avoiding attachment to the plate’s surface, 

which would usually make NC prone to spontaneous differentiation. 

Crestosphere culture method could allow us to maintain the NC in their neural 

crest state and use the cells consistently from one source for up to 7 weeks. 

Nonetheless, one of the major considerations to have is declining NC 

proliferation over time in culture. Also, there are potential obstacles with 

implementation and use of this technique in the lab. This method requires the 

ability to maintain cells in complex cultures for weeks which is not a usual 

practice in the lab. Therefore, appropriate conditions and equipment should be 

acquired, and a thorough training protocol must be established. In addition, it is 
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possible that the use of early NC in the context of eye development is not optimal 

for studying ocular development.  

I suggest obtaining the source tissue from a GFP transgenic chick would 

address the live monitoring concern and provide a platform for getting 

quantifiable results. Potentially, the GFP+ cells from crestospheres can be put 

through FACS if there is a need in setting a specific number of cells per injection, 

therefore addressing the cell amount variability issue. A simpler way would 

involve passaging cells at a fixed amount into multiple wells, prior to injection 

procedure and injecting the embryos one well per one embryo for a less precise 

but still consistent approach. Next, one could easily screen for GFP during tissue 

collection post-injection, which would allow knowing if the tissue contains injected 

cells without performing immunofluorescent analyses on them. This eliminates 

the restriction of working with fixed tissue and enables the use of alternative 

methods for differentiation assessment. First, there is a potential in using FACS 

to separate out the GFP-positive injected cells from the rest of the corneal tissue. 

It would initially involve tissue dissection, dissociation and filtration. Subsequent 

FACS and cell collection would provide the clean material for further analysis 

which could include qRT-PCR, bulk or single-cell RNA sequencing and other 

methods for assessment of gene expression levels. I recognize certain 

constraints come with FACS, one of the most concerning, in this case, being the 

input cell amount and, therefore, the yield. The parameters for FACS 

experiments would be determined empirically. Together with in situ and 
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immunohistological analysis, this method may have the potential to create a 

comprehensive approach to gene expression studies of the NC in the ocular 

environment. A bioinformatical analysis of the expression data using RStudio or 

similar statistical analysis software would be beneficial for data representation. 

Alternatively, instead of FACS the cells could be plated, counterstained with the 

differentiation markers and visualized using confocal microscopy with a 

subsequent expression quantification using MATLAB software. 

This method could provide an avenue in researching how NC become 

pNC and sequentially the cornea by in vitro conditioned culture and quantitative 

gene/RNA expression analysis. Finally, this method would provide consistency 

and could be used in other experiments and projects apart from mine.  

Using a transgenic ubiquitous GFP expressing chick as a source of pNC 

for injections is an alternative method if the crestosphere cultures become too 

labor-intensive or unsuited for the project. Such animals were created and since 

have been used in research papers, including the crestospheres discussed 

above (Chapman et al., 2005; Kerosuo et al., 2015). According to my knowledge, 

the only available line in the US as of now is ubiquitous GFP transgenic chicks 

from Clemson University, and it is available for purchase from Chapman lab 

(schapm2@clemson.edu). There are other lines, including ubiquitous TdTomato 

line, membrane and cytoplasmic GFP lines, but they are available in the UK. The 

approach to the expression study would be similar to what I proposed with 
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crestospheres but it would not allow for stage consistency to be achieved 

because of the extraction of pNC from multiple organisms. 

In my project, I searched for specific molecular mechanisms involved in 

corneal development using in vitro methods. If the in vitro studies will be required 

to continue research on the specific molecular pathways and signals, I propose 

to use crestosphere cultures or other NC cultures kept in optimal conditions. In 

my work, I performed a series of experiments on extracted chick pNC, which I 

cultured in a supplemented medium or just minimal DMEM. Plating NC on the 

dish could propagate α-SMA expression in the cells early after attachment 

(observation), Moreover, it was proposed that sometimes spontaneous 

differentiations occur from chick NC into α-SMA positive cells and melanocytes, 

which possibly is due to stochastic signaling in densely plated cells (Etchevers, 

2011). One needs to take this into account when designing the in vitro studies 

that involve the NC. Additionally, this experiment was very lengthy and difficult to 

carry out due to restrictions imposed by both time and workforce. I recommend 

trying another approach of extraction and culture of the cells which would 

increase the efficiency of the experiment and aid acquisition of more robust 

results (provide a higher number of technical and biological replicates, more 

different conditions tested, etc). It could involve crestospheres or other types of 

NC culture as well. 

 Not so long ago, another useful technique - CRISPR/Cas9 system - 

became available in chick and since has been used both in vitro and in vivo. Prior 
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to that, transcription activator-linked nucleases (TALENs) and transposon 

elements were shown to generate transgenic chicks by introducing targeted gene 

knock out (Park et al., 2014; Sato et al., 2007). Now, it is possible to create 

mutants and transgenic chick lines using CRISPR/Cas9 technology (Oishi et al., 

2015; Williams et al., 2018). For in vivo genetic manipulations the vectors can be 

electroporated into the embryo similarly to RCAS virus electroporation. 

Researches demonstrated the use of this new method by creating Pax7 loss-of-

function chick embryos (Veron et al., 2015). CRISPR/Cas9 was also found to be 

very useful in creating knockout chicken cell lines in df-1 chick fibroblasts and 

chick embryonic stem cells (ESCs) (Abu-Bonsrah et al., 2016; Zuo et al., 2016). 

This technique has a potential to be used in either gene functional studies or 

creation of cell lines for in vitro studies, such as described further. 

 I propose to consider using CRISPR/Cas9 technology for continuation of 

my other project that concerns wound healing. The aim of the project was to 

elucidate the mechanisms behind the molecular switch that seemed to take place 

during embryonic corneal wound healing, possibly accounting for nonfibrotic 

regeneration. Previously it was found that at 3 dpw the cornea shows signs of 

fibrosis marked by αSMA expression and pSmad2/3 at the wound site, later at 5 

dpw those are abolished and there is only pSmad1/5/8 staining and BMP3 in the 

wound site (Spurlin, unpublished). It is known that the effector of TGF-β pathway 

is pSmad2/3 complex, while for BMP it is pSmad1/5/8(9) (Weiss and Attisano, 

2013). I performed BMP3 treatments of df-1 cells that usually show strong 
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pSmad2/3 nuclear localization and αSMA expression in culture. To see if it is 

possible to induce a switch to pSmad1/5/8 and BMP signaling with a subsequent 

reduction in αSMA, I fixed and immunostained the cells collected at multiple 

timepoints. The results differed every time I did the experiment and were 

inconclusive. I tried using TGF-β inhibitor SB431542 or culturing on/in collagen I, 

but it did not seem to influence αSMA and the pSmad localization data was 

inconsistent. 

If I am to continue this study, I would choose a different approach. First, 

df-1 cells (either in the lab or in general) do not seem to be ideal to use in this 

experiment, so I would try using an another cell line for example human ESC 

since Dr. Warmflash lab found them to be responsive to both TGF-β and BMP 

signaling pathways. Also, a better way to visualize the localization of smads 

within the cell would be live confocal microscopy in cells that produce GFP-

Smad2, where the fluorescent protein is knocked in by CRISPR/Cas9. The same 

could be done for the other signaling axis effector. Importantly, one should know 

that pSmad2 nuclear localization does not necessarily reflect the related gene 

expression, whereas localization of Smad4, a common link in both axes, shows 

correlation with transcription rate (Warlmflash et al., 2014). After real-time 

tracking of the cellular smads, the images taken from a confocal microscope 

could be analyzed using MATLAB software to quantify the fluorescent protein-

associated smad in nuclei and cytoplasms. This would be an easier and more 

elegant way to observe a pathway induction within the cultured cells. 
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The work I completed in this thesis shows insight into the molecular 

mechanisms required for the proper development of the cornea. I believe that 

having the right tools would greatly improve our approach to research and yield 

robust and reproducible results which further could be translated into clinical 

research and development of novel therapies for corneal injuries and disorders. 
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Appendix 

Upon examination of E5 corneal endothelium for β-catenin expression and 

localization, I found it to be localized to the cell membranes, not nuclei, 

suggesting lack of canonical WNT signaling at that time in the corneal 

endothelium. Similar observations were made in the lab (Lwigale, unpublished). 

 

 

Figure 8.1 Wholemount immunostaining of E5 cornea showing β-catenin 
localization to the membranes of the cells. The image was taken from the 
endothelial side. The image on the right represents a zoomed-in area (scale 
bar 25 µm) marked by dotted rectangle on the left image (scale bar 50 µm).  


