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ABSTRACT 
Roles for the Extracellular Matrix in Corneal Development and Wound Healing 
Jeremiah Martino 
Advisor and Mentor: William J. Brunken, Ph.D. 
 

Corneal diseases are among the top preventable causes of vision loss in the 

developed world.  Injuries, infections, age-related diseases and congenital diseases are 

typically accompanied by defects in the extracellular matrix (ECM) or its remodeling.  

Laminins and laminin-related molecules, netrins, are ECM proteins that play an 

important yet not fully characterized role in corneal development, disease and wound 

recovery.  With regulatory roles in cell proliferation, migration and neural guidance, the 

main research question addressed here is how netrin-4 and specific laminin subunits, i.e. 

the laminin β2 and γ3 chains, are involved in corneal development and wound recovery.  

A reverse genetics approach was employed to characterize the corneal phenotype in mice 

lacking the Ntn4, Lamb2, or Lamc3 genes during development and wound healing. 

Immunohistochemistry data showed that netrin-4 and the laminin β2 and γ3 

chains are components of corneal basement membranes.  Genetic ablation of Lamb2, 

Lamc3 or both genes led to hypo-proliferation of epithelial progenitors and hypo-

innervation of the corneal surface, indicating regulatory roles in corneal development and 

possibly wound recovery.  In addition to these effects at the surface, in the deep cornea, 

Descemet’s Membrane (DM) was thinner and endothelial cells displayed disruptions in 

tight-junction formation, likely resulting from an altered molecular composition of DM. 

On the other hand, deletion of Ntn4 led to hyper-innervation of the corneal surface 

during development.  When further characterized in the context of wound recovery, adult 

Ntn4-/- mice showed a slightly earlier reepithelialization, upregulated cell proliferation 

and reinnervation of wound area compared to wild-type littermates.  Altogether, these 
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data indicate that netrin-4 is likely a negative regulator of proliferative events in the 

cornea. 

How netrin-4 and laminin heterotrimers containing the laminin β2 or γ3 subunits 

affect nerve-cell interactions in the cornea merits further inquiry.  Given the observations 

presented herein, these molecules are important for corneal maintenance and have 

applications potential in strategies aimed toward treatment of corneal injuries, such as 

development of fully characterized, synthetic pro-regenerative membranes, or 

incorporation into implantable biomimetic scaffolds which can also mitigate current 

donor tissue shortages. 
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Chapter 1: Introduction 

Corneal Development, Maintenance and Wound Recovery  

Corneal Structure and Function 

Clear, normal vision is dependent on a healthy cornea, which, together with the 

overlying tear film, provides up to 65-75% of the eye’s refractive power (Kanski et al., 

2011; Levin et al., 2011).  This dome-shaped, transparent outer layer of the anterior eye 

covers the iris, pupil, and lens, serving as a barrier between the extraocular environment 

and the more delicate inner components (Fig. 1.1A) (Levin et al., 2011; Swamynathan, 

2013).  Grossly, the cornea consists of three cell layers divided by two basal laminae.  

The densely innervated epithelial cell layer is separated from the underlying keratocyte-

containing, and also innervated, stroma by the epithelial basement membrane (eBM) (Fig 

1.1B) (Levin et al., 2011; Swamynathan, 2013).  The two faces of the eBM are typically 

referred to as the subepithelial basement membrane, which is the epithelial face of the 

eBM, and Bowman’s Layer (BL), which is the stromal face of the eBM1.  From this point 

forward, all subsequent references to the epithelial basement membrane should be 

considered as inclusive of both the subepithelial basement membrane and Bowman’s 

Layer.  Underlying the thickest part of the cornea, i.e. the stroma, is Descemet’s 

Membrane (DM), which is the posterior boundary between the stroma and monolayer of 

corneal endothelial cells (Fig. 1.1B).  Although each of these five layers has different 

functional and structural roles, the integrity of each is essential for a clear, healthy cornea 

(Kanski et al., 2011; Levin et al., 2011). 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  It should be noted that differences have been found across species with respect to the thickness of 
Bowman’s Layer.  Although the thickness of this layer is quite pronounced in humans and other higher 
mammals, there is a significantly thinner, primordial BL in the mouse (Hayashi et al., 2002).  To date, no 
reports have shown any cross-species differences in the molecular composition of this layer.	  
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As mentioned, the most superficial layer of the cornea is the epithelium, which 

acts as a physical, watertight barrier.  This layer also regulates the distribution of oxygen 

and nutrients from the air and tear-film to the rest of the cornea.  Its clarity and surface 

topography, which is specialized to maximally interact with the overlying tear film, are 

absolutely essential for the transmission of light to the lens and ultimately, to the retina.  

Upon reaching maturity, the epithelial layer is roughly composed of 4-6 cell layers, with 

a layer of basal epithelial cells that are bound via adherens junctions to the underlying 

basement membrane.  Basal epithelial cells are a type of late progenitor cell, capable of 

dividing 2-3 times prior to further differentiation, where they lose contact with the 

basement membrane and migrate apically to contribute to the intermediate and apical 

epithelial cell layers (Fig 1.1C) (Reichl and Becker, 2008).  Corneal epithelial cells are 

molecularly characterized by the expression of cornea-specific keratins, i.e., Keratin-3/76 

(K3/76), and Keratin-12 (K12) (Moll et al., 2008; Tanifuji-Terai et al., 2006).  

Additionally, an extremely dense plexus of sensory nerve endings, known as the subbasal 

or epithelial plexus, arises from larger nerve bundles that make up the underlying stromal 

nerve plexus (Marfurt et al., 2010; McKenna and Lwigale, 2011).  The majority of these 

nerves are Aδ and C fibers which are derived from neurons residing in the ophthalmic 

branch of the trigeminal ganglion (Ivanusic et al., 2013).  These sensory nerve endings 

relay information pertaining to touch, pain and temperature through the trigeminal 

ganglion to second-order neurons residing in the border region between the interpolaris 

and caudalis subdivisions of the spinal trigeminal nucleus (Henriquez and Evinger, 

2007).  In addition to the relaying of sensory information from the ocular surface, there is 

a significant co-dependence, or dynamic reciprocity of trophic support that exists 
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between the nerve endings and epithelial cells (Garcia-Hirschfeld et al., 1994; Muller et 

al., 2003).  This comes in the form of nerve-derived factors such as Substance P, 

calcitonin gene-related peptide (CGRP), pituitary adenylate cyclase-activating peptide 

(PACAP) and galanin (Muller et al., 2003; Qi et al., 2007; You et al., 2000).  In the event 

that the trigeminal ganglion is damaged secondary to injury or infection, a condition 

known as neurotrophic keratitis can arise, which results in a significant degradation of 

nerve endings and subsequent collapse of the epithelium, characterized by severe dry-

eye, impaired wound healing, recurrent erosions, ulceration and eventual sloughing 

(Ferrari et al., 2011; Muller et al., 2003; Semeraro et al., 2014; You et al., 2000).  In 

addition to the trophic support that functional nerves supply to the epithelium, epithelial 

cells also provide support to the nerves, producing factors such as NGF, NT-3, NT-4, 

BDNF, GDNF, where the particular profile varies depending on species and context (i.e. 

in vitro vs. ex vivo vs. in vivo) (Beebe and Masters, 1996; Muller et al., 2003; Qi et al., 

2007; Qi et al., 2008; You et al., 2000).  Further studies into nerve-cell interactions have 

suggested the presence of a specialized population of cells that may form synapse-like 

structures (Kubilus and Linsenmayer, 2010).  Pending independent confirmation, the idea 

of a specialized synapse existing between corneal epithelial cells and the sensory nerve 

endings is intriguing, as these nerve-cell units may be analogous to structures found in 

the skin such as Meissner’s corpuscles and Pacinian corpuscles (Kubilus and 

Linsenmayer, 2010). 

The next layer of the cornea that will be discussed is the stroma.  This layer is 

responsible for the majority of the cornea’s thickness and structural support, containing 

78% water and 16% collagen (Kanski et al., 2011; Levin et al., 2011).  The main cell type 
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located in this region is a population of neural-crest-derived keratocytes that make up 

approximately 20% of the entire stroma (Young et al., 2014).  Keratocytes, as well as 

their developmental precursor cells, keratoblasts, produce and maintain the collagen- and 

proteoglycan-rich extracellular matrix (ECM) of the corneal stroma.  This matrix is 

largely comprised of fibril-forming and FACIT (fibril-associated collagens with 

interrupted triple helices) types of collagens in addition to SLRPs (small leucine-rich 

proteoglycans) (Fig 1.1D) (Chen et al., 2015).  These include collagen VI, fibril-forming 

collagens I and V and FACIT collagens XII, XIV and IX (IX being present in chicken, 

but has not been shown in mammals) (Chen et al., 2015; Hassell and Birk, 2010).  

Fibrillar collagens are layered from apical to basal in a largely orthogonal pattern, with 

each layer being spaced from one another with the aid of FACIT collagens and 

proteoglycans.  In addition to their role in the ECM regulation, keratocytes also play a 

significant role in wound healing, where they are capable of taking on a fibroblast-like 

role, degrading and repairing damaged tissue (Kanski et al., 2011; Levin et al., 2011).  As 

mentioned, there is also a high concentration of proteoglycans in the stroma 

(predominantly hyaluronic acid), a consequence of which is a highly charged 

environment that can retain a relatively high volume of water.  In order to retain clarity 

and prevent stromal swelling, the underlying endothelial cell layer carries out active 

transport of water and ions.  In the absence of this pumping activity, either as a result of 

mechanical damage, inflammation, congenital or acquired disease, water accumulation in 

the stroma causes a swelling and disruption of the intricate organization and laminar 

spacing of the collagen lattice which is tightly regulated by keratocytes, protein-protein 
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and protein-ECM interactions that provide optimal, unobstructed, unscattered passage of 

visible light (Kanski et al., 2011; Levin et al., 2011). 

Beneath the stroma and the underlying Descemet’s Membrane (DM), is the 

endothelial cell layer.  In addition to providing an anatomical and physiological barrier, 

DM also serves as an anchoring point for a population of neural-crest derived corneal 

endothelial cells and provides some structural support and protection against infection 

and injuries.  Corneal endothelial cells are linked together by tight-junctions to form a 

water-impermeable monolayer, which facilitates their main function of actively pumping 

water and ions from the stroma, across DM, and into the anterior chamber (Fig 1.1E).   

This action maintains stromal deturgescence, or dehydration, and essentially, corneal 

clarity.  Furthermore, the water-impermeable barrier prevents the reversal of the 

endothelial cell pump function, where the higher hydrostatic pressure of the anterior 

chamber would otherwise force an accumulation of water into the stroma, leading to 

stromal edema and compromised corneal clarity.  In most mammals, particularly humans 

and other primates, corneal endothelial cells are non-proliferative.  To compensate for 

age-related loss of cell density, individual cells hypertrophy to cover acellular patches, 

thereby preserving the cellular monolayer and integrity of the water barrier (Bourne, 

2010). 

Corneal Development 

Although the morphological events, which will be described here in detail, that 

take place during corneal development are relatively well-understood, the molecular 

events and interactions that occur between cells, nerves and the extracellular matrix 

during this process are not fully characterized.  In the mouse, corneal development begins 
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around E8, as the optic vesicle, which is an outgrowth from the prosencephalon, has 

laterally extended far enough to reach the overlying surface ectoderm, inducing the 

formation of the lens placode by E10 (Cvekl and Tamm, 2004; Swamynathan, 2013).  

Shortly thereafter, the lens placode invaginates into the optic cup to form the lens vesicle 

between E11 & E12, separating from the overlying surface ectoderm which will 

eventually give rise to the corneal epithelium (Fig. 1.2A) (Swamynathan, 2013).  At E12-

E13, the first of two waves of neural crest cell invasions occurs in the space between the 

overlying ectoderm, pigmented epithelium and lens vesicle (Fig. 1.2B) (Cvekl and 

Tamm, 2004; Swamynathan, 2013).  The second wave of neural crest cells comes a few 

days later, between E17 & E19, and will form the stroma of the iris and ciliary body 

(Cvekl and Tamm, 2004).  Also occurring at E12-E13 are the first signs of anterior 

segment innervation, where the first groups of nerves appear in the mesenchyme inferior 

to the overlying ectoderm (Fig. 1.2B’-B’’) (McKenna and Lwigale, 2011).  Between E14 

& E16, the neural crest cells making up the mesenchyme of the presumptive stroma and 

endothelium flatten and condense into a laminar structure where layers and cells are 

separated from one another by a fibrillar, loose, interstitial ECM (Fig. 1.2C-D), (Cvekl 

and Tamm, 2004; Swamynathan, 2013).  Simultaneously, the first nerves that have 

penetrated the cornea at the level of the presumptive stroma extend toward the central and 

apical regions of what will become the cornea-proper, continually ramifying as they 

proceed (Fig. 1.2C’-C’’, D’-D’’) (McKenna and Lwigale, 2011).  By E16, nerves have 

penetrated the eBM, innervating the epithelium (Fig. 1.2D’, D”), while neural crest cells 

that are located between the presumptive endothelium and epithelium differentiate into 

keratoblasts, the immediate progenitor cells of keratocytes (Chen et al., 2015; McKenna 



Chapter 1  Introduction 

7 
 

and Lwigale, 2011).  Both keratoblasts and keratocytes are capable of modifying the 

stromal ECM, producing the collagen- and proteoglycan-rich ECM, organizing it into 

what will become the stroma’s mature, transparent form (Chen et al., 2015; Cvekl and 

Tamm, 2004; Swamynathan, 2013).  The formation of the endothelial cell monolayer is 

also complete by E16-E17, following a flattening of the layer of neural crest cells nearest 

to the lens and formation of junctional complexes that join one cell to the other (Cvekl 

and Tamm, 2004; Swamynathan, 2013).  As the lens separates from the endothelium, the 

primitive anterior chamber, an acellular cavity, arises between the two structures (Cvekl 

and Tamm, 2004).  At birth, or postnatal day 0 (P0), all layers of the cornea are defined, 

and nerves continue ramifying, innervating the 1-2 cell layer thick epithelium and 

multilayered stroma (Fig. 1.2E’-E’’).  The next major developmental event for the 

corneal epithelium and its innervation is eye opening, which takes place in mice between 

P11 & P13 (corresponding to week 24 of gestation in humans); eye opening in rodents 

and associated changes in the epithelium will be discussed in more detail below in 

relation to epithelial renewal.  In mice, along with continued post-natal maturation of the 

epithelium, the growth of sensory nerves also progresses, with total coverage of the 

surface occurring around P42, several days in advance of full epithelial maturation (Figs. 

1.2F-G) (McKenna and Lwigale, 2011).  In the other layers of the cornea, stromal 

thickening continues, as does thickening of Descemet’s Membrane.  These events 

continue to occur also up until approximately 6 weeks of age.  The endothelial cell 

monolayer is the only layer that does not undergo substantial morphological changes 

following its early development. 
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The Corneal Epithelium: Regeneration and Wound Healing 

In rodents, eye opening represents the last major developmental event for the 

cornea.  Prior to and immediately following eye opening, a significant burst of 

proliferative activity of epithelial progenitors occurs (Fig. 1.3A), as corneal growth and 

maturation become particularly pronounced up until approximately 3-weeks of age 

(Francesconi et al., 2000).  As the eye opens and becomes exposed to the ultraviolet and 

oxidative hazards of the external environment, the epithelium undergoes a high degree of 

proliferation and thickening, growing from 2-4 cell layers thick at P10 (~50µm) to a final 

thickness of 6-8 cell layers around P60 (Swamynathan, 2013; Zieske, 2004).  These 

additional stressors to the cells of the ocular surface lead to higher levels of cell death, 

necessitating replacement of dead or damaged cells, which imposes a state of constitutive 

regeneration.  In rodents, this process of cell birth, terminal differentiation and 

desquamation occurs approximately within a 7 day window (Beebe and Masters, 1996; 

Zieske, 2004).  To better understand and parse out the specific events that occur during 

the regenerative process, the XYZ Hypothesis of Corneal Epithelial Maintenance was 

proposed, detailing the dynamic balance that exists between the proliferation of epithelial 

progenitors (X), the centripetal migration of epithelial cells as they move from the 

periphery toward the center (Y), and cell sloughing, or desquamation (Z) in a normal 

cornea (Fig. 1.3B) (Thoft and Friend, 1983).  To meet the demand for new cells 

associated with both eye opening and the need for continual regeneration of the 

epithelium, it has been shown that the cornea has at least two pools of epithelial 

progenitor cells.  The current model of epithelial renewal suggests that a population of 

slow-cycling, self-renewing progenitors (termed limbal epithelial stem cells, or “LESC”) 
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resides in the limbus, a vascularized transitional zone and germinal niche located between 

the peripheral cornea and conjunctiva (Fig. 1.3C) (Dua et al., 2005; Kanski et al., 2011; 

Levin et al., 2011; Schlotzer-Schrehardt and Kruse, 2005; Secker, 2009).  This population 

of progenitors may divide asymmetrically (relative to the eBM) to give rise to 

differentiated epithelial cells, or symmetrically for purposes of either progenitor pool 

expansion or to give rise to a second population of epithelial progenitors, which are 

known as transient amplifying basal epithelial cells (TA cells).  Of the two progenitor 

pools, LESC are slow-cycling, have a higher proliferative capacity and are relatively 

more potent (or undifferentiated) than TA cells (Lavker et al., 2004; Schlotzer-

Schrehardt, 2013; Schlotzer-Schrehardt and Kruse, 2005).  Like LESC, TA cells also 

undergo symmetric or asymmetric cell divisions to generate either, (a) two terminally 

differentiated epithelial cells, (b) one TA cell and one terminally differentiated cell, or (c) 

two TA cells.  However, mitotic events are highly limited compared to LESC, with each 

TA cell undergoing no more than 2-3 rounds of division (Lavker et al., 2004; Schlotzer-

Schrehardt and Kruse, 2005; Secker, 2009; Thoft and Friend, 1983).  TA cells migrate 

from the limbus along the eBM of the peripheral and central cornea in a centripetal 

fashion.  This migratory pattern can be visualized by 8-10 weeks in corneas from X-

inactivation mosaic animals (XLacZ+/-) treated with X-gal (Fig 1.3D) (Mort et al., 2009), 

and interestingly mirrors the centripetal pattern of sensory nerve endings (compare Figs. 

1.2G &1.3D) (McKenna and Lwigale, 2011; Mort et al., 2009).  Whether this is the result 

of chemical/trophic influences or a direct, physical cell-nerve interaction is presently 

unclear. 
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In terms of the molecular identity of LESC, marker panels must be used since a 

single, and reliable, stem cell (SC) marker has not been identified.  Such a panel typically 

includes p63α, ABCG2, C/EBP-δ, K14, K15, Wnt-4, CDH3 (P-cadherin) and, most 

recently, ABCB5 (Barbaro et al., 2007; Figueira et al., 2007; Ksander et al., 2014; 

Saghizadeh et al., 2013; Saghizadeh et al., 2011; Schlotzer-Schrehardt and Kruse, 2005).  

TA cells, on the other hand, can be identified by co-expression of Keratin-12, or K12, 

which is a cornea-specific keratin (Liu et al., 1993), and Keratin-14 (K14).  As TA cells 

terminally differentiate, they move toward the apical epithelium, gradually losing their 

K14+ character (Dua et al., 2005; Lavker et al., 2004; Schlotzer-Schrehardt and Kruse, 

2005; Thoft and Friend, 1983).  Recently suggested was the idea that LESC may not be 

entirely necessary for long-term steady-state renewal of the epithelium, and that cells 

with equivalent proliferative capacity and potency exist throughout the corneal surface 

(Fig 1.3E) (Majo et al., 2008).  In the same study, it was also proposed that LESC 

proliferative and migratory behavior is particularly upregulated within the context of 

wound recovery secondary to disease, trauma and other stressors (Fig 1.3E) (Majo et al., 

2008). 

Along with the dependence of the developmental and regenerative capacity of the 

corneal epithelium on the proliferative potential of the two resident progenitor pools, the 

regenerative phase of wound recovery is also dependent on these populations.  The ability 

of the cornea to recover from a wound is a complex process that involves several 

overlapping phases.  These include a lag phase, a migration-reepithelialization phase, and 

a phase where cells proliferate, stratify and differentiate (Liu and Kao, 2015; Ljubimov 

and Saghizadeh, 2015).  Whether the mode of injury is an incision, scrape, chemical or 
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thermal injury, the initial stage of wound healing involves the exposure of uninjured cells 

to the intracellular debris of dead, lysed, and necrotic cells.  This leads to an upregulation 

of pro-inflammatory cytokines, recruitment and activation of white blood cells 

(neutrophils and macrophages for debris removal and phagocytosis), upregulation of 

growth factor expression, upregulation of pro-migratory and pro-mitotic factor 

expression, and cytoskeletal remodeling (Fig. 1.4A-C) (Kumar et al., 2015; Liu and Kao, 

2015; Ljubimov and Saghizadeh, 2015).  Shortly after the inflammatory response, 

granulation tissue formation occurs as the existing, damaged ECM is proteolytically 

degraded and replaced by an early basement membrane.  This early basement membrane 

is rich in fibronectin, which binds integrin α5β1 to promote cell migration (Murakami et 

al., 1992; Nishida et al., 1990), and laminin-332, which transiently binds integrin α3β1 in 

focal contacts, also facilitating cell migration (laminin-332 binds integrin α6β4 when in 

complex with hemidesmosomes) (Fig. 1.4D) (DiPersio et al., 1995; Goldfinger et al., 

1999; Iorio et al., 2015; Wen et al., 2010).  Other components that are incorporated later 

include laminin-511, laminin-521, and collagens of type I, IV, and VII (Iorio et al., 2015; 

Ljubimov and Saghizadeh, 2015).  Additional processes that occur around this time are 

angiogenesis and wound contraction, the latter of which is mediated by stromal 

keratocytes that have transformed into myofibroblasts in response to epithelial-derived 

TGF-β (Liu and Kao, 2015; Ljubimov and Saghizadeh, 2015).  As migrating cells 

reestablish epithelial integrity and begin to seal the wound, cells start stratifying and 

rebuilding the thickness of the epithelium.  Components of the early basement membrane 

are again remodeled, which primarily involves proteolytic cleavage of laminin-332 (Iorio 

et al., 2015).  The importance of basement membrane remodeling is highlighted in 
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several studies where damage to the epithelium, with or without disruptions to the 

basement membrane, lead to variations in the rate of recovery as well as in long-term 

outcomes (Pal-Ghosh et al., 2011; Stepp et al., 2014).  As will be discussed in the next 

section of this chapter, laminins are key components of basement membranes and are 

indispensable for their assembly.  Additionally, a family of laminin-related proteins, 

netrins, has also been implicated in wound recovery, particularly within the contexts of 

angiogenesis and the possible regulation of cell cycle (Han et al., 2012; Han et al., 2015; 

Li et al., 2012; Nacht et al., 2009; Rajasekharan and Kennedy, 2009; Yang et al., 2007).  

In addition to their role in developmental processes, laminins and netrins also have 

essential roles within the context of wound recovery.  Late-phase processing of laminin-

332 appears to be one of the more important events in the wound healing process and 

serves as an example of the importance of these molecules in corneal maintenance (Iorio 

et al., 2015).  The rate of wound closure, permissiveness to cell migration, and successful 

long-term outcomes of wound healing are just a few characteristics that can be affected 

by altered laminin-332-receptor interactions (Frank and Carter, 2004; Goldfinger et al., 

1999; Sehgal et al., 2006; Tsuruta et al., 2011); whether and how other laminin 

heterotrimers and netrins are also involved in these processes remains an important 

question. 

A secondary consequence of a severe wound to the cornea is the depletion of 

limbal stem cells, which leads to the condition known as Limbal Epithelial Stem Cell 

Deficiency (LESD).  Limbal epithelial stem cell defects arise from a variety of insults, 

and often result in the breakdown of the barrier between the limbus and conjunctiva, 

followed by invasion of conjunctival cells into the cornea-proper and simultaneous 
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neovascularization of the stroma and epithelium.  This ultimately leads to corneal opacity 

and vision loss.  It is believed that the condition of LESD may arise following severe 

trauma, such as a chemical injury, and may also be part of the pathological sequelae of 

diabetic and hypertensive eye disease – two multisystemic diseases that likely have 

secondary effects on the limbal vasculature or ECM composition of the limbal niche.  

Specifically, diabetic keratopathies are non-inflammatory pathologies of the cornea that 

often give rise to recurrent erosions, corneal neuropathy, epithelial fragility, abnormal 

wound healing and increased susceptibility to corneal injury.  Diabetic corneas also 

present with altered BM composition, decreased numbers of hemidesmosomes, varied 

growth factor content, enlarged epithelial cells and edema (Kanski et al., 2011; Levin et 

al., 2011; Saghizadeh et al., 2011).  It is likely that severe trauma and pathologies such as 

diabetes and hypertension lead to an alteration of corneal microenvironments and niches, 

essentially leading to conditions like LESD and compromised long-term corneal renewal 

or maintenance.  Indeed, the disruption of the stem cell microenvironment can affect 

characteristics such as progenitor pool size, rates of proliferation, differentiation 

programming (Blazejewska et al., 2009) and in some cases may ablate the niche 

altogether (Castro-Munozledo, 2013; Ordonez and Di Girolamo, 2012).  Expansion of 

our understanding into how disruptions in the laminin and netrin composition of the 

corneal ECM contribute to, 1) epithelial cell behavior and subsequent limbal stem cell 

deficiency, and 2) epithelial innervation, within the contexts of corneal development, 

wound healing and disease is therefore the main goal of the studies presented herein.  
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Extracellular Matrix and the Cornea: Laminins and Netrins 

Introduction to the Laminin Superfamily of Extracellular Matrix Proteins 

The laminin superfamily of extracellular matrix molecules includes laminins and 

their smaller relatives, netrins and LaNts (short for laminin N-terminus) (Hamill et al., 

2009; Rajasekharan and Kennedy, 2009; Yurchenco, 2015).  Laminins are a group of 

heterotrimeric extracellular glycoproteins comprised of one α, β, and γ chain with roles in 

basement membrane formation, proliferative and migratory cell behavior, and neural 

guidance (Fig. 1.5A) (Durbeej, 2010; Li et al., 2002; Yurchenco, 2011; Yurchenco and 

Patton, 2009).  Laminins are essential, indispensable components of basement 

membranes, which are highly organized and specialized aggregates of ECM proteins.  As 

complex organisms develop, tissues and organs become compartmentalized and are 

separated by basement membranes, where component laminins are required for their 

organization and assembly (Yurchenco, 2011).  Developmental studies that evaluated the 

significance of each major component of basement membranes, i.e. laminins, collagen 

IV, nidogen, agrin and perlecan, showed that the expression and deposition of γ1- and β1-

chain-containing laminins were required for basement membrane formation at the earliest 

stages of development compared to the other aforementioned components (Li et al., 2003; 

Miner et al., 2004; Smyth et al., 1999; Yurchenco and Patton, 2009).  Laminin-mediated 

BM assembly is initiated as laminins begin to self-polymerize.  Most heterotrimers are 

capable of this process except for those containing the α4, α3A or γ2 subunits, as they 

lack the LN domains required for self-polymerization (Fig 1.5B) (Yurchenco, 2015).  As 

laminins bind to one another via LN-LN domain interactions and use their LG domains to 

bind cell surface receptors, which include members of the integrin family, dystroglycan, 



Chapter 1  Introduction 

15 
 

syndecans and Lutheran Blood Group Glycoprotein (Lu) (Fig. 1.5D), nucleation sites are 

formed that are permissive for binding with additional BM-associated molecules such as 

agrin, nidogen, perlecan and collagen lattices (Fig. 1.5C) (Yurchenco, 2011; Yurchenco, 

2015).  Basement membranes, once formed, serve as signaling platforms that affect a 

variety of cell behaviors including adhesion, migration, and differentiation (Fig. 1.5C).  

Basement membranes also serve to confine cell types within niches, stabilizing signaling 

cascades associated with phenotypic maintenance and proliferation (Brizzi et al., 2012; 

Castro-Munozledo, 2013; Ordonez and Di Girolamo, 2012; Yurchenco, 2011).   

Another family of laminin-related molecules, netrins, are also involved in 

basement membrane assembly amongst their other functions in neural guidance, 

angiogenesis and branched tissue morphogenesis (Lejmi et al., 2008; Liu et al., 2004; 

Nacht et al., 2009; Rajasekharan and Kennedy, 2009; Schneiders et al., 2007; Yang et al., 

2007; Yebra et al., 2011).  Netrins and their functions will be discussed in greater detail 

in the third chapter of this document, which is dedicated to the role of netrin-4 in corneal 

wound healing.  Lastly, LaNts, which are the newest addition to the laminin superfamily, 

are splice variants of laminin alpha-chains whose distribution and functions are not fully 

understood (Hamill et al., 2009). 

Defects in genes encoding laminin subunits or their receptors (i.e. integrins and 

dystroglycan) lead to a host of diseases, many of which are multi-systemic (Yurchenco 

and Patton, 2009) and are accompanied with ocular phenotypes.  A few examples include 

Pierson Syndrome, which is a defect in the LAMB2 gene (Bredrup et al., 2008; Noakes et 

al., 1995; VanDeVoorde et al., 2006; Wuhl et al., 2007), where ocular findings in the 

anterior segment include microphthalmia, microcoria, stromal hypoplasia, flat iris, 
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shallow or flat anterior chamber (Bredrup et al., 2008).  Other examples include 

Junctional Epidermolysis Bullosa (JEB) and laryngo-onycho-cutaneous (LOC) syndrome, 

which arise secondary to defects in the laminin α3 subunit or, in the case of JEB, 

components of hemidesmosomes (e.g. integrin α6β4) (Iorio et al., 2015; McLean et al., 

2003).  Ocular findings in these syndromes include recurrent corneal erosions (JEB), poor 

wound healing and the presence of pterygium-like granulation tissue (LOC) (Fine et al., 

2004; McDonnell et al., 1989; McLean et al., 2003).  The importance of laminins and 

netrins is clear, and although there is a substantial body of literature dedicated to the 

functions of integrins in corneal homeostasis (Stepp, 2006), how laminins and netrins 

regulate cell and nerve behavior in the cornea remains unclear. 

Laminins, Netrins and Basement Membranes of the Cornea 

The cornea is an ECM-rich tissue, and is one of the few tissues outside of the 

CNS where nerves and blood vessels are anatomically separated from one another.  This 

feature is exploited when attempting to study the effects of extracellular signaling 

molecules on the behavior of nerves or blood vessels (e.g., in some injury-based models 

of corneal neovascularization) without activating any receptors that may be found in both 

systems.  Coupled with ease of access, the cornea is therefore well suited for studying 

interactions between the ECM, nerves and cells, especially within the contexts of 

development and wound recovery.  In the cornea, the deposition of laminins and netrins 

has been shown in humans (Bystrom et al., 2006; Kabosova et al., 2007; Schlotzer-

Schrehardt et al., 2007).  However, data regarding their expression and distribution in the 

mouse are scarce.  As previously mentioned, of particular relevance to the studies 
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presented here is how laminins and netrins influence the behavior of corneal sensory 

nerves, the corneal epithelium, and the endothelium. 

Both Descemet’s Membrane and the eBM underlying basal TA cells are 

composed of collagen, heparin sulfate proteoglycans (HSPGs), fibronectin, netrin-4 and 

several laminin isoforms, mainly laminin-511, and, in the eBM only, laminin-332 

(Bystrom et al., 2006; Bystrom et al., 2007; Iorio et al., 2015; Kabosova et al., 2007; Li et 

al., 2012; Torricelli et al., 2013).  As with other epithelial basement membranes, the eBM 

serves as a critical polarity cue that facilitates laminar organization and epithelial cell 

anchorage through hemidesmosomes and their component integrins.  Additionally, 

binding of laminins to other cell surface receptors affects and stabilizes downstream 

signaling cascades associated with cytoskeletal stability, cell survival, progression 

through cell cycle and phenotypic maintenance.  (Kanski et al., 2011; Levin et al., 2011; 

Stepp, 2006; Torricelli et al., 2013; Virtanen et al., 1992; Yurchenco, 2011). 

As briefly discussed earlier, the laminin profile of the ECM is dynamic, and 

undergoes significant remodeling during both developmental and pathological processes 

(Yurchenco and Patton, 2009).  This is true in most, if not all tissues throughout the body, 

the cornea being no exception.  In the cornea, previous reports have shown that the 

laminin composition of its basal laminae is also changed, or remodeled, under both 

normal and pathological conditions (Bystrom et al., 2006; Bystrom et al., 2007; 

Kabosova et al., 2007; Qin et al., 1997; Saghizadeh et al., 2011; Scheele et al., 2007; 

Torricelli et al., 2013; Zhu et al., 1996); whether this is also true for members of the 

netrin family remains to be studied.   
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Although previous studies have provided evidence for the presence of laminins 

and netrins in the human cornea (Bystrom et al., 2006; Dietrich-Ntoukas et al., 2012; 

Kabosova et al., 2007; Saghizadeh et al., 2010; Saghizadeh et al., 2011; Schlotzer-

Schrehardt et al., 2007), few elaborate on the distribution or function of specific laminin 

heterotrimers or the laminin-related netrins in the mouse cornea or in mouse models of 

corneal disease.  However, many studies exist that have studied the role of integrins, a 

class of receptors for ECM molecules, including laminins and netrin-4, in the cornea 

(Larrieu-Lahargue et al., 2011; Ordonez and Di Girolamo, 2012; Stepp, 2006; Yebra et 

al., 2011).  In the next chapter of this document, we provide evidence for the normal 

distribution of the laminin β2 and γ3 chains in the murine cornea, and show how the 

deletion of these molecules affects corneal developmental, innervation and regenerative 

capacity.  In the third chapter, we follow up on a series of published findings (Li et al., 

2012) which showed that netrin-4 is present in the corneal basement membranes and that 

it likely serves as an anti-proliferative cue for epithelial proliferative activity.  With roles 

in basement membrane assembly through interactions with laminins (Schneiders et al., 

2007), as well as in neural guidance and arborization, we further characterize the role of 

netrin-4 in corneal innervation during development and show that genetic ablation of 

Ntn4 has a moderate effect on corneal wound healing.  In the latter set of experiments, we 

asked whether the corneas of mice lacking netrin-4 reepithelialize and reinnervate at 

different times compared to wild-type littermates.   

Given the presence of a specialized germinal niche, a dynamic spatiotemporal 

distribution of laminins and netrin-4, and the possible existence of a specialized synapse 

between epithelial cells and sensory nerve endings (Kubilus and Linsenmayer, 2010), the 



Chapter 1  Introduction 

19 
 

body of work presented herein tests the central hypothesis that specific and specialized 

molecules of the ECM, i.e. netrin-4 and laminins containing the β2, γ3, or both chains, 

are required for normal corneal development and wound recovery.  These two families of 

molecules are linked through shared activities and functions in developing tissues, 

including matrix organization and remodeling as well as binding to similar classes of 

receptors that may lead to overlapping responses.  Through these interactions, netrins can 

elicit complex combinatorial responses via, (1) regulation of laminin polymerization 

(Schneiders et al., 2007), (2) regulation of BM stability, as demonstrated in situations 

where cells create breaches in the BM in order to transmigrate from one compartment to 

another (Hagedorn et al., 2013; Ziel et al., 2009; Ziel and Sherwood, 2010), and (3) 

conversion of positive laminin-elicited cellular responses to negative ones, as in the case 

of growth cone migration (Hopker et al., 1999).  Another level of shared activity is in the 

reported ability of netrins to bind with integrins, a family of heterodimeric receptors that 

also bind laminins.  Members of the integrin family that have been reported to bind both 

classes of molecules include integrins α2- and α3β1(Yebra et al., 2011), α6β1(Larrieu-

Lahargue et al., 2011; Staquicini et al., 2009), and α6β4 (Yebra et al., 2003). 

Described herein is how the genetic deletion of laminin β2 or γ3 chains yields the 

key findings of decreased epithelial cell proliferation, decreased sensory nerve branching, 

and defects in the spatial organization of Descemet’s Membrane.  In netrin-4 null mice, 

we describe a developmental increase in nerve branching, which is positively correlated 

with previously reported increased epithelial cell proliferation.  When the cornea is 

challenged to recover from a wound, the surface recovers at an initially faster rate in 

netrin-4 mutants than in WT counterparts.  These findings highlight the complexities 
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involved with manipulating the composition of the extracellular matrix, where its 

modification can yield complex phenotypes via altered cellular responses to a new 

physical environment and receptor-ligand interactions.  With further study the use of 

specific laminin heterotrimers, perhaps in conjunction with netrins, can be considered for 

integration with therapeutic strategies designed to engineer biomimetic scaffolds or 

artificially grown corneas with the potential to address current clinical problems such as 

donor tissue shortage, graft failure, and implant failures.  
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Figures and Legends 

Figure 1.1:  Overview of ocular and corneal anatomy.  (A) Cross section of eye labeling 

all major structures, particularly of the anterior segment and cornea (boxed).  (B) 

Schematic of cornea cross-section showing all layers of the cornea including the 

epithelium, the epithelial basement membrane (eBM), stroma, Descemet’s Membrane 

(DM) and the endothelial cell layer.  (C)  Detailed representation of the corneal 

epithelium, from the basally located eBM to the apical epithelium and overlying tear 

film.  (D) On the left, TEM imaging reveals the orthogonally organized, laminar structure 

of collagen fibrils in the stroma.  SLRPs (small leucine-rich proteoglycans) and FACIT 

collagens play a significant role in the spacing of these fibrils from one another, which is 

critical for unimpeded passage of light.  (E) When viewed in cross-section via TEM, the 

anatomical relationship between endothelial cells and Descemet’s Membrane is clearly 

visible (our lab, unpublished data).  (F) When viewed en face, endothelial cells form a 

hexagonally organized, water-impermeable monolayer connected via tight junctions that 

can be visualized using anti-ZO-1 immunohistochemistry (our lab, unpublished data). 
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Figure 1.1 
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Figure 1.2:  Overview of eye development and corneal innervation in the mouse.  (A) 

Diagram showing the development of the mouse eye from the 8th gestational day (E8) 

until E11.5, with particular emphasis on anterior eye and corneal development.  (B) At 

E12-E14, neural crest cells begin to invade the anterior segment along the peripheral 

margin and the area between lens placode and the overlying ectoderm, or presumptive 

corneal epithelium.  (B’-B”) At the same time, immunolabeling with TuJ-1, an antibody 

against Class III β-tubulin (otherwise known as β3-tubulin, βIII-tubulin, β-tubulin III or 

neurotubulin), shows that sensory nerves can also be observed in the periphery when 

viewed in section (B’), and en face (B”).  D: dorsal, V: ventral, N: nasal, T: temporal.  

(C-D) As the cornea continues to develop and neural crest cells condense and 

differentiate into keratoblasts and early endothelial cells, nerves continue their movement 

toward the central cornea and epithelium (C’, C”), penetrating the eBM by E16 (D’, D”).  

(E) By P0, when all of the elements of the anterior eye have developed and layers of the 

cornea defined, nerves that have breached the eBM begin extensively ramifying into the 

epithelium (E’, E”).  (F) At P20, TuJ-1 immunolabeling shows that the corneal 

epithelium is almost completely innervated, and ramified nerve leashes are remodeled 

into their final, centripetally-patterned configuration by 6 weeks of age (G) (our lab, 

unpublished data). 

For B, C, D & E: Me = mesenchyme, SE = surface epithelium, LV = lens vesicle, L = 

lens, PE = reginal pigment epithelium, EF = embryonic choroidal fissure, HA = hyaloid 

artery, Re = neural retina, AC = anterior chamber, CEn = corneal endothelium, CS = 

conreal stroma, CEp = corneal epithelium, SIr = stroma of the iris, SCB = stroma of the 

ciliary body. 
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Figure 1.2 
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Figure 1.3:  Growth and renewal of the corneal epithelium.  (A) Between P10 and just 

before P20, a burst of basal progenitor cell proliferation was observed via Ki67 

immunohistochemistry.  (B) A schematic of the, “XYZ Hypothesis,” as detailed by Thoft 

and Friend (1983), where X represents the active division of basal progenitors, Y the 

centripetal movement of cells from the periphery toward the center, and Z is 

representative of desquamation, or cell loss, that is necessary for the balancing of 

proliferative activities.  (C) In the limbus, stem cells are capable of self-renewal and 

generation of transient amplifying progenitors (a.k.a. basal progenitor cells), which 

migrate centripetally toward the central cornea, becoming post-mitotic after 2-3 cell 

divisions, terminally differentiating as they lose contact with the eBM, migrating 

apically.  (D) Analysis of the centripetal migration pattern of epithelial cells in corneas 

harvested from X-inactivation mosaic mice (XLacZ+/-) and treated with X-gal for β-

galactosidase reporter activity.  Scale bars = 1.0mm  (E) Left: Schematic representation 

of the canonical model of epithelial regeneration, where cells from the limbus give rise to 

TA cells that are the main contributors to surface renewal.  In the model proposed by 

Majo et al. (2008), stem cells of equivalent potency reside throughout the cornea, not just 

in the limbus, and share the same capacity for self-renewal as the LESC pool.   

 

 

 

 

 

 



Chapter 1  Introduction 
	  

	   35 

Figure 1.3 
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Figure 1.4:  Overview of wound healing and involvement of the extracellular matrix.  

(A) The expression of various cytokines and growth factors are upregulated secondary to 

tissue trauma.  These factors alter the behavior of adjacent, uninjured epithelial cells and 

keratocytes, causing apoptosis, cell transformations.  (B-C)  Cytokines such as IL-1a and 

growth factors like EGF stimulate basement membrane remodeling, cell proliferation and 

migration, adhesion to the newly remodeled BM and stratification.  Quiescent keratocytes 

are either activated by IL-1a for the task of BM remodeling, or undergo transformation 

into myofibroblasts in response to epithelial-derived TGF-β for the task of wound 

contraction.  (D)  The necessity of laminins, a key regulator of BM formation, in the 

wound healing process is exemplified in diseases such as Junctional Epidermolysis 

Bullosa (JEB) and Laryngo-onycho-cutaneous syndrome, where genetic defects in the 

genes encoding any of the subunits of laminin-332, or its main component receptor, 

integrin α6β4 (as in JEB), can lead to defective or poor wound healing.  HD = 

hemidesmosome, FA = focal adhesion 
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Figure 1.4
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Figure 1.5:  Laminin and Netrins: Structure and Function.  (A) Schematic of a laminin 

heterotrimer and related netrin molecules.  Major domains are shown, including the LN 

domains, required for laminin-laminin and laminin-netrin polymerization, and laminin 

LG domains, which are required for binding to integrin and dystroglycan receptors.  LE 

domains are laminin epidermal growth factor-like domains.  (B) Up to 16 different 

laminin heterotrimers have been identified, and are segregated here based on their α-

chain.  (C) Laminins are indispensible for basement membrane formation.  Following 

binding to surface receptors, laminins begin to self-polymerize, forming a nucleation sites 

on cell surfaces where the binding of additional ECM molecules such as nidogen, agrin 

and perlecan to laminins leads to basement membrane formation.  Laminin-collagen 

binding is made possible through nidogen, which acts as a bridge between the two 

molecules, and essentially allows a tethering between cells and collagen matrices.  

Basement membranes, once formed, serve several functions, such as those listed. (D) 

Many of these functions are maintained via laminin-receptor signaling.  Laminin 

receptors include integrins, dystroglycan, syndecans and Lutheran blood group 

glycoprotein. 
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Figure 1.5 
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ABSTRACT 

Purpose:  Laminins are extracellular matrix (ECM) molecules that play an important yet 

not fully characterized role in corneal development and disease. These heterotrimeric 

glycoproteins have regulatory roles in basement membrane formation, cell proliferation, 

cell migration and neural guidance. In this study, we characterize the distribution of the 

β2 and γ3 chains of laminin and analyze the corneal phenotype in mice lacking the 

Lamb2, Lamc3, or both genes to understand how laminins containing these isoforms 

affect corneal epithelial and nerve development.  

Methods:  Laminin distribution was assessed in corneal sections via 

immunohistochemistry (IHC).  Epithelial proliferation, differentiation, and corneal 

innervation were characterized anatomically in whole corneas and corneal sections from 

knockout and wild-type (WT) mice.  The morphology of Descemet’s Membrane (DM) 

and endothelial cell tight-junction formation were also studied. 

Results:  Laminin β2 and γ3 chains are largely restricted to the limbus.  In mice, genetic 

ablation of Lamb2, Lamc3 or both genes led to decreased numbers of mitotically active 

epithelial progenitors. Nerve guidance into the cornea is not affected, however, decreased 

nerve branching was observed.  This was independent of the inflammatory state of 

mutant corneas, which was not different compared to WT littermates.  The endothelium 

was also disrupted in Lamb2- and Lamc3-null animals; DM was thinner and endothelial 

cell tight-junction formation was disrupted.  

Conclusions:  Laminin β2 and γ3 chains appear to be regulatory cues for proliferation 

and self-renewal of limbal epithelial progenitors as well as cues for nerve branching. A 

direct linkage between epithelial proliferation and nerve ramification was not found. 
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Lastly, defects in the endothelial cell layer are likely the result of a malformed DM.  

Collectively, these data demonstrate that laminins have profound developmental role in 

cornea. 
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INTRODUCTION 

Clear, normal vision is dependent on a healthy cornea, which, together with the 

overlying tear film, provides up to 65-75% of the eye’s refractive power and serves as a 

barrier between the external environment and the interior of the eye (Kanski et al., 2011; 

Levin et al., 2011).  Grossly, the cornea consists of three cell layers divided by two basal 

laminae.  Deep to the epithelial basement membrane (eBM) is Bowman’s Layer (BL); 

together, these layers separate the densely innervated epithelium from the underlying 

stroma.  It should be noted that significant interspecies variances have been shown in 

Bowman’s Layer.  Although compositionally similar, the BL found in humans has a more 

distinct appearance compared to the one found in mice (Hayashi et al., 2002).  

Subsequent references to the epithelial basement membrane will be considered inclusive 

of Bowman’s Layer as well.  Deep to the eBM is the stroma, which is in-turn separated 

from the underlying endothelial cell layer by Descemet’s Membrane (DM) (Kanski et al., 

2011; Levin et al., 2011).  Although the morphological events that occur during the 

development of these layers is relatively well-understood (Cvekl and Tamm, 2004), the 

molecular interactions and signaling events that take place between cells, nerves and the 

extracellular matrix (ECM) are not fully characterized. 

Within mammalian tissues there are two main types of ECM.  One type is 

interstitial ECM, which is amorphous, fibrous and porous, consisting mostly of 

proteoglycans.  The other type of ECM is the basement membrane, which is a highly 

organized, layered acellular structure with greater tensile strength and rigidity than 

interstitial ECM (Frantz et al., 2010; Yurchenco, 2011; Yurchenco et al., 2004; 

Yurchenco and Patton, 2009).  Despite similarities in protein composition (proteoglycans 
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and fibrous ECM glycoproteins such as laminins, collagens, elastin and fibronectin), 

these two types of ECM differ significantly in their assembly, structure and function 

(Frantz et al., 2010; Singh et al., 2010).  While both types of ECM entrap soluble 

morphogens and provide environmental cues, basement membranes compartmentalize 

tissues, provide tensile strength, and are substrates for cell adhesion and migration 

(Yurchenco, 2011).  A key, indispensable component of basement membranes is a family 

of molecules known as laminins, which play a necessary role in BM assembly and 

function.   

Laminins are heterotrimeric glycoproteins comprised of α, β, and γ chains with 

roles in basement membrane formation, proliferative and migratory cell behavior, and 

neural guidance (Durbeej, 2010; Li et al., 2002; Yurchenco, 2011; Yurchenco and Patton, 

2009).  Laminins, through their LG domains, bind to various cell surface receptors 

including integrins and dystroglycan (DG), among others (Yurchenco, 2015).  Early in 

tissue formation, laminin binding to sulfated glycolipids stabilizes the nascent laminin 

polymer which nucleates the formation of a mature BM and the addition of type IV 

collagen; nidogen cross-couples the laminin and collagen polymers.   

Additionally, downstream intracellular signaling cascades may be activated by the 

binding of cells to matrix components, initiating cellular responses to their 

microenvironment (Yurchenco, 2011; Yurchenco et al., 2004; Yurchenco and Patton, 

2009).  Defects in genes encoding laminin subunits or their receptors lead to a host of 

diseases that are typically multi-systemic, such as junctional epidermolysis bullosa (JEB) 

(Nakano et al., 2002), laryngo-onycho-cutaneous (LOC) Syndrome (McLean et al., 

2003), Pierson’s Syndrome (Bredrup et al., 2008; VanDeVoorde et al., 2006) and 
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Walker-Warburg Syndrome (Beltran-Valero de Bernabe et al., 2002; Roscioli et al., 

2012).  Given that such diseases often affect ocular tissues, of particular interest is how 

changes in the composition of BMs and interstitial ECM affect cellular behavior.   

The laminin β2 and γ3 chains are unique in that they have a restricted distribution 

and are found concentrated in highly specialized structures and niches such as the 

neuromuscular junction (Hunter et al., 1989), the photoreceptor synapse (Libby et al., 

1999), at junctions where sensory nerves breach the boundary between the dermis and 

epidermis in skin (Koch et al., 1999; Li et al., 2012b), and in the hair bulb, where stem 

cells reside (Koch et al., 1999; Li et al., 2012b; Ohyama, 2007).  Our lab and others have 

previously shown that defects in the laminin β2 and γ3 subunits lead to abnormal 

development of the brain and retina (Barak et al., 2011; Libby et al., 2000; Libby et al., 

1999; Pinzon-Duarte et al., 2010; Radner et al., 2013).  Developmental (Bystrom et al., 

2006; Kabosova et al., 2007; Ljubimov et al., 1995) and pathological (Bystrom et al., 

2007; Kabosova et al., 2003; Kenney et al., 1997; Ljubimov et al., 1996; Ljubimov et al., 

1998; Maguen et al., 2008; Saghizadeh et al., 2013) processes also alter the intricate 

organization and composition of the ECM in the cornea.  Changes in the expression and 

distribution of ECM molecules have been reported in the contexts of bullous keratopathy 

(Bystrom et al., 2007; Ljubimov et al., 1996), Fuch’s Endothelial Dystrophy (Poulsen et 

al., 2014; Weller et al., 2014) and diabetic keratopathy (Hager et al., 2009; Ljubimov et 

al., 1998).  In the current study, we explore the distribution of the laminin β2 and γ3 

subunits in the mouse cornea and ask whether these molecules contribute to its 

development and innervation.  
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METHODS 
 
Animals 

 All procedures involving animals adhere to the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research, were approved by the Institutional Animal 

Care and Use Committees of State University of New York (SUNY) Downstate Medical 

Center and SUNY Upstate Medical University, and are in accordance with the National 

Institute of Health Guide for the Care and Use of Animals.  

Targeted deletion of the Lamb2 and Lamc3 genes have been previously described, 

along with the generation of compound Lamb2-/-;Lamc3-/- double-knockout mice (Denes 

et al., 2007; Li et al., 2012b; Noakes et al., 1995; Pinzon-Duarte et al., 2010).  Each 

mouse line was backcrossed over nine generations onto the C57BL/6J genetic 

background. 

 

Tissue Preparation and Immunohistochemistry 

All tissues used in these studies were derived from mice generated on the same 

background (C57BL/6J) and compared to age-matched littermates.  Following euthanasia 

by CO2 asphyxiation, eyes were enucleated and isolated corneas were fixed by immersion 

in ice-cold 4% paraformaldehyde (PFA) for 20min.  From each animal, one whole eye or 

isolated cornea was designated for sectioning while the other was used in a whole cornea, 

flat-mounted preparation.  For studies of corneal ultrastructure using transmission 

electron microscopy (TEM), samples were initially fixed using a 2% 

paraformaldehyde/2.5% glutaraldehyde solution in 0.1M sodium phosphate buffer.  
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Samples were washed and fixed again using a 1% osmium tetroxide solution in 1x PBS 

(pH = 7.2 – 7.4).   

Following tissue isolation, corneas designated for radial cryosectioning and 

immunohistochemical assays were bathed for 12-24hrs in a series of gradually increasing 

concentrations of sucrose solutions (i.e. 10% à 20% à 30%).  Tissues were then placed 

in OCT compound (TissueTek) and frozen down as cold-blocks, which were 

subsequently sectioned on a Leica CM3050 cryostat.  20µm sections were mounted on 

Superfrost slides (Fisher Scientific) and next washed 3x for 10min per wash in 1x PBS at 

a pH of 7.2-7.4.  Sections were then treated in blocking buffer (10% goat or donkey 

serum, 1% BSA, and 0.01% Triton-X 100) for 2h at room temperature.  All primary and 

secondary antibodies used are detailed in Tables 1 and 2, respectively. 

Primary antibodies were diluted in 5% goat or donkey serum and applied to each 

section for 4h at room temperature.  Following additional washes in 1x PBS, samples 

were incubated in secondary antibodies for 4h at room temperature, washed, and 

counterstained with DAPI.  After a final series of washes slides were mounted in 

VectaShield (Vector Laboratories), cover slipped and sealed.  Corneas designated for the 

whole-tissue, flat-mounted preparation were processed similarly, aside from a few 

modifications: Triton-X 100 concentrations were raised to 0.3%, samples were incubated 

in antibodies overnight at 4ºC, and lastly, tissues were mounted in ProLong Gold (Life 

Technologies) prior to cover slipping and sealing.   

Samples were imaged using a Hamamatsu Orca-R2 camera mounted on a Nikon 

E800 microscope.  The Volocity software package (v6.3, Perkin-Elmer, Waltham, MA, 

USA) was used to acquire images, generate 3D reconstructions, and perform subsequent 
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analyses.  Any and all image enhancements involved the adjustment of contrast levels 

only for optimal viewing of immunofluorescence data.  For quantitative datasets, graphs 

and statistical analyses were completed using Microsoft Excel. 

 

Data Analyses 

For quantification of limbal and basal epithelial cell mitotic activity, whole 

corneas were stained, flat-mounted, imaged as tiles and digitally stitched to create a 

montage.  The total number of phospho-histone H3 (Ser28)-positive cells was calculated 

per whole cornea and normalized to total surface area.  Corneal surface area was 

calculated using the Volocity Quantitation module, where the “free-hand ROI” tool was 

implemented to draw a region-of-interest (ROI) along the borders of each cornea.  

Values, in µm2, were entered into a Microsoft Excel spreadsheet and the number of 

pHH3+ cells/mm2 was calculated for each sample and graphs generated.  Data were then 

transferred to a statistical software package (GraphPad Prism version 6.07 for Windows, 

GraphPad Software, La Jolla California USA, www.graphpad.com) and initially analyzed 

for significant differences by a one-way ANOVA.  Subsequent comparisons between 

control (wild-type) and experimental (Lamb2-/-, Lamc3-/- and Lamb2-/-;Lamc3-/-) group 

means were performed using Dunnett’s multiple comparisons test.  For one-way 

ANOVA, P values less than 0.05 were considered significant.  For Dunnet’s tests, 

significance between group means was determined within Prism, which utilizes the single 

step Dunnett method and determines whether the calculated q ratio has reached or 

exceeded a critical value for significance (Kwong and Liu, 2000)  Statistical data are 

reported in Tables 2.3 and 2.4.  Quantification of immune cells was carried out in a 
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similar fashion.  For the branch-point analysis, cornea whole-mounts were imaged as 

XYZ montages and reconstructed in 3D using the Volocity Visualization and Restoration 

modules.  Branch points of the sub-basal, or epithelial, plexus were defined as any branch 

point that gave rise to 3 or more sensory nerve endings within the same plane-of-focus as 

basal epithelial cells.  Branch points of the stromal plexus were defined as any branch 

point superficial to the endothelial cell layer but deep to the basal epithelial cell layer (see 

Fig. 2.S1 or Video 1 for more detail).  These data were analyzed using the same methods 

as those described above for assessment of differences in mitotic activity.  

Relative thickness of Descemet’s Membrane (DM) was determined by comparing 

the ratio of the thickness of DM to DM+Endothelium across multiple measures within the 

same image(s) and subsequently compared across genotypes. 

 

RESULTS 

Laminins have a defined distribution in the mouse cornea 

To date, several laminin subunits have been identified in the human cornea with a 

varying distribution depending on the temporal (developmental), spatial (anatomical 

region), and pathological context (Bystrom et al., 2006; Dietrich-Ntoukas et al., 2012; 

Kabosova et al., 2007; Kenney et al., 1997; Kurpakus et al., 1999; Schittny et al., 1988).  

A comprehensive study of murine corneal laminins is lacking; indeed, the one study in 

murine cornea (Schittny et al., 1988) was undertaken before the discovery of either the 

laminin β2 or γ3 chain.  Thus, we examined the laminin distribution in the mouse cornea 

with our available reagents prior to undertaking a reverse genetic analysis of laminin 

function in cornea.  Data generated with a pan-laminin antibody show that at P20, 
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laminins are distributed throughout the epithelial basement membrane, Descemet’s 

Membrane, the ciliary body and the iris (Fig. 2.1A).  On the other hand, laminin-332, an 

isoform that is found in epithelial tissues, is also present in the murine cornea, with a 

distribution that is restricted to the epithelial basement membrane and is completely 

absent from Descemet’s Membrane from P0 to P20 (Fig. 2.1B - D).  The distribution 

appears to extend further beyond the boundary of the limbus at P0 (Fig. 2.1B), however 

at P10 and P20 (Fig. 2.1C-D), this does not appear to be the case.  As it is in the skin, 

laminin-332 is deposited uniformly throughout the corneal epithelial basement membrane 

at all ages.  Interestingly, previous reports have shown that laminin-332 is temporally 

regulated in human Descemet’s Membrane, where it is detected in infancy but not during 

adulthood (Kabosova et al., 2007); in the mouse cornea, no such developmental 

regulation is apparent as no immunoreactivity was detected in DM at least as early as P0 

(Fig. 2.1B). 

 

Laminin β2 and γ3 chains have a specific and restricted distribution in the murine cornea 

We next explored the distribution of the individual laminin β2 and γ3 subunits, 

and show for the first time in the mouse cornea that the deposition of these two laminin 

chains is highly specific and restricted.  At P0, P10 and P20 the laminin β2 chain is 

largely confined to the interstitial ECM of the limbal stroma, limbal and peripheral 

Descemet’s Membrane (Fig. 2.2, central column).  At P0, immunoreactivity is observed 

in the epithelial BM, stromal ECM and DM of the central cornea.  This pattern is 

consistent at P10 and P20 (Fig. 2.2, right column).   
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The laminin γ3 chain, on the other hand, is sparsely distributed in the limbus at 

P10 and P20 (Fig. 2.3, arrowheads), but not at P0, and has a punctate deposition in the 

epithelial basement membrane of the central cornea at P20 (Fig. 2.3, bottom-right).  A 

relatively high deposition appears in the stroma of the iris and ciliary body at P0, P10 and 

P20.  These data are consistent with what has been shown in the human cornea, where 

other groups have demonstrated a deposition that is largely confined to the limbus and 

peripheral cornea (Saghizadeh et al., 2014; Saghizadeh et al., 2013; Saghizadeh et al., 

2011).  Overall, the restricted pattern of laminin γ3 deposition is partially reminiscent of 

that shown in skin (Li et al., 2012b), where deposition is relatively higher in the dermal-

epidermal boundary.  Similar boundaries exist in the cornea such as the one separating 

the sclera and overlying conjunctiva from the limbus and the boundary between the 

stroma and epithelium.   

To study the role and importance of laminin β2 and γ3 chains in the cornea, we 

employed a reverse genetics approach and examined the developmental phenotype of the 

epithelium, sensory nerves, basement membranes (the eBM and DM), and endothelial 

cell layer in three lines of global knockout mice, where the Lamb2, Lamc3 or both genes 

were ablated: Lamb2-/-, Lamc3-/- and Lamb2-/-;Lamc3-/- respectively.   

 

Mitotic activity of limbal and basal epithelial cells is decreased in single- and double-

knockout laminin mutants 

The deposition of the laminin β2 and γ3 chains in the limbus suggests that they 

may play a role in regulation of limbal cell proliferation.  We examined this hypothesis in 

the laminin knockout animals.  Since shortly after the eye opening, limbal and basal 
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epithelial progenitor populations upregulate their proliferative activity (Zieske, 2004), we 

examined two developmental time-points: immediately prior to eye opening at P10, and 

again at P20, approximately 6-7 days after eye opening.  The later age is also a date when 

the epithelial surface is well-innervated.  To assay for changes in proliferative activity of 

epithelial progenitor cells, the mitotic activity of progenitor populations was quantified 

by immunolabeling with a phospho-histone H3 (pHH3) antibody.  This antibody 

specifically recognizes phospho-histone H3 phosphorylated at the serine 28 position, 

which is expressed during mitosis and not during DNA repair (Prigent and Dimitrov, 

2003).  Thus, it is a faithful marker of proliferation.  After counting numbers of 

immunoreactive cells across each entire cornea (Fig. 2.4; boxed areas are shown in insets 

to visualize individual labeled cells), values were normalized to the total surface area.  

Statistically significant decreases, as determined by Dunnett’s multiple comparisons test, 

were found in all laminin knockouts at both P10 and P20 compared to wild-type (WT) 

littermates (Fig. 2.4, graph, Table 2.3A-B for detailed statistics). 

 

Corneal ultrastructure is altered in Lamb2-/-, Lamc3-/- and Lamb2-/-;Lamc3-/- mice 

Given the observed disruption in the proliferative activity of epithelial 

progenitors, we asked whether there were any defects in the ultrastructural organization 

of the cornea.  Using transmission electron microscopy (TEM) in 16-day old (P16) mice, 

morphological assessment revealed unaltered hemidesmosomes in all genotypes at the 

basal epithelial cell-eBM interface (indicated by arrowheads in Fig. 2.5A”, B”, C” and 

D”), as well as the development of an abnormal, acellular layer apical to the epithelial 

surface, indicative of corneal keratinization, a process that is characterized by the 
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development of a cornified envelope.  This irregularity was observed in Lamb2-/- and 

Lamb2-/-;Lamc3-/- mice (Fig. 2.5B-B’, D-D’; n=3/group).  However, in Lamc3-/- animals, 

focal/punctate defects were observed in the epithelial surface of a few, but not all, mice 

(Fig. 2.5C’, inset).  In order to determine whether the nature of these defects was a result 

of abnormal differentiation, we assessed the molecular profile of differentiated 

keratinocytes and their progenitors. 

 

Corneal epithelial differentiation is unaffected in Lamb2-/-, Lamc3-/- or Lamb2-/-;Lamc3-/- 

mice 

To assess whether the deletion of Lamb2 or Lamc3, or both could lead to an 

alteration in the cellular microenvironment capable of influencing cell differentiation, the 

molecular phenotype of the epithelium was characterized by targeting keratins 12 and 14 

(K12 & K14, respectively), along with involucrin.  All genotypes properly express 

cornea-specific K12 throughout all layers of the cornea (Fig. 2.6A).  As basal 

keratinocytes divide and differentiate, daughter cells gradually lose their K14+ character, 

becoming decreasingly immunoreactive as they move apically toward the corneal 

surface.  This pattern remained unaltered in P20 Lamb2-/-, Lamc3-/- and Lamb2-/-;Lamc3-/- 

mice (Fig. 2.6B).  Next, the development of a cornified envelope was assayed via 

involucrin immunoreactivity.  The distribution of involucrin, a scaffolding protein found 

in stratified, differentiated epithelial cells, was largely unaltered in mutant mice 

compared to WT littermates, with a robust distribution present throughout all observable 

layers of the corneal epithelium, consistent with its known distribution (Fig. 2.7, an anti-
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perlecan antibody was used to label the basement membrane) (Adhikary et al., 2004; 

Candi et al., 2005; Tong et al., 2006). 

 

Deletion of laminin β2 or γ3 chains does not affect initial corneal innervation, but 

disrupts branching of the stromal and subbasal nerve plexuses 

Given the TEM data showing a possible keratinization of the apical epithelium 

(Fig. 2.5), and the well-known role of laminins as axon guidance molecules, we asked 

whether deletion of the Lamb2 or Lamc3 genes altered corneal innervation.  Corneal 

innervation was evaluated first at E15.5, a time when nerves have invaded the pericorneal 

region, and then again at P20, when the corneal epithelium is well-innervated, but has not 

formed the dense swirl-pattern observed in adult mouse corneas (McKenna and Lwigale, 

2011).  Using an axon-specific marker, TuJ-1, immunostaining of E15.5 mouse embryos 

revealed that there is no delay of corneal innervation or ramification defects in Lamb2-/-, 

Lamc3-/- or DKO mice (Fig. 2.8).  Later in development, qualitative and quantitative 

analyses were carried out on digitally reconstructed 3D images of P20 corneas.  

Qualitatively, nerve branching and surface coverage appear decreased in the stromal and 

epithelial plexuses of the limbus and peripheral cornea of laminin mutants.  In the central 

cornea, this effect appeared more pronounced (see Fig. 2.9 for representative images).  

Quantitatively, however, branch point analysis revealed statistically significant 

differences in the branching of stromal nerves only in the Lamb2-/-;Lamc3-/- group (Fig. 

2.9, left graph, Table 2.4B for detailed statistics).  On the other hand, nerve branches in 

the epithelial plexus were significantly decreased in all three knockout animals compared 

to WT (Fig. 2.9, right graph, Table 2.4A for detailed statistics); whether this effect is 
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directly or indirectly coupled to the observation of decreased epithelial progenitor 

proliferation remains in question. 

 

Deletion of laminin β2 or γ3 chains alters the morphology of Descemet’s Membrane and 

tight-junction formation in corneal endothelial cells 

 In addition to the presence of laminin β2 and γ3 in the limbal epithelium and 

stroma, laminin β2 was also present in Descemet’s membrane (DM), the endothelial 

basement membrane; laminin γ3, on the other hand, had very limited punctate 

distribution in DM.  Therefore, as with the epithelium, we hypothesized that these two 

molecules contribute to the organization and structure of Descemet’s Membrane, and if 

disrupted, the resultant change in molecular composition could also affect endothelial cell 

behavior.   

Using TEM, initial evaluation of DM ultrastructure showed a grossly normal 

appearance without any apparent disruptions of the cell-membrane interface on either 

stromal or endothelial side (Fig. 2.10A).  However, DM appeared to be thinner in Lamb2-

/- and Lamc3-/- mutants; specifically, assuming no significant changes in the size of 

endothelial cells, the ratio of DM to the total thickness of DM + endothelial cell thickness 

was altered by approximately 20-25% compared to WT measures (relative thickness 

ratios are given below each image in Fig. 2.10A); interestingly the thickness ratio 

calculated for  Lamb2-/-;Lamc3-/- suggests that DM in this mutant is not thinner compared 

to WT littermates.  We also examined the organization of matrix components in DM, as 

others have shown that laminin and collagen molecules are differentially deposited on 

opposite sides of DM (Halfter et al., 2013).  In wild type DM, collagen IV and perlecan 
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are segregated to opposite sides of Descemet’s Membrane.  Perlecan is found on the cell 

attachment surface, adjacent to the endothelium, and collagen IV is found at the stromal 

attachment surface (Fig. 2.10B).  In both the Lamb2-/- and Lamc3-/- animals, the 

separation between the perlecan and collagen IV layer collapses and the 

immunofluorescence is superimposed (Fig. 2.10B); this is consistent with the result 

shown in Fig. 2.10A, where the thickness ratios were smaller in the single-gene knockout 

mice.  When both Lamb2 and Lamc3 are deleted, the layers remain segregated, although 

they appear slightly closer together than in the wild-type (Fig. 10B).   

Lastly, endothelial cell tight junction formation was examined using anti-ZO-1 

immunohistochemistry.  All laminin mutants displayed modest disruptions in cellular 

hypertrophy, tight-junction formation, or both (Fig. 2.11).  In the central cornea of P20 

Lamb2-/- mice, higher numbers of hypertrophic cells were observed compared to WT 

littermates, along with focal regions of disrupted tight-junction formation.  By P25, these 

effects were more pervasive, where larger patches of disrupted ZO-1 staining were 

observed.  In P20 Lamc3-/- mutants, however, few hypertrophic cells, and only small, 

local breaks in tight junctions were observed, both of which did not get worse in older 

mice.  Lastly, in the P20 Lamb2-/-;Lamc3-/- mutant the phenotype was exacerbated 

compared to age-matched Lamb2-/- or Lamc3-/- mutants, where larger patches of disrupted 

regions were present. 

 

DISCUSSION 

In the study presented herein, we show for the first time in the mouse cornea the 

distribution of two laminin subunits, i.e. laminin β2 and γ3.  Laminin heterotrimers 
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containing the β2 or γ3 subunits are present in the limbus, and have a differential 

distribution in the epithelial basement membrane, stromal ECM, and Descemet’s 

Membrane.  Since individual subunits do not have function outside of being part of a 

heterotrimeric complex, the genetic ablation of Lamb2 or Lamc3 results in a loss of the 

relevant heterotrimers, and allows determination of a functional role for these molecules.  

As demonstrated in this study, the loss of laminin β2- or γ3-containing heterotrimers 

results in decreased epithelial cell proliferation and surface innervation.  Additionally, 

genetic deletion of Lamb2 results in a reduction of DM thickness and mild disruption in 

endothelial cell tight-junction formation while deletion of Lamc3 and Lamb2 together 

appeared to have less detrimental effects on DM organization and endothelial cell 

function. 

With relatively higher levels of laminin β2 and γ3 deposited in the limbal niche 

than in the peripheral or central cornea, we hypothesized that heterotrimers containing 

one or both of these subunits regulate epithelial progenitor cell cycle and perhaps self-

renewal.  This is supported by data showing that the removal of these molecules affects 

cell proliferation in the absence of effects on cell differentiation.  Neither K12 nor K14 

were affected in laminin mutants.  Involucrin, an essential scaffolding protein with a 

previously described expression and distribution in the human and mouse cornea 

(Adhikary et al., 2004; Candi et al., 2005; Tong et al., 2006; Wang et al., 2001), was also 

unaffected in mutant mice compared to wild-type littermates.  Effects on cell 

proliferation could be attributed to the activities of different laminin heterotrimers on 

their receptors, which include members of the integrin family and dystroglycan (Leiton et 

al., 2015; Li et al., 2010; Schroder et al., 2007), among others.  Of these, perhaps the 
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most studied in terms of corneal development and maintenance, with documented roles in 

regulation of cell proliferation, are integrins (Murgia et al., 1998; Schwartz and Assoian, 

2001; Stepp, 2006; Zhao et al., 1998).  On the other hand, although dystroglycan can 

regulate the proliferative state of neuroepithelial cells (Schroder et al., 2007) and 

oligodendrocyte progenitors (Leiton et al., 2015), whether this is true in the cornea has 

yet to be addressed.  Altogether, how laminin receptors contribute to the phenotypes 

observed in the laminin mutants is a topic of ongoing study. 

From the TEM images of the apical epithelium (Fig. 5), clear phenotypic 

differences were observed in laminin mutants.  Although there was evidence of moderate 

keratinization in these mice, when investigated further, immunoreactivity to markers of 

cellular differentiation was unaffected.  As a result, the acquisition of an epidermal-like 

phenotype due to an altered microenvironment was therefore ruled out.  Another 

possibility that was explored was whether the observed corneal keratinization was 

secondary to defective sensory innervation.  The cornea is one of the most densely 

innervated tissues in the body, relaying sensory information about its environment 

through several classes of nerve endings, largely Aδ and C fibers (Ivanusic et al., 2013; 

Kanski et al., 2011; Muller et al., 2003).  In addition to the prominent role that laminins 

play in neural guidance and axon branching (Chiang et al., 2011; McKerracher et al., 

1996; Myers et al., 2011), there is also a significant co-dependence between sensory 

innervation and epithelialization in the cornea (Garcia-Hirschfeld et al., 1994; 

Kowtharapu et al., 2014).  Of particular note is the maintenance and continued production 

of the tear film overlying the apical epithelium.  Given the co-dependence of sensory 

innervation and epithelial maintenance (Garcia-Hirschfeld et al., 1994; Kowtharapu et al., 
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2014), we then asked whether any changes to the innervational phenotype could be 

observed.  Indeed, when investigated, decreased neural branching was present in the 

epithelial plexus of all laminin mutants.  Within each genotype, the effects in the 

epithelium and on innervation are positively correlated and provide further evidence of 

the close relationship between epithelial cells and associated nerves in the cornea.  To 

control for possible effects of changes in other ECM molecules that affect nerve 

branching, the deposition of netrin-4, a laminin-related molecule and component of 

corneal basement membranes (Li et al., 2012a), was assayed via immunohistochemistry, 

and data show that the distribution of netrin-4 remained unaffected in all mutant mice 

(Fig. 2.S2).  Additionally, immune cells have also been shown to affect corneal 

innervation (Namavari et al., 2012; Seyed-Razavi et al., 2014).  Changes in the total 

numbers of bone-marrow-derived immune cells were therefore assessed along with the 

activation state of resident macrophages by immunolabeling for CD45 and CD68, 

respectively, across genotypes.  No differences were found at P20 across WT, Lamb2-/- or 

Lamc3-/- lines (Fig. 2.S3).  Along with possible disruptions in laminin-receptor 

interactions and associated signaling cascades, which remain to be studied, the altered 

composition of corneal ECM in mutant mice may have affected the ability of the 

microenvironment to absorb and bind soluble factors shown to be associated with 

regulating proliferation, self-renewal of limbal progenitors and innervation such as 

members of the Wnt family (Nakatsu et al., 2011), TGF-β (Joyce and Zieske, 1997; 

Pasquale et al., 1993) or others like EGF, HGF and KGF (Tao et al., 1995; Wilson et al., 

1999).  Factors influencing the branching of sensory nerve endings, such as cornea-
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derived neurotrophic factors NGF, GDNF, NT-3, or NT-4 (Muller et al., 2003) could also 

be affected.  

A hallmark of endothelial cell differentiation and functionality, the formation of 

an impermeable monolayer is essential for the regulation of stromal deturgescence and 

essentially, visual clarity.  Laminin β2 was seen in the DM of the peripheral and central 

cornea.  In addition to the observed collapse of DM, it is likely that the loss of this chain 

disrupts the ability of the endothelial cells to form tight junctions which could also be the 

case in the Lamb2-/-;Lamc3-/- mutant, where despite a recovery of DM organization, 

cellular tight-junctions were still disrupted.  Taken together, this indicates that the 

laminin β2 is a critical component of the mouse DM.  Indeed, it was recently shown that 

laminins 511 and 521 provide an optimal environment for expansion of cultured human 

endothelial cells (Okumura et al., 2015). 

Whether each phenotype is due to the loss of one or more heterotrimers remains 

in question.  Toward development of therapeutics that could treat corneal diseases and 

injuries, of particular importance is an understanding of which heterotrimers are 

influencing cell proliferation, innervation and the organization of Descemet’s Membrane.  

Out of the 16 known heterotrimers (Yurchenco, 2015), those that exist in the mouse 

cornea remain to be identified.  However, several reports have examined the spatial and 

temporal distribution of several laminin subunits in the human cornea (Bystrom et al., 

2006; Dietrich-Ntoukas et al., 2012; Kabosova et al., 2007; Ljubimov et al., 1995; 

Schlotzer-Schrehardt et al., 2007; Torricelli et al., 2013).  From those studies, the 

presence of laminin subunits α3, α4, α5, β1, β2, β3, γ1, γ2, and γ3 has been shown using 

immunohistochemistry over the course of development in the peripheral and central 
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epithelial BM, with the exceptions of α2 which is additionally found in the adult limbus, 

and β2, where its presence in the central cornea has not been confirmed (Kabosova et al., 

2007; Ljubimov et al., 1995).  Additionally, in the stromal or endothelial face of 

Descemet’s Membrane, the α3, α4, α5, β1, β3, γ1 and γ3 subunits have been shown at 

particular time points over the course of development (Kabosova et al., 2007; Ljubimov 

et al., 1995).  Few studies, however, have demonstrated biochemical isolation and 

identification of native trimers, or have characterized their functional significance in 

either human or mouse corneas.  Such studies would deepen our understanding of how 

individual laminin heterotrimers regulate cell cycle and organization of Descemet’s 

Membrane, allowing exploitation of these molecules in applications such as in vitro 

replication of the limbal niche for regulated expansion of epithelial progenitors, and in 

construction of biomimetic scaffolds that replicate the molecular composition, 

organization and mechanical environment of the limbus or Descemet’s Membrane. 

Complex phenotypes can often result from overlapping substitution of one 

laminin subunit for another.  However, which laminin subunits are given priority for 

substitution within the context of another subunit that has been lost (genetically or 

pathologically) remains in question, and must be determined empirically, as a 

comprehensive assessment of laminins, either on the protein or RNA level, in the mouse 

cornea has yet to be performed.  Any attempt to deduce the potential laminin 

heterotrimers, either in the wild-type or mutant corneas, would be speculative at best.  

However, in the context where both Lamb2 and Lamc3 are ablated, with the exception of 

tight junction formation in the endothelial cell layer, the lack of significant exacerbation 

(appearing neither additive nor synergistic) of the observed defects compared to single-
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gene mutants is intriguing, since neither laminin β2 nor γ3 chains are capable of being 

produced, leaving a much smaller repertoire of heterotrimers to be produced in the tissue.  

The repertoire of heterotrimers in these mice is even more limited than in either of the 

single-gene mutants, likely leading to a forced selection of a set of heterotrimers 

containing only the b1 and c1 chains, which are largely integrin-binding laminins.   

Corneal clarity and function are essential for visual acuity.  Approximately 120 

million Americans wear corrective lenses, either in the form of contact lenses or 

eyeglasses, to correct refractive errors.  Given the variability of inherited or acquired 

corneal diseases and the involvement of ECM alterations within these contexts, results 

from continued investigation could yield deeper insights into how compositional 

differences in the cellular microenvironment affect the regulation of progenitor turnover, 

nerve regeneration, and abnormalities associated with pathological remodeling of the 

ECM.  In this study, we have demonstrated that laminins promote proliferation and 

innervation, and may be useful in promoting corneal wound healing.  This is supported 

by the routine clinical usage, and success, of decellularized amniotic membrane for this 

purpose, where it serves as a rich source of laminins and other ECM components that are 

shared with the limbal niche (Dietrich-Ntoukas et al., 2012).  Ultimately, through 

continued advancements in our knowledge of cell-ECM interactions, development of 

well-characterized synthetic substrates may be an improvement over therapies and 

regenerative strategies currently in use.  
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Figures and Legends 

Figure 2.1:  Laminins have a defined distribution in the mouse cornea.  (A) At P20, an 

antibody developed against EHS-derived laminins labels the epithelial basement 

membrane (eBM) and Descemet’s Membrane (DM) in the peripheral and central cornea.  

The iris, along with the stroma and epithelium of the ciliary body are also labeled.  (B-D) 

When using an antibody that targets laminin-332, the epithelial basement membrane 

(eBM) is labeled throughout the cornea at all ages shown.  (B) In contrast to humans, 

laminin-332 immunoreactivity is not observed in DM at P0, which is early in mouse 

corneal development.  (R) = Retina 
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Figure 2.1 
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Figure 2.2:  Distribution of the laminin β2 chain in the murine cornea at ages P0, P10 

and P20.  Deposition of the laminin β2 chain appears in the cornea as early as E17 (not 

shown) and, by P0, is largely restricted to the limbus and the iris basement membrane 

(central column).  A diffuse distribution can be seen in the epithelial basement 

membrane, the stroma and Descemet’s Membrane of the central cornea (right column) at 

all ages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2  Laminin β2 and γ3 Chains in the Cornea 
	  

	   75 

Figure 2.2 
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Figure 2.3:  Distribution of the laminin γ3 chain in the murine cornea at ages P0, P10 

and P20.  At P0, deposition of the laminin γ3 chain is largely restricted to the basement 

membrane of the iris (central column).  By P10 and later, this distribution is present in the 

limbus in a punctate pattern (arrowheads) and sparsely in the epithelial basement 

membrane.  This pattern persists up until at least P20. 
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Figure 2.3 
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Figure 2.4:  Mitotic activity of corneal basal epithelial cells is decreased in laminin 

mutants.  At P10 and P20, pHH3(Ser28) immunolabeling shows decreased numbers of 

mitotic cells in whole corneas.  Image insets are magnified regions of randomly selected 

areas to illustrate immunoreactive cells.  In P10 images, fluorescent intensities that 

appear to be out-of-focus are proliferative cells of the stroma or endothelium.  Total 

numbers of immunoreactive cells were counted in each cornea and normalized to total 

surface area.  Graphs are of the group mean ± SEM.  Sample sizes (WT, Lamc3-/-, 

Lamb2-/-, Lamb2-/-;Lamc3-/-, respectively) are: P10: 6, 5, 3, 5; P20: 6, 8, 3, 3.  * indicates 

a significant difference between group means as determined by Dunnett’s multiple 

comparisons test.  
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Figure 2.4 
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Figure 2.5:  Corneal microstructure is altered in laminin mutants at P16.  (A-D) 

Although EM imaging shows no change in the overall organization of the corneal 

epithelium in laminin mutants, an abnormal layer of anuclear cells was noticed at the 

apical surface of (B’) Lamb2-/- and (D’) Lamb2-/-;Lamc3-/- corneas.  Out of all mutant 

mice assayed, the Lamc3-/- was closest in appearance to WT corneas with the exception 

of focal defects, also at the apical surface, in a few samples (arrowhead, C’, inset).  The 

epithelial basement membrane and focal adhesion junctions appeared unaltered across all 

mutant genotypes (arrowheads, B’’-D’’). 
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Figure 2.5 
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Figure 2.6:  Evaluation of epithelial differentiation by anti-keratin immunofluorescence, 

K12 (A) and K14 (B), reveals that cells of the central cornea in laminin mutants undergo 

normal differentiation.  An anti-perlecan antibody was used to label the epithelial 

basement membrane for reference purposes. 
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Figure 2.6 
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Figure 2.7:  Distribution of involucrin is unaltered in laminin mutants.  Frozen sections 

of central cornea were treated with antibodies against involucrin and perlecan.  The gross 

distribution of involucrin appears unaffected across all mutant genotypes.  An anti-

perlecan antibody was used to label the epithelial basement membrane for reference 

purposes. 
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Figure 2.7 
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Figure 2.8:  Neural pathfinding during early corneal innervation remains undisrupted in 

laminin mutants.  Early corneal innervation was assessed via TuJ-1 immunoreactivity in 

corneas from E15.5 WT, Lamb2-/-, Lamc3-/- and Lamb2-/-;Lamc3-/- mice.  Target 

recognition and early ramification appear unaffected in mutant mice compared to WT 

controls.  Orientation cues are given: D = dorsal, V = ventral, T = temporal, N = nasal. 
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Figure 2.8 
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Figure 2.9:  Qualitative and quantitative changes in corneal innervation were observed 

across all genotypes at P20.  Low-power images (top row) show the gross innervational 

phenotype, with boxed regions representing the magnified central and peripheral regions.  

In higher-power, flattened z-stack images (middle and bottom rows), qualitative changes 

are observable: innervational density is decreased in both regions of Lamb2-/-, Lamc3-/- 

and Lamb2-/-;Lamc3-/- corneas.  Branch point analysis revealed significantly decreased 

numbers of stromal branch points in Lamb2-/-;Lamc3-/- mice, and decreased ramification 

of epithelial branch points in all laminin mutants.  Graphs are of the group mean ± SEM.  

Sample sizes (WT, Lamb2-/-, Lamc3-/-, Lamb2-/-;Lamc3-/-, respectively) are: 6, 7, 5, 6.      

* indicates a significant difference between group means as determined by Dunnett’s 

multiple comparisons test.  
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Figure 2.9 
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Figure 2.10:  Descemet’s Membrane appears thinner in single-knockout laminin mutants.  

(A) The ratio of the thickness of Descemet’s Membrane (DM) to the total thickness of 

DM plus the endothelial cell layer was larger in Lamb2-/- and Lamc3-/- mice, suggesting a 

thinner DM in these animals. This effect was not observed in the double-knockout 

mutant.  Representative images were resized from native magnifications and cropped: 

WT: 6.6k @ 50% zoom from original image, Lamb2-/-: 8.3k @ 26.4% from original 

image, Lamc3-/-: 8.3k @ 44% from original image, Lamb2-/-;Lamc3-/-: 6.6k @ 50.7% 

from original image.  (B) The molecular organization of Descemet’s Membrane is altered 

in single-knockout laminin mutants.  Deletion of the laminin β2 or γ3 chains has a 

profound effect on the fundamental organization of Descemet’s Membrane (DM), 

specifically with respect to the spatial localization of perlecan and collagen IV relative to 

one another.  As shown in wild-type (WT) mice, perlecan (top row) is concentrated at the 

endothelial face of DM while collagen IV (middle row) is concentrated at the stromal 

face of DM.  This organization is lost in Lamb2-/- and Lamc3-/- mice, where the 

distribution of these two molecules overlaps completely.  The organization of the Lamb2-

/-;Lamc3-/- DM shows a more moderate disruption.  This finding was validated in at least 

three separate experiments in order to rule out confounding variables such as oblique 

sectioning or other artifacts that may be introduced as a result of fixation, 

cryopreservation or mechanical disruptions from cryosectioning. 
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Figure 2.10 
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Figure 2.11: Tight-junction formation in the central cornea between endothelial cells is 

disrupted upon loss of laminin β2 or γ3 chains. Immunohistochemical analysis of ZO-1 

localization, a tight-junction protein, reveals increased numbers of hypertrophic cells at 

P20 in Lamb2-/- mice (arrowheads), in addition to disrupted junction formation (arrows).  

These defects were more pronounced at P25, where large areas showed a substantial 

degree of junction breakdown (asterisk).  In Lamc3-/- mice, although the phenotype was 

less pronounced as in Lamb2-/- or Lamb2-/-;Lamc3-/- mice, there were a few regions that 

showed some degree of junctional collapse (arrows).  This did not change with age.  In 

Lamb2-/-;Lamc3-/- mice, the disruption in tight junction formation was more pronounced 

(arrows + asterisk), and occurred at an earlier age than all other genotypes. 
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Figure 2.11 
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Supplementary Data 

Figure 2.S1:  Description of branch points in the epithelial and stromal nerve plexuses.  

(A – B) Epithelial branch points are defined as any branch point giving rise to 3 or more 

sensory nerve endings, as indicated in the illustration (A), and in our original data taken 

from a P20 wild-type mouse cornea immunolabeled with TuJ-1 and imaged en face.  

Arrows indicate branch points.  (C – E) Stromal branch points were counted throughout 

its entire thickness.  Branch points are indicated by arrows in the illustration (C) and 

representative images taken at apical (D) and deep (E) planes of focus.  All images shown 

in (B), (D) and (E) belong to the same z-stack.  Scale = 30µm. 
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Figure 2.S1 
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Figure 2.S2:  The distribution of netrin-4, a laminin-related molecule that also has effects 

on neural arborization, is unaffected given the absence of laminin β2 or γ3 chains.  

Netrin-4 immunoreactivity, detected using an antibody previously described (Li et al., 

2012a) was observed in the epithelial basement membrane, Descemet’s Membrane and 

the limbal stroma.  CB = ciliary body, R = retina 
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Figure 2.S2 
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Figure 2.S3:  The neural and epithelial phenotypes found in mutant mice are independent 

of immune cell distribution.  CD45+ and Iba1+ cells were counted in multiple images of 

~6.92mm2 fields taken from the limbus and central cornea. Numbers were averaged and 

compared across genotypes.  Graphs are of the group mean ± SEM.  When analyzed 

using a Student’s t-test, no significant differences were observed between wild-type or 

mutant mice with respect to the quantitative distribution of CD45+ cells alone or of 

CD45+/Iba1+ macrophages. 
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Figure 2.S3 
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Tables 
 
Table 2.1:  Primary Antibodies 
 
Target/Antigen Antibody Supplier 
Panlaminin Rabbit polyclonal Sigma 
Laminin β2 chain Rabbit polyclonal Sasaki  
Laminin γ3 chain R96, rabbit polyclonal Our lab 
Laminin 332 (LM332) 9Ln5, rabbit polyclonal Our lab 
Perlecan Clone A7L6, rat monoclonal Santa Cruz 
Netrin-4 KR1, rabbit polyclonal Our lab 
Collagen IV Rabbit polyclonal Chemicon Int. 
pHH3 (Ser28) Goat polyclonal Santa Cruz 
Keratin-12 Rabbit polyclonal Abcam 
Keratin-14 Rabbit polyclonal Covance 
Involucrin IV1, Rabbit polyclonal Covance 
Neurotubulin TuJ-1, Rabbit monoclonal Covance 
ZO-1 R40.76, Rat monoclonal Millipore 
CD45 30-F11, Rat monoclonal Santa Cruz 
IB4 FITC-conjugated lectin from 

Bandeiraea simplicifolia 
Sigma 

F4/80 A3-1, Rat monoclonal Life Technologies 
CD68 FA-11, Rat monoclonal AbD Serotec 
Iba1 Rabbit Polyclonal Wako 
 
 
Table 2.2: Secondary Antibodies 
 
Name Label/Dye Supplier 
Alexa Fluor Goat anti-rabbit Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Goat anti-rat Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-goat Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-rabbit Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-rat Alexa Fluor 488, 568, 594, 647 Life Technologies 
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Table 2.3:  Analysis of Proliferation by pHH3 IHC – Detailed Statistical Data 
 

 
 
ANOVA: SS = sum of squares, DF = degrees of freedom, MS = mean square 

Dunnet’s test: CI = confidence interval (set to 95%), q = ratio of the two means (D) 

divided by the standard error of that difference (q = D/SED) 
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Table 2.4:  Branch Point Analysis – Detailed Statistical Data 
 

 
 
ANOVA: SS = sum of squares, DF = degrees of freedom, MS = mean square 

Dunnet’s test: CI = confidence interval (set to 95%), q = ratio of the two means (D) 

divided by the standard error of that difference (q = D/SED) 
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ABSTRACT 

Corneal diseases are among the leading causes of preventable blindness.  Many of 

these diseases, genetic or acquired, involve disruptions of the corneal extracellular matrix 

(ECM).  Of the two types of ECM, i.e. interstitial ECM and basement membranes, 

corneal basement membranes are comprised of several classes of molecules including 

collagens, laminins, netrins, nidogen, agrin, perlecan and other proteoglycans, that are 

assembled into highly organized arrays.  Although the roles of other classes of molecules 

and their receptors have been well studied, the contribution of netrins to corneal 

development and wound healing is not fully understood.  Outside of the eye, netrins have 

been shown to function in neural guidance and nerve branching, branched tissue 

morphogenesis, cell proliferation, cell-cell adhesion and both developmental and 

pathological angiogenesis.  Our previous work has shown that one particular netrin, i.e. 

netrin-4, is well-distributed throughout all ocular basement membranes, and in the 

cornea, is present in both the epithelial basement membrane (eBM) and Descemet’s 

membrane (DM), terminating at the corneoscleral boundary.  Given the aforementioned 

roles of netrins in other tissues and the specific role of netrin-4 in regulation of basement 

membrane assembly, in the current series of studies we further examined how the genetic 

loss of Ntn4 in mice affects corneal innervation and wound healing.  Toward this goal, 

we evaluated developmental and post-injury innervation, as well as post-injury 

reepithelialization and cell proliferation.  We report here that the loss of netrin-4 in mice 

leads to an increase in nerve branching at the epithelial surface at P20, and in adult mice, 

a moderate increase in wound area reinnervation.  Additionally, serial slit-lamp 

examinations of fluorescein-stained eyes show a moderately quicker recovery of the 
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epithelial surface in Ntn4-/- mice compared to wild-type animals.  Increased proliferation 

was also observed at 24h post-injury, with a return to the native Ntn4-/- phenotype of a 

relatively higher proliferation vs. WT at 1wk and 2wks post-injury.  These data support 

our hypothesis that netrin-4 serves as a regulatory cue with anti-proliferative properties, 

not just for the epithelium, but also for control of corneal innervation, where such 

properties may have applications potential in therapeutic contexts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  Netrin-4 in Corneal Wound Healing 
	  

 106 

INTRODUCTION 

Extracellular matrix (ECM) molecules provide guidance cues for the development 

of cells and organs.  Basement membranes are specialized, highly organized aggregates 

of ECM molecules that form boundaries between tissue layers or compartments; serve as 

sinks for soluble growth factors; provide a substrate for nerve guidance and cell adhesion; 

and scaffold signal cascade complexes at the cell surfaces.  Netrins, a group of molecules 

related to laminins, are key components of basement membranes that have roles in neural 

guidance (Barallobre et al., 2005; Kennedy et al., 1994; Rajasekharan and Kennedy, 

2009), branched tissue morphogenesis (Liu et al., 2004; Schneiders et al., 2007; 

Srinivasan et al., 2003), basement membrane assembly (Schneiders et al., 2007), cell 

adhesion and proliferation (Hu et al., 2012; Srinivasan et al., 2003; Yebra et al., 2011; 

Yebra et al., 2003), and lastly, developmental and pathological angiogenesis (Cirulli and 

Yebra, 2007; Kociok et al., 2016; Lange et al., 2012; Larrieu-Lahargue et al., 2011; 

Lejmi et al., 2008; Nacht et al., 2009).  Loss of netrin genes or the genes coding their 

associated receptors results in several human diseases and developmental defects, most of 

which are multi-systemic and often involve brain and eye phenotypes (Cirulli and Yebra, 

2007; Rajasekharan and Kennedy, 2009).   

Several netrins have been identified in mammals and include secreted netrin-1 

(Kennedy et al., 1994), netrin-3 (Seaman and Cooper, 2001; Wang et al., 1999), and 

netrin-4 (Koch et al., 2000; Yin et al., 2000), and glycophosphatidylinositol (GPI) linked 

netrins –G1 and –G2 (Nakashiba et al., 2000; Nakashiba et al., 2002).    Additionally, a 

recent report has also presented data in support of the existence of a novel family 

member, netrin-5, which the authors claim is most abundantly expressed in germinal 
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niches and migratory pathways of the brain (Yamagishi et al., 2015).  Contrary to netrins-

1 and -3 which share sequence homology with the short arm (including the N-terminal 

(LN)) of laminin γ chains, and netrin-4 which has homology with the short arm and LN 

domain of laminin β chains (Cirulli and Yebra, 2007; Rajasekharan and Kennedy, 2009), 

the protein identified as netrin-5 does not appear to have a laminin-like LN domain, 

although other laminin-like domains are present (Cirulli and Yebra, 2007; Rajasekharan 

and Kennedy, 2009; Yamagishi et al., 2015).   

Our lab has previously described the presence and distribution of Netrin-4 in the 

retina and cornea (Li et al., 2012).  Netrin-4 is deposited in corneal basement membranes 

including the epithelial basement membrane (eBM), stroma and Descemet’s Membrane 

(DM).  There is a sharp boundary of expression and deposition at the corneoscleral 

junction.  Netrins and specifically netrin-4 may be an important molecule in corneal 

wound healing, which is an ECM-dependent process (Ekblom and Timpl, 1996; Suzuki et 

al., 2000; Torricelli et al., 2013).  Several reports suggest that netrin-1 and netrin-4 may 

prevent post-injury corneal neovascularization (Han et al., 2012; Han et al., 2015a; Han 

et al., 2015b).  Epithelial proliferative activity is increased in the netrin-4 knockout 

mouse (Li et al., 2012).  Moreover, netrin-4 is a modulator of neural guidance and axon 

branching (Cirulli and Yebra, 2007; Qin et al., 2007; Rajasekharan and Kennedy, 2009); 

thus, it may play a role in corneal innervation.  

In this study, we employed a combination of anatomical and functional studies 

using Ntn4 knockout mice to examine the hypothesis that netrin-4 plays a regulatory role 

in the developmental innervation of the cornea and corneal wound healing.  We examine 

the developmental innervation of the embryonic cornea at 15 days gestation (E15.5), and 
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neural refinement was examined at P20.  Re-innervation and re-epithelialization 

following alkali-induced injury was evaluated both by serial slit-lamp exams and 

immunohistological assays over 2-week recovery period.  The data presented herein 

support our hypothesis that netrin-4 is an important structural cue for corneal 

development, innervation and wound repair. 

 

METHODS 

Animals 

All procedures involving animals adhere to the National Institutes of Health guide 

for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978), 

and were approved by the Institutional Animal Care and Use Committees of State 

University of New York (SUNY) Downstate Medical Center and SUNY Upstate Medical 

University.  Targeted deletion of the Ntn4 gene and generation of the Ntn4-/- mouse line 

have been previously described (Li et al., 2012). 

 

Wounding Assays and Slit-lamp Image Acquisition 

For wounding assays, adult mice were anesthetized with a cocktail of ketamine 

and xylazine (80-100 mg/kg; 5 -10 mg/kg IP).  Animal eyes were wounded using a 

modified alkali burn injury protocol (Ormerod et al., 1989; Paranthan et al., 2011; Seo et 

al., 2012).  Here, a 1.5mm filter paper disc was immersed in 0.15M sodium hydroxide 

and placed onto the temporal region, or 9:00 position (with the disc covering the limbus 

and peripheral cornea) of each animal’s right eye for 60 seconds (Fig. 3.1).  The left eye 

of each animal served as the unwounded, untreated control.  At 60 seconds, eyes were 
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immediately flushed with at least 3mL of sterile, warm, 1x PBS (pH 7.2-7.4).  Animals 

were subsequently positioned on a custom-designed, calibrated platform specially created 

for small rodents, which, in-turn, was mounted onto a modified Nikon NS-1 slit lamp 

base.  The response of the cornea to epithelial injury was determined at various time 

points (12hrs, 24hrs, 48hrs, 1 week and 2 weeks post-injury) by serial slit-lamp eye 

exams.  Standard white-light images were taken of control and wounded eyes using a 

Samsung Nexus S™ smartphone mounted onto an eyepiece of the Nikon NS-1 via the 

commercially available SnapZoom™ adapter.  An additional set of images was acquired 

using a cobalt-blue filter to illuminate the wounded regions of eyes treated with a sterile 

0.25% fluorescein-sodium solution.  Animals that developed infections or were in serious 

discomfort were immediately euthanized.  In total, two cohorts of mice were used, where 

one cohort was used for serial slit-lamp examinations, and the other was used for tissue 

harvest and immunohistochemical assays of cell proliferation and wound area 

reinnervation (Fig. 3.1). 

 

Tissue Preparation and Immunohistochemistry 

All primary and secondary antibodies used are detailed in Tables 3.1 and 3.2 

(clone numbers are provided where possible).  All tissues used in developmental studies 

were derived from mice generated on the same background (C57BL/6J) and compared to 

littermates.  For wounding studies, adult (6 – 9 months old) wild-type and Ntn4-/- animals 

were either littermates or colony-mates derived from heterozygous pairings.   

Following euthanasia by CO2 asphyxiation, eyes were enucleated and isolated 

corneas were fixed by immersion in ice-cold 4% paraformaldehyde (PFA) for 20min.  
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For eyes used in wound healing studies, both wounded and control eyes were processed 

as whole cornea flat-mounted preparations.  For developmental studies in P20 mice, one 

whole eye or isolated cornea was designated for sectioning while the other was used in a 

whole cornea, flat-mounted preparation.  Following tissue isolation, corneas designated 

for radial cryosectioning and immunohistochemical assays were bathed for 12-24hrs in a 

series of gradually increasing concentrations of sucrose solutions (i.e. 10% à 20% à 

30%).  Tissues were then placed in OCT compound (TissueTek) and frozen down as 

cold-blocks, which were subsequently sectioned on a Leica CM3050 cryostat.  20µm 

sections were mounted on Superfrost slides (Fisher Scientific) and next washed 3x for 

10min per wash in 1x PBS at a pH of 7.2-7.4.  Sections were then treated in blocking 

buffer (10% goat or donkey serum, 1% BSA, and 0.01% Triton-X 100) for 2h at room 

temperature.  Primary antibodies were diluted in 5% goat or donkey serum and applied to 

each section for 4h at room temperature.  Following additional washes in 1x PBS, 

samples were incubated in secondary antibodies for 4h at room temperature, washed, and 

counterstained with DAPI.  After a final series of washes slides were mounted in 

VectaShield (Vector Laboratories), coverslipped and sealed with clear nail polish.  

Corneas designated for the whole-tissue, flat-mounted preparation were processed 

similarly, aside from a few modifications: Triton-X 100 concentrations were raised to 

0.3%, samples were incubated in antibodies overnight at 4ºC, and lastly, tissues were 

mounted in ProLong Gold (Life Technologies) prior to coverslipping and sealing.  

Samples were imaged using a Hamamatsu Orca-R2 camera mounted on a Nikon E800 

microscope.  The Volocity software suite (v6.3, Perkin-Elmer, Waltham, MA, USA) was 

used to acquire images, generate 3D reconstructions, and perform subsequent analyses.  
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Images were adjusted solely for brightness and contrast for optimal viewing of 

immunofluorescence data. 

For embryonic studies, pregnant heterozygous dams bred with heterozygous 

males were also euthanized by CO2 asphyxiation prior to embryo harvest; pregnancies 

were timed by checking for vaginal plugs daily and embryos harvested ~15 days 

following presence of a plug (E15.5).  After embryo harvest, each embryo was placed 

into a separate dissection dish filled with ice-cold, sterile 1x PBS (pH=7.2-7.4).  Heads 

were removed from each embryo, placed into a second clean dish also filled with ice-cold 

1x PBS and hemisected along the sagittal suture with a scalpel.  Other tissues were 

harvested for genotyping purposes.  Hemisected heads were subsequently fixed in ice-

cold 4% paraformaldehyde for 45min, washed 6x in 1mL of 1x PBS for 10min/wash at 

room temperature and treated in blocking buffer with 3% Triton X-100 overnight at 4ºC.  

From each head, one half was used as a secondary-only control.  Following staining 

procedures, which involved overnight incubations in primary (TuJ-1, 1:500) and 

secondary antibodies at 4ºC, samples were positioned into wells of a tissue-culture dish 

and imaged directly on an inverted Olympus IMT-2 equipped with a Hamamatsu ORCA-

ER camera.  Images were acquired using Volocity and, as with other data sets, were 

adjusted solely for brightness and contrast. 

 

Data Analyses 

For calculation of wound areas, all slit-lamp images of fluorescein-stained eyes 

were imported into Volocity where the free-hand region-of-interest (“free-hand ROI”) 

tool was used to calculate the area, in pixels, of fluorescently labeled wounds.  The same 
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tool was used to acquire the area, also in pixels, of the entire visible eye.  The percentage 

of the ocular surface that was wounded was subsequently calculated and averaged in 

Microsoft Excel (Microsoft, Inc.).  Data were then transferred to a statistical software 

package (GraphPad Prism version 6.07 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com) for statistical analyses and generation of 

scatterplots. 

For quantification of epithelial cell mitotic activity and reinnervation of wounded 

regions in whole corneas, tissues were stained, flat-mounted, imaged as tiles and digitally 

stitched to create a montage.  For evaluation of cell proliferation, the total number of 

phospho-histone H3 (Ser28)-positive cells was calculated per whole cornea and 

normalized to total surface area.  Corneal surface area was calculated using the Volocity 

Quantitation module, where the “free-hand ROI” tool was implemented to draw a region-

of-interest (ROI) along the borders of each cornea.  Values, in µm2, were entered into a 

Microsoft Excel spreadsheet and the number of pHH3+ cells/mm2 was calculated for each 

sample.  Each group mean at each time point was independent of one another and 

independent of group means at any other time point.  Neither repeated measures nor 

multiple comparisons against a single control were made.  The Student’s t-test was 

therefore used to compare the means of each group within, and only within, each specific 

time point.  Analysis of immune cell data was carried out in whole-tissue preparations of 

corneas from adult wild-type and Ntn4-/- mice.  Total numbers of CD45+ and Iba1+ cells 

were counted over a total of 16 limbal and 12 central z-stacked fields (436µm x 332µm) 

from each genotype and are represented as an averaged number per unit field.  Ratios of 

Iba1+ : CD45+ cells were calculated by comparing averaged values.  Quantitative data 
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were analyzed for statistical significance using a two-tailed Student’s t-test, where p 

values less than 0.05 were considered significant.  Lastly, slit-lamp images of eyes taken 

at 2 weeks post-injury were scored by a blinded investigator for neovascularization and 

opacification on a scale of 0-3 and 0-4, respectively, according to Anderson et al., 2014. 

 

RESULTS 

Deletion of Ntn4 does not affect initial corneal innervation, but increases nerve 

branching of the subbasal plexus 

We asked whether the deletion of Ntn4 altered corneal innervation.  Innervation 

was first evaluated at E15.5, a time when nerves have invaded the pericorneal region, and 

then again at P20, when the corneal epithelium is well-innervated, but the final adult 

pattern has not formed (McKenna and Lwigale, 2011).  Using an axon-specific marker, 

TuJ-1, immunostaining of E15.5 mouse corneas revealed that there is no delay of corneal 

innervation or ramification defects in Ntn4-/- mice (Fig. 2).  Next, qualitative and 

quantitative analyses were carried out on digitally reconstructed 3D images of P20 

corneas.  Qualitatively, nerve branching appeared hyperbranched in Ntn4-/- mutants, with 

greater surface coverage in the central and peripheral cornea (Fig. 3.3A).  Sensory nerve 

endings in the periphery also appear to have trajectories that are more circumferential 

compared to wild-type littermates (Fig. 3.3A).  Quantitatively, whole-cornea branch point 

analysis of the stromal and epithelial plexuses revealed a 2-fold statistically significant 

difference in the branching of nerves in the epithelial plexus of Ntn4-/- mice (Fig. 3.3B).  

This effect positively correlates with previously published data showing an increase in 

proliferation of epithelial progenitors (Li et al., 2012).   
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Wounded areas of Ntn4-/- mice appear to have an apparent increase in degree of 

reinnervation compared to wild-type controls  

Given the observations of increased surface innervation and cell proliferation 

during development, we hypothesized that if challenged with a wound, corneas of Ntn4-/- 

mice would reinnervate and reepithelialize faster compared to wild-type controls.  Using 

a modified alkali burn injury protocol, adult mouse corneas were injured as described in 

the Methods section.  Immunohistochemical assays were performed on tissues harvested 

from euthanized mice of the first cohort (Fig. 3.1) at specified recovery times.  Analysis 

of initial wound sizes between wild-type and Ntn4-/- mice for each time-point group did 

not yield any significant differences (Fig. 3.S1).  We tested the ability of the cornea to 

reinnervate the wounded area in the presence or absence of netrin-4 using TuJ-1 to 

immunolabel nerves.  Qualitative evaluations of nerve trajectories and nerve regrowth 

were carried out on corneas from the 12hr and 2week post-injury groups.  At 12h post-

wound, injured areas show no evidence of new nerve growth or of nerve redirection from 

undamaged regions or the persistence of epithelial nerves (Fig. 3.S2).  However, after 

two weeks of recovery, new nerve ingrowth from existing branches of the stromal plexus 

appeared to be greater in Ntn4-/- mice (n = 5) compared to wild-type controls (n = 5) 

(arrowheads, Fig. 3.4C”, 3.4D”).  Additionally, a greater density of nerves appeared to be 

rerouted toward the denervated wound area in Ntn4-/- corneas vs. wild-type control 

corneas (arrows, Figs. 3.4C’, 3.4D’, 3.4D”).  Interestingly, the, “sprout-like,” branch 

points of new nerves have a similar morphology to the branch points observed at earlier 

ages.  Although qualitative in nature, taken together, these data suggest that wounded 

regions in corneas from Ntn4-/- animals reinnervate slightly faster than wild-type controls. 
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Post-injury epithelial cell proliferation is moderately increased in Ntn4-/- mice 

Netrin-4 has a role in regulating cell proliferation in the cornea (Li et al., 2012).  

We therefore hypothesized that Ntn4-/- corneas would reepithelialize faster compared to 

wild-type controls following a chemical wound of controlled size.  Wound closure was 

assayed through the use of serial slit-lamp imaging of fluorescein-stained eyes of mice 

that were tracked for 2 weeks.  Wound areas were calculated as a percent of the entire 

visible cornea (see methods for details).  Recovery from the initial defect was measured 

at 12, 24, and 48 hours and 7 and 14 days post-injury.  Differences in the mean wound 

size (in percent of eye wounded) between wild-type and Ntn4-/- groups were compared at 

each time point using multiple two-tailed unpaired Student’s t-tests; significance was 

subsequently determined by a Holm-Šidák correction for multiple comparisons with an 

alpha of 5.00% (i.e. corrected p values < 0.05 were considered statistically significant).  

Wild type animals recovered by 7 days with considerably reduced damage seen by 48 

hours (Fig 3.5).  In Ntn4-/- mice, the area of corneal injury was considerably reduced by 

24 hours, representing an accelerated recovery by at least 24h compared to wild-type.  In 

other words, the percent of the total surface that had an epithelial defect was significantly 

lower in Ntn4-/- mice than in wild-type controls, indicating a faster recovery in Ntn4-/- 

mice by at least 24hrs (Fig. 3.5).  At subsequent time points, wound areas were 

considerably reduced in both wild-type and Ntn4-/- mice and there was no significant 

difference between them.  Thus, the loss of netrin-4 appears to slightly speed recovery; 

we next examined if this was due to increased proliferative activity in the Ntn4-/- cornea.   

Proliferative activity of epithelial progenitors was assayed via indirect 

immunohistochemistry in a separate cohort of animals.  Mitotic activity of progenitor 
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populations was quantified by immunolabeling with a phospho-histone H3 (pHH3) 

antibody.  This antibody specifically recognizes phospho-histone H3 phosphorylated at 

the serine-28 position, which is expressed during mitosis and not during DNA repair 

(Prigent and Dimitrov, 2003).  It is therefore a faithful marker of proliferation.  After 

counting numbers of immunoreactive cells across each entire cornea, values were 

normalized to the total surface area.  Statistically significant (p < .05) increases were 

found 24h post-injury (Fig. 3.6), consistent with the observation of faster wound closure 

in the slit lamp images (Fig. 3.5).  Additionally, significantly higher proliferative activity 

was observed at 1wk and 2wks post-injury (Fig. 3.6), consistent with a higher rate of 

proliferation observed in the uninjured Ntn4-/- cornea (Li et al., 2012).   

 

DISCUSSION 

Approximately 120 million Americans wear corrective lenses, either in the form 

of contact lenses or eyeglasses, to correct refractive errors. Additionally, there are a 

variety of diseases – with or without a genetic etiology – that severely affect vision, most 

often by disrupting corneal basement membranes themselves or by disrupting the cell-

membrane interactions.  Netrins are important components of basement membranes and 

may have roles in corneal development and wound healing.   In the present study, the 

overall goal is to understand the role netrin-4 plays in the developmental innervation of 

the cornea and its repair mechanisms.  Specifically, we tested the hypothesis of whether 

netrin-4 contributes to: 1) developmental innervation of the cornea; 2) reinnervation of a 

wounded cornea; 3) modulation of the ability of epithelial cells to cover the site of an 

injury; and 4) maintenance of corneal clarity and avascularity following a chemical 
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injury.  We employed a reverse genetics approach to examine how the genetic loss of 

netrin-4 in the cornea affects development, innervation and recovery from a chemical 

wound.  To date, our data show that Ntn4-/- mice have significant aberrations in corneal 

development, including disturbances in corneal innervation and cellular proliferation.   

 

Regulation of corneal innervation, and reinnervation by netrin-4 

Our results are the first to demonstrate an in vivo role for netrin-4 in corneal 

developmental innervation and post-injury reinnervation.  Although other studies have 

shown positive effects of netrin-4 on neurite elongation and axon branching in vitro 

(Koch et al., 2000; Qin et al., 2007), it appears that the deletion of Ntn4 in mice leads to a 

hyper-branched epithelial neural plexus, indicating that netrin-4 may be a negative 

regulator of axon branching in the cornea.  Additionally, wounded corneas of adult Ntn4-/- 

mice appear to reinnervate at a moderately faster rate compared to wild-type controls, 

supporting the idea that netrin-4 may be a negative-regulator of nerve branching.  To 

control for any effects that the removal of netrin-4 may have had on immune cells, which 

have reported activities on corneal innervation (Namavari et al., 2012; Seyed-Razavi et 

al., 2014), total numbers of CD45+ bone-marrow-derived immune cells and Iba1+ 

macrophages were quantified in the limbus and central cornea of each genotype; no 

differences were found (Fig. 3.S3).  Together, these results suggest that netrin-4 signaling 

inhibits corneal nerve branching.  However, a receptor for netrin-4 and an associated 

signaling mechanism have yet to be identified.  Ultimately, the cornea provides an 

excellent model tissue to study the effects of netrin-4 on nerve branching in the absence 

of effects on blood vessels, since both systems are often affected by similar factors 



Chapter 3  Netrin-4 in Corneal Wound Healing 
	  

 118 

(Arese et al., 2011).  The positive correlation between increased epithelial proliferation 

and innervation density suggests that there may be some coupling between the two.  

Whether there is a direct or indirect effect on the expression of epithelial-derived 

neurotrophic factors is also of considerable interest.   

 

Loss of netrin-4 has a subtle effect on post-injury reepithelialization 

As mentioned, we previously showed an upregulation of epithelial cell 

proliferation in the Ntn4 mutant (Li et al., 2012).  In the present study, we have shown 

that genetic deletion of netrin-4 altered corneal epithelial cell behavior after a wound.  

Corneal innervation was also altered during development and wound recovery.  A 

moderate increase in wound reepithelialization was observed in Ntn4-/- mice when 

fluorescein-stained corneal surfaces were examined by slit-lamp.  Additionally, 

proliferative activity of cells at the epithelial surface was increased at 24h post-injury.  

The increased proliferation observed in Ntn4-/- mice after surface reepithelialization at 1 

week and 2 weeks post-injury is likely representative of a return to the higher baseline 

rate of proliferation present in unwounded Ntn4-/- animals (Li et al., 2012).  Several 

mechanisms may account for these effects.  First, netrin-4 regulates several aspects of 

basement membrane organization (Schneiders et al., 2007).  Thus, netrin-4 deletion may 

result in altered eBM organization, which is likely to result in alterations of epithelial 

cellular migration and adhesion and needs to be tested.  Second, the loss of netrin-4 may 

directly affect signaling cascades specifically associated with cell cycle regulation, and 

not differentiation (Fig. 3.S4); however, definitive receptors for netrin-4 have not been 

identified.  Thus, the mechanism of netrin-4 regulation of proliferation remains unclear.  
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Lastly, the loss of netrin-4 may induce a compensatory upregulation of netrin-1 

expression, which has potent effects on both epithelial proliferation and nerve branching; 

this also remains to be tested. 

 

Neovascularization and opacification may be affected in Ntn4-/- mice4 

Netrin-4 also plays a role in developmental and pathological angiogenesis.  

However, whether this role is pro- or anti-angiogenic appears to be context-dependent. 

The inhibitory effects of netrin-4 on neovascularization has been tested in models for 

corneal wound healing in mice (Han et al., 2012; Han et al., 2015a; Han et al., 2015b).  

To date, these studies suggest that netrin-1 and netrin-4 have anti-angiogenic properties, 

consistent with studies in other systems where these molecules were shown to inhibit 

endothelial cell proliferation (Larrieu-Lahargue et al., 2011; Nacht et al., 2009; Staquicini 

et al., 2009).  In the present study, slit-lamp images of corneas from injured animals were 

analyzed using a scoring system from a recently published report (Anderson et al., 2014).  

Preliminary data show that after 2 weeks of recovery, Ntn4-/- appear to have more severe 

opacification and neovascularization compared to wild-type mice (Fig. 3.S5), which 

would be consistent with the anti-angiogenic properties of netrin-4 that have been 

previously reported.  However, the present study is limited, and more samples are 

required for statistical determination of whether this finding is significant. 

Conclusions 

Given already published information and the data presented herein, it is clearly 

important that we continue to develop an understanding of the role netrins play in corneal 

development and wound healing.  Although the deletion of netrin-4 may improve post-
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injury reepithelialization and reinnervation, the mechanism by which this occurs remains 

unclear.  Further study of netrin-4 in the context of corneal wound healing is therefore 

required to determine potential utility in the design and development of therapeutic 

applications.   
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Figures, Legends and Tables 

Figure 3.1: Experimental setup.  Total time allowed for wound healing was 2 weeks.  

Over the course of that time, wild-type (WT) and Ntn4-/- groups in one cohort were 

euthanized at specified time points post-injury; from these mice, corneas were harvested 

and used for immunohistochemical assays.  A second cohort of mice was used for serial 

slit-lamp imaging of the wound healing process with and without the use of fluorescein 

for visualization and assessment of wound closure.  
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Figure 3.1 
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Figure 3.2: Early innervation is not disrupted as a result of Ntn4 deletion.  Embryos were 

harvested at ~15 days gestation.  Corneal nerves were identified by indirect 

immunofluorescence using TuJ-1 as the primary antibody.  en face imaging of 

fluorescently labeled nerves did not show a different nerve distribution nor was there a 

disruption in the patterning of corneal invasion in Ntn4-/- mice compared to wild-type 

littermates (n = 2 mice per genotype).   
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Figure 3.2 
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Figure 3.3: Deletion of Ntn4 leads to increased ramification of sensory nerve endings at 

P20.  (A) Qualitative assessment of corneal innervation at P20 revealed a hyperbranched 

epithelial plexus in the central and peripheral cornea of Ntn4-/- mutants compared to wild-

type littermates.  At the limbus, epithelial nerve trajectories also appeared to take a more 

circuitous route compared to trajectories of nerves in wild-type littermates.  (B) Upon 

quantitative branch-point analysis of the stromal and epithelial plexuses, Ntn4-/- mice had 

nearly double the number of branch points at the epithelial plexus, with no change in the 

stromal plexus.  Sample sizes are noted in the graph legends.  
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Figure 3.3 
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Figure 3.4: Reinnervation is slightly accelerated in Ntn4 mutants.  (A – B”) Uninjured 

control corneas from wild-type (A’) and Ntn4-/- mutants (B’), euthanized two weeks after 

injury to the contralateral eye, show normal trajectories of sensory nerve endings of the 

epithelial plexus moving toward the central cornea.  in vivo slit-lamp imaging of 

fluorescein-stained eyes taken at t0 show that neither eye has been damaged.  (C, D)  in 

vivo slit-lamp imaging of fluorescein-stained eyes taken at t0 show the original wound 

area and size.  (C-C”)  Dotted lines indicate the denervated region (C’) and boundary 

between denervated cornea and innervated cornea (C”).  Wounded regions of WT 

corneas show evidence of reinnervation as nerves from the underlying stroma have 

penetrated into the area and have ramified (C”, arrowheads).    Additionally, trajectories 

of surface nerve endings from adjacent areas appear slightly rerouted (C’, arrow), moving 

toward the wounded region.  (D – D”) Similar qualitative observations were made in 

injured Ntn4-/- corneas, however, wounded areas appeared to have slightly increased 

numbers of nerve sprouts from the stromal plexus (D”, arrowheads) and trajectory 

rerouting of adjacent epithelial plexus nerve endings toward the wounded region (D’, D”, 

arrow).   
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Figure 3.4 
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Figure 3.5:  Reepithelialization following an alkali injury occurs moderately faster in 

Ntn4-/- mutants.  Slit-lamp examination of fluorescein-treated eyes revealed a slightly 

faster recovery of the corneal epithelium in adult Ntn4-/- mice compared to wild-type 

counterparts.  The wounded areas were calculated as a percent for each animal and are 

plotted in the graph for each time point, along with the average for each group ± SEM.  

When averages were statistically compared using a Student’s t-tests followed by a Holm-

Šidák correction for multiple comparisons, a significant difference (p < 0.05) was 

observed at 24h post-wound, indicating earlier recovery by at least 24h in Ntn4-/- mutants 

compared to wild-type animals.   
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Figure 3.5 
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Figure 3.6:  Proliferation of epithelial cells is upregulated in Ntn4-/- mutants at various 

time points post-injury.  Proliferation was assayed using phopho-histone H3 (Ser28) 

immunohistochemistry at several time points after injury.  Statistically significant 

increases in mitotically active epithelial cells were detected at 24h, 1wk and 2wks post-

wound (Student’s t-test, p < 0.05).   Sample sizes for WT and Ntn4-/-, respectively, are as 

follows: t12 group = 4, 5; t24 group = 4, 4; t48 group = 5, 4; t1wk group = 4, 6; t2wk 

group = 5, 5. 
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Figure 3.6 
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Supplementary Data 

Figure 3.S1:  Analysis of initial wound sizes reveals no significant differences between 

Ntn4-/- or wild-type controls.  One group of wild-type and Ntn4-/- mice was euthanized at 

each time point: t12, t24, t48, 1wk, and 2wks.  Initial wound areas for each group of mice 

used in the IHC assessment of reinnervation and proliferation were calculated using slit-

lamp images of fluorescein-treated eyes as described.  For each group, each individual 

mouse is represented on the scatterplot along with group means ± SEM.  No significant 

differences were observed in initial wound areas between Ntn4-/- mice and WT 

counterparts. 
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Figure 3.S1 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter	  3	  	  Netrin-‐4	  in	  Corneal	  Wound	  Healing	  
	  

 140 

Figure 3.S2:  Wounded regions of wild-type and Ntn4-/- corneas are completely 

denervated 12h post-injury.  (A – B”) Uninjured control corneas from wild-type (A’) and 

Ntn4 mutants (B’) euthanized 12h weeks after injury to the contralateral eye.  DAPI-

counterstained images are provided for visualization of boundaries and surface 

epithelialization.  (C’, C”, D’, D”) Neither redirection of undamaged nerves nor the 

presence of new nerves arising from the stromal plexus can be observed in wild-type (C’, 

C”) or Ntn4-/- (D’, D”) tissues. (C, D) As in control corneas, DAPI-counterstained images 

are provided for visualization of de-epithelialized, wounded regions.   
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Figure 3.S2 
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Figure 3.S3 The neural and epithelial phenotypes found in mutant mice are independent 

of immune cell distribution.  CD45+ and Iba1+ cells were counted in multiple image fields 

taken from the limbus and central cornea. Numbers were averaged and compared across 

genotypes.  No significant differences were observed in the quantitative distribution of 

CD45+ cells alone or of CD45+/Iba1+ macrophages. 
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Figure 3.S3 
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Figure 3.S4:  Epithelial differentiation is unaffected secondary to absence of Ntn4. 

Expression patterns of (A) K14, (B) K12 and (C) involucrin are not drastically different 

in Ntn4-/- mice compared to wild-type (WT) littermates at P20. 
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Figure 3.S5: Slit-lamp examination and subsequent scoring of neovascularization and 

opacification shows a slightly greater number of Ntn4-/- mice falling into more severely 

affected categories compared to WT mice.  (A) Representative serial images of injured 

eyes taken the same wild-type or Ntn4-/- mouse using standard white-light slit-lamp 

microscopy.  (B) Samples were scored for neovascularization and opacification according 

to the scale provided by Anderson et al., 2014.  Scores for neovascularization are from 0 

(least severe) to 3 (most severe) while scores for opacification range from 0 (least severe) 

to 4 (most severe).  At 2 weeks post-injury, mice lacking netrin-4 appeared to have more 

severe neovascularization and opacification compared to wild-type counterparts.  
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Figure 3.S5 
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Tables 

Table 3.1.  Primary Antibodies 

Target/Antigen Antibody Supplier 
Keratin-12 Rabbit polyclonal Abcam 
Keratin-14 Rabbit polyclonal Covance 
Involucrin IV1, Rabbit polyclonal Covance 
Perlecan Clone A7L6, rat monoclonal Santa Cruz 
Phospho-histone H3 (Ser28) Goat polyclonal Santa Cruz 
Neurotubulin TuJ-1, Rabbit monoclonal Covance 
VE-Cadherin 11D4.1, Rat monoclonal BD Pharmigen 
CD45 30-F11, Rat monoclonal Santa Cruz 
CD68 FA-11, Rat monoclonal AbD Serotec 
Iba1 Rabbit Polyclonal Wako 
 

 

Table 3.2. Secondary Antibodies 

Name Label/Dye Supplier 
Alexa Fluor Goat anti-rabbit Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Goat anti-rat Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-goat Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-rabbit Alexa Fluor 488, 568, 594, 647 Life Technologies 
Alexa Fluor Donkey anti-rat Alexa Fluor 488, 568, 594, 647 Life Technologies 
 

 

 

 

 



Chapter 4  Discussion and Future Directions 
 

 
 

149 

Chapter 4: Discussion and Future Directions  

Summary of Key Findings and Significance 

This body of work focused on testing the central hypothesis that specific ECM 

molecules, β2 and γ3 chain-containing laminins and netrin-4, are necessary for normal 

corneal development and wound healing.  We are the first to show in mouse via IHC that 

the distribution of laminin β2 and γ3 chains is largely confined to the limbus, with 

differential distribution patterns throughout the eBM, stroma and DM.  Indeed, we are 

also the first to show that when these specific subunits are genetically ablated in the 

mouse, thereby also removing the relevant heterotrimers, the result is a hypoinnervated 

and hypoproliferative epithelium.  In the context of Lamb2 deletion, either alone or 

together with Lamc3, the stroma was also hypoinnervated.  Lastly, in the Lamb2 and 

Lamc3 knockouts EM and IHC studies show a thinning of DM, suggesting a disruption in 

its 3-dimensional organization. 

We also present in Chapter 3 the first report of corneal innervation in the Ntn4 

mutant during embryonic and juvenile ages, followed up with an assessment of 

reinnervation in a model of wound healing using adult mice.  Although there were no 

changes in the early innervation of the cornea, a hyperinnervated epithelial plexus was 

observed at P20.  Additionally, an apparent increase in the rate of post-injury 

reinnervation was observed in adult Ntn4 mutants.  Lastly, the deletion of Ntn4 also lead 

to a hyperproliferation of cells in the epithelium 24h after injury, corresponding to an 

increased rate of wound closure observed via slit-lamp exam.   

One of the main goals of this project is to eventually ascertain what key groups of 

ECM molecules would best replicate the molecular and mechanical environment of the 
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cornea for the purpose of generating new, or improving upon currently available, 

regenerative strategies.  Given the functions of laminins and netrins in promoting two key 

elements required for corneal regeneration – i.e. promotion of cell proliferation and nerve 

growth – and our lab’s expertise in the study of these molecules in the brain and eye, they 

represent a logical first target of study.  One particular regenerative strategy lies with the 

development of an implantable, biomimetic scaffold (defined as using natural ECM 

materials) that could be used for the ex vivo expansion of patient-derived epithelial or 

endothelial cells that is also capable of becoming innervated.  An entire field of 

biomedical and tissue engineering on its own, a variety of scaffolds and polymers have 

already been successfully generated for purposes of corneal replacement therapy 

(reviewed in Griffith and Harkin, 2014), however, many are made of non-biodegradable 

materials, cannot replicate corneal clarity or refractive properties, cannot support 

reinnervation, cannot properly sustain cell populations or have not been clinically tested 

in animal models (Griffith and Harkin, 2014; Menzel-Severing et al., 2013; Ortega et al., 

2013; Polisetti et al., 2013; Proulx and Brunette, 2012).  In contrast, and relevant to the 

current discussion of laminins, is one interesting study that showed the utility of the 

laminin YIGSR motif which, when incorporated into a synthetic substrate, facilitated 

both epithelial cell proliferation and reinnervation (Li et al., 2003).  The YIGSR motif is 

found in laminin β-chains and has positive effects on cell proliferation (Graf et al., 1987) 

and neural ramification (Bellamkonda et al., 1995).  One caveat, however, is that this 

motif is embedded within the native protein, and is not available for binding to substrates.  

It may be that in the context of wound healing, which involves remodeling of the ECM 

through the release of proteolytic enzymes such as laminin-cleaving matrix-
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metalloproteinases, the YIGSR motif becomes exposed and partakes in the process.  It 

would be interesting to determine whether other laminin or netrin motifs are capable of 

differentially regulating, perhaps in a concentration-dependent manner, cell proliferation 

and reinnervation when combined with collagen or silk fibroin polymers and scaffolds.  

To date, however, it does not appear that the laminin γ3 chain is involved in the 

regenerative process, as most data were negative when we tested this animal in a model 

of corneal wound healing (See Appendix, Figs. A1 – A3). 

Another regenerative strategy is the current use of amniotic membrane in 

treatment of corneal trauma (Dua et al., 2004; Malhotra and Jain, 2014; Rahman et al., 

2009).  This membrane shares many components with the cornea and limbus, and 

although none of these components are limbus-specific (Dietrich-Ntoukas et al., 2012), 

this membrane has proven useful in improving outcomes from patients who have 

undergone corneal trauma.  One improvement upon this membrane could be a 

synthetically generated membrane of predefined composition that mimics the 

topographical distribution of specific ECM components from the limbus to central 

cornea.   

 

Laminin β2 and γ3 Chains in the Cornea 

In order to fully understand the underlying causes of the observed phenotypes, 

there are still many questions that remain unanswered, and represent possible future 

directions for this project.  These are, 1) what is the repertoire of laminin heterotrimers 

that are normally present in the corneal ECM, and how is this altered in the contexts of 

Lamb2 or Lamc3 deletion?  Are other subunits being substituted for the ones which were 
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lost?; 2) what is the laminin receptor distribution in the mouse cornea, and is this 

modified in the absence of laminin β2 or γ3 chains?;  How could signaling cascades be 

affected, leading to the observed phenotypes?; 3) is the expression or sequestration of 

soluble growth factors affected given the loss of laminin β2 or γ3? 

It has been shown in other tissues, particularly the kidney, that the expression of 

laminin β1 is able to compensate for the loss of laminin β2, both of which are found in 

heterotrimers that bind to integrins containing the main laminin-binding subunits, β1 or 

β4 (Noakes et al., 1995).  In the kidney, however, this compensation was not able to 

prevent nephrosis, and it was only through transgenic overexpression of laminin β1 in 

Lamb2-/- mice that podocytes were able to produce enough β1 to sufficiently compensate 

and significantly delay or prevent nephrotic syndrome (Suh et al., 2011).  It may be the 

case that in the mouse cornea, as in the kidney, compensation for the loss of laminin β2 

by laminin β1 is not sufficient to maintain the stability of signaling cascades associated 

with cell proliferation.  Whether and how the lack of recovery by laminin β1 is related to 

its relatively lower integrin-binding affinity compared to β2 (Taniguchi et al., 2009) is yet 

another line of investigation that first requires assessment of corneal laminin receptors.  

In the case of laminin γ3, a previously published paper from our lab suggested that 

laminin γ1, given its close homology with the γ3 chain, could possibly substitute, or 

compensate, for the loss of laminin γ3.  However, this was not observed via IHC in the 

mouse retina, kidney, testes or skin, nor was either phenomenon observed on the 

transcriptional level in the retina or testis (Li et al., 2012).  It is therefore not likely that 

laminin γ1substitutes for the loss of laminin γ3 in the cornea. 
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As discussed at the end of Chapter 2, an attempt at deducing which receptors are 

present or absent in the cornea in the contexts of laminin β2 or γ3 deletion would be 

speculative.  Of the many laminin receptors, integrins are the most studied.  Several 

reviews (Stepp, 2006; Stepp et al., 1993), as well as a recent study in human (Polisetti et 

al., 2016) also report the distribution and functions of integrins (Hasenson et al., 2005; 

Latvala et al., 1996; Pajoohesh-Ganji et al., 2004; Pal-Ghosh et al., 2004; Polisetti et al., 

2016), and Lutheran Blood Group Glycoprotein (also known as basal cell adhesion 

molecule, or B-CAM) in the cornea and limbal niche, in vivo and in vitro.  However, 

studies on syndecan (Grushkin-Lerner and Trinkaus-Randall, 1991) and dystroglycan are 

not as common.  In the case of laminin γ3, it must first be noted that α-chains, when in 

complex with γ3 chains, have an impaired ability to bind integrins through their LG 

domains (Ido et al., 2008), leaving dystroglycan as the most likely binding partner.  The 

laminin α2 chain is also a dystroglycan binding partner (Ido et al., 2008; Tian et al., 

1996) and both were shown to be highly expressed in the human limbus by 

immunohistochemistry as well as on the transcriptional level (Polisetti et al., 2016).  

Dystroglycan has also been shown to regulate cell cycle in other tissues (Leiton et al., 

2015; Schroder et al., 2007), where its effects on the cytoskeleton and other proteins 

associated with cell polarity, such as ezrin (Higginson et al., 2008), may affect the 

proportion of symmetric-to-asymmetric cell divisions of limbal progenitors.  

Consequences of such a dysregulation would be an altered progenitor pool size and 

proliferation rates, the latter of which would be consistent with our current findings.  
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Future Directions I 

Of particular usefulness would be the continued temporal and spatial description 

of individual laminin subunits throughout the mouse corneal ECM in combination with 

the isolation and characterization of the laminin heterotrimers.  This would be helpful in 

the context of identifying how the corneal ECM was modified in the contexts of Lamb2 

or Lamc3 deletion, and how such modifications affected signaling pathways associated 

with epithelial proliferation, innervation and organization of DM.  On the one hand, 

studies in the mouse cornea are useful for in-depth analyses of cell-ECM interactions and 

downstream in vitro manipulations in mechanistic studies.  On the other, doing this set of 

studies directly in human tissues may be more applicable, since this is the ultimate target 

for therapeutic intervention.  The major drawback of using human tissues is that these are 

typically corneas from donors or cadavers that are typically unsuitable for use in 

transplantation as categorized by low endothelial cell count, donor age, method and 

length of preservation, or the presence of a preexisting condition where cell-ECM 

interactions have already been disrupted.   

Lastly, a series of preliminary studies addressing the last question of soluble 

factor expression was carried out, and are described in the Appendix (Figs. A4-A8).  

Although these data show no differences in expression of NGF or GDNF, two cornea-

derived factors involved in neural outgrowth, several other factors remain to be tested.  

Using absolute quantification of gene expression, instead of relative quantification, over a 

developmental period coupled with quantification of protein levels would be a powerful 

study of whether and how growth factor expression and sequestration have been 

disrupted in the context of a modified corneal ECM. 
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Regulatory Roles of Netrin-4 in the cornea 

The phenotype observed in the Ntn4-/- mouse is intriguing, as the data presented in 

Chapter 3 confirm the anti-proliferative effects of netrin-4 on epithelial cell proliferation 

and show the novel finding of a negative effect on neural arborization in the cornea.  As 

shown in pancreatic tissue, netrin-4 behaves as an anti-proliferative cue (Yebra et al., 

2011); however, in the context of glioblastoma netrin-4 is a pro-proliferative cue (Hu et 

al., 2012).  Netrin-4 has also been shown to promote neurite outgrowth and guidance, 

which is an opposite effect to that suggested from observations in the cornea (Cirulli and 

Yebra, 2007; Koch et al., 2000; Qin et al., 2007; Rajasekharan and Kennedy, 2009).  

Lastly, and most interestingly, is the finding that the deletion of Ntn4 also leads to the 

disruption in the organization of corneal lymphatic vessels (see Appendix, Fig. A9), 

which is yet another opposite effect of what is found in other tissues (Larrieu-Lahargue et 

al., 2010; Larrieu-Lahargue et al., 2011).   

Netrin-1 and netrin-4 were found to have anti-angiogenic properties in the cornea, 

preventing neovascularization (Han et al., 2012; Han et al., 2015a; Han et al., 2015b).  

However, these studies used concentrations of recombinant molecules that were well-

above physiological levels which were measured at 72pg/mL in the rat (Han et al., 

2015a).  Recombinant netrin-1 (Han et al., 2012) or netrin-4 (Han et al., 2015a; Han et 

al., 2015b) were used at 5µg/mL, with 10µL applied 4x/day to wounded eyes for 

anywhere between 7 – 28 consecutive days.  Given the properties of netrins to inhibit 

laminin LN-LN domain interactions (Schneiders et al., 2007), it is likely that the 

observed effects on neovascularization were due to the inhibition of basement membrane 

formation, a process that is necessary for angiogenesis.  Another study has shown that 



Chapter 4  Discussion and Future Directions 
 

 
 

156 

netrin-4 has a bifunctional activity on angiogenesis, where low concentrations led to 

proangiogenic activity, and high concentrations led to antiangiogenic activity (Yang et 

al., 2007).  Interestingly, a dose-dependent nature also exists for the effects of netrin-4 on 

neurite outgrowth, where increasing concentrations of recombinant netrin-4 (14nM & 

28nM) were capable of promoting multiple parameters of neurite growth in a model 

system using olfactory bulb explants (Koch et al., 2000).  In both cases, i.e. inhibition of 

neovascularization and promotion of neurite outgrowth, concentrations of netrin-4 were 

substantially above physiological concentrations that are otherwise present in the mouse 

cornea.  The data we present herein suggest that normally, netrin-4 is inhibitory for 

epithelial cell proliferation and neural arborization in a model of wound healing.   

As a result of the work presented in Chapter 3, a few questions remain 

unanswered.  These are, 1) is there an alteration in the expression profile of soluble 

factors involved in epithelial proliferation and neural arborization, or are the effects 

observed caused by direct loss of netrin-4 signaling?; 2) what are the receptors and 

associated signaling pathways that are activated downstream of netrin-4 binding?; 3) is 

there compensation for the loss of netrin-4 by netrin-1? 4) how is netrin-4 regulating 

corneal lymphangiogenesis? 

Future Directions II 

Along with the assessment of growth factor expression in P20 laminin mutants, 

expression in Ntn4 mutants was also analyzed (Appendix, Figs. A4 – A8).  To date, data 

show that both NGF and GDNF are unchanged in Ntn4-/- mice compared to wild-type 

littermates.  As in the situation with the laminin mutants, other factors remain to be 

tested.   
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The receptors for netrin-4 remain undefined.  Some reports suggest overlap with 

netrin-1 receptors such as DCC (Deleted in Colorectal Cancer), UNC5H1 (UNC5 

homolog 1), or UNC5B (Lejmi et al., 2008; Qin et al., 2007), while others suggest 

interactions with integrin receptors that contain the β1 or β4 subunits (Hu et al., 2012; 

Larrieu-Lahargue et al., 2011; Staquicini et al., 2009; Yebra et al., 2011; Yebra et al., 

2003).  Netrin-4 has also been shown to bind to the short arms of laminin γ1 and γ3 

subunits (Schneiders et al., 2007); whether this interaction facilitates binding to integrins 

(Staquicini et al., 2009) is unclear as in vivo studies have yet to show this interaction.  In 

the present case, netrin-4 has suppressive activities in the cornea.  Integrins, particularly 

those containing the β1 subunit, have a variety of activities in maintaining stem cell 

niches (Brizzi et al., 2012), and are likely involved in the integration and modulation of 

multiple signals in corneal epithelial progenitors.  This also holds true for β2-containing 

laminins, which are key binding partners for integrins containing the β1 subunit 

(Yurchenco, 2011; Yurchenco and Patton, 2009).  Regulatory signals that affect 

innervation of the epithelial surface may also be dependent upon such mechanisms, 

where, for example, expression of tissue-derived growth factors could be altered based on 

ECM composition (Brizzi et al., 2012).  Further analysis of both netrin-4 and β2-

containing laminins could yield valuable insight as to how progenitor pool size, 

proliferative capacity and rate of cell cycle are regulated in the cornea.  

The next question is that of compensation for the loss of netrin-4 by netrin-1.  To 

control for possible compensation by modified netrin-1 expression, analysis could be 

carried out via qPCR, IHC and biochemical assays.  Although compensation was not 

observed in the case of the cerebellum (Li et al., unpublished lab data), quantification of 
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transcript and protein levels in the cornea would provide a clear picture of whether netrin-

1 could be responsible for the observed phenotypes.  As an additional assay of function, 

netrin-4 could be transgenically overexpressed.  Doing so would allow further 

confirmation of activities on epithelial proliferation, nerve ramification and 

lymphangiogenesis, which can be correlated with copy number analysis to account for 

gene-dose effects. 

With significant implications for clinical application, particularly in the case of 

diseases affecting the outflow of aqueous humor from the anterior chamber, further study 

into how netrin-4 regulates lymphangiogenesis should be prioritized given the 

preliminary data presented in Fig. A9.  Further characterization of the developmental 

phenotype, in addition to studies investigating changes in intraocular pressure (IOP) in 

the Ntn4-/- mutant should be carried out to determine whether and how the effects of this 

molecule on lymphangiogenesis can alter changes in IOP, and possibly ganglion cell 

death, in a model for narrow or closed-angle glaucoma (Chen et al., 2011).  Given the 

previously mentioned reports showing that netrin-4 could bind integrins (Larrieu-

Lahargue et al., 2011; Staquicini et al., 2009; Yebra et al., 2011)  the possibility of an 

interaction with integrin α9β1, an integrin implicated in lymphangiogenesis (specifically 

in lymphatic valve formation) (Altiok et al., 2015), could allow determination of a 

receptor and associated mechanism to modulate the corneal lymphangiogenic response.   

As a therapy, there may be a utility for netrins in inhibiting neovascularization, as 

shown (Han et al., 2012; Han et al., 2015a; Han et al., 2015b).  However, given the anti-

proliferative activity of netrin-4 on epithelial cells and nerve branching, it may be 

difficult to incorporate this molecule into strategies designed for treating early stages of 
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wound healing, and may be more useful in the later stages, which is when 

neovascularization takes place.  Outside of the context of wound healing, the 

identification of the receptors along with design and development of a netrin-4 antagonist 

may prove useful in the context of glaucomatous disease, where the etiology is an 

obstructed outflow of aqueous humor.  If positive effects could be achieved on the 

branching of lymphatic vessels through the netrin-4 pathway, such a therapy could prove 

extremely useful on its own or in combination with other angle-opening therapies.  

  

 Altogether, the findings presented in this dissertation have shown that the tested 

members of the laminin superfamily of molecules, i.e. netrin-4 and laminins containing 

the β2 or γ3 chains, affect multiple components of corneal development and wound 

healing.  The complex phenotypes described have a broad scope, and are likely 

representative of changes in several factors that affect intracellular signaling processes 

including, (1) alterations in direct ligand-receptor binding and downstream signaling, (2) 

changed sequestration and presentation of morphogens and growth factors, and (3) 

altered biomechanical stiffness resulting from a change in BM composition (Brizzi et al., 

2012).  Disruptions in any of these phenomena results in an altered cellular transcriptome 

and modified cell behavior (Brizzi et al., 2012).  With respect to the first point, out of all 

laminin receptors, perhaps the most is known about the integrin family, particularly in the 

cornea.  Both laminins and netrins are capable of binding integrins, and may be partially 

responsible for the observed phenotypes.  While many of the interactions between 

laminins and integrins are well-understood in other tissues, netrin-4 has also been 

reported to bind several members of the integrin family, either directly (Hu et al., 2012; 
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Larrieu-Lahargue et al., 2011; Yebra et al., 2011), or possibly in complex with laminin γ1 

or γ3 short arms (Schneiders et al., 2007; Staquicini et al., 2009).  However, it remains to 

be tested what laminin-integrin and netrin-integrin interactions are present in the cornea, 

if any, and how this would factor into the integrative response.  Additionally, 

heterotrimers containing the γ3 chain are unable to bind integrins (Ido et al., 2008), and 

possibly bind other laminin receptors, including dystroglycan, syndecans, or Lu (when in 

complex with α5).  These receptors are present in various types of cells, including 

epithelial cells, neuronal growth cones, and vascular endothelial cells (Gardiner, 2011; 

Menezes et al., 2014; Myers et al., 2011; Stepp, 2006; Yurchenco, 2011; Yurchenco, 

2015).  In addition to shared receptors, netrins are also capable of modifying and 

reorganizing basement membranes by interacting with laminin LN domains (Schneiders 

et al., 2007).  This implicates netrins in regulating the adhesive and biomechanical 

properties of basement membranes, which is yet another level of environmental control 

on cell behavior.  Taken together with our observations, we hypothesize that there is an 

integration and convergence of signals onto common pathways that ultimately leads to a 

net pro- (in the case of Ntn4 deletion) or anti- (in the case of Lamb2 or Lamc3 deletion) 

“growth,” or mitogenic, effect on regulation of cell cycle, neuronal arborization and, in 

the case of netrin-4, lymphangiogenesis.  One common, downstream link across all three 

phenomena is the regulation of cytoskeletal stability, where remodeling and 

reorganization of the cytoskeleton are mediated not only by interactions between 

laminins, netrins and their receptors, but also by alterations in mechanical stresses placed 

on cells by a modified, remodeled extracellular environment, all of which integrate to 

tightly regulate cell proliferation, neuronal and vascular arborization (Delon and Brown, 
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2007; Discher et al., 2005; Heng and Koh, 2010; Henry and Campbell, 1996; Spence et 

al., 2004; Vogel and Sheetz, 2006; Wang et al., 2009).  This represents yet another 

relevant chain of experimentation that would serve to link the effects of related sets of 

ECM molecules based on common activities elicited by interactions with shared 

receptors and a modified organization of the ECM.  Examination of this hypothesis 

would provide some additional clues for ruling-in or –out the specific elements that 

influence nerve, epithelial cell and lymphatic vascular endothelial cell behavior in the 

cornea. 
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Appendix:  Supplementary Experiments and Data 

Corneal Wound Healing in the Lamc3-/- Mutant 

Introduction 

 A series of wound healing studies was also carried out in parallel to those in adult 

wild type and Ntn4-/- mice.  Here, given the data showing a hypo-innervated and hypo-

proliferative epithelium, the hypothesis that corneas from Lamc3-/- mice would heal at a 

slower rate compared to wild-type mice following a chemical wound was tested. 

 

Methods 

All methods used in this study follow those described in Chapter 3.   

 

Results 

Serial slit-lamp examinations of Lamc3-/- corneas did not reveal any significant 

differences in the rate of reepithelialization compared to wild-type mice over a course of 

2 weeks (Fig. A1), despite a modest delay in upregulation of epithelial cell proliferation 

12h post-injury (Fig. A2B).  Clinical examination of corneal neovascularization and 

opacification did not show any difference between either genotype (Fig. A3).  

 

Conclusions 

 The examination of corneal wound healing in adult Lamc3-/- mutants has not 

shown any compelling differences from that of wild-type mice.  These data therefore 

suggest that laminin heterotrimers containing the laminin-γ3 chain in the cornea are not 

likely involved in the process of reepithelialization or neovascularization, indicating that 
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these molecules may influence epithelial proliferation specifically during the stages of 

corneal development prior to final maturation (at ~P60). 

 

Expression of Neurotrophic Factors in Wild-type versus Mutant Corneas 

Introduction 

In the mouse cornea, when laminins containing the β2, γ3 or both chains are 

removed from the corneal ECM, the result is a hypo-innervated, hypo-proliferative 

epithelium.  In contrast, when netrin-4 was no longer present in the corneal basement 

membranes, opposite effects were observed when epithelial proliferation and innervation 

were quantified.  These data highlight the close relationship between epithelial cell 

behavior and surface innervation.  The underlying nature of this coupling is still unclear; 

i.e. whether it is mechanical, chemical (e.g. driven by growth factors), or a combination 

of the two.  As discussed in Chapter 1, the health of the corneal epithelium is tightly 

intertwined with that of sensory innervation – should the integrity of the epithelium fail, 

nerves will degenerate, and vice-versa, leading to exacerbation of disease.  While growth 

factor-mediated interactions have been characterized in multiple animal models, 

including humans, detailed studies investigating potential mechanical interactions 

between nerves and cells in the cornea are uncommon.   

To begin addressing this question, we hypothesized that there would be a decrease 

in cornea-derived neurotrophic factor expression in laminin mutants, whereas the netrin-4 

mutant may have an increase in such factors.  An initial series of expression studies were 

therefore carried out, analyzing the relative levels of transcript of 4 major neurotrophic 

factors that have been implicated in corneal innervation.  These include Nerve Growth 
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Factor (NGF), Glial Cell Derived Neurotrophic Factor (GDNF), Brain-Derived 

Neurotrophic Factor (BDNF), and Ciliary Neurotrophic Factor (CNTF) (Muller et al., 

2003; Qi et al., 2007; Qi et al., 2008; You et al., 2000). 

 

Methods 

Total RNA Isolation and qPCR Analyses  

For each individual round of RNA isolation, whole corneas from 3 animals (6 

corneas total) were dissected and pooled into 0.5mL of TRIzol.  In total, three rounds of 

RNA isolation were performed to generate three samples per genotype.  cDNA was then 

generated from each individual round of RNA isolation according to the protocol 

provided with the Verso cDNA Synthesis Kit (Thermo #AB-1453/B).  qPCR was 

subsequently performed in triplicate for each sample using 1µg of cDNA mixed with 

Absolute Blue qPCR SYBR Green ROX Mix (Thermo #AB-4162/B) and a BioRad CFX 

384 Touch Real-Time PCR Detection System.  Target genes were amplified using 

primers selected from the mouse qPrimer Depot (http://mouseprimerdepot.nci.nih.gov/) 

with the following RefSeq ID’s: NM_013609 (NGF), NM_170786 (CNTF), NM_007540 

(BDNF) and NM_010275 (GDNF).  Primers were cross-referenced for various 

characteristics using Primer3Plus online software (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi); primer sequences are provided in Table A1.  Data were 

analyzed using the ΔΔCt method (Yuan et al., 2006) using 18s message as an internal 

reference (“endogenous”) control.  Graphs depicting amplification and melt curves as 

well as melt peaks were all generated in the BioRad CFX Manager Software Suite 

(BioRad).  Raw Ct values were imported from this software into Microsoft Excel where 
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ΔΔCt values were calculated, averaged and graphed.  Statistical comparisons between 

genotypes were performed in Prism (GraphPad), using the Wilcoxon signed-rank test. 

 

Results 

Relative expression of NGF and GDNF are unchanged in mutant mice 

Relative expression levels of neurotrophic factors were examined via qPCR in 

P20 corneas.  Analysis of expression data using ΔΔCt method and subsequent statistical 

analysis reveals that there are no differences in NGF or GDNF expression in either 

laminin or netrin-4 knockout mice compared to wild-type littermates (Fig. A4-A5). 

Analysis of CNTF and BDNF revealed that these two growth factors were not 

actively expressed in detectable amounts in wild-type or mutant corneas at P20.  cDNA 

from P20 wild-type brain was also included as a positive control.  Real-time data show 

that primers designed for amplification of CNTF (Fig. A7) and BDNF (Fig. A8) 

amplified one product each in the brain, suggesting that these two molecules are indeed 

expressed in the brain as expected, but not in the cornea.   

 

Discussion and Future Directions 

Given the current data, it does not appear likely that NGF or GDNF are involved 

in the observed neural phenotypes described in Chapter 2 and Chapter 3.  Although 

corneal expression of two additional factors, NT-3 and NT-4, has also been described in 

the human and embryonic mouse cornea (Bennett et al., 1999; You et al., 2000), these 

factors remain to be tested.   
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Currently, this series of studies provides only a partial picture of the growth-factor 

based relationship between nerves and the epithelium, having looked at expression only 

at the transcriptional level, at one developmental point in time.  To get a more complete 

picture, a developmental series studying expression prior to, and during the earlier stages 

of epithelial innervation on both the transcript and protein levels is required.  Together 

with the isolation and identification of laminin heterotrimers and their receptor(s), and 

identification of the corneal netrin-4 receptor(s), the gap between ligand-receptor 

interaction and growth factor expression could be closed by more mechanism-oriented 

studies.  

 

Netrin-4 as a Potential Regulator of Corneal Lymphatic Vasculature 

Introduction 

When investigating how the loss of netrin-4 affects corneal neovascularization in 

adult control and wounded mice, IHC assays using VE-cadherin to label all blood vessels 

revealed the presence of large-caliber lymphatic vessels extending beyond the limbal 

vasculature into the peripheral cornea.  An apparently greater disorganization of these 

vessels was noted in Ntn4 mutants compared to wild-type mice, and was further 

investigated in younger mice at P26 with the use of an antibody directed against a cell 

surface receptor found specifically on lymphatic vessel endothelial cells (lymphatic 

vessel endothelial hyaluronan receptor, or LYVE-1).   
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Methods 

For initial studies of the corneal vasculature in unwounded adult mice, an anti-

VE-cadherin antibody (BD Pharmigen, 1:500) was used to immunolabel all vessels in the 

cornea and limbus.  Corneas were harvested from adult mice, fixed in ice-cold 4% 

paraformaldehyde for a total time of 20min and washed 3 times in 1x PBS (pH 7.2-7.4).  

Samples were blocked overnight at 4°C in a blocking buffer composed of 10% normal 

donkey serum (NDS), 1% BSA and 0.3% Triton X-100 in 1x PBS.  Samples were 

incubated in primary and secondary antibodies (Life Technologies, AlexaFluor Donkey 

anti-Goat 594 and Donkey anti-Rat 488, 1:500) overnight at 4°C, counterstained with 

DAPI (1:5000), treated with a final series of washes, mounted in ProLong Gold (Life 

Technologies) and coverslipped. 

Corneas from P26 mice were harvested and fixed in ice-cold acetone for 20min, 

as treatment in 4% PFA requires the use of a follow-up antigen retrieval step for antibody 

recognition of LYVE-1.  Antigen retrieval protocols have a tendency to severely destroy 

corneal integrity.  Following fixation, samples were blocked and treated in primary and 

secondary antibodies as described above.  VE-cadherin (1:500) was used in conjunction 

with an anti-LYVE-1 antibody (R&D Systems) for purposes of identifying the limbal 

vasculature and confirming the morphology of corneal lymphatic vasculature.  Samples 

were treated and mounted as described for adult corneas. 

Samples were imaged as XY montages as described in Chapter 2.  Montaged data 

of whole, flat-mounted corneas were then analyzed where total surface area of LYVE-1+ 

lymphatic vessels was calculated using the free-hand ROI tool in Volocity (Perkin 
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Elmer).  Each cornea tested was of the same size (~4mm in diameter); therefore total 

lymph surface area is expressed as mm2 per whole cornea. 

 

Results 

In P26 wild-type mice (Fig. A9A), LYVE-1 staining (red) reveals a series of 

large-caliber vessels associated with the rest of the limbal vasculature, which is stained 

by immunolabeling of VE-cadherin (green).  Qualitative analyses revealed a 

hyperbranched lymphatic vasculature that appeared to extend well beyond the limbal 

vasculature into the peripheral cornea in Ntn4-/- mice compared to wild-type littermates 

(Fig. A9B).  When the total surface area coverage was directly quantified, a statistically 

significant increase was found in Ntn4-/- mutants compared to wild-type littermates, 

supporting qualitative observations.  

 

Discussion 

 Although a previous study has shown a pro-lymphangiogenic role for 

netrin-4 in vitro and in a mouse model for carcinogenesis (Larrieu-Lahargue et al., 2011), 

given the data presented herein, netrin-4 appears to play an opposite, anti-angiogenic role 

in the cornea. Although these data have significant implications in terms of regulating 

lymphangiogenesis and, essentially, the outflow of fluid from the cornea, differences in 

angiogenesis and lymphangiogenesis have been observed across some of the most 

commonly used inbred mouse strains (Nakao et al., 2010; Rohan et al., 2000).  It is 

possible that the loss of netrin-4 has interacted with a set of strain-dependent genetic 

differences that are permissive for corneal lymphangiogenesis, specifically those that 
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regulate the response of vascular endothelial cells to VEGF-A, FGF-2 and VEGF-C 

(Nakao et al., 2010; Rohan et al., 2000).  With this in mind, whether the effects of netrin-

4 result from direct activity on endothelial cell behavior, or if there is an indirect effect 

via regulation of anti-angiogenic growth factor expression remains in question. 

Given the therapeutic potential for control of ocular fluid dynamics, whether and 

how netrin-4 regulates corneal lymphangiogenesis merits further study, beginning with a 

developmental study of lymphatic morphology during key developmental time points of 

limbal angiogenesis (embryonic, pre-and post-eye opening, and in adult mice) to confirm 

the findings presented herein. 
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Figures, Legends and Tables 

Figure A1 Slit lamp data of fluorescein-stained eyes for visualization of damaged 

epithelium.  Serial slit-lamp examination of fluorescein-stained eyes shows no 

differences in rates of post-injury reepithelialization between wild-type and Lamc3-/- 

mutants over the course of 2 weeks.  
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Figure A1 
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Figure A2 (A) No differences were observed in initial wound sizes between knockouts 

and wild-type mice.  Each point represents a single animal. (B) Proliferation of epithelial 

cells is decreased in Lamc3 mutants compared to wild-type mice only at 12h post-wound. 
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Figure A2 
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Figure A3 (A) Clinical examination of opacification and neovascularization did not 

reveal any significant differences between wild-type and Lamc3-/- mice. (B) Using 

criteria established by Anderson et al., 2014, no differences were observed in the severity 

of neovascularization or opacification between Lamc3-/- and wild-type corneas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix	  

	   182 

Figure A3 
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Figure A4 Nerve Growth Factor (NGF) is expressed in all samples tested.  Amplification 

and melt curve data for NGF are consistent across samples, with melt peak data showing 

one peak, indicative of a single amplicon.  Relative comparisons were made using the 

ΔΔCT method, with 18s expression as endogenous control.  No significant differences 

were observed between wild-type and any other genotype.  Graphs represent averaged 

ΔΔCT values ±SEM (n = 3). 
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Figure A4 
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Figure A5 GDNF is expressed in all samples tested.  Amplification and melt curve data 

for GDNF are consistent across samples, with melt peak data showing production of a 

single product.  Relative comparisons were made using the ΔΔCT method, with 18s 

expression as endogenous control.  No significant differences were observed between 

wild-type and any other genotype.  Graphs represent averaged ΔΔCT values ±SEM (n = 

2). 
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Figure A5 

 

 

 



Appendix	  

	   187 

Figure A6 Expression of 18s control in all samples.  Amplification and melt curve data 

for 18s are consistent across samples, with melt peak data showing production of a single 

product.  18s was used as the endogenous control for all samples in calculation of ΔΔCT 

values.  
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Figure A6 
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Figure A7 CNTF is expressed in the brain, but not in the cornea at P20.  Expression of 

CNTF was detected in P20 brains of wild-type mice.  However, the later start of product 

amplification would indicate very low amounts of CNTF in the cornea, whereas the 

melting curves and peaks indicate the amplification of multiple products.  Analysis of 

ΔΔCT values was therefore not carried out.  
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Figure A7 
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Figure A8 BDNF is properly expressed in the brain, but is not expressed in the cornea at 

P20.  Each color represents a different primer pair, one for an amplicon shorter than the 

other by 25bp.  Expression of BDNF was detected in P20 brains of wild-type mice, but 

not in the corneas of wild-type or mutant mice.  Analysis of ΔΔCT values was therefore 

not carried out.  
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Figure A8 

 

 

 

 

 

 

 

 

 

 



Appendix	  

	   193 

Figure A9 Organization of corneal lymphatic vasculature is disorganized in Ntn4 

mutants compared to wild-type animals.  (A) (left) Whole-mounted cornea from a P26 

wild-type mouse stained using an antibody against LYVE-1, which is specifically located 

on lymphatic vessel endothelial cells.  The same sample also had all blood vessels of the 

limbal vasculature labeled with VE-Cadherin for comparison and estimation of lymph 

vessel extension into the peripheral cornea.  (B) LYVE-1 immunolabeled cornea from a 

P26 Ntn4-/- mouse.  Single labeling with LYVE-1 clearly shows a more extensive 

lymphatic vasculature.  Double labeling (LYVE-1 + VE-cadherin) shows that lymphatic 

vessels have extended beyond the limbal vasculature and into the peripheral cornea to a 

greater extent compared to the wild-type.  (C) Quantitative, 2-dimensional analysis of 

total lymphatic vessel surface area, in mm2, reveals a statistically significant increase in 

Ntn4-/- (n = 4) mutants compared to wild-type littermates (n = 3) (p < 0.05). 
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Figure A9 
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Tables 
 
Table A1 Primers used for qPCR Analyses 
 
Target Left Primer (5’ à  3’) Right Primer (5’ à  3’) 
NGF CAGCTTTCTATACTGGCCGC TCTGTGTACGGTTCTGCCTG 
GDNF CGCTGAAGACCACTCCCTC CGTCATCAAACTGGTCAGGA 
BDNFa (103bp) TGAGTCTCCAGGACAGCAAA GACGTTTACTTCTTTCATGGGC 
BDNFb (128bp) TGAGTCTCCAGGACAGCAAA GCCTTCATGCAACCGAAGTA 
CNTF TGGCTAGCAAGGAAGATTCG CCATCCACTGAGTCAAGGCT 
18s TTGACGGAAGGGCACCACCAG TTAATGATGCTTCCGCAGGTTC 
Tubb1 ATGCCGTGCTATCCATCCAC GAAAGCGCAGTGAAGTCGTG 
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