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ABSTRACT

A novel paradigm for non-fibrotic regeneration of the cornea:
The role of TGF superfamily during embryonic cornea regeneration
by
James W. Spurlin, III
Damage to the cornea results in fibrotic scarring, leading to the loss of
tissue transparency and reduced visual acuity. In fact, the onset of corneal
opacity is the world’s third leading cause of blindness. Other than transplantation
of the affected tissue, there is no treatment to prevent corneal scarring. For these
reasons, there is a need to develop anti-fibrotic therapies to promote corneal
regeneration after injury. Embryonic tissue has a remarkable regenerative
capacity. However, prior to this study, it was not known if the embryonic cornea
possessed the ability to regenerate. I hypothesized wounded embryonic corneas
wound exhibit non-fibrotic regeneration, and could be used to elucidate novel
mechanisms of cornea regeneration.
I developed a multistep microdissection method that allows access to the
embryonic cornea and several other tissues undergoing organogenesis. Utilizing
this methodology, I found embryonic corneal wounds induce a transient
population of scar-forming myofibroblast, and ultimately regenerate scar-free.
Immunohistological analysis of wounded embryonic corneas revealed transient
change in expression of ECM components, which is restored to normal levels in
the healed corneas. Furthermore, I showed that Sema3A mRNA is elevated and
innervation of wounded embryonic corneas is inhibited during healing, but
regenerated corneas are fully innervated. These findings contribute to the
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understanding of the events that orchestrate scar-free regeneration of wounded
corneas.
Since embryonic corneas possess an intrinsic regenerative capacity, the
embryonic wound healing model serves as a great tool to study regulatory
mechanisms that facilitate non-fibrotic healing. Because scar associated
myofibroblasts are inherently transient in the embryonic cornea wound, I sought
to determine mechanistic regulation of this cell population during cornea
regeneration. I hypothesized the embryonic cornea wound would exhibit unique
regulation of myofibroblast inductive growth factor, TGFβ, during regeneration.
Through studying gene expression profiles in the embryonic cornea wound
healing model, I determined the spatiotemporal distribution of TGF transcripts
and the subsequent activation of the myofibroblast population. Moreover, I
identified the expression of candidate TGF antagonists when myofibroblasts are
found to exit the regenerating cornea. My data shows BMP3 as a novel
antagonist to TGF mediated myofibroblast differentiation in isolated embryonic
corneal cells. Interestingly, TGF mediated accumulation of focal adhesion
proteins appears to be attenuated by BMP3, implicating the role of cellular
adhesion in promoting the myofibroblast phenotype.
Collectively, this work demonstrates the utility of the embryonic cornea
wound healing model to identify novel mechanisms of scar-free cornea
regeneration. Additionally, this novel mechanism of BMP3 antagonism on TGF
mediated fibrotic response suggests targeting aspects of cellular adhesion
signaling may provide viable therapeutics to mitigate corneal fibrosis.
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Chapter 1: Literature Review
1.1

Cornea Anatomy and Physiology

1.1.1 Corneal Function and Tissue Organization
The cornea is the transparent, anterior-most tissue of the eye that
provides over two-thirds of the refractive power required for proper vision. In
order for the cornea to maintain its function to focus light for vision, the tissue
must remain transparent and avascular. Corneal damage induced by mechanical
injury, infection or genetic dystrophies often results in a corneal haze, which
reduces the transparency and functionality of the tissue (Qazi et al., 2010). If the
cornea heals opaquely or becomes vascularized, then visual acuity is lowered,
and in severe cases, this leads to blindness (Jester et al., 1999a). Corneal
opacity is the fourth leading cause of blindness in the world, affecting an
estimated 20 million individuals annually (Biswell, 2007).
The structure of the cornea is critical to its function as a refractive medium
of light for proper vision. The vertebrate cornea is comprised of five
morphologically distinct layers; the epithelium, the anterior Bowman’s basement
membrane, the stroma, the posterior Descemet’s basement membrane and the
endothelium (Fig 1.1, Young et al., 2000). The epithelium is the outer most layer
of the cornea. To allow for transparency, the surface of the cornea must be
smooth and well hydrated (Dohlman et al., 1976). The corneal epithelium is five
to seven cell layer thick stratified squamous layer, in which the outermost cells
are flattened in morphology, yielding the smooth uniform surface required for
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Anterior

Posterior
Figure 1.1 Microphotograph of the human cornea (haematoxylin and eosin
staining). The most anterior layer of the cornea is the epithelium, EP, followed by
the Bowman's membrane, BM. Approximately 90% of the cornea is comprised of
the collagen-rich stroma (substantia propria), SP. The most posterior layer of the
cornea is the corneal endothelium, En, which is adhered to the stroma by the
Descemet's membrane, DM (modified from Young et al., 2000).
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transparency (Hogan et al., 1971; Reinstein et al., 2008). The corneal epithelial
cells are decorated with mucins, providing a mucosal layer critical for maintaining
the tear film and corneal hydration (Gipson, 2004).
The Bowman’s membrane is an acellular, interwoven collagen network,
underlying the epithelial layer. Due to interactions with the anterior basement
membrane, the Bowman’s membrane indirectly provides an adhesive substrate
to which the basal epithelial cells attach but is not essential for epithelial
homeostasis (Tisdale et al., 1988). Moreover, it is thought to act as a physical
barrier preventing cytokines secreted by the epithelial layer from activating
stromal keratocytes (Wilson and Hong, 2000).
The corneal stroma comprises 90% of the entire cornea and is one of the
most organized matrices in the human body (Komai and Ushiki, 1991). The
stroma is the major refractive medium of the cornea, providing the majority of the
dioptric power required for proper vision (Patel et al., 1995). Injury to the stroma
can elicit wound-healing events that activate the corneal fibroblasts, or
keratocytes, and extensive remodeling of the specialized matrix. In penetrating
stromal wounds, the collagen matrix organization is disrupted, resulting in
obstruction to light refraction through the cornea, rendering the affected individual
blind due to corneal opacity (Cintron et al., 1973).
The posterior corneal basement membrane, the Descemet’s layer, is
critical for corneal endothelial attachment and homeostasis (Jakus, 1956;
Sawada et al., 1990) As the stiffest component of the cornea (Thomasy et al.,
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2014), the Descemet’s layer is also thought to provide biomechanical resistance
to the intraocular pressure of the eye.
The most posterior layer of the cornea is a specialized endothelium. This
cell layer adheres to the cornea through integrin-mediated interactions with the
Descemet’s basement membrane (Stepp, 2006) and exhibits N-cadherin
dependent cell-to-cell attachment in a characteristic flat, hexangonal monolayer
(Vassilev et al., 2012). The primary function of the corneal endothelium is to act
as a hydrolytic pump to stabilize cornea stromal hydration and electrolytic
homeostasis (Fischbarg and Diecke, 2005). Disruption of the cornea endothelial
function causes swelling of the stroma, which alters the organization of the
stromal matrix (Vassilev et al., 2012). This ultimately results in corneal opacity
and loss of visual acuity.
1.1.2 Corneal ECM
The corneal ECM is critical for providing structural integrity and the
functional transparency of the tissue. The matrix of the corneal basement
membranes and stroma have specialized matrices that possess the structural
architecture to resist various forces inherent to the eye, such as intraocular
pressure (IOP) and lamellar tension from the scleral tissue (Fig 1.2; Dupps Jr and
Wilson, 2006), while maintaining the dioptric power required for transmitting and
focusing light through the central cornea (Patel et al., 1995).
The corneal basement membranes are the stiffest layers of the cornea
and are thought to resist the biomechanical load from various forces in the eye
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Figure 1.2 Biomechanical forces in the cornea
Forces on the corneal tissue include, lamellar tension (perpendicular to the
corneal surface), swelling pressure and interlamellar forces (within the stroma),
and intraocular pressure (IOP, generated posterior to the cornea). Corneal tissue
resist these forces by putting biomechanical load on the basement membranes,
regulating corneal hydration with endothelial pumping, and cross-linking
elements in the collagenous stroma. Damage to the basement membrane, such
as injury or surgery, can prevent tissue layers from resisting mechanical forces
within the tissue. This allows wound retraction and alteration of the organization
of the stromal matrix. If damaged, the structural integrity of the corneal basement
membranes is rarely fully restored. The affected individual becomes prone to
secondary complications such as epithelial defects or re-injury of the cornea.
Furthermore, failure to restore the endogenous organization of the stromal matrix
results corneal scarring and blindness (modified from Dupps Jr and Wilson,
2006).
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(Last et al., 2009; Thomasy et al., 2014), aiding in stabilization corneal shape.
Disrupting these membrane results in the redistribution of tensile forces in the
cornea from the basement membrane to the stromal tissue. This affects the
corneal shape, generally causing thinning and flattening of the cornea (Fig 1.2;
Dupps Jr and Wilson, 2006), which alters the refractive properties of the tissue.
For these reasons, the corneal basement membranes are critical for the
structural integrity and function of cornea.
The corneal basement membranes are comprised of four major
components, laminin, collagen IV, nidogen, and perlecan/HSPG2 (Fig 1.3;
adapted from Alberts et al., 2008). The most abundant non-collagenous protein
in the corneal basement membrane is laminin. This heterotrimeric protein is
comprised of three independently transcribed subunits, , , and , and binds to
all of the major basement membrane proteins, but unlike the other matrix
components, can self-polymerize through / chain interactions (Yurchenco et al.,
1992). Consequently, laminin is thought to be an initiator of basement membrane
construction and can direct the organization and density of other membrane
matrix proteins. In the corneal basement membrane, laminin-3, 1, 1 (LAM311) is the most common isoform, although LAM-332, LAM-411 and LAM-511
can be detected (Torricelli et al., 2013).
Type IV collagen is the most prominent collagen in the anterior cornea
basement membrane. Corneal basement membrane collagen-IV is comprised of
six  chains that are assembled into heterotrimers containing various
combinations of 3-6 subunits (Ljubimov et al., 1995). Similar to basement
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Figure 1.3 Model of major components of basement membranes
(A): Representation of interactions between perlecan, laminin, collagen-IV and
nidogens to form a mesh-like basement membrane network. Integrins are
epithelial cell bound receptors that anchor epithelial to the basement membrane.
(B): Representation of known physical interactions within the major basement
membrane proteins (arrows, modified from Alberts et al., 2008).
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membranes from various other tissues, corneal collagen-IV forms a flat, messlike network with laminin and nidogen via the terminal NC1 head group
(Aumailley et al., 1989). Nidogen-1 and nidogen-2 are both located in the corneal
basement membrane, and are considered to function as linkage components
between laminin, collagen-IV and perlecan due to the high binding affinity to
these molecules (Ho et al., 2008).
Perlecan, a heparan sulfate (HS) proteoglycan in the corneal basement
membrane, integrates into the membrane matrix largely through domain IV
mediated interactions with collagen-IV and nidogen (Hopf et al., 1999), as well as
binding with laminin via interactions with the HS head group (Ettner et al., 1998).
Perlecan deficient mice (Hspg2-/--Tg) mouse exhibit thin, poorly stratified corneal
epithelia, suggesting perlecan is critical in maintaining epithelial structure and
homeostasis (Inomata et al., 2012). Furthermore, perlecan domains have varying
binding capacities for numerous cytokines and growth factors, which allow for the
sequestering and controlled release of signaling molecules (Farach-Carson et al.,
2014). Like laminin, collagen-IV and nidogen, perlecan contributes to the
structural integrity of the basement membrane, however, the regulatory elements
influencing the bioavailability of signaling proteins uniquely distinguishes
perlecan from the other basement membrane components. Together, laminin,
collagen-IV, nidogen and perlecan compose a substrate for cell attachment,
provide tensile strength and flexibility to resist forces in the ocular tissue, and
support homeostatic regulation of signaling cytokines.
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The corneal stroma is a specialized matrix composed of a highly
organized collagen matrix, interspaced with keratan sulfate (KSPG) and
dermatan sulfate (DSPG) proteoglycans, with low levels of HSPGs. Collagen is
the major component of the corneal stroma, amounting to 70% of the dry weight
of the cornea (Leonard and Meek, 1997). Collagen-I and collagen-IV comprise
the collagenous fibers in the corneal stroma (Birk et al., 1986), . These fibers run
in a parallel, hexagonal lattice arranged in 5-8m thick lamella (Radner et al.,
1998). Each lamellar layer has approximately a 90 orthogonal rotation relative to
each proximal lamella (Fig 1.4A; Hassell and Birk, 2010). The fibers within each
the lamella are uniformly spaced and the fibril diameter is tightly regulated (Fig
1.4B; Hassell and Birk, 2010). During collagen-I fibrillogenesis, collagen-V
integrates into the core of the collagen fiber generating a collagen-I+V
heterogeneous fibril. The N-terminal of collagen-V is perpendicular to the fibril
axis and extends to the fiber surface. The protrusion of collagen-V is thought to
sterically prevent the further addition of collagen-I fibrils, thus regulating the fiber
bundle size (Linsenmayer et al., 1993). In mice heterozygous mutations in
Col5a1, the coding gene for collagen-V, corneal stroma collagen fiber diameters
are significantly larger than WT mice (Fig 1.4C; Hassell and Birk, 2010),
suggesting collagen-V is required for proper fiber diameter restriction during
corneal collagen fibrillogenesis. The packing of collagen-I fibers is regulated by
collagen-VI, IX, XII and XIV acting as FACIT (fibril-associated collagens with
interrupted triple helices) collagens. These FACIT molecules act as molecular
bridges extending between collagen-I fibers, therefore regulating the density of
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Figure 1.4 Ultrastructure of fibrillar collagen in the cornea and role of
proteoglycans in regulating fiber organization
(A-A”): TEM of lamellar collagen layers in corneal cross-sections. Keratocytes (K
in A’) are intercalated between orthogonal layers of collagen fibers (collagen
lattice observed in higher magnification in A”). (B-E): Lattice organization
observed in collagen fibers. Collagen fibril organization in Collagen-V
heterozygous mutant mice corneas (C) appears to conserve fibril spacing
observed in WT mice (B), however fiber diameter appears larger (C). Compound
decorin/biglycan null mice corneas (D) and lumican null mice corneas (E) exhibit
altered fibrillar organization and regulation of collagen fiber diameter (modified
from Hassell and Birk, 2010).
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fiber packing in the stromal tissue (Shaw and Olsen, 1991).
There are three major corneal proteoglycans, lumican, keratocan, and
decorin, that also act collagen fiber spacing molecules. Decorin null mutations
yield transparent corneas with collagen-I fibril spacing indistinguishable from WT
mice due to a compensatory effect of the DSPG, biglycan. In WT corneas,
biglycan is expressed at very low levels, however, upon genetic ablation of
decorin, biglycan is highly upregulated, thus preserving the collagen-I matrix
organization (Zhang et al., 2009). In compound decorin/biglycan null mutants, the
organization of the stromal collagen matrix is lost (Fig 1.4D; Hassell and Birk,
2010), indicating that the cornea has redundancy in regulation of stromal DSPG
expression and that DSPGs are critical for corneal transparency and function.
Both keratocan and lumican interact with collagen-I through disulfide
linkages to regulate both fibrillogenesis and fiber orientation (Carlson et al., 2003;
Rada et al., 1993). The KS head groups of these ECM components also regulate
corneal matrix hydration; loss of keratocan or lumican results in stromal thinning,
altered collagen-I fibril organization, and corneal opacification (Liu et al., 2003;
Chakravarti et al., 2000). In fact, patients with blinding macular corneal dystrophy
exhibit issues of corneal dehydration due to failure to synthesize mature KS head
groups on KSPGs (Hassell et al., 1980). Moreover, loss of lumican in mice
causes aggregation of collagen-I fibers into thick bundles with deregulated
diameters (Fig 1.4E; Hassell and Birk, 2010), which results in blindness.
It is evident that preserving the collagen-I lattice organization and corneal
hydration is critical for functional transparency of the corneal stroma matrix. The
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most accepted theory for how the corneal interacts with light to maintain optical
clarity is based on the concept of destructive interference of light waves
(Maurice, 1957). Due to the intrinsic scattering properties of collagen-I, it is
feasible that if collagen-I fibers are maintained in an organized lattice, then light
will scatter in relative positive and negative directions. This ultimately causes the
light to scatter in a deconstructive manner, yielding an unscattered incident light
and a transparent tissue. X-ray diffraction data supports this theory by
demonstrating diffraction patterns indicative of highly ordered, equally spaced
fibers similar to lamellar collagen (Maurice, 1957).
1.1.3 Cornea Morphogenesis and Development
The morphogenetic events during eye formation in vertebrates are highly
conserved (Chow and Lang, 2001). Eye formation is initiated following embryonic
gastrulation and neural tube closure (Gilbert, 2000). At this time, bilateral
evaginations from the neural tube in the diencephalon, called the optic vesicles,
extend toward through the mesenchyme to the surface ectoderm. When the optic
vesicle and the surface ectoderm establish contact, the surface ectoderm is
induced to thicken and form the lens placode (Li et al., 1994). After induction, the
lens placode and optic vesicle begin to concomitantly invaginate, forming the
lens vesicle and primitive optic cup, respectively. As the optic cup continues to
deepen towards the developing brain, the opposing ends of the surface ectoderm
fuse, causing the lens vesicle to pinch off and become an intact, segregated
structure from the overlying ectoderm, or the presumptive cornea epithelium (Fig
1.5; Adler and Canto-Soler, 2007).
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During optic cup formation, a multi-potent neural crest stem cell (NCC)
population emigrates from the neural crest within the undifferentiated
mesenchyme. In the avian embryo, NCCs migrate to surround the optic cup by
embryonic day 3 (E3), but do not begin to enter the presumptive cornea until
E4.5. This phenotypic halt in migration is due to the lens expressing Sema3A, a
strong repulsive migratory cue, and the NCC population strongly expressing the
Sema3A receptor, Npn-1 (Lwigale and Bronner-Fraser, 2009). Around E4.5,
NCCs begin to downregulate Npn-1, becoming insensitive to the lens derived
Sema3A. These cells migrate into the presumptive cornea, forming the single cell
layer endothelium. At this time the corneal epithelium begins to secrete a
collagen-I rich, acellular primary stroma (Bard and Bansal, 1987). After
endothelial formation and the establishment of the primary stroma, a second
migratory wave of NCC derived mesenchymal cells infiltrate the corneal space
between the epithelium and the endothelium (Lwigale et al., 2005). By E7, all of
the layers of the cornea are formed and the mesenchymal cells have
differentiated into corneal keratocytes, as indicated by the expression of
keratocyte markers such as, KSPGs and collagen-I. Although the layers of the
cornea have formed by E7, the corneal stromal matrix is relatively primitive as
compared to the cornea of a late gestation embryo. The corneal keratocytes
continue to undergo rapid proliferation and ECM synthesis until E12. From E13E18, the cornea undergoes dehydration and collagen fibril compaction, resulting
in transparent corneas before hatching (Siegler and Quantock, 2002; Connon et
al., 2004).
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Figure 1.5 Schematic representation of vertebrate eye development
(A): Extension of the optic vesicle from the neural tube. (B): The optic vesicle
establishes contact with the surface ectoderm to specify the lens placode. The
presumptive optic stalk, RPE and neural retina are also specified at this stage of
development. (C): Cross-section of optic cup formation as the lens vesicle
invaginates from the lens placode. (C’): A 3D representation of how the optic cup
is rotating around the lens vesicle, fusing at the choroid fissure to form the optic
stalk. (D): Separation of the lens and maturation of the optic cup (E3 in chick
development). The periocular mesenchyme, which gives rise to the cornea,
migrates to the edge of the optic cup at this time. (E): By E7 (chick development),
the mesenchyme migrate between the lens and the surface ectoderm to form the
cornea (modified from Adler and Canto-Soler, 2007). Abbreviations: C: Cornea;
L: lens; LP: lens placode; LV: lens vesicle; MS: mesenchyme; NR: neural retina;
ON: optic nerve; OS: optic stalk; OV: optic vesicle; RPE: retinal pigment
epithelium; S: sclera; SE: surface ectoderm. (adapted from Adler and CantoSoler, 2007)
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1.1.4 Neurovascular Patterning in the Anterior Eye
A mature, functioning cornea is highly innervated and completely
avascular. Nerves and blood vessels commonly respond to the same guidance
cues as the developing organism is innervated and vascularized (Martin and
Lewis, 1989), however, corneal tissue promotes dense innervation while strongly
repelling the encroachment of blood vessels. During development, nerves from
the trigeminal ganglion approach the cornea, but are initially repelled to form a
pericorneal nerve ring (Lwigale and Bronner-Fraser, 2007). At E9, nerve bundles
from the pericorneal nerve ring begin to radially migrate into corneal stroma,
forming the stromal nerve bed (Riley et al., 2001). From E9-E11, this stromal
nerve bed approaches the center of the cornea and by E12 the cornea stroma is
fully innervated. At this time, nerves from the stromal nerve bed project anteriorly,
breaking through the epithelial basement membrane and innervating the
epithelium (Riley et al., 2001).
Avascularity is established by E3 in the embryonic cornea, when
endothelial precursors, angioblasts, form the vascular plexus in the pericorneal
region (Kwiatkowski et al., 2013). Similar to the nerve ring pattern, angioblasts
build a vascular ring in the periocular mesenchyme, which is remodeled during
anterior eye development to promote vascular network capable of providing
cornea with diffusible nutrients and growth factors required for homeostasis.
Maintaining this corneal avascularity during development, as well as during the
adult life of the organism, is thought to be a robust balance of pro- and antiangiogenic factors that promote formation of the vascular network while
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preventing vascularization of the cornea (Ambati et al., 2007; Ellenberg et al.,
2010).
The balance of attractive and repulsive guidance molecules regulate
innervation and the establishment of avascularity in the cornea, such as lens
derived Sema3A signaling through Npn-1. When Sema3A is removed from the
anterior eye region, either by ablating the lens or pharmacologically inhibiting
Sema3A, the pericorneal nerve ring is lost (Lwigale and Bronner-Fraser, 2007).
Moreover, precocious innervation of the cornea occurs if the Sema binding
domain of Npn-1 is mutated (Npn-1Sema-/-) (McKenna et al., 2012). Sema3A/Npn1 signaling is also critical in preventing VEGF mediated blood vessel migration
into the cornea during development (McKenna et al., 2014). Altogether, these
findings suggest that Sema3A is a major guidance cue regulating innervation and
is an essential element in balancing pro- and anti-angiogenic influence on blood
vessels in the anterior eye, promoting avascularity in the cornea.
1.2 Cornea Wound Healing
As mentioned earlier, corneal injury or infection can lead to fibrosis and
loss of vision. This section reviews the published literature regarding the
sequential response cascade observed in adult corneal wound healing as it
presents in various model organisms and in the clinical setting. Figure 1.6
provides a generalized description of events that are conserved in most cornea
wounding models (modified from Wilson et al., 2001). While this figure attempts
to roughly outline the sequential events associated with corneal wound healing,
many of these responses overlap in timing. The first observable cellular response

17
after corneal injury is cytokine mediated apoptosis, which generates an acellular
zone in the corneal stroma (Wilson et al., 1996a). Shortly after the apoptotic
phase, cells on the periphery of the hypocellularized zone begin to rapidly divide.
This response is mostly associated with an increase accumulation of growth
factors in the tears secreted from the lacrimal gland (Imanishi et al., 2000). These
growth factors stimulate keratocytes to differentiate into myofibroblasts.
Myofibroblasts can modulate the magnitude and duration of many of the
remaining downstream wound responses, including altering ECM composition
and fibril organization, recruiting inflammatory cells to the injury site, wound
contraction, and ECM remodeling (Wilson et al., 2012). The following sections
will briefly cover the current understanding of genetic factors that regulate each
of the major phases observed in corneal wound healing cascade.
1.2.1 Keratocyte Apoptosis and Proliferation
As mentioned earlier, the first detectable cellular response to corneal injury is
keratocyte apoptosis. Within 4hrs of epithelial injury, DNA fragmentation can be
observed directly in cross-sections of healing corneal stroma by using TUNEL
assay (Wilson et al., 1996a). Two major mechanisms have been developed to
explain the induction of keratocyte apoptosis. One proposed mechanism focuses
on the role of interleukin-1 alpha (IL-1α). Cells stimulated with IL-1α undergo NFκB mediated apoptosis (Pober and Sessa, 2007). The cornea epithelium
constitutively expresses IL-1α, however, the intact and properly functioning
basement membrane of the anterior cornea acts as a biochemical barrier,
preventing the diffusion of growth factors like IL-1α. Therefore, the proposed
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Figure 1.6 Overview of major events during adult cornea wound healing
cascade
After injury, there is a rapid release of growth factors and cytokines that drive
keratocyte apoptotic phase, followed by activated cell proliferation/differentiation
in the wound site. Myofibroblasts differentiate from these dividing keratocytes,
which further propagate wound healing responses, such as inflammatory cell
recruitment, stromal remodeling and epithelial closure. As healing completes,
myofibroblasts and inflammatory cells exit the cornea by apoptosis, although,
regulation of this step is unclear. While this is a generalized sequential cascade
of the corneal wound response, many of these cellular events happen
simultaneously (modified from Wilson et al., 2001).
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model suggests that IL-1α is a rapid response molecule that can drive apoptosis
through epithelial/stromal paracrine signaling. Administering sub-epithelial
injections of IL-1α and IL-1α inhibitors into mouse corneas has been conducted
to support this hypothesis. When IL-1α is delivered to the corneal stroma, there is
a massive increase of apoptotic cells, whereas inhibiting IL-1α reduced the
number of apoptotic cells (Wilson et al., 1996a).
Another mechanism of inducing keratocyte apoptosis is the activation of
the Fas-Fas ligand system. Fas signaling transcripts were surveyed in the mouse
cornea and the Fas-ligand (FasL) was found to be exclusively expressed in the
corneal epithelial and endothelial layers. The Fas receptor, however, was
expressed in all corneal cell types including the stromal keratocytes (Wilson et
al., 1996b). In FasL-/- mice exhibited significantly less keratoctye apoptosis,
therefore suggesting that Fas-FasL signaling to be critical initiator of keratocyte
apoptosis (Mohan et al., 1997). Fas activation occurs after IL-1α stimulation of
cells (Mohan et al., 1997), driving an apoptotic response, however, studies have
not addressed if IL-1α is functionally upstream of Fas/FasL ligand expression in
cornea healing, or if Fas signaling occurs subsequently, yet independent of IL-1α.
Stromal cells that remain in the corneal wound after the apoptotic phase
begin to undergo rapid proliferation. This occurs within 24hrs after injury and is
attributed to the upregulation of several growth factors that are known to
stimulate cell division. Several key growth factors that are upregulated following
injury include PDGF, EGF and TGFβ (Imanishi et al., 2000; Faktorovich et al.,
1999). These stimulants are most commonly associated with several cellular
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responses including, activated proliferation, increased cell migration, and cell
differentiation (Wilson et al., 2001). PDGF is highly expressed by all cell types in
the human cornea, however its protein distribution is primarily restricted to
basement membrane layers (Kim et al., 1999). This finding is not surprising when
considering that all isoforms of PDGF are highly sequestered by proteins
localized to the corneal basement membranes, such as perlecan (Göhring et al.,
1998). Since PDGF appears to be sequestered at high levels in the corneal
basement membrane, and is a potent activator of keratocyte proliferation (Zieske
et al., 2001) and migration (Andersen et al., 1997; Etheredge et al., 2009), it is
hypothesized that PDGF acts as a rapid activator of keratocytes after corneal
injury. Moreover, PDGF can abrogate effects of IL-1α (Kim et al., 1999) and may
therefore setup an environment that may prevent IL-1α mediated apoptosis. For
these reasons, PDGF and IL-1α generally viewed as master initiators of the
wound healing cascade.
During wound healing growth factors such as EGF and TGFβ are found to
be upregulated in corneal cells (Wilson et al., 1992) as well as accumulating
increased protein levels in tears after injury (Ohashi et al., 1989). Similar to
PDGF, EGF and TGFβ both stimulate cell proliferation and migration into the
wound site (Andersen et al., 1997). However, these factors facilitate stimulated
differentiation of keratocytes into corneal fibroblasts and myofibroblasts
(Faktorovich et al., 1999; He and Bazan, 2008). In regards to molecular
regulation of corneal wound healing cascade, EGF and TGFβ are generally
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regarded as factors that facilitate the proliferating cells to assume their repair
phenotypes, such as myofibroblasts.
1.2.2 Keratocyte Transdifferentiation to Myofibroblasts
The transformation of quiescent keratocytes to repair myofibroblasts is
driven by TGFβ (Myrna et al., 2009) and is enhanced by other wound response
growth factors such as PDGF and EGF (Fini, 1999; Wilson, 2012). Once
quiescent keratocytes are stimulated with these growth factors, the cells make a
transformation to a proto-myofibroblast phenotype, which are identified by
changes in transcriptional profile and initiation of focal adhesions (Fig 1.7,
modified from Tomasek et al., 2002). If this transformation is induced in a
compliant biomechanical environment, such as increased mechanical stiffness
(Dreier et al., 2013) or a matrix rich with arginine-glycine-aspartate (-RGD-)
amino acid sequences (Jester et al., 1996b), these proto-myofibroblasts will
make the transition to mature myofibroblasts. This final phenotypic change is
ultimately characterized by the accumulation of super-mature focal adhesion
sites and prominent alpha-smooth muscle actin (αSMA) stress fiber production
(Tomasek et al., 2002). Since the myofibroblast transition is observed in virtually
every type of wounding model and is directly correlated to the fibrotic transition in
cornea wound healing, there is a great interest in understanding myofibroblast
function in the wound and how cells can exit the myofibroblast phenotype. In
cornea wound healing, the current understanding is that αSMA+ myofibroblasts
exit the cornea wound by undergoing apoptosis (Wilson, 2012). Some studies
allude to the possibility that myofibroblasts can revert to keratocytes after wound
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Figure 1.7 Activation of the myofibroblast phenotype
TGF-β stimulation of keratocytes drives the increase of focal adhesion
complexes within the cell. These proto-myofibroblasts begin tethering
cytoplasmic actin to these focal adhesion sites. This increase in focal adhesion
accumulation causes the protomyofibroblast to commence adhesion mediated
signal transduction. If the cell is stimulated with TGF-β in an environment to
which the cell can adhere, cellular accumulation of αSMA fibers occurs. Mature
myofibroblasts utilize the αSMA/focal adhesion network to contract and remodel
the ECM microenvironment. It is currently unclear if myofibroblasts can revert to
the keratocyte phenotype (modified from Tomasek et al., 2002).
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healing is complete, however, the mechanism that facilitates this phenotypic
reversion is not clear (Fig 1.7; modified from Tomasek et al., 2002).
Because myofibroblast differentiation is dependent on matrix compliance,
many studies have investigated how biomechanical cues influence the effect of
growth factor mediated differentiation of myofibroblasts. Classically, TGFmediated keratocyte-to-myofibroblast transition was described as being
dependent on highly adherent natural substratum, like fibronectin, which is rich
with the three amino acid cell adhesion motif -RGD- (Jester et al., 1999b).
However, since the initial description of substratum compliance for
myofibroblasts transition, other cues that influence this transition have been
elucidated. For example, general stiffness and topographical cues from the
substratum greatly influence the magnitude of myofibroblasts transition (Dreier et
al., 2013, Myrna et al., 2012). In regards to physiological conditions that alter
matrix compliance, collagen-I cross-linking proteins, such as lysyl oxidase like
protein (LOXL)2 are upregulated in ocular fibrotic wounds including glaucoma
(van Bergen et al., 2013). Once crosslinking proteins alter the stiffness of the
endogenous collagen, the matrix then becomes biomechanically compliant for
myofibroblast maturation (Fig 1.8, Ho et al., 2014). Cells stimulated with fibrotic
growth factors, like TGF, in a stiffened matrix robustly activate
mechanotransduction signaling components through integrin mediated signaling
in large focal adhesion complexes (Allen et al., 2012). Integrin activation
promotes the phosphorylation of focal adhesion kinase (FAK), which then
activates Rho/ROCK signaling (Bhadriraju et al., 2007). This activation stimulates
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Figure 1.8 Role of mechanotransduction in promoting myofibroblast
differentiation
After stimulation with TGFβ, fibroblasts can promote stiffening of the ECM, which
will facilitate the differentiation of the myofibroblast phenotype. For example,
secretion of collagen-crossing linking protein, LOXL2 can cause a matrix to
become compliant for myofibroblast differentiation. Stimulated cells adhering to
the modified matrix promote adhesion dependent signal transduction (pFAK and
activation of YAP/TAZ). Therapeutically inhibiting collagen matrix stiffening or
inhibiting the adhesion activated downstream signaling intermediates (FAK,
ROCK, YAP) prevents the myofibroblast transition and reduces tissue fibrosis.
This therapeutic avenue has not been directly investigated in preventing cornea
fibrogenesis. Abbreviation: Bcl-2: B-cell lymphoma 2; CTGF: connective tissue
growth factor; ET-1: endothelin 1; FAK: focal adhesion kinase; LOXL2: lysyl
oxidase-like 2; LPA: lysophosphatidic acid; MKL1: myocardin-like protein 1;
ROCK: Rho-associated protein kinase; α-SMA: α-smooth muscle actin; SRF:
serum response factor; TAZ: WW domain-containing transcription regulator
protein 1; TEAD: TEA domain; YAP: Yes-associated protein (modified from Ho et
al., 2014)
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the formation of actin stress fibers, which are anchored to the focal adhesion
complex on the cytoplasmic domains of the integrin receptors (Bershadsky et al.,
2003). Mechanotransducing factors YAP, TAZ and MKL1 are also activated
during myofibroblast transformation, which enhance the expression of
myofibroblasts genes (Dupont et al., 2011). Collectively, these data suggest that
the myofibroblast transition can be targeted by inhibiting TGF-mediated
induction of the phenotype as well as the adhesion-dependent integrin signaling
pathway. In corneal fibrosis, studies have primary focused on attenuating TGF
activity to prevent myofibroblast differentiation, which is described in more detail
in Chapter 1.3. To date, no studies have been published regarding how targeting
mechanotransduction signaling may affect corneal fibrosis in vivo. Altering matrix
compliance or cellular adherence to that substratum may be novel therapeutic
approach to promoting regeneration in damaged corneal tissue.
1.2.3 Synthesis and Remodeling of Corneal ECM Resulting in Fibrosis
The biological function of myofibroblasts in wounds is to secrete new ECM
components for repair of damaged tissue, contract the wound to facilitate wound
closure, and to remodel the newly synthesized ECM. These generalized
functions have been observed in every cornea wound healing model tested to
date. Representative images from adult chick cornea wound healing model show
the accumulation of SMA+ myofibroblasts, spatial upregulation of focal
adhesion protein vinculin and ECM protein perlecan (Fig 1.9; modified from
Ritchey et al., 2011). These images demonstrate nicely that tissue contraction is
occurring in the stromal tissue that is rich with SMA and vinculin staining,
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because the opposing ends of the wound appear to be pulled together, which
results in malformation of the overlying epithelium (Fig 1.9). Many ECM genes
are expressed by myofibroblasts, which facilitate the reconstruction of the
corneal stroma, however, the matrix laid by the myofibroblast population is not
organized to permit transparency. Moreover, myofibroblasts change the
composition of the corneal stroma. For example, cells that have transitioned into
the myofibroblast phenotype secrete high levels of endogenous cornea stromal
proteins, like collagen-I (Pan et al., 2011), but also deposit collagen-III,
fibronectin, tenascin and perlecan (Fig 1.9; Ritchey et al., 2011). The distribution
of these ectopically expressed proteins in cornea wounds greatly obstructs light
transmission through the cornea. Corneal myofibroblasts also produce several
matrix metalloproteinase (MMPs), namely MMP2, MMP9 and MMP12, which can
degrade and remodel the matrix (Mulholland et al., 2005; Iwanami et al., 2012).
However, the expression of MMPs only partially restores the transparency of
damaged corneas (Ollivier et al., 2007; Iwanami et al., 2009). Therefore,
myofibroblasts play a critical role in facilitating the early stages of wound healing.
It is hypothesized that mechanisms of attenuating this cell population at later
stages of the healing cascaded may promote regeneration.
1.3

TGF Superfamily Gene Regulation and Function in Fibrosis

1.3.1 The TGF Superfamily Ligands and Receptors
Due to TGF being such a strong inducer of the myofibroblast phenotype,
many studies have focused on modulating the activity of TGF signaling to yield
favorable responses of corneal keratocytes. Details of TGF signaling and the
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Figure 1.9 Myofibroblast activation, tissue contraction and altered ECM
composition in corneal scars
Cornea scars possess a large αSMA+ myofibroblast cell population that cause
tissue contraction at the site of injury. These cells upregulate focal adhesion
protein, vinculin, which can facilitate the contractile activity of this cell population.
The endogenous ECM is also modified, as indicated by the excess deposition of
perlecan. These factors all contribute to the formation of corneal scarring.
Abbreviations: αSMA: α-smooth muscle actin; Draq5: (nuclear marker); Perl:
perlecan; VNCL: vinculin. (modified from Ritchey et al., 2011)
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implications of this gene family in corneal fibrosis are discussed in section. TGF
genes consist of four subfamilies, including the growth and differentiation factors
(GDFs), bone morphogenetic proteins (BMPs), transforming growth factor-beta
(TGF) and activins, ranging from 3-15 different genes in each subfamily. TGF
genes have pleiotropic and contextual effects on cells which depend on many
factors, such as the cell types receiving expressed TGF ligands, expressed
receptors on the stimulated cells and the concentration of the active ligand (Wu
and Hill, 2009). For the purposes of this dissertation, I will focus primarily on
cellular responses to BMPs and TGFβ isoforms. BMP proteins were first
identified as osteoinductive proteins, active during osteogenesis during
development and bone repair (Rosen and Thies, 1992). However, BMPs have
later been characterized as having functional roles in establishing embryonic
germ cell linages (Arnold and Robertson, 2014) and dorsal-ventral axial
patterning of the embryo during gastrulation (Tucker et al., 2008). BMPs have
also been implicated as factors necessary for maintaining adult stem cell niches
in various tissues, including but not limited to the neural stem cell niche and adult
mesenchymal stem cells (Li and Xie, 2005). TGF isoforms are commonly
associated with driving differentiation of cells from either a progenitor cells to
specified lineages. For example, neural crest stem cells (NCC) fates are directly
regulated by TGF. NCCs stimulated with TGFβ transition from their multipotent
phenotype to lineage-restricted smooth muscle cells (Shah et al. 1996).
Moreover, TGF is critical for the development of many tissues and organs. Loss
of TGF in the developing murine cornea results in a thin corneal stroma with
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reduced expression of endogenous ECM components and failure to form the
endothelial cell layer (Saika et al., 2001). As mentioned earlier, TGF is also
involved with wound healing responses and promotes fibrosis in the cornea.
Therefore, there are multiple functions of TGF in corneal biology throughout the
life of an organism. Because many mechanisms of regeneration are conserved
mechanisms of development, it is possible that the embryonic function of TGF
signaling may be critical in driving a regenerative response in adult corneas.
Canonical signaling of TGF genes has been well characterized as a
classical ligand-receptor interaction whereby target transcription factors become
phosphorylated, then translocated to the nucleus to regulate downstream genes.
TGF signaling requires two types of serine/threonine receptor kinases, type one
and type two, that form heterotetrameric complexes upon binding the ligand
(Derynck and Zhang, 2003). Type II TGF receptors have high affinity for the
ligand and phosphorylate the type I receptors after binding the TGF ligand.
Once the type I receptor has been activated, SMAD proteins that are docked to
the cytosolic side of the membrane bound TGFR complex are phosphorylated
and released into the stroma. One mechanism that allows TGF superfamily
genes to maintain their pleiotropic nature is due to the different combinations of
type I and type II heterotetrameric complexes, thus allowing one ligand to
phosphorylate different transcription factor complexes. These varying
transcription factors will then differentially regulate shifts in transcript expression
and cellular responses. The different type I and type II receptors are seen in
Figure 1.10 (Derynck and Zhang, 2003). BMPs and GDFs have specific affinity
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Figure 1.10 TGFβ superfamily receptors and Smad targets
Here is a comprehensive list of all known receptors for the TGFβ superfamily.
Active TGFβ receptors form hetero-tetrameric complexes comprised of type I and
type II receptors. The type II isoform dictates which Smad types are
phosphorylated. Abbreviations: ActR: activin receptor; ALK: activin A type-II like
kinase; AMHR: anti-Müllerian hormone receptor; BMPR: bone morphogenetic
protein receptor; Smad: small- mothers against decapentaplegic; TβR:
transforming growth factor-β receptor. (modified from Derzynck and Zhang,
2003)
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for BMPRII and AMHR type II receptors, which interact exclusively with ALK2, 3
or 6 type I receptors, promoting the activation of the SMAD1/5/8 transcription
factor complex. Activins and TGFβ have high affinity for ActRII and TβRII
respectively. ActRII specifically binds with ALK4 or 7, which promotes SMAD2
phosphorylation. TβRII most commonly associates with ALK5, which will cause
pSMAD2/3 activation, however, TβRII can also bind with ALK1, resulting in
SMAD1/5/8 phosphorylation (Derynck and Zhang, 2003). Out of these five
receptors, TβRII is unique because it is the only type II receptor that interacts
with type I receptors capable of stimulating either SMAD2/3 or SMAD1/5/8
complexes. This allows for single TGFβ ligands to potentially have multiple
functions depending on the receptors expressed by the cells responding to the
ligand.
1.3.2 SMAD Activation and Downstream Transcriptional Responses
Although the cellular responses of TGFβ superfamily genes are quite
pleiotropic, these gene subfamilies can be generally divided into two groups;
ligands that phosphorylate SMAD2/3 or ligands that phosphorylate SMAD1/5/8.
In general, BMPs and GDFs signal through pSMAD1/5/8 and TGFβ and activins
signal is mediated by pSMAD2/3. Additionally, all SMAD complexes must bind
SMAD4 to become translocated to the nucleus to modulate the transcription of
target genes (Fig. 1.11; modified from Villapol et al., 2013). The activity of SMAD
complexes in the nucleus is further regulated by co-activating and co-repressing
transcription factors that complex with active SMADs. Gene promoters that
possess Smad-binding DNA elements (SBE) recruit active SMADs to the gene

32
promoter (Derynck and Zhang, 2003). However, the transcriptional response is
dependent on the expression of enhancing or repressive elements that are
recruited to the SMAD complex, as well as specific transcription factors that have
binding sites near the SBE. Therefore, SMAD activation affects differential
expression of an estimated 500 genes, and this signaling cascade is influenced
at all levels of classical signal transduction. In the context of corneal keratocyte
responses to TGFβ, activated SMADs form a phosphorylated pSMAD2/3/4
complex which then upregulates the expression of wound response genes, such
as fibronectin, tenascin, ACTA2 (αSMA gene) and collagen-I (Col1a1). TGFβ
activation of pSMAD2/3 complex also promotes the down regulation of genes
endogenously expressed by keratocytes, including, keratocan, lumican, and
aldehyde dehydrogenase (ALDH1a1) (Funderburgh et al., 2001; Jester, 2008).
These strong changes in transcriptional profile are directly associated with the
transformation of the myofibroblast phenotype and the onset of cornea scarring.
While TGFβ are required for initiating wound healing responses (Myran et al.,
2009; Huh et al., 2009), TGFβ mediated pSMAD2/3 activation that persists after
wound healing is complete results in fibrosis (Leask and Abraham, 2004). One
interesting component of the TGFβ superfamily is that the subfamilies can
influence the activity of one another. For example, TGFβ signaling inhibits BMP
activity by promoting the formation of a pSMAD1/5-3 complex, which prevent
pSMAD4 from binding and translocating the SMAD1/5 complex to the nucleus
(Grӧnroos et al., 2012). Moreover, BMPs can drive the expression of the ID
(inhibitor of differentiation) gene family, which reduce the levels of pSMAD2
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Figure 1.11 TGFβ and BMP signaling cascades
TGFβ binds specific receptor complexes that result in the phosphorylation of
Smad2/3 complexes, while BMP stimulates receptors to phosphorylate
Smad1/5/8 complexes. Both these pSmad complexes utilize Smad4 for nuclear
transclocation and binding promoter targets. Additional co-activators and
transcription factors are recruited to the activated pSmad complex. This drives
transcriptional response to the ligand stimulation of the cell. Abbreviations: ActR:
activin receptor; ALK: activin A type-II like kinase; BMPR: bone morphogenetic
protein receptor; Co-Act: transcriptional co-activators; Smad: small- mothers
against decapentaplegic; R-Smad: receptor regulated-Smad; CO-Smad:
common-mediator Smad; TβR: transforming growth factor-β receptor; TF:
transcription factors. (modified from Villapol et al., 2013).
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activation, however this mechanism is not clearly understood (Shi and
Massagué, 2003). In regards to renal fibrosis, BMP7 directly prevents TGFβ1
mediated epithelial to mesenchymal transition of cells as well as preventing the
accumulation of αSMA+ cells in the wound, suggesting attenuated fibrosis
(Zeisburg et al., 2003). This response in the tissue is mostly associated with the
prevention of pSMAD2/3 accumulation and the activation of pSMAD1/5/8.
Overexpression of pSMAD1/5/8 targets, such as ID2 and ID3, also suppresses
TGFβ mediated αSMA expression, which implicates genes downstream of BMP
signaling can directly affect cellular responses to TGFβ (Kowanetz et al., 2004).
1.3.3 Functional Role of TGFβ Superfamily Genes in Fibrosis
Of the four subfamilies of the TGFβ superfamily that have been
characterized, the TGFβ subfamily is arguably the most widely study set of genes
in regards to tissue fibrosis. As previously mentioned, TGFβ is upregulated in
almost all tissues during fibrosis. In the cornea, this expression of TGFβ attracts
inflammatory cells, which also express high levels of TGFβ, leading to excessive
secretion of TGFβ and wide spread activation of pSMAD2/3 through the corneal
wound. TGFβ is considered to be required for initiating the wound healing
response in the cornea, but also promotes fibrosis. If TGFβ activity is blocked,
ECM synthesis is reduced and fibrosis is moderately diminished, however the
wound healing rate is significantly reduced (Crowe et al., 2000; Sumioka et al.,
2008). While inhibiting TGFβ activity can promote some aspects of regeneration,
the delayed wound healing responses drastically increase chances of infection,
sustained inflammation and ultimately fibrosis. For these reasons, many
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investigators hypothesize the best approach to promoting efficient non-fibrotic
regeneration of wounds is likely not through completely blocking TGFβ activity. In
general, the field is currently searching for mechanisms that allow TGFβ activity
only during the initial wound healing responses, such as moderate synthesis of
ECM components, promotion of cell migration into the wound site, as well as
contraction and closure of the wound tissue. Temporal attenuation of TGFβ
activity after the initiation of the wound healing may yield efficient regeneration of
tissue.
Interestingly, TGFβ3 isoform begins to fit these sought after characteristics
of promoting healing of the wound, while exhibiting attenuated fibrotic responses.
TGFβ3 is commonly considered the embryonic isoform of TGFβ genes due to its
critical role during development, high expression in embryonic wounds and low
level expression in adult tissue (Hsu et al., 2001). When TGFβ3 is exogenously
added to cutaneous lesions, αSMA positive myofibroblasts and development of
fibrosis is reduced. However, the re-epithelialization rate in the skin is relatively
unchanged (Shah et al., 1995). Since histological examination of this tissue
demonstrates very limited fibrosis and the healing rate appears to be unaffected,
TGFβ3 is a candidate anti-fibrotic TGFβ isoform.
BMP activity in wound healing is most frequently associated with
suppressing the wound healing response, including reduced cell proliferation and
slowed wound closure (Oumi et al., 2012; Lewis et al., 2014). While BMP slows
wound healing response, BMP signaling can prevent the fibrotic transition in
many tissues included hepatic, renal and pulmonary fibrosis (Zhong et al., 2013;
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Wang et al., 2014; Dendooven et al., 2011; Morrissey et al., 2002; Koli et al.,
2006). Other than associating the blockade of fibrosis to the activation of
pSMAD1/5/8, the mechanisms of reducing the fibrotic response is not clearly
understood. Interestingly, BMP activity in the presence of other wound response
growth factors can promote remarkable capabilities. Axolotl salamanders have
the ability to heal small wounds rapidly and regenerate complete limbs after full
amputation (Roy and Gatien, 2008). When BMP and FGF are used to
cooperatively stimulate small dermal wounds in these organisms, ectopic
formation of limbs can be induced (Makanae et al., 2014). Of all BMPs
investigated in wound healing, BMP-7 is most studied, because of its ability to
prevent the development of fibrosis after injury. In most all tissues and organisms
tested BMP-7 antagonizes TGF signaling, which reduces fibrosis, but fails to
promote a full regeneration tissue.
Since BMP7 is so widely investigated for promoting regeneration in
wounds that express TGF, studies have investigated if this anti-fibrotic response
would be conserved in corneal tissue. Recent studies have utilized both viral and
non-viral gene delivery methods to ectopically express BMP7 in cornea wounds.
In both models, SMA+ myofibroblasts were attenuated in regions of the tissue
that demonstrated increased levels of pSMAD1/5/8. Scarring of corneal tissue
was reduced, indicated by a partial restoration of transparency. Although, the
tissue transparency was partially restored, corneal vascularization was not
prevented in these models (Saika et al., 2005; Tandon et al., 2013), which
indicates BMP7 is limited in promoting regeneration in corneal tissue. Despite
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BMP7 preventing some aspects of fibrosis in the cornea, mechanisms that
attenuate TGF activity, while preventing neovascularization of the corneal
wound, have yet to be elucidated.
1.4

Embryonic Scar Free Regeneration
As mentioned throughout this chapter, developing therapeutics to prevent

the formation of fibrotic tissue after injury would have major clinical implications
for various tissues, including the cornea. Much progress has been made in
determining fibrotic agents expressed during wound healing and many antifibrotic treatments have been shown to have some efficacy in attenuating
scarring. Interestingly, embryonic tissues challenged with wounds during
organogenesis respond completely differently than adult tissue. Fetal tissues
have a remarkable ability to regenerate many tissues without scaring, which
makes the embryonic wounding model an excellent tool to elucidate mechanisms
of scar free regeneration. There have been in utero wounding experiments
performed on various tissues, in multiple mammals and at different stages of
gestation. From this expansive body of work, critical factors have been identified
that promote scar free regeneration in fetal tissue.
The growth factors in embryonic environment, such as proteins found in
amniotic fluid, were originally postulated to be a driving factor in non-fibrotic
regeneration. However, factors in the embryonic environment are neither
sufficient nor required for scar-free regeneration. For example, wounded adult
sheep skin grafted in utero to fetal lamb tissue healed with a scarring phenotype
(Longaker et al., 1994). This is in contrast to the lamb fetal-fetal wound graft,
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which maintains scar free capabilities (Longaker et al., 1994). Moreover,
experiments have been conducted to test the regenerative capacity of embryonic
skin in non-uterine environments. The most direct experiment testing the
requirement of the fetal environment was conducted in the Brazilian short-tailed
opossum, Monodelphis domesticus. A unique advantage to using this model
organism is that the marsupial pouch young is born into the pouch at a
developmental stage that is equivalent to the first trimester of a human fetus
(Morykwas et al., 1991), yet the embryonic skin is well developed and accessible
in the pouch. Even when the marsupial pup skin wounded outside of the uterus,
the tissue retains regenerative capacity (Armstrong and Ferguson, 1995). The
hypothesis that the fetal environment is not required for scar-free regeneration
was further tested with human fetal skin samples. Human skin samples were
collected from therapeutic aborted materials, wounded and subcutaneously
grafted into nude mice. The fetal human skin exhibited reticular, non-fibrotic
collagen deposition in grafts that were collected from fetal skin from 15 to 22
weeks of gestation. In contrast, adult human donor skin formed fibrotic collagen
deposition when grafted into mice in a similar fashion (Lorenz et al. 1992). These
experiments support the hypothesis that fetal tissue has intrinsic regulatory
mechanisms that are maintained in grafts into adult tissue and the non-fibrotic
response does not require the embryonic environment. The most conserved
observations in various fetal wound healing models include low levels of
inflammation, indicated by low expression of interleukins and other inflammatory
factors, rapid deposition of highly organized ECM, and transient population of
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repair myofibroblasts (Liechty et al., 1998; Liechty et al. 2000; Lorenz et al.
1993). Therefore, the embryonic wound-healing system can potentially serve as
a model with great translational potential to modulate the fibrotic response in
adult tissue.
As previously stated, embryonic wound healing has been tested in many
different species of mammals, including rat (Goss, 1977; Robinson and Goss,
1981), mouse (Martin and Lewis, 1992; McCluskey et al., 1993), rabbit (Adzick et
al., 1985; Krummel et al., 1987), sheep (Longaker et al., 1991a), opossum
(Block, 1960; Armstrong and Ferguson, 1995), guinea pig (Hess, 1958), nonhuman primates (Sopher, 1975; Lorenz et al., 1993) and to some extent, human
fetal tissues (Rowlatt, 1979; Lorenz et al., 1992; Adzick and Kitano, 2003). All
tested mammal fetuses exhibit a conserved ability to regenerate non-fibrotic
tissue. This regenerative capacity has mostly been tested in skin wound healing
models, however studies have been extended to other tissues. The single most
influential factor on promoting a fetal wound that heal non-fibrotically is the
gestational age of the embryo at the time of injury. This phenomenon appears to
be conserved across all tested tissue wounding models in all observed fetal
mammals. In general, the ability to regenerate diminishes as an organism
develops to later gestational stages. Specific gestational limitations on
regeneration and the general hypothetical mechanisms to why tissue loses the
ability to regenerate are discussed in Chapter 1.4.2.
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1.4.1 Organ Specificity of Regeneration
Tissue derivatives from all germ layers of the developing embryo have
been tested for regenerative capacity. In general, fetal tissues with a mesodermal
or ectodermal origin have the potential to regenerate after injury. Conversely,
many embryonic tissues derived from the endoderm exhibit fibrotic healing. This
section will discuss how tissues derived from the different germ layers respond
differently to wound healing in the embryonic model.
As previously mentioned, many fetal tissues originating from the
endodermal lineage do not possess the ability to regenerate. For example,
gastric and diaphragm incisions in fetal lamb exhibit robust fibrotic responses
accompanied with inflammation and neovascularization (Longaker et al., 1991b).
Additionally, stomach incisions in rabbit demonstrated fibrotic healing (Mast et
al., 1998). Many endodermal derived tissues are extremely difficult to access in
utero, making fetal wound healing experiments difficult to perform. Therefore, the
regenerative capacity of other endoderm-derived tissues has not been
investigated. While most of the tested endodermal derived embryonic tissues fail
to regeneration, the liver maintains regenerative capacity through adulthood.
Fausto, 2004). While liver regeneration has not been tested directly in fetal
tissues, it is likely that embryonic liver would be able to regenerate in a similar
capacity as adult tissue. Many of the mechanisms of liver organogenesis are
conserved in liver regeneration in adult tissue, thus supporting the notion that
tissue regeneration often recapitulates developmental processes (Sadler et al.,
2007).
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Regeneration of mesodermal derived embryonic tissues is widely studied,
including bone fractures, tears in cartilage, heart repair and the dermis of skin.
Complete bone fractures have been conducted in rabbits and lamb, and each
model has various amounts of callus formation at the location of the injury
(Longaker et al., 1992; Slate et al. 1993). The conserved finding in these
wounding models is if a fetal bone fracture is appropriately stabilized, little to no
observable callus is formed after regeneration. However, if the bone fragments
are allowed to shift during healing, significant scar formation occurs. In lamb
cartilage wounding models, fetal tissues appear to heal without inflammation or
scarring. Thus, fetal tissue activates a significantly different transcript profile
when compared to its adult counterpart, suggesting the fetal tissue utilizes
unique genetic mechanisms that facilitate regeneration (Xue et al., 2013).
Another remarkable example of the regenerative capacity of embryonic tissues is
cardiac repair in neonatal murine models. The heart undergoes rapid wound
closure and full regeneration with the absence of necrosis after large portions are
amputated in one day old pups (Porello et al., 2011). Within two months after
injury, the heart is functionally indistinguishable from non-wounded controls.
In terms of investigating the regenerative potential of embryonic tissues,
the most heavily studied ectoderm derived tissues are organs of the central
nervous system. Many studies have focused specifically on regeneration of the
spinal cord after complete transection. Fetal avian spinal cord injuries were the
first experiments to demonstrate complete transection of the neural tissue could
be repaired by the embryo. If the injury was induced early in gestation, chicks

42
with transected spinal cords exhibit full functional regeneration of the tissue
(Hasan et al., 1991). The ability to regenerate a function spinal cord after fetal
spinal transection diminishes after the ontogeny of axon myelination during
development. Suppressing myelination in embryos extends the developmental
stages in which regeneration can be maintained (Keirstead et al., 1992),
suggesting axonal regeneration may be inhibited in myelinated nerves. The
elucidated role of myelination in embryonic axonal regeneration has led to
translational studies in adult spinal cord regeneration. Similar to observations in
the embryonic model, inhibiting myelination of transected adult rat spinal axons
promotes axonal regeneration and partial restoration of functionality of the spinal
tissue (Dyer et al., 1998). Collectively, these studies demonstrate how embryonic
wound healing models can provide novel perspective mechanisms that can
translate to increasing adult tissue functionality after injury.
1.4.2 Gestational Limits on Regeneration
It is established that all tested mammals possess the ability to regenerate
fetal tissues to some capacity. As with axonal regeneration, embryonic models
have already begun to elucidate mechanisms of regeneration that are
translatable to adult tissue that has lost this capacity. For these reasons, much
work is focused on understanding how tissues maintain regenerative capacity
and how this ability is lost in adult tissue. In all organs tested, the regenerative
capacity of embryonic tissue is greatly modulated by the gestational age of the
fetus (modified from Wilgus, 2007; Fig. 1.12) As the organism ages during
development, injured tissue begins to shift from a non-fibrotic regenerative state
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to utilizing mechanisms associated with fibrotic wound healing (Krummel et al.,
1987; Longaker et al., 1991a; Armstrong and Ferguson, 1995). In human skin,
the regenerative capacity is lost after 24 weeks of gestation, which is nearing the
end of the second trimester (Rowlatt, 1979). There are three key differences that
are postulated to promote non-fibrotic healing of embryonic tissue: 1) fetal
tissues tend to undergo wound healing with reduced inflammatory cells and
cytokines, 2) the resident fetal fibroblasts promote rapid wound healing, and 3)
the matrix of fetal tissue has ECM components that better facilitate regeneration
(Yates et al., 2012).
The fetal inflammatory response is significantly attenuated when
compared to adult fibrotic healing. Wounds are infiltrated by macrophages, but
are relatively devoid of other immune cells, such as leukocytes, lymphocytes and
neutrophils (Hopkinson-Wooley et al., 1994; Harty et al., 2003). Since
macrophages are the primary inflammatory cell in fetal wounds, it is
hypothesized that these cells are primarily responsible for clearing cellular debris
from the injury site (Coolen et al., 2010). Many of the other inflammatory cell
types do not enter the wound simply because the organs required to promote the
differentiation of the other inflammatory cells are still developing during the early
stages of fetal growth. Inflammatory growth factors are also greatly reduced in
fetal wounds. Pro-inflammatory factors, such as PDGF and TGF1, are not
significantly upregulated in fetal skin lesions (Haynes et al., 1994; Liechty et al.,
1998), while anti-inflammatory factors, such as TGF3, are predominantly
expressed (Liechty et al., 2000; Cowin et al., 2001).
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Figure 1.12 Gestational limitation of embryonic regeneration
Embryonic tissue possesses regenerative capacity through the first two
trimesters of gestation. This capability wanes after the third trimester and
fibrogenic mechanisms direct healing throughout adult life. This is largely
associated with the development of inflammatory responses during development
(modified from Wilgus et al. 2007).
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The fetal cells adjacent to the injury site also contribute to the formation of
a non-fibrotic healing phenotype. When resident fetal fibroblasts are challenged
with a wound, these cells rapidly synthesize correct collagen types with
specifically defined architecture that matches the surrounding, unwounded tissue
(Merkel et al., 1988; Longaker et al., 1990). Moreover, these cells localize
discrete depositions of wound response ECM components, such as fibronectin
and tenascin-C (Schwarzbauer, 1991; Whitby et al., 1991), to facilitate wound
closure without majorly altering the composition of the underlying stromal tissue.
Lastly, the composition of the embryonic ECM is different than the adult
ECM. For example, fetal wounds are rich with decorin, which facilitates collagen
fibrollogenesis, bioavailability of growth factors and cell proliferation at the injury
site (Hildebrand et al., 1994). The embryonic matrix is also rich with the
glycosaminoglycan, hyaluronic acid, which affects the hydration and viscoelastic
properties of the tissue (Xu et al., 2012). Therefore, both the biomechanical
properties and the growth factor availability are tightly regulated in the fetal
regeneration model, ultimately leading to a microenvironment conducive for
regeneration.
1.4.3 Translating Embryonic Regenerative Mechanisms to Adult Tissue
Because embryonic tissues heal with a regenerative capacity, studies
have been directed to translating the regenerative mechanisms of fetal tissues to
the adult wounds. Anti-inflammatory agents, such as NSAIDs and selective COX2 inhibitors, have been tested for efficacy in promoting regeneration of wounds.
These types of anti-inflammatory compounds help reduce fibrosis in wounds in
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soft tissue; however these same treatments have detrimental effects on bone
healing (reviewed by Chen and Dragoo, 2013). Therefore, broadly targeting
inflammation is likely not the best mechanism to promote regeneration in all
tissues. As previously stated, the embryonic wound healing model can provide
unique perspectives in regards to regeneration and give insight to developing
novel therapeutics for scar-free regeneration. For example, TGFβ3 is considered
the embryonic isoform of the TGFβ genes. It is highly expressed in regenerating
embryonic skin and is a likely pro-regeneration agent (Hsu et al., 2001). When
tested in the adult rat skin wound model, blocking TGFβ1 or TGFβ2 as well as
adding exogenous TGFβ3 results in wounds transitioning to a regenerative state
(Shah et al., 1995).
While biochemical inputs, such as pro- or anti-inflammatory proteins, can
greatly affect cellular response in the wound, an emerging field that is in part
inspired by fetal tissues, is modulating the ECM components to promote a
regenerative environment. Evidence supports that adding decorin protein to
wounds can actually suppress the expression of profibrotic genes and fibroblast
transition to myofibroblast (Mohan et al., 2010). Additionally, treating wounds with
hyaluronic acid facilitates rapid wound closure by increasing the migratory rate of
regenerating epithelial (Ho et al., 2013). Altering the biomechanical properties of
the wound matrix also appears to affect regeneration. If injured skin is allowed to
heal in a matrix that is prevented from increasing biomechanical stiffness, then
the tissue appears to increase its regenerative capacity, which is enhanced by
the addition of anti-inflammatory agents (Corr and Hart, 2013). For these
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reasons, translation of regenerative therapies to adult tissues will likely need to
integrate both biochemical and biomechanical cues to promote scar free healing.
1.5 Summary
When considering all the aspects that influence wound healing and
regeneration, there are many fibrotic factors that could be inhibited or anti-fibrotic
genes could be ectopically expressed in cells to influence the transition from
fibrotic healing to non-fibrotic regeneration. Fortunately, embryonic tissues
possess an intrinsic ability to regenerate, yet the mechanisms that allow for scarfree healing early in life wane as we age. Elucidating the mechanisms of
embryonic regeneration will provide novel therapeutic avenues to promoting
regeneration.
While many tissues have been tested for a regenerative capacity,
regeneration of fetal tissues in the visual system has not been studied. The
cornea is the anterior most part of the eye, and therefore is highly susceptible to
injury and infection. When this occurs, the transparent nature of the cornea is lost
and visual acuity is reduced. Currently, there are no treatments for corneal
scarring, therefore vision can only be restored to affected individuals by tissue
transplantation. Understanding mechanisms of corneal regeneration has major
implications in clinical treatment of corneal scarring.
In this work, I sought to develop an embryonic cornea wound healing
model that could be used to test the regenerative capacity of the embryonic
cornea. Gaining access to the midgestation tissues, including the cornea, is
described in Chapter 3. After developing the methodology to access embryonic
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cornea in vivo, I tested for many of the hallmark events associated with corneal
fibrosis in adult tissue, as reviewed in Chapter 1.2. I hypothesized that embryonic
cornea wounds would regenerate without fibrosis and maintain transparency
after healing was completed. Similar to other embryonic wounding models, I
found that the corneal tissue heals scar free and scar-forming myofibroblasts
were spatiotemporally attenuated in this embryonic wound healing model; these
results are found in Chapter 4. Targeting the myofibroblast transition is one of the
most studied anti-fibrotic therapeutic avenue for corneal wound healing. Since
myofibroblasts in the embryonic cornea wound appear to be transient and the
cornea heals without scar, the embryonic cornea wound may provide novel
insight to how these cells may be regulated. I hypothesized that the embryonic
cornea attenuates the myofibroblast population by tightly regulating the activity of
TGFβ signaling during regeneration. These data are detailed in Chapter 5. In
brief, I found that TGFβ2 is the predominant isoform in the regenerating cornea
stroma and that the myofibroblast transition from embryonic keratocytes can be
facilitated by TGFβ2. Moreover, I tested the regenerating tissue for candidate
TGFβ2 antagonists and found differential expression of BMP3. I was able to
show in primary cultures of embryonic keratocytes that BMP3 is a novel
antagonist that blocks the myofibroblast transition, possibly through regulating
focal adhesion of these cells. This dissertation work demonstrates that utilizing
the embryonic cornea wound healing model can lead to discovering novel
mechanisms that regulate cell differentiation and wound regeneration. These
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findings may have implications in promoting non-fibrotic cornea wound healing
after injury or infection.
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Chapter 2: Materials and Methods
2.1

Animals
Fertilized White Leghorn chicken eggs (TAMU, College Station, TX) were

incubated at 38ºC until needed. Eggs were windowed at E3 (HH stage 19-20,
Hamburger and Hamilton, 1951) as described (Gammill and Krull, 2011), sealed
with transparent packing tape and then re-incubated at 38ºC. After two days
post-incubation, eggs were windowed again by cutting the tape and the
extraembryonic membranes were dissected to expose the embryos at E5.
Exposed embryos can be manipulated at E5 or re-incubated for later stages.
2.2

Embryo Exposure and Survival after in ovo manipulation
Extraembryonic membrane dissection was performed at E5. Eggs were

sealed with tape, re-incubated at 38°C and percent survival was monitored each
day after dissection until E18. Following removal of extraembryonic membranes
at E5, embryos were re-incubated and monitored daily to evaluate the regions of
the body that are accessible for manipulation during further development. The
cranial and trunk regions were scored for each embryo and recorded as
percentage of the viable exposed embryos examined daily between E5-E17. This
method is explained in detail in Chapter 3.
2.3

Wounding Procedure
Corneas were wounded at E7 using a micro-dissecting knife (Fine Science

Tools, CA). An incision was made across the cornea with lacerations traversing
the corneal epithelium, basement membrane, and anterior stroma. Ringer’s
solution containing penicillin (50 U/mL) and streptomycin (50 g/mL), referred to
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as Ringer’s+Pen/Strep, is added to embryos after wounding and the eggs are
sealed with transparent tape and re-incubated.
2.4

Antibodies and Immunostaining
Embryos were collected at various time points during the wound healing

process. After decapitation, eyes were collected in Ringer’s solution and fixed
overnight in 4% paraformaldehyde at 4C. Corneas were dissected from the
eyes, infused with 5% and 15% (w/v) sucrose, then embedded in gelatin
containing 15% (w/v) sucrose. Corneas were cryosectioned at 8 – 10 m then
prepared for immunostaining using standard protocols. The following antibodies
were used diluted in antibody buffer (phosphate buffered saline [PBS] containing
0.1% (v/v) Triton-X, 5% heat inactivated goat serum (v/v) and 0.2% (w/v) bovine
serum albumin): mouse anti-keratan sulfate proteoglycan-I22 specific to
conserved keratin sulfate head group (KSPG, IgG1, Developmental Studies
Hybridoma Bank, Iowa City, IA. [DSHB]) was diluted 1:30 to label keratocytes,
mouse anti--SMA (IgG2a, Sigma) was diluted 1:400 to label myofibroblasts,
rabbit anti-cleaved caspase 3 (Cas3a; IgG, Cell Signaling) was diluted 1:1000 to
label apoptotic cells, rabbit anti-phosphohistone H3 (pH3) (IgG, Cell Signaling)
was diluted 1:400 to label proliferating cells, mouse anti-procollagen I (IgG1,
DSHB) was diluted 1:30, mouse anti-fibronectin (IgG2a, DSHB), mouse antitenascin-C (IgG1, DSHB), mouse anti-laminin (IgG1, DSHB) and mouse antiperlecan (IgG1, DSHB) were diluted 1:30 to label ECM components. For labeling
pSMAD1/5/8 activation, tissues were fix and sectioned as listed above. The
rabbit anti-pSMAD1/5/8 (IgG, Cell Signaling) was diluted to 1:200 to indicate cells
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responding to BMP activity. Labeling pSMAD2 positive cells was optimized on
sections that were fixed in 4% (w/v) PFA, but were embedded and sectioned in
paraffin (as described in section 2.6). The rabbit anti-pSMAD2 (IgG, Cell
Signaling) antibody was diluted to 1:400 label cells responding to TGFβ. The
following secondary antibodies (Molecular Probes) were used at 1:200; Alexa
594 goat anti-mouse IgG2a, Alexa 488 goat anti-mouse IgG1, Alexa 488 goat
anti-rabbit IgG. Sections were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) to show all nuclei. Slides were cover-slipped with Perma Flour (Immunon)
and fluorescent images were captured using a Zeiss Axiocam mounted on a
Zeiss Axioskop 2 microscope.
Fixed corneas were trimmed at the limbal region and immunostained. To
label corneal nerves, mouse anti-neuron-specific -tubulin (TUJ1; IgG2a,
Covance) was used diluted 1:500, followed by Alexa 488 goat anti-mouse
(IgG2a, Invitrogen) secondary antibody diluted at 1:200. Tissues were rinsed and
mounted in PBS for imaging. Fluorescent images of whole-mount corneas were
captured as described above and optical cross-section is described in the next
section.
2.5

Optical Cross-sectioning of Whole Mount Corneas
Great detail on innervation patterns in the developing cornea can be

observed by preforming optical cross-sectioning on corneas stained for nerves in
whole mount by using the apotome attachment on the Zeiss Axioskop 2
microscope (Fig. 2.1). After mounting a corneal sample on a slide, determine the
exposure for your sample. Set the exposure time length to reach the maximum
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Anterior

Posterior

Figure 2.1 Cornea epithelial innervation during development as seen in
optical sections and whole mount immunostaining
(A) E10 and E12 corneas were immunostained with nerve marker TUJ1 and
optical cross-sections were generated to observe epithelial innervation patterns.
E10 corneas do not exhibit epithelial innervation, but E12, the corneal epithelium
is highly innervated. (B and C) Stromal nerves innervate the epithelium by
abruptly changing the migratory direction toward the center of the corneal stroma
to traveling straight toward the epithelium. Epithelial innervation breach sites can
be seen as focal points of intense TUJ1 staining (arrows). There is no epithelial
innervation in E10 corneas.
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signal intensity without saturation of the detector throughout all focal planes that
will be measured on the Z-axis. Set the focal range of images that will be
collected (typically 100-150m in the central region of the embryonic cornea) and
set the number of images to be acquired to be no less than 10-15 images per Zstack. The more images acquired will increase the resolution of the optical crosssection. The best magnification to see high-resolution embryonic corneal
innervation is 20x. Once an image is acquired, with the apotome, an X/Z and Y/Z
projection will be displayed adjacent to the X/Y image. Stitching together the
multiple X/Z images in photoshop will provide high-resolution optical crosssections of the innervation pattern, including the locations of where the basement
membrane is breeched by the terminal nerves (Fig. 2.1C). This method is not
restricted to innervation studies, but can be used to study the distribution of any
fluorescently labeled component of the cornea.
2.6

In Situ Hybridization
For embryos younger than E7, embryonic chick heads were collected and

for tissues older than E7, the embryonic eyes were collected and punctured in
the posterior region of the globe. Samples were fixed overnight at 4° C in
modified Carnoy’s fixative (60% (v/v) ethanol, 30% (v/v) formaldehyde and 10%
(v/v) glacial acetic acid). Tissues were dehydrated in an ethanol series and
embedded in paraffin, where the wound orientation was embedded perpendicular
to the plane of sectioning blade. Tissue was sectioned at thickness of 10-12m.
Probes were PCR amplified from cDNA templates containing transcripts of the
gene of interest and cloned into TOPO-II vector (Invitrogen). Primers used
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In Situ Hybridization Primers
TGFb1
TGFb2
TGFb3
BMP3
BMP7

Forward
5'-CAGCATCTTCTTCGTGTTCAAC-3'
5'-GTCATCTCCATCTACAACAGCAC-3'
5'-CAGAGAAGAACAGCACCAACC-3'
5'-ACGCTGACTGGAACTGTT -3'
5'-TACCCTTACAAGCCCATCTTC-3'

Reverse
5'-CAGCAGTTCTTCTCATCCGTC-3'
5'-CTCTAAATCCTGGGACACGC-3'
5'-ACAGCAGGGTGAAGCAGATG-3'
5'-CTCACTATGCTCTGGATGGTG -3'
5'-CACTGCTCTACTACTGGTCTCA-3'

Hyb Temp
65°C
56.5°C
62.5°C
57°C
60°C

RT-PCR Primers (non-qPCR)
BMP2
BMP4

Forward
5'-ACGCTGACTGGAACTGTT-3'
5'-AGCAAATCAGCCGTCATCC-3'

Reverse
5'-GCAGCCCTCCACAACCATA-3'
5'-GTCATACTCATCCAGGTAGAGC-3'

Figure 2.2 Effect of G/C content of probe on hybridization temperature
and in situ/RT-PCR primers used in this dissertation
In situ hybridization temperature of validated probes from various Lwigale
lab members were plotted against the G/C content of respective probes.
Hybridization temperature can be determined for newly designed probes
using the best-fit equation (black trend line) and can be further optimized +
1.5°C (red and blue range) depending on staining quality. Primers used to
generate the probes used in this dissertation or perform RT-PCR are listed.
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for amplifying the cDNA gene segment to clone into TOPO-II are listed below
(Fig 2.2). There is a positive correlation between the percentage G/C content of a
designed probe and the hybridization temperature required to have specific
staining of transcripts within the tissue cross-sections. I compared the percent
G/C content of in situ hybridization probes validated to work in our lab with the
documented hybridization temperature that yields appropriate staining (Fig. 2.2).
Using a best-fit trend line, a formula was created to predict the hybridization
temperature of newly designed probes. When considering the G/C content of a
new probe, most probes will produce specific staining if hybridized within the
range of + 1.5° C (Fig 2.2, red and blue lines) of the projected hybridization
temperature. Anti-sense digoxygenin labeled riboprobes were generated from the
TOPO-II clones by in vitro RNA transcription reactions. Section in situ
hybridization was performed as described (Etchevers et al., 2001).
2.7

Quantitative PCR (qRT-PCR)

2.7.1 Primer Design Procedure
Primers designed for reverse transcription PCR to be analyzed on
agarose gel were primers utilized for cloning in situ hybridization probes unless
they were to be used jointly as qPCR primer sets. These primer sets will be
specified in this section. The design for qPCR primer set must meet the criteria
to produce a set of primers that will accurately amplify a single gene product over
a wide range of template concentrations. I have developed a primer design
protocol, which produces primer sets that meet the required qualities with very
little optimization. In general, primers are designed based off the cDNA sequence
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obtained from the NCBI: Nucleotide database. Some genes of interest are
preloaded in the IDTDNA Realtime PCR primer design tool. If the gene is in the
IDTDNA database, simply input the NCBI refseq accession number into the
design tool and the software will display all information regarding the cDNA,
including the locations of all annotated exons and UTR’s. If the gene of interest is
not in the IDTDNA data base, the user can manually annotate exon junctions by
first identifying the intron/exon junction sites using the Ensembl data base, then
manually denoting exons as uppercase and introns as lowercase when pasting
the sequence in the IDTDNA database. Using IDTDNA default settings, various
primer sets will be generated using the tool, however, these primer sets often
need further optimization. Select a generated primer pair and test the predicted
primer secondary structures in the IDTDNA OligoAnalyzer software. These
programs will provide information on predicted hairpin structures, selfdimerization of the primer and hetero-dimerization of the primer pair to one
another. To create the most optimized primer sets the hairpin structure must not
be predicted to be stable above 30° C and the predicted free energy associated
with the primer dimerization must not be less than -4.0 kcal/mol. Moreover, the
melting temperature of the primers must be between 51° C and 55°C (according
to the IDTDNA OligoAnalyzer), and preferably not more than 3°difference
between the pair. The primers must also have between 18-25 basepairs and the
amplified region of the gene must span an exon/intron junction; or the forward
primer must be in a different exon than the reverse. These details of the
designed primers can be determined by comparing the priming sequence to the
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Ensembl database with the annotate exons. In general, the IDTDNA Realtime
PCR primer generator tool will identify regions of the gene of interest that are
more likely to find desired primer sets, but modifications such as changing a
primer length or shifting a priming location slightly will often optimize the primer
pair to meet the above criteria. The individual primers can also be blasted against
the transcriptome of your organism of interest utilizing the megablast on the
RefSeq RNA database. This should be used to include or exclude transcript
splice variants to be amplified by the designed primer set.
Once a primer pair is designed, the pair must be validated to amplify a
gene target across 105 fold change in template concentration. Considering that a
PCR reaction should increase the amplicon by double each cycle (assuming
100% primer efficiency), the exponential phase of amplification will be 2n, where
n= the number of cycles. Primer efficiency is tested on a cDNA pool that is known
to possess the gene target transcripts. This cDNA template is serially diluted
from 1x to 10-5x. The designed primers are tested to amplify the targeted
transcription in the various serially diluted samples. Since these samples are
each 10-1 dilutions relative to one another, amplified product from each diluted
template should graphically translate on the cycle of amplification axis by 3.32
cycles for each 10-fold dilution if the primers are amplifying the product at 100%
efficiency. This is solved for by the following equation:

2n  x
n

log(10)
 3.322
log( 2)
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where x= 10 fold change in copies of the target amplicon. A cycle threshold Ct is
a value of fluorescence that is set by the user to compare the exponential
amplification phase of each reaction. The cycle at which the amplification of each
dilution sample crosses the Ct is recorded and plotted against the Log(x), where
x is the relative template concentration. As previously stated the slope of this line
should be -3.322. Primer efficiency can be determined as:

E% = (10-(1/slope)-1 )*100
Therefore, slope values < -3.322 will indicated primers that are lower than 100%.
Primers are considered to pass quality control if the efficiency (E%) is 90%< E%
< 105%. Quantification of unknown samples can only be trusted if the sample is
amplified range of cycles that exhibit validated priming for the designed primer
pairs. Figure 2.3 is a table listing all validated qPCR primers used in this
dissertation, listing the E%, the optimized primer concentration and validated
range of cycles for trusted amplification of unknown samples.
2.7.2 RNA Isolation and Reverse Transcription PCR
Tissue from wounded and non-wounded controls of similar size were
dissected from identical regions of the cornea and collected in Ringers solution.
mRNA was isolated from wounded and non-wounded corneas with Trizol®
(Invitrogen), following manufacture’s protocol. Corneal tissue was pooled from
two embryos at E8 (16 hrpw) and single corneas were used stages older than
E8. Genomic DNA was digested using Turbo DNA-free KitTM (Ambion) and cDNA
was generated using qScriptTM cDNA SuperMix (Quanta Biosciences), following
manufacture’s protocol. To produce cDNA of relative equal concentrations, the
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qPCR Primer Validations
Primer Conc (nM)
Reverse
5'-CCAGAAGCATACAGGGACA-3'
250nM
5'-GTAGAAAGAGTTTACCACCATC-3'
250nM
5'-TCTGCCCATTTGATGTTGCT-3'
200nM
5'-GGGATGTTACCATAAAGACCATA-3'
200nM
5'-GAGTGAGATTGTTTCCATCCA-3'
200nM
5'-GCTCTTCCAAGTGGTCAGTA-3'
300nM
5'-ATGAATCCATTTCCAGCCA-3'
200nM
5'-CTGGAGGGTCTCAGTTTC-3'
200nM
5'-AGGTGAGAGACTGAATCTG-3'
250nM

Primers Validated for Collaborative Work (Appendixed)
5'-TGGGATTGCCTGTCTTTT-3'
5'-GGCCAAGCCATTAAAA-3'
200nM
5'-CTGCTGTAACGATGAAGCCCTG-3'
5'-GCTGTAGGAAGCTCATCTCTCC-3'
300nM
5'-GCATGGCCTTCCGTGTTCCTA-3'
5'-GCCTGCTTCACCACCTTCTTGA-3'
300nM
5'-CAGACCTGTAAATGTCCTGC-3'
5'-CCTTCTTTTCCGCTGCTC-3'
300nM

Forward
c-ACTA (αSMA) 5'-TGACTGAAGCACCACTGAATC-3'
c-ALDH1a1 5'-GACAAGGCAGATATAGACAAGG-3'
c-GAPDH
5'-GATTCTACACACGGACACTT-3'
c-KERA
5'-GAGCACCTTCACCTTGAT-3'
c-LUM 5'-GAAGAGTATTCCAACTGTCAG-3'
c-SEMA3A
5'-AATCTCAACGTGCCATAGTCT-3'
c-TGFβ2 5'-GTTGTTACCCTCCTACAGACTT-3'
c-TN-C
5'-GGGCAGATATGGTGACAAC-3'
c-VIM
5'-GCTGAAGAGTGGTACAAGT-3'

m-SEMA3A
m-VEGFA
m-GAPDH
c-VEGFA

95.4%
102.8%
97.1%
96.9%

E%
95.4%
97.6%
95.4%
95.4%
94.2%
96.3%
90.6%
95.8%
95.2%

22<Ct<32
23<Ct<36
15<Ct<33
22<Ct<32

Cycle Range
18<Ct<34
24<Ct<31
19<Ct<30
22<Ct<32
21<Ct<35
20<Ct<34
20<Ct<35
19<Ct<33
21<Ct<32

Figure 2.3 List of validated qPCR primers including primer concentration, priming efficiency
(E%) and validated cycle range
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maximum amount of the lowest concentrated RNA pool was used for the cDNA
synthesis reaction of each set of samples. The amount of template added to the
cDNA synthesis reaction was matched to the lowest concentrated template
across all samples being directly compared.
2.7.3 Protocol for Running qRT-PCR
Quantitative real-time PCR was conducted on a CFX96 Real-time
instrument/C1000 Thermal Cycler (BioRad) using PerfeCta® SYBR® Green
SuperMix (Quanta Biosciences) or the KAPA® SYBR-Fast® (KAPA Biosystems).
Both qRT-PCR master mixes amplified products with indistinguishable validation
curves. A qRT-PCR master mix is made following manufacturer’s protocol for
each gene to be tested at a volume of 110% of what is calculated to be required
for all samples. Aliquots the master mix for 3.3x qPCR reactions are divided into
individual tubes labeled for gene of interest to be amplified and template to be
tested. Then, 3.3 L of cDNA template, or corresponding negative controls (i.e.
no-RT RNA template or water), are added into the appropriate 3.3x reaction
master mix aliquots. All tubes are vortexed, briefly centrifuged, and distributed
into a 96-well, low-profile, clear multiplate (MLL9601; BioRad). For analyzing
regenerating corneas, relative transcript levels were calculated by normalizing
cycle threshold (Ct) values to GAPDH and ratiometrically comparing fold
changes in transcript levels between paired wounded and non-wounded controls;
this was performed in triplicate for each time point. For test transcript profiles of
growth factor stimulated cultured keratocytes, relative transcript levels were
calculated by normalizing cycle threshold (Ct) values to GAPDH and
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ratiometrically compared to untreated cells. For these data fold difference on the
y-axis was plotted on a Log2 scale. Samples to analyzed qualitatively on a gel
were processed in the same manner, but were amplified with JumpStart Taq
polymerase (Sigma-Aldrich) and were analyzed on a 1% agarose gel.
2.8

Primary Embryonic Keratocyte Isolation and Culture
Fertilized eggs were incubated as previously stated until E10. Embryos

were decapitated and placed in Ringer’s+Pen/Strep. A central square of corneal
tissue was dissected using microdissection scissors (Item No: 15003-08; Fine
Scientific Tools, CA) and the isolated tissue was placed in fresh
Ringer’s+Pen/Strep. After all corneas are collected, the Ringer’s solution is
removed and dispase (1.5mg/mL in DMEM+10mM HEPES) filter sterilized with
0.2 micron syringe filter is added to the dissected corneas. The tissue is digested
with dispase for 5-10 minutes in 370 C, until the edges of the corneal epithelium
begin to peel away from the stromal layer. The dispase solution is removed and
Ringer’s+Pen/Strep+0.1% BSA (Sigma-Aldrich) is added to the digested corneas
in excess (>5mL). Next, fine forceps are used to physically remove the epithelial
layers. This tissue could be used for epithelial cultures if desired. For the purpose
of this dissertation work, this tissue layer is discarded. The endothelial layers,
which is still attached to the posterior side of the cornea, is cut away using microdissecting knife (Fine Science Tools, CA). After all endothelial tissue is removed
from the stroma, the isolated stromal tissue is transferred to 0.25% collagenase
(in Ringer’s+Pen/Strep) and is torn into smaller pieces of stromal tissue to aid in
digestion. This tissue suspension is digested in round-bottom eppendorf tube that
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is twice the volume of the digestion solution attached to a rotating plate at 37° C
for 45 minutes to 1 hour, or until tissue fragments are completely dissociated.
This cell suspension is then passed through a 70 micron cell strainer and
suspended in 10mLs of DMEM (Gibco) +10% FBS (Sigma-Aldrich) +Pen/Strep.
The cells are collected from suspension by centrifugation (2000rpm for 2 minutes
at 40 C) and are washed twice in DMEM+10%FBS, then suspended in a small
volume of this media and are plated at a density of 5x10 4 cells/cm2. If the cells
are to be plated in low serum conditions, the cells are washed one time in
DMEM+10%, then once in Ringer’s +0.1% BSA+Pen/Strep, and a final wash in
the low serum condition of choice. For my low serum conditions, cells were
plated in Adv. DMEM/F12 (Gibco) +1.0% FBS. Cells are allowed to attach for at
least 6-8 hours before an experiment treatments.
Primary embryonic keratocytes were significantly affected by the addition
of serum (Fig. 2.4). Growing the cells in 10% FBS resulted in massive activation
of the αSMA+ cell phenotype as compared to 1% FBS supplemented cultures.
Previous reports indicate 10%-15% activation of myofibroblast phenotype when
culturing adult keratocytes in 10% FBS (Jester et al., 1996b), however, nearly
100% of embryonic keratocytes cultured in comparable conditions exhibit the
myofibroblast phenotype. The caveat remains that this embryonic cell population
will not divide unless grown in serum, therefore, a culturing method has been
developed to expand the cells in complete DMEM (10% FBS+Pen/Strep). After
the cells have reached a desired confluency, the serum can be tittered to 0%
over a 2 day period. Experimental conditions, such as stimulation of cells with
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Figure 2.4 Effect of serum on passaged embryonic keratocytes
The addition of serum increases αSMA+ myofibroblasts in culture conditions
without TGFβ stimulation in a concentration dependent manner. Titering out
the serum to 0% prior to stimulating cells with TGFβ treated media promotes
cells to lose αSMA+ myofibroblast phenotype.
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growth factor treated media, are conducted in Adv. DMEM/F12+Pen/Strep
without serum. This seems to reduce myofibroblast population in untreated
conditions, as indicated by the loss of fibril accumulation of αSMA within the cell
(Fig. 2.4). These expanded embryonic cells can be passaged up to 3-4 times
before reaching quiescence and cells grown in Adv. DMEM/F12+Pen/Strep
without serum will survive without dividing for at least one week, however, longer
times have not been evaluated. It is currently not clear why these cells undergo
quiescence after only a few passages.
2.9

Recombinant Proteins
Growth factors used to stimulate cells were active recombinant human

proteins (Abcam). Lyophilized full length h-TGF2 (ab629), h-BMP3 (ab97412)
and active BMP-7 protein fragment (ab50100) was reconstituted in filter-sterilized
PBS+1.0% BSA to a concentration of 10μg/mL, following manufacturer’s
protocol. Media was treated for cell culture experiments at a concentration of
10ng/mL for all growth factors unless otherwise stated.
2.10

Ex vivo cornea cultures
Anterior segments of E7 or E10 embryonic eyes can be isolated and

cultured in Adv. DMEM/F12+Pen/Strep+1%FBS for 3-5 days in 12-well culture
dishes. In attempts to generate an ex vivo corneal wound culture system, anterior
segments of E7 eyes were cultured for 3 days to determine if keratocytes
maintained the expression of endogenous marker KSPG without upregulating
SMA expression (Fig. 2.5A-C). Keratocytes maintain KSPG throughout the
cornea and SMA appears to be localized to the periocular muscular tissue
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Figure 2.5 Ex vivo culture of embryonic anterior segment of the eye
(A-C) The anterior segment of the E7 eye was cultured up to 72hrs. Tissue
was analyzed for KSGP and αSMA. Cornea stromal tissue maintained
KSPG positive staining through all tested time points and αSMA was only
detected in the periocular musculature (A-C, arrowheads). KSPG+
keratocytes appeared to expand from corneal boundary (A-C, Bnd) toward
the periocular musculature (A-C, Exp and dotted line). Corneas wounded at
E7 were also cultured for 72hrs (D), however, ex vivo wounds heal rapidly
and do not generate αSMA+ myofibroblasts. Abbreviations: αSMA: αsmooth muscle actin; Bnd: corneal boundary; Ep: epithelium; En:
endothelium; Exp: expanded corneal stroma; St: stroma. Asterisks denote
wound site.

67
(arrowheads Fig. 2.5A-C), which is similarly observed in cross-sections of
developing eyes at this stage. Interestingly, keratocytes appear to expand
beyond the corneal boundary (Fig. 2.5A-C, Bnd) as indicated by the KSPG
staining extending into the periocular tissue (Fig. 2.5A-C, Exp; dotted line).
Wounds were introduced to corneas at the time of tissue isolation and were
cultured identically to non-wounded controls. Unfortunately, culturing the anterior
segment from the rest of the eye results in rapid wound closure presumably due
to the loss of IOP (Fig. 2.5D). Therefore, many of the wound healing events that
occur at the critical 72hr, 3 days post wounding (dpw), time point cannot be
assayed with ex vivo culturing of tissue. However, cultured E10 corneas treated
with TGF2 (10ng/mL) do exhibit observable phenotypic responses, which
implicate the use of this methodology to test the role growth factors on this
cultured tissue. This data is described in the Appendix 7.1.
2.11

Collagen Injections and Use of Collagen Gel for Corneal Explants
Rat tail type I collagen (3mg/mL, Gibco/Invitrogen) was keep on ice until

use to avoid irreversible gelling of the matrix. Moreover, all components added to
the collagen in the following protocol were also chilled before use. One tenth
volume of 10x DMEM+phenol was added to stock collagen and was neutralized
with NaHCO3. The final concentration of collagen after neutralization is
approximately 2mg/mL. Growth factors, such as TGF2, can be added to this
matrix for injection into tissue. Additionally, this gel can be pipetted into a culture
dish and corneal tissue explants can be embedded into the collagen gel matrix.
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Cornea stromal explants embedded in collagen gels that were treated with
TGF2 (10ng/mL) and BMP3 (10ng/mL) are shown in Appendix 7.2.
2.12

Cell Injections and Bead Implantations
DF-1 chicken fibroblasts (ATTC, Manassas, VA) were infected with RCAS-

GFP virus as previously described (Himly et. al, 1998). The resulting RCAS-GFP
expressing cells were combined with food dye, loaded into pulled glass needle,
and pressure-injected using Picospritzer III® (Parker Hannifin Corporation,
Mayfield Heights, OH) until food dye was visible. Cells were injected into the eye,
mesenchyme adjacent to the ear, and the limb mesenchyme at E7. After cell
injection, into exposed embryos, eggs were sealed with transparent tape and reincubated until E9.
Agarose beads (Cibacron Blue 3GA, Type 3000-CL, Sigma) were used for
implanting into tissues seen in Chapter 3. Beads are washed in sterile PBS three
times for 30 minutes each, then overnight in PBS at 40 C. Growth factors can
also be added to these beads by allowing the protein to soak into the agarose
overnight at the desired concentration (McKenna et al., 2014).
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Chapter 3: Increasing Accessibility to Late-Stage Chick
Embryos In Ovo Manipulations1
The chick embryo is a valuable model organism used to study vertebrate
development. Besides their availability and low cost of fertilized eggs, early stage
chick embryos are readily accessible in ovo for visualization and experimental
manipulations. During the initial 3 days of incubation, a chick embryo, which
begins as a blastodisk, undergoes gastrulation, neurulation and several
morphogenetic movements to form distinct cranial and trunk structures. Within
this period of development, the embryos can be easily accessed and
manipulated at different developmental time points by ‘windowing’ the egg-shell,
then re-incubating until the desired late embryonic stages. Using this approach,
several techniques such as DiI injections (del Barrio and Nieto, 2002) and tissue
transplantation (Le Douarin, 1973; Goldstein, 2006; Lwigale and Schneider,
2008) or tissue ablation (Summerbell, 1974; Bénazéraf et al., 2010) have been
extensively utilized to study cell fate and pattern formation. In addition, gain- and
loss-of-function studies involving electroporation of DNA, RNAi, morpholinos, and
virus constructs are now widely used in molecular studies involving chick
embryos (see reviews by Nakamura, et al., 2004; Sauka-Spengler and
Barembaum, 2008).
Despite their versatility as model organisms for studying developmental
biology, chick embryos are rapidly surrounded by extraembryonic membranes,
making it difficult for experimental manipulations in ovo past embryonic day (E)5.
The chick embryo is initially covered by a transparent vitelline membrane that
separates it from the albumen. Beginning at about HH stage 12 (Hamburger and
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Hamilton, 1951), the amnion and chorion membranes overlap the forebrain and
tail bud by growing towards each other and fuse to cover the entire embryo by
stage 18. At about this time another membrane, the allantois, forms as a balloonlike structure in the hind-gut region of the embryo. The allantois fuses with the
chorion to form the chorioallantoic membrane, which stores nitrogenous waste
and is involved in respiration and calcium transport. The chorioallantoic
membrane grows rapidly and covers most of the embryo by stage 20 (E5).
During early development, embryos can be easily accessed through the vitelline
membrane, or chorion, and by dissecting the amniotic membrane. However,
accessing an E5 or older embryo through the overlaying chorioallantoic
membrane is lethal. Therefore most developmental biology studies using chick
embryos in ovo are limited to relatively early stages of development, prior to
critical periods of organogenesis that may require different signals and cellular
interactions.
Several genes associated with cellular interactions and differentiation
during organogenesis of the eye, ear, brain, skin, and tissues such as bones and
cartilages, are either transiently expressed or initiate expression during later
stages of embryogenesis. To increase accessibility to later stages (older than
E4), methods such as ex ovo culture of chick embryos have been developed
(New, 1955; Auerbach et al., 1974; Dugan et al., 1991; Datar and Bhonde, 2005;
El-Ghali et al., 2010). While these methods overcome the complications that
arise from adhering of the embryo to the eggshell and increase access to the
embryo, the chorioallantoic membranes expand and obscure the embryo from
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manipulation at later stages. In addition, chick embryos cultured ex ovo show
severe retardation in growth probably due to Ca2+ deficiency, which is naturally
provided by the eggshell (Luo and Redies, 2005).
Until now there have been no attempts to address the obstacles that
impede manipulation of the late-stage chick embryos in ovo. Current studies of
organogenesis can only be conducted in vitro on tissue that is isolated from the
influence of the endogenous embryonic environment, which may affect gene
expression and crucial cellular interactions. In this study, I report a novel method
that further strengthens the chick embryo as a model for developmental biology.
This stepwise method combines preparation of fertilized chick eggs at different
developmental time points with careful dissection and relocation of
extraembryonic membranes to increase accessibility to embryos at late stages of
development. Embryos exposed using this technique are viable and easily
accessible in ovo for manipulation of tissues during organogenesis. I show that
different regions of the exposed E7 embryos are easily accessible for
manipulations such as injection with RCAS-GFP expressing cells. After two days
of re-incubation, the injected cells can be tracked by monitoring GFP expression
in various tissues. Late-stage embryos exposed by this technique can be
manipulated using standard developmental approaches to study gene function,
cellular interactions, tissue regeneration, and stem cell potential during
organogenesis.
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3.1

Overview of Preparations for Late-Stage Embryonic Manipulations
Eggs were incubated in a horizontal position for approximately 72 hours to

obtain E3 embryos. A small hole was made with blunt forceps on the narrow end
of the egg through which 3-4 ml of albumen were removed with a syringe (Fig.
3.1i). Eggs were windowed along the long axis by carefully breaking away pieces
of the eggshell with curved forceps. At this stage embryos were visible and easily
accessible through the amniotic membrane (Fig. 3.1ii). Two-three drops of
Ringer’s solution containing pencillin/streptomycin antibiotics (50 U/ml and 50
g/ml respectively) were added to the E3 embryos and the eggs were sealed and
re-incubated on their side (Fig. 3.1iii). Windowing at E3 is critical to avoid
problems associated with attachment of the embryo and extraembryonic
membranes to the eggshell by E4 (Luo and Redies, 2005).
Two days after windowing, the tape was cut away with scissors to access
E5 embryos. At this stage embryos were covered by the amnion, and partially
covered by the chorioallantoic membranes (Fig. 3.1iv). These membranes were
carefully dissected away from the embryo as described in detail below (Fig.
3.1v). Two-three drops of Ringer’s solution were added to the exposed E5
embryo. At this point embryos are accessible for further experimental
manipulation, or the eggs can be sealed and re-incubated if later stages of
development are desired (Fig. 3.1vi and 3.1vii).
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Figure 3.1 Schematic diagram showing treatment of the eggs and embryos
at different stages of development
(i-iii) After 3 days of incubation, albumen is withdrawn from the narrow end of the
egg, which is then windowed to reveal an intact E3 chick embryo and
surrounding vasculature. The eggs are sealed with transparent tape and reincubated. (iv-vi) On day 5, the tape is cut to reveal the E5 embryo that is
partially covered by the CAM. The amnion is dissected and the CAM is displaced
away to expose the embryo. The exposed embryo can be manipulated at this
stage or re-incubated if later stages are desired. (vii) The exposed embryos do
not show any defects and are accessible in ovo between E5-E8 and they can be
manipulated and re-incubated until a desired time point.
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3.2

Microdissections of the Extraembryonic Membranes to Expose the
E5 Embryo
By E5, all major extraembryonic membranes including the amnion,

chorion, and allantois are well developed and envelop the chick embryo. The
allantois extends outward from the gut region of the embryo (Fig. 3.2A; brown
membrane) and fuses with the chorion (Fig. 3.2A; purple membrane), to form the
chorioallantoic membrane (CAM, Fig. 3.2A’). The CAM rapidly extends over the
developing embryo (dotted white line, Fig. 3.2A’), obscuring the ventral and
posterior regions of the embryo. At this stage, the apex of the amniotic
membrane is fused to the chorionic membrane creating the amniochorionic
membrane (ACM, Fig. 3.2A, asterisk). Separation of the ACM from CAM is
crucial for extended exposure of the embryo during subsequent developmental
stages. Although these membranes can be dissected at an earlier stage, i.e. E4,
I found that performing these dissections before the establishment of the CAM
reduces accessibility to embryos at later stages due to the outgrowth of the
allantois.
To ensure exposure and viability of the embryos, two critical steps have to
be followed while dissecting the extraembryonic membranes. First, use fine
forceps to pierce the chorion and tear a small hole in the amnion above the
region of the forelimb (blue arrow and dotted blue circle, Fig. 3.2B and B’). This
introduces slack in the chorion and amnion, which enables the dissection of a
narrow, non-fused region of the chorion between the CAM and the ACM (yellow
arrow, Fig. 3.2A and C). Second, start slightly ventral to the ACM (yellow arrow,
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Figure 3.2 Exposure of the E5 chick embryo in ovo
(A-D) Schematics of the embryo viewed from the posterior showing the
surrounding amnion (light blue), the chorion (purple) and the vascularized
allantois (brown) during membrane dissections. (A’-D’) Bright-field images
of the embryo showing the location of the amnion (blue outline) and
chorioallantoic membrane (white outline) during membrane dissections.
The amnion and chorion are dissected as indicated by the blue and yellow
arrows in the regions lateral to the ACM (asterisks). Following the
separation of the embryo and surrounding amnion from the CAM (C’), the
amnion is peeled away from the cranial region (D’, curved black arrows).
The posterior region of the embryo slides out of the amnion and the entire
embryo becomes exposed. Abbreviations: ACM: amniochorionic
membrane; CAM: chorioallantoic membrane.
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Fig. 3.2C) and carefully separate the ACM from the CAM in a rostrocaudal
direction (Fig. 3.2C and C’). These membranes are successfully separated when
the CAM is displaced away from the embryo, which exposes the allantoic artery
and vein (white arrowhead, Fig. 3.2C’). Following this separation, grasp the
amniotic membrane in the mid-cranial region of the embryo and gently pull
dorsoventrally (Fig. 3.2D and 2D’; black arrows). This dissection removes the
amniotic membrane and fully exposes the embryo. The dissected amnion and
intact CAM are gently displaced to the right side of the embryo, which permits
their subsequent growth away from the embryo. The exposed embryo can be
manipulated at E5 or re-incubated until later stages.
3.3

Accessibility and Survival of Embryos after Membrane Dissection
After membrane dissections, embryos were re-incubated and monitored

daily for accessibility and mortality. The majority of the embryos (80%) remained
fully exposed between E5 and E7 (Fig. 3.3A and B). The cranial region (brain,
ear, eye, maxillo-mandibular process) and trunk region (limbs, ectoderm/skin,
spinal cord) were easily accessible for manipulation. Between E8 and E9, the
expanding chorioallantoic membrane begins to cover most of the embryos (Fig.
3.3A), however tissues in the cranial region remain accessible in 15% of the
embryos through E9 (Fig. 3.3B). In the non-dissected control embryos, the
chorioallantoic membrane becomes highly vascularized and grows over the
embryo, which increasingly reduces accessibility to the embryo starting at E5
(Fig. 3.3A). In my experience, all embryos accessed directly through the
chorioallantoic membrane die within 24 hours. This is possibly due to massive
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Figure 3.3 Exposure and survival of embryos at different stages of
development
(A) Following membrane dissection, the majority of the embryos are exposed
between E5-E7, before they are gradually obscured by the CAM (white dotted
line) by E9. (B) The cranial and trunk regions of embryos are accessible for in
ovo manipulation between E5-E7. By E9, access to the embryo is limited in most
cases to the cranial region. (C) The majority of the exposed embryos are viable
between E5-E7 and approximately a third of the embryos are viable during the
critical period of organogenesis. The normalized numbers of surviving exposed
embryos are reported as a percentage of surviving non-dissected controls at
each stage.
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bleeding from injured blood vessels and concomitant leakage of the nitrogenous
waste stored in the allantois into the embryonic cavity.
Removal of the amnion and displacement of the chorioallantoic membrane
does not appear to affect normal development of the embryos. The quality of
eggs greatly affects the survival of both exposed and unexposed embryos. The
survival rate of the exposed embryos was calculated as a percentage of surviving
non-dissected embryos (Fig. 3.3C). Almost all windowed embryos are viable at
E5 (99%, data not shown). The survival rate for exposed embryos remained high
at E6 (95%) and at E7 (77%). Approximately half of the exposed embryos (42%)
remained viable at E9, and about one third were alive at E12 (30%). In
comparison to reported survival rates of about 50% after in ovo manipulation
(Chapman et al., 2005; Brown et al., 2012), the current method provides ample
numbers of exposed embryos that can be manipulated between E5-E8 and
examined after organogenesis at about E12. This added window of opportunity
for in ovo experimentation is during the dynamic period of organogenesis when
complex cellular interactions occur between different tissues to form specialized
organs. For example, the neural crest cells and ectoderm form the cornea
(Lwigale et al., 2005; Creuzet et al., 2005); retinal tissues undergo sequential
waves of dynamic gene expression essential for cell differentiation (Trimarchi et
al., 2008); neural crest mesenchyme and otic placode form the inner ear (Brown
et al., 2005; Wood et al., 2010; Zou et al., 2012); cranial and skeletal bones
undergo chondrogenesis (Le Lièvre, 1978; Merino et al., 1999), and the skin
forms as a result of signaling between the ectoderm and underlying mesenchyme
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(Wessells, 1961; Mottet and Jensen, 1968; Rouzankina et al., 2004).
Furthermore, approximately 6% of the exposed embryos were viable at E17 (3
days prior to hatching), the latest stage examined in this study. These numbers
are relatively fewer than at E12, but indicate that this technique is applicable to
other manipulations such as regeneration and stem cell studies, which may
necessitate analysis at later stages.
3.4

Cell Injections and Bead Implantations into Exposed Embryos
The exposed embryos are easy to manipulate using the tools that are

available to developmental biologists. The effects of such manipulations can be
assessed after re-incubation until a desired time point. Here, I show one possible
application of this method by injecting chick DF-1 cells expressing RCAS-GFP
into different locations of exposed embryos that were re-incubated until E7.
Embryos were injected in the cornea (Fig. 3.4A), mesenchyme adjacent to the
ear (Fig. 3.4B), or into the forelimb mesenchyme (Fig. 3.4C), then re-incubated
for additional two days.
By E9, embryos exhibit several distinct features characteristic of this stage
such as feather germs, scleral ossicles of the eye, and the egg tooth (Fig. 3.5A;
Hamburger and Hamilton, 1951). Under fluorescent light, GFP-positive cells are
visible in the ear region (Fig. 3.5B), in the cornea (Fig. 3.5C), and forelimb (Fig.
3.5D). GFP-positive cells could also be localized in cross-sections through these
tissues (Fig. 3.5B’-D’). These results validate the method of cell injection into
various tissues and the survival of the exposed embryo after this manipulation. A
possible caveat of this approach is that some cells become post-mitotic whereas
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Figure 3.4 Cell injections into E7 exposed embryos
Cells expressing RCAS-GFP were mixed with food dye and injected as
indicated by the arrowheads into (A) the cornea, (B) mesenchyme adjacent
to the ear, and (C) mesenchyme of the forelimb.
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Figure 3.5 Embryo collected 2 days after cell injections
(A) Normal development in absence of amnion. Under fluorescence, GFP
expression was observed in (B and B’) the mesenchyme adjacent to the ear,
(C and C’) the stroma region of the cornea, and (D and D’) the limb
mesenchyme adjacent to a presumptive phalangeal bone. Abbreviations:
fg-feather germs, et-egg tooth, so-scleral ossicles, ep-epithelium, st-stroma,
en-endothelium, pb-phalangeal bone. scale bar=100m
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RCAS viral gene expression requires cell proliferation. In such cases, this
technique can be used in combination with other well-established experimental
techniques used for transient gene expression or knockdown such as
electroporation with DNA, antisense morpholino oligonucleotide, and RNA
interference constructs.
Exposed embryos can also be used for implantation with protein-soaked
beads and tissue ablation and grafts. As seen in Figure 3.6, agarose beads can
easily be implanted into E7 embryonic eye tissue (Fig. 3.6B) and limb tissue (Fig.
3.6C). Agarose beads can be soaked with active recombinant protein and can
therefore serve as a delivery system to release protein into developing tissue
(McKenna et al. 2014). Using this rationale, embryos exposed by this method
can be experimentally manipulated to test functional roles of many recombinant
proteins by utilizing agarose bead implantation to deliver protein to specific tissue
location. This method of protein delivery can allow for gain-of-function
experiments without globally affecting the embryo, and thereby minimizing
undesired phenotypes that are unrelated to a particular hypothesis.
3.5

Discussion
Any of these techniques can be applied to the exposed tissues or organs

on the right hand side of the embryo, leaving the unperturbed left side to serve as
control. Therefore, by extending the in ovo access to chick embryos during late
stages of development, I provide a new avenue for various research interests in
developmental biology. This method can also be further extrapolated and used in
conjunction with current genetic manipulation and protein expression
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Figure 3.6 Bead implantation in exposed embryonic tissue
(A-C) Agarose beads are inserted beneath the epithelial layer of various
tissues through the embryonic body. Beads inserted into the developing
retina (B, arrowhead) or region with digit formation (C, arrowhead) could be
used to test the function of ectopic release of a protein of interest.
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techniques, or combined with in vitro studies, thus adding to the versatility of the
chick embryo as a model organism for studying developmental biology.
Several tissues that develop after E5 can be directly accessed as a result
of this method. Before developing this method, studying functional roles of genes
during late stage organogenesis in the chick model was incredibly difficult due to
inaccessibility to the tissues as they are forming. Below is a brief description of
various tissues that can now be experimentally manipulated by exposing
embryos utilizing this method.
3.5.1 Potential Applications in Cephalic Development and Regeneration of
Sensory Organs
One area of study that can be expanded by gaining access to late stage
chicken embryos is investigating regulatory mechanisms of brain nuclei
formation. While cerebral vesicles are formed very early in development, the
development of gray and white matter of the brain happens much later in
development (Redies et al., 1993). By E8 in chick brain development, nuclei in
the brain are not well defined. However, from E8 to E15 there are many
differentiation events occurring in both gray and white matter that support the
formation brain nuclei formation, neurogenesis and establishment of synaptic
pathways (Arndt and Redies, 1996). For example, several genes have distinct
spatiotemporal patterning in the forebrain patterning centers. Extensive gene
expression profiles have been generated for various regions of the developing
avian brain, but functional studies of these genes are limited to early stages of
chicken development due to restricted access to the embryo. One particular gene
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expression profile that could be of interest to study is the function role of Wnt8b
and Wnt7b during the organization centers of the embryonic brain.
Spatiotemporal localization of these two gene expression patterns demonstrate
extremely high levels of transcripts localized to regions in the frontal brain, such
as the choroid plexus, medial pallium and the developing thalamus from E8-E10
(Garda et al., 2002). In these tissues, Wnt8b and Wnt7b expression patterns
complement one another, suggesting possible mechanisms regulating how
tissues are specified to initiate certain developmental morphogenic events in this
region of the brain. Utilizing this technique to access the late stage embryos,
ectopic delivery of recombinant Wnt proteins could be injected directly into these
developing brain regions. Possible genetic interactions could be identified by
looking for ectopically expressed genes predicted to be activated by Wnts.
Correlating abnormal morphogenesis in injected areas with gene misexpression
could give insight to the functional role of these genes.
While regions of the brain are differentiating at these stages of
development, many sensory organs are simultaneously forming and establishing
neural networks required for the organism to perceive signals sent from that
tissue. The developmental patterns of the inner ear is one sensory organ that has
been well characterized, however, functional studies regulating the generation of
synaptic connections to differentiating auditory hair cells is difficult, again due to
the inability to directly manipulate this tissue during the specific developmental
stages. In chicken, hair cells in the inner ear can be identified by E7, however, it
is not until E9 that nerve projections from the cochlear ganglion reach the
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sensory cells and initiate synaptogenesis (Whitehead and Morest, 1985). The
role of neural guidance cues, like Sema/Nrp or Slit/Robo signaling, in directing
the innervation of the sensory nerves during this stage could be tested by
injecting repulsive ligands in the developing inner.
There is also an increased interest in studying how stem cells can
differentiate into inner ear cell types for means of tissue regeneration. Directed
differentiation of embryonic stem cells into cochlear hair cells has been achieved
in vitro (Ronaghi et al., 2014), however, the protocols do not seem to be viable
for differentiating human stem cells into hair cells in vivo (Rivolta et al. 2006).
Therefore, a broader, more comprehensive understanding the signaling networks
required for this directed differentiation could be extrapolated from other models.
One potential experiment could be the injecting naïve human stem cells into the
exposed avian developing inner ear and testing the differentiation of these cells
in a microenvironment that is conducive to generating this cell population. If this
could be performed with human ESCs or iPSCs, it would at least show that this
directed differentiation is possible in precursor cells.
These are just a few examples of a seemingly vast number of
experimental permutations that could be applied to developing late stage
embryonic tissues exposed utilizing the methodology described in this work.
Therefore, this method of exposing tissues during organogenesis dramatically
expands the versatility of the chick embryo.
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Chapter 4: Wounded Embryonic Corneas Exhibit
Non-fibrotic Regeneration and Complete Innervation2
Damage or infection in the adult corneal stroma often results in fibrotic
scarring and loss of transparency (Hassell et al., 1983; Ghiasi et al., 2000).
Tissue repair in adult corneas elicits an elaborate cascade of responses including
recruitment of inflammatory cells, cytokine mediated apoptosis, activated
proliferation (Wilson et al., 2001), differentiation of repair myofibroblasts (Jester
et al., 1995), and remodeling of extracellular matrix (ECM) components
(Matsubara et al., 1991; Sundarraj et al., 1998). Tissue remodeling continues in
the adult corneal stroma during the healing process, which leads to scar
formation and vision impairment (Cintron et al., 1978; Hassel and Birk, 2010).
Despite extensive characterization of wound healing events in adult corneas and
the accumulating knowledge of the regenerative potential of fetal wounds, it is
not known whether wounded embryonic corneas heal scar-free.
To examine the regenerative potential of embryonic corneal wounds, I
utilized a method recently developed to access chick embryos in ovo during late
stages of development (Spurlin and Lwigale, 2013). Corneas were wounded at
E7 and analyzed at various time points during wound healing. I found that
embryonic corneal wounds initially increase in size but heal without visible
fibrosis. Immunohistological analysis of wounded embryonic corneas revealed
transient change in expression of ECM components, which were restored to
normal levels in the healed corneas. Furthermore, I showed that Sema3A mRNA
was elevated and innervation of wounded embryonic corneas was inhibited
during wound healing, but healed corneas were fully innervated. These findings
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contribute to the understanding of the events that orchestrate scar-free
regeneration of wounded embryonic corneas.
4.1

Rate of Regeneration in the Embryonic Chick Cornea
To determine the regeneration potential of embryonic chick corneas,

wounds were created in the right eyes at E7. At this time the three cellular layers
of the cornea are formed (Lwigale et al., 2005) and express characteristic
markers in the epithelium, stroma and endothelium (Funderburgh et al., 1986;
Takahashi et al., 1999; Gealy et al., 2009). Analysis of wounded corneas at
different time points (0-11 dpw) revealed progressive retraction of the wound into
an ovoid shape between 0-3 dpw, followed by epithelialization between 5-9 dpw,
and complete regeneration of the epithelial layer by 11 dpw (Fig. 4.1A). Crosssections through corneas collected at 0 dpw show that the wound penetrates the
epithelial layer and basement membrane as confirmed by the absence of laminin
staining in the wounded site (Fig. 4.1B). Similar absence of subepithelial laminin
staining was observed in adult corneal wounds (Sta Iglesia and Stepp, 2000). At
3 dpw, a wide region of denuded stroma was not covered by the epithelium and
laminin-rich basement membrane (Fig. 4.1B). However, by 11 dpw, laminin
staining was restored and continuous in the basement membrane of regenerated
(Fig. 4.1B, asterisks) and surrounding epithelium. Despite the slow healing rate,
majority of the wounded embryonic corneas (n = 6/7) did not form visible fibrotic
scars after complete re-epithelialization, and appeared as transparent as the
non-wounded controls at 11 dpw (Fig. 4.1A). Due to variation in wound size and
healing between embryos, I measured the size of the denuded area of each
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Figure 4.1 Wound healing rate of embryonic corneas
(A) Comparison of wounded and non-wounded stage-matched corneas between
0-11 dpw. Arrowheads indicate the extent of wound caused by linear incision. (B)
Cross-sections through wounded corneas immunostained with laminin showing
the wound at 0 dpw, wound retraction at 3 dpw, and the re-epithelialized cornea
at 11 dpw. Brackets and asterisks denote wounded region. (C) Analysis of the
wound area of several corneas at different time points shows initial expansion of
the wound prior to re-epithelialization. Abbreviations: en: endothelium; ep:
epithelium; dpw: days post-wound; LAM: laminin; st: stroma. Scale bars: Panel A
= 1 mm, Panel B = 100 m.
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wounded cornea between 0-11 dpw. My results show that on average, embryonic
cornea wounds initially expand and reach a maximum increase in area at 3 dpw,
then decrease in size until they are completely re-epithelialized at 11 dpw (Fig.
4.1C). Together, these findings indicate a unique pattern in embryonic cornea
wound healing that involves initial wound retraction, followed by reepithelialization and scar-free regeneration.
In rare occasions, embryonic corneal wounds can become fused with the
developing eyelid (Fig. 4.2). When the cornea is wounded at E7, the developing
eyelid tissue is around the central most region of the ocular globe, which is very
distant from the cornea. However, as the embryonic eyelid encloses the eye,
tissue from the eyelid can integrate into the open cornea wound. This
phenomenon has not been reported in adult corneal wounds, and therefore may
be a result of improper guidance of developing tissue proximal to a wound
location. Since there is no known pathological condition that resembles this rare
phenotypic response in the embryo, I analyze only tissues that heal without
fusing to the eyelid.
4.2

Apoptosis and Proliferation in Embryonic Corneal Wounds
Cytokine mediated keratocyte apoptosis and proliferation play a major role

in initiating the wound healing response in adult corneas (Wilson et al., 2001). To
determine if wounded embryonic corneas undergo a similar response, I
examined wounded and non-wounded corneas at various stages of healing for
Cas3a and pH3 staining. On average I observed one Cas3a-positive cell for
every three sections, and there was no significant difference between wounded
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Figure 4.2 Fusion of eye lid tissue to regenerating cornea
In rare cases, the developing eye can encroach and fuse with the regenerating
cornea. This is not reported to occur in adult cornea wounds, and therefore may
be an embryonic specific response. Since this rare event does not have
analogous occurrence in adult healing, I did not further analyze these corneas.
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and non-wounded corneas throughout the healing process (Fig. 4.3A and 4.3BC). In contrast, relatively more cells were undergoing cell proliferation. In nonwounded corneas at E8 there was 16.564.7 pH3-positive cells/section, and at
E10 the number increased to 20.893.2 cells/section. However, the number
decreased to 13.024.3 cells/section by E12, and continued to decrease through
E18 (Fig. 4.3D). Despite a similar trend in cell proliferation in wounded corneas
between 16 hrpw-5 dpw (Fig. 4.3D), there were significantly fewer pH3-positive
cells (13.261.7 cells/section, P=0.022) at 3 dpw. By 11 dpw, a similar number of
pH3-positive cells were observed in non-wounded and wounded corneas.
Despite the low number of proliferating cells in the wounded corneas, I observed
clusters of pH3-positive cells in the regenerating corneal epithelium at 5 dpw
(Fig. 4.3E; arrowheads). This was in contrast to the punctate pH3 staining
observed in the epithelial layer of controls (Fig. 4.3F).
4.3

Expression of -SMA is Transient During Wound Healing of
Embryonic Corneas
Following mechanical insult to the adult corneal stroma, keratocytes within

the wound temporally trans-differentiate into contractile myofibroblasts, as
denoted by the expression -SMA (Garana et al., 1992, Jester et al., 1995). Few
-SMA-positive cells were detected in sections of healing embryonic corneas as
early as 16 hrpw (Fig. 4.4A, arrowhead). However, the unepithelialized wound
stained intensely for -SMA at 3 dpw (Fig. 4.4B), but it was restricted to the
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Figure 4.3 Quantification of cell death and proliferation during wound
healing of the embryonic cornea
The number of (A) cas3A-positive cells or (D) pH3-positive cells were
counted on seven random sections and averaged for three wounded and
non-wounded corneas at each time point. *P<0.05. (B-C) Cas3A staining
(arrows) in representative sections of (B) 16hrpw and (C) stage-matched
control corneas. (E-F) Localization of pH3-positive cells (arrowheads) in the
corneal epithelium (E) at the wound margin at 5dpw, and (F) in stage
matched controls. Brackets denote wound region. Dotted lines demarcate
the corneal epithelium/stroma boundary. Abbreviations: Cas3: caspase3a;
dpw: day post-wound; en: endothelium; ep: epithelium; hrpw: hours postwound; pH3: phosphorylated histone 3; st: stroma. Scale bars = 50 m
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Figure 4.4 Expression of α-SMA during wound healing of the embryonic
cornea
Cross-sections through embryonic corneas showing: (A and B) α-SMA positive
staining in the wound at 16hrpw (arrowhead) and 3dpw. Note the cornea
endothelium stains positive for α-SMA at 16hrpw. (C) Alpha-SMA staining is not
detected at 5dpw, nor after complete regeneration (D). Brackets and asterisks
denote wounded region. Dotted lines demarcate the cornea epithelium/stroma
boundary. Abbreviations: dpw; day post-wound, en: endothelium; ep: epithelium;
hrpw: hours post-wound; st: stroma. Scale bars: 100µm.
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superficial cells within approximately 8-15 m of the stroma. Interestingly, -SMA
staining was abolished in the wound by 5 dpw (Fig. 4.4C), and it remained
undetectable in the re-epithelialized corneas at 11 dpw (Fig. 4.4D). These results
show that -SMA is transiently expressed at the wound surface during
regeneration of the embryonic cornea.
4.4

Expression of Fibronectin and Tenascin is Increased During Wound
Healing of the Embryonic Cornea
Fibronectin and tenascin are essential for epithelial and keratocyte

migration into the adult cornea wound (Nishida et al., 1984; Matsuda et al.,
1999). To determine whether there is a correlation between the localization of
fibronectin and tenascin and re-epithelialization of embryonic corneal wounds, I
analyzed their expression during the wound healing process. Non-overlapping
staining for fibronectin and tenascin was first detected in the anterior stroma of
the wound at 2 dpw (Fig. 4.5A). This pattern is different from the anterior
expression of fibronectin and posterior expression of tenascin in the basement
membranes of non-wounded corneas (Fig. 4.5A’). Between 3-5 dpw, the
expression fibronectin and tenascin was vivid in the unepithelialized wound, but
tenascin extended beneath the regenerating epithelium (Fig. 4.5B, 4.5C).
Fibronectin was not expressed in stage-matched controls, but tenascin was
expressed in the stroma and posterior basement (Fig. 4.5B’, 4.5C’). By 11 dpw,
only tenascin was detected in the anterior basement membrane of the reepithelialized cornea and its distribution corresponded with that of stage-matched
control (Fig. 4.5D, 4.5D’). My results show vivid expression of fibronectin and
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Figure 4.5 Expression of fibronectin and tenascin during wound healing of the
embryonic cornea
Cross-sections through embryonic corneas immunostained for fibronectin and tenascin
showing: (A-C) Non-overlapping staining for fibronectin and tenascin localized in the
anterior region of the wound between 2-5 dpw. (A’-C’) Staining for fibronectin and
tenascin in stage-matched control corneas. (D) At 11 dpw, fibronectin is downregulated in the re-epithelialized wound and tenascin is expressed in an the anteriorposterior gradient similar to stage-matched control (D’). Brackets and asterisks denote
wounded region. Abbreviations: dpw: day post-wound; FN: fibronectin; en:
endothelium; ep: epithelium; st: stroma; TN: tenascin. Scale bars = 100 m.
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tenascin at the surface of the denuded stroma, suggesting that they function in
epithelial migration during wound healing of the embryonic cornea.
4.5

Procollagen I Staining is Reduced During Wound Healing of the
Embryonic Cornea
At 2 dpw, continuous staining of procollagen I was detected in the anterior

region of the wound and Bowman’s membrane of the adjacent non-wounded
epithelium (Fig. 4.6A, A’). Between 3-5 dpw, procollagen I staining was absent in
the wound surface and minimal in the wounded stroma (Fig 4.6B, B’ and 4.6C,
C’). At 5 dpw, procollagen I was restored in the Bowman’s membrane subjacent
to the regenerating epithelium (Fig. 4.6C, arrowheads). By 11 dpw, similar
anterior to posterior gradient of procollagen I staining was observed in wounded
and control corneas (Fig. 4.6D, D’).
4.6

Collagen Ultrastructure is Restored in Fully Regenerated Corneas
Non-linear optical imaging of second harmonic generated signal from

collagen can be used to determine the overall architecture of collagen lattices in
transparent tissues (Farid et al., 2008). Through collaboration with Dr. Jester’s
laboratory at UC-Irvine, I sought to determine the ultrastructure of the collagen
lattice in the regenerated embryonic cornea. Tissue was perfused with fixative to
preserve the curvature of regenerated and stage-matched control corneas. The
collagen lattice organization was examined in both cross-sections and en face
(Fig 4.7). Cross-section analysis reveals continuity of collagen across the cornea
after regeneration and demonstrates the polar orientation of orthogonal lamellar
layers through the tissue. SHG signal will be generated in sections of tissue that
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Figure 4.6: Procollagen I expression in healing embryonic corneal wounds.
Cross-sections through embryonic corneas showing expression of procollagen I
in: (A-D) wounded, and (A’-D’) stage-matched controls. Arrowheads indicate
procollagen staining in regenerated epithelium. Brackets and asterisks denote
wounded region. Abbreviations dpw; day post-wound, en: endothelium; ep:
epithelium; st: stroma. Scale bars = 100 m
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have matrix fibers in plane with the light path whereas regions of matrix within the
tissue that is perpendicular to the light path will not generate SHG signal. When
examining SHG signal in cross-sections of regenerated and stage-matched nonwounded controls, the matrix fibers appear to be continuous across the
regenerated region. Moreover, regenerated tissue exhibits restored organization
of the polar orientation of the fibers as seen in the stage-matched control (Fig.
4.7). When examining regenerated corneas en face, SHG signal can be
collected in any z-plane of the corneal tissue (Fig. 4.7A-E). A fast Fourier
Transform (FFT) is applied to the en face images and angles of ECM fibers in
orthogonal lamellar layers can be resolved (Fig. 4.7 A-D, subpanels). FFT
images were then reconstructed into 3D representation of the orthogonal lamellar
layers throughout the regenerated cornea and stage-matched, non-wounded
control (Fig. 4.7E). Representative en face images from regenerating and nonwounded corneas are shown in Figure 4.7 A-D and the respective location within
the z-plane is highlighted magenta in the 3D reconstruction, seen in Figure 4.7E.
The number and angle of lamellar layers in the regenerated corneas (58 layers at
161˚) were very similar to non-wounded tissue (60 layers at 166˚). Additionally,
lamellar layers in the anterior region of both regenerated and non-wounded
controls appeared to rotate one half helical turn until reaching the central cornea,
at where the orthogonal lamellar layers stack more parallel (Fig. 4.7E). Various
stages of regenerating and non-wounded, naturally developing corneas are
currently being investigated to determine how matrix fiber organization is altered
and restored during organogenesis and regeneration of the cornea.
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Figure 4.7 Ultrastructure of fibrillar lattice in regenerated embryonic cornea
Cross-sectioned and en face (A-D) second harmonic generation images of fully
regenerated and stage matched control embryonic chick corneas are shown
above. Fast Fourier Transformation (FFT) of the en face scatter data (insets in AD) show orthogonal organization. (E) The orientation of the lamellar layers in the
regenerated and stage-matched control were compiled to construct a 3D
projection of the rotation of the lamellar layers through the cornea. Layers
highlighted in pink are the selected z-planes shown in the en face images (A-D).
Scale bar: Cross-sections= 100µm, en face= 20 µm
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4.7

Distribution of Proteoglycans During Wound Healing of Embryonic
Corneas
In the non-wounded corneas, expression of perlecan was initially

restricted to the basement membranes of the corneal epithelium and endothelium
between E8-E12 (Fig. 4.8A, arrowheads). By E16, perlecan was also expressed
in the stroma at low levels, and at E18 it was vivid in the stroma and basement
membranes (Fig. 4.8A). In contrast, perlecan was not detected in the wound
region between 2-5 dpw (Fig. 4.8B), but it was detected at low levels in the
basement membrane of the regenerating cornea epithelium at 5 dpw (Fig. 4.8B
and 4.8Bi, arrowheads). At 11 dpw, perlecan staining was stronger in the stroma
of the regenerated cornea (Fig. 4.8B) compared with stage-matched control (Fig.
4.8A, E18).
Keratan sulfate proteoglycan (KSPG) is synthesized in the embryonic
cornea stroma by E6 (Funderburgh et al., 1988), making it an early marker for
neural crest differentiation into keratocytes. Staining for KSPG was lower in the
stroma of the wound compared to the surrounding non-wounded region at 2 dpw
(Fig. 4.9A-A’’). At 5 dpw, the intensity of KSPG staining increased in the stroma
of the re-epithelialized wound to levels that matched the non-wounded region
(Fig. 4.9B-B’’’). By 11 dpw, KSPG staining in the wound site (Fig. 4.9C and C’’)
was similar to the non-wounded region and control (Fig. 4.9C’). Combined, these
results show that corneal proteoglycans are restored to endogenous levels
during regeneration of the embryonic cornea.
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Figure 4.8 Expression of perlecan in the embryonic cornea
(A) Perlecan expression during cornea development and (B) wound healing.
Arrowheads (A) indicate localization of perlecan to the anterior and posterior
basement membranes. Arrowheads in (B) indicate perlecan staining in the
anterior basement during re-epithelialization. Abbreviations: dpw: days postwound; en: endothelium; ep: epithelium; PLN: perlecan; st: stroma. Scale bars:
100µm; inset 50µm.
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Figure 4.9 Expression of KSPG during wound healing of the embryonic cornea
Cross-sections through embryonic corneas showing expression of KSPG at (A-A”) 2dpw, (B-B’’’) 5dpw, and (CC’) 11dpw. Control staining is from stage-matched cornea. Arrowheads indicate regenerating epithelium.
Brackets and asterisks denote wounded region. Abbreviations: dpw: day post-wound; en: endothelium; ep:
epithelium; KSPG: keratin sulfate proteoglycan; st: stroma. Scale bars = 100 m (A-C) and 50 m (A’-C’,
control).
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4.8

Corneal Innervation is Temporarily Inhibited During Wound Healing
of the Embryonic Cornea.
Presumptive corneal nerves form a pericorneal nerve ring prior to their

projection into the chick cornea (Bee, 1982; Lwigale and Bronner-Fraser, 2007;
Schwend et al., 2012). Subsequently, stromal nerve bundles reach the cornea
center (Fig. 4.10A) and project into the epithelial layer by E12 (Kubilus and
Linsenmayer, 2010). Analysis of embryonic corneal wounds at 5 dpw, revealed
minimal nerve projection into the re-epithelialized region (Fig. 4.10B, bracket). At
high magnification, a region that appeared to be innervated shows a nerve
bundle defasciculating into leashes that project into the distal region of the
regenerating epithelium (Fig. 4.10B’, arrow and arrowheads). Optical section of
the same region shows the stromal nerve bundle projecting into the regenerating
epithelium (Fig. 4.10B”, arrow), and the extent of epithelial innervation at the
wound site (Fig. 4.10B”, arrowhead). Despite the lack of axon projections during
wound healing, there was no defect in the pattern and level of innervation
between the 11 dpw wounded corneas and stage-matched controls (Fig. 4.10C
and D).
Next, I wanted to determine whether the axon guidance molecule
Sema3A, which regulates corneal innervation (Lwigale and Bronner-Fraser,
2007; McKenna et al. 2012) is responsible for the delayed innervation of the
wounded embryonic corneas. Quantitation of mRNA levels by qRT-PCR revealed
that Sema3A transcripts increased during wound healing up to 3 dpw (Fig. 4.10E,
1.720.22 fold greater than paired controls). At 5 dpw, the Sema3A level
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Figure 4.10 Innervation of wounded embryonic corneas
Whole mount immunostaining with anti--neurotubulin antibody (TUJ1) showing
nerve projections into: (A-C) non-wounded, and (B-D) wounded corneas. (B’’) is
an optical section of the wound region shown in (B’). Bracket in (B) indicates
regenerating epithelium. White dotted line in (B, B’) demarcates the wound
boundary. Yellow dotted line in (B’’) designates epithelial-stromal boundary.
Arrows and arrowheads in (B’ and B’’) indicate stromal nerve and epithelial nerve
leashes, respectively. (E) Quantitation of Sema3A transcripts. The values shown
at each time point are the ratios of fold expression levels between wounded and
non-wounded corneas. Abbreviations: dpw: days post-wound; ep: epithelium;
hrpw: hours post-wound; st: stroma.

107
decreased to 1.410.21, and then returned to near basal level (0.950.37) by 7
dpw. Altogether, these results demonstrate that innervation of the wounded
embryonic cornea is delayed during regeneration, but it is fully recovered after
wound healing. I also show that Sema3A-mediated repulsion of corneal nerves
may play a role during this process.
4.8

Discussion
I report that despite the slow re-epithelialization of the embryonic corneal

wound, keratocytes in the wounded stroma exhibit dynamic changes that result in
non-fibrotic regeneration. This is consistent with the absence of increased
apoptosis and proliferation, and the rapid upregulation of fibronectin, tenascin,
and -SMA at the wound surface, combined with the rapid turnover of perlecan,
collagen I, and KSPG. Furthermore, I showed that Sema3A mRNA was elevated
in wounded corneas and nerve projections were inhibited at the wound periphery,
but innervation of the regenerated corneas was not affected. Combined, my
results indicate that several key steps in the wound healing process of embryonic
corneas differ from previously characterized cascades in fibrotic post-natal
(Sundarraj et al., 1998, Ritchey et al., 2011) or adult (Nishida et al., 1984,
Funderburgh et al., 1988, Garana et al., 1992, Matsuda et al., 1999, Sta Iglesia
and Stepp, 2000, Wilson et al., 2001, Fowler et al., 2004, Martinez-Garcia et al.,
2006) corneal wounds. These differences may account for the scar-free
regeneration of the embryonic corneal wounds.
4.8.1 Implication of Wound Retraction During Embryonic Cornea
Regeneration
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In this study I show that embryonic chick corneal wounds resulting from
linear incisions traversing the epithelium and anterior stroma retract until 3 dpw,
after which they undergo re-epithelialization that is completed at about 11 dpw. A
possible explanation for the initial retraction of embryonic corneal wounds is the
intraocular pressure (IOP) dependent growth phase during the early stages of
avian ocular development. Ocular growth in chick is rapid and dependent on the
IOP between E4 and E10, and then it slows dramatically during subsequent
development when the IOP is stable (Neath et al., 1991). Therefore, concomitant
with the period of elevated IOP, corneal wounds generated at E7 increased in
size until 3 dpw (E10). In addition, re-epithelialization did not occur during wound
retraction, since increased proliferation of the epithelium at the leading edge was
not observed until 5 dpw. This slow re-epithelialization does not occur in fetal
cutaneous wounds, which heal quickly due to rapid re-epithelialization (Bullard et
al., 2003, Colwell et al., 2003). Also similar wounds in adult corneas close rapidly
and they are fully re-epithelialized within 2-3 days (Crosson et al., 1986; Wakuta
et al., 2007).
4.8.2 Keratocyte Activation in the Embryonic Wound
The first cellular responses detected after trauma in adult corneal wounds
are the cytokine-induced apoptosis and proliferation of keratocytes (Wilson et al.,
1996a) triggered by the damage to the corneal epithelium and its basement
membrane. Within 4 hours post-injury, a large number of keratocytes at the
wounded site undergo apoptosis, thus considered to be earliest indicator of the
adult corneal wound healing response (Wilson et al., 1996a). Despite the
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increase in wound size in embryonic corneas, there was no increased apoptosis
in the epithelium and stroma during healing. With the exception of the
regenerating epithelium, cell proliferation was lower in the wounded corneas
compared with stage-matched controls. Augmented cell proliferation in the
corneal epithelium is probably due to the re-epithelialization process and induced
by a process that does not affect the keratocytes. The absence of increased
apoptosis and keratocyte proliferation suggests that the proinflammatory
cytokines associated these cellular responses in the adult corneal wounds are
not active in the embryonic wound (Wilson et al., 1998). Therefore the absence
of increased keratocyte turnover at the wound site may contribute to scar-free
regeneration.
Synthesis of contractile -SMA fibrils and increased expression of stress
response proteoglycans are associated with fetal and adult wound healing
(Whitby et al., 1991; van Setten, 1992; Cass, 1997; Myrna et al., 2009). My
results show that the expression of -SMA is restricted to the surface of the
denuded stroma and that it is transient. Comparatively, expression of -SMA in
neonatal and adult corneal wounds extends deep in the stroma and it persists for
several weeks to months (Caurasia et al., 2009; Huh et al., 2009, Ritchey et al.,
2011). Expression of -SMA at the wound surface suggests that the role of
myofibroblasts in promoting wound closure is conserved in embryonic and adult
corneas. In contrast to adult cornea wounds where persistent -SMA-positive
cells are associated with increased opacity (Moller-Pederson et al., 1998), its
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dynamic expression in the embryonic corneal wounds corresponds to wound
closure whereas its absence may contribute to the non-fibrotic regeneration.
4.8.3 Corneal Extracellular Matrix Turnover During Embryonic Cornea
Regeneration
Another aspect of keratocyte activation is the production of stress
response ECM components that increase corneal matrix structural integrity and
facilitate wound closure of damaged corneas. During wound healing in the
embryonic cornea, the upregulation of stress fibers such as fibronectin and
tenascin, is limited to the anterior denuded stroma. The spatio-temporal
expression of -SMA and fibronectin during wound healing suggests that
fibronectin is secreted by the -SMA-positive cells at the wound surface.
Previous studies have shown that myofibroblasts produce fibronectin in vitro
(Jester et al., 1996). Tenascin staining was posterior to the region of fibronectin
and -SMA, indicating that tenascin is likely synthesized by adjacent keratocytes.
Both fibronectin and tenascin are upregulated in adult corneal wounds and play
important roles during the healing process (Nishida et al., 1984; Tervo et al.,
1991; Sumioka et al., 2012). In adult corneas, fibronectin mediates epithelial cell
migration during wound healing (Watanabe et al., 1987), and tenascin is
associated with keratocyte migration and survival (Matsuda et al., 1999).
Therefore elevated staining for fibronectin and tenascin in the embryonic cornea
wounds at 3 dpw suggests that these two molecules are involved in epithelial cell
migration and wound closure.
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The ultrastructure, composition and protein levels of endogenous ECM
components are altered during fibrotic corneal wound healing (Cintron et al.,
1978; Funderburgh and Chandler, 1989; Sundarraj et al., 1998). In adult scarforming tissues, excess deposition of collagen occurs within 24hrs of injury
(Ishizaki et al., 1993; Power et al., 1995). In contrast, my results show that
collagen I synthesis is reduced during embryonic corneal wound healing, but it is
restored in the regenerated corneas. This is similar to the rapid matrix turnover
and deposition of collagen fibrils observed during scar-free regeneration of fetal
skin (Longaker et al., 1990; Frantz et al., 1992; Dang et al., 2003). Since collagen
I is the predominant fibril collagen in the avian cornea (Hay et al., 1979), and it is
critical to the establishment of a biostable and transparent stromal matrix during
development (Birk et al., 1986; Gealy et al., 2009; Hassel and Birk, 2010), its
rapid turnover during wound healing of the embryonic cornea may function in the
absence of fibrosis.
Perlecan is a heparan sulfate proteoglycan found in basement
membranes of the cornea of both postnatal and adult corneas (Kabosova et al.,
2007). My results show that expression of perlecan is initially restricted to cornea
basement membranes, but it is later detected throughout the stroma of the
developing avian cornea at E18. Interestingly, corneal transparency increases at
this time, reaching maximum levels by E19 (Coulombre and Coulombre, 1958).
In fibrotic corneal scars, perlecan staining persists at high levels (Kenny et al.,
1997; Sundarraj et al.,1998; Ritchey et al., 2011). Perlecan staining was restored
to relatively low levels in the in the epithelial basement membrane, but the
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regenerated epithelium appeared normal. This could be due to the elevated
levels of perlecan staining that persisted in the stroma, and surprisingly, did not
translate into visible fibrosis.
Staining for KSPG was also reduced during the wound healing process
but it was restored to control levels in the regenerated embryonic corneas. In
adult mice, expression of KSPG is down-regulated in the corneal wounds, but it
returns to normal levels after 12 weeks post-wound (Carlson et al., 2003).
Deficiencies in corneal KSPGs, such as keratocan and lumican, result in altered
corneal structure (Liu et al., 2003) and diminished corneal transparency
(Chakravarti et al., 2000). Therefore, the rapid turnover of KSPG synthesis may
contribute to the normal appearance of the healed embryonic cornea.
4.8.4 Innervation of the Regenerating Embryonic Cornea
In adult corneal wounds, nerves fail to regenerate and reinnervate healed
tissue poorly (Lee et al., 2002; Niederer et al., 2007), which may result in
diminished corneal sensitivity (de Leeuw and Chan, 1989), keratoconus (Brookes
et al., 2003), and neurotrophic keratitis (Bonini et al., 2003). My results show that
despite the slow innervation of the embryonic cornea during wound healing,
regenerated corneas were innervated at the same level as non-wounded
controls. The slow nerve projection into the healing embryonic cornea coincides
with the elevation of Sema3A mRNA. Upregulation of Sema3A in adult corneal
wounds (Cao et al., 2002; Morishige et al., 2008) correlates with decreased
innervation whereas, application of a Sema3A inhibitor increased nerve
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regeneration (Omoto et al., 2012). Therefore, the transient increase of Sema3A is
consistent with the normal innervation of healed embryonic corneas.
4.8.5 Implications of Utilizing Embryonic Cornea Wound Healing Model to
Identify and Translate Mechanisms of Non-Fibrotic Cornea
Regeneration for Adult Corneal Tissue
In this study, I report the novel finding that chick embryonic corneal
wounds undergo rapid regeneration with events that promote a wound-healing
cascade that leads to non-fibrotic restoration of the cornea. My results show that
wounding does not induce increased cell death or proliferation in embryonic
corneas. One possibility is that resident keratocytes transdifferentiate and upregulate synthesis of fibronectin and tenascin, which promotes reepithelialization. Concomitantly, keratocytes at the wound site down-regulate
synthesis of corneal ECM components but promptly recover and generate a nonfibrotic cornea. This study also presents the chick embryonic cornea as a
valuable model for elucidating novel mechanisms of corneal fibrosis. Ongoing
work is aimed at determining the molecular mechanisms that regulate keratocyte
differentiation and non-fibrotic regeneration of the embryonic corneal wound.
Chapter 5 will address the results addressing the role of TGFβ superfamily
signaling in myofibroblast differentiation in embryonic keratocytes. An additional
study that has resulted from this work investigates changes in biomechanical
properties during cornea development and regeneration. By using atomic force
microscopy, discrete layers in the cornea can be probed for relative elastic
properties (Thomasy et al., 2014). Using this rationale, I have started a
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collaborative effort with the Farach-Carson lab to identify regions in the
developing and regenerating cornea that are dynamically changing their elastic
properties as the tissue grows and heals. Much of the tissue needed for analysis
has been collected and biomechanical measurements are underway.
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2- This is an expanded version of the published manuscript:
Spurlin, J.W. and Lwigale, P.Y. (2013). Wounded embryonic corneas exhibit
nonfibrotic regeneration and complete innervation. Invest Ophthalmol Vis Sci. 54,
6334-6344.
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Chapter 5: BMP-3 is a novel antagonist to TGFβ-2 mediated
myofibroblast differentiation in embryonic keratocytes3
The myofibroblast is a specialized cell that promotes ECM synthesis and
remodeling, while regulating the tensile and contractile properties of tissue during
wound healing (Myrna et al., 2009). While this cell population promotes wound
healing, persisting activity of myofibroblasts lead to fibrosis. Therefore,
spatiotemporal regulation of the myofibroblast population in wounds is critical
facilitating non-fibrotic healing of tissue. Corneal tissue is particularly affected by
myofibroblast mediated fibrosis, in that the onset of corneal scarring often results
in loss of visual acuity. Current therapeutics to mitigate corneal scarring target
the myofibroblastic transition during cornea wound healing, including blocking the
activity of myofibroblast inductive factor, TGFβ (Moller-Pederson et al., 1998). My
previous work demonstrates wounded embryonic corneas possess a transient
population of myofibroblasts during non-fibrotic regeneration (Spurlin and
Lwigale, 2013). The activity of TGFβ genes in embryonic corneal regeneration
have yet to be investigated. I hypothesize embryonic corneal wounds tightly
regulate the activity of TGFβ, which promote the transient nature of the
embryonic myofibroblast population in the cornea.
To address this hypothesis, I identified the spatiotemporal distribution of
all known TGFβ isoforms during critical stages of corneal organogenesis and
regeneration. TGFβ2 was identified as the predominant isoform in the corneal
stroma and is differentially expressed during regeneration. Additionally, I
identified key stages when cells are actively responding to TGFβ, indicated by
activation and nuclear translocation of pSMAD2 in αSMA+ corneal

117
myofibroblasts. BMP signaling can antagonize TGFβ activity and prevent
myofibroblast transition in corneal wounds. For these reasons, I identified the
spatiotemporal activation of pSMAD1/5/8, as an indicator of BMP signaling.
Interestingly, pSMAD1/5/8 activation increases in the anterior region of the
wounded stroma as αSMA+ myofibroblasts exit the embryonic cornea. Moreover,
the activation of pSMAD1/5/8 correlates directly with increased expression of
BMP3 in the regenerating corneal epithelial layer. I sought to determine if BMP3
can prevent the myofibroblast transition in primary embryonic keratocytes,
therefore I treated primary cultures simultaneously with BMP3 and TGFβ2 and
monitored αSMA+ staining. BMP3 significantly reduces TGFβ2 mediated
induction of αSMA+ myofibroblasts in primary embryonic keratocytes.
To elucidate the mechanism of BMP3 antagonism on TGFβ stimulation,
transcriptional regulation of keratocyte markers and myofibroblast markers was
assayed after concurrent BMP3/TGFβ2 stimulation of embryonic keratocytes. I
identified that BMP3 enhances the effect of TGFβ2 mediated downregulation of
keratocyte markers as well as increased the expression of myofibroblast markers
as compared to cells stimulated with TGF2 alone. Since BMP3 appears to
enhance transcriptional responses to TGFβ2 stimulation, I then hypothesized that
BMP3 inhibits the myofibroblast transition through a mechanism alternative to
negative regulation of myofibroblast gene expression. Myofibroblast
differentiation requires both the stimulation of adhesion independent signaling,
such as TGFβ stimulation, and cell adhesion signaling downstream of focal
adhesion complexes. Since BMP3 enhances TGFβ activity, yet prevents the
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myofibroblast transition, I hypothesized that BMP3/TGFβ2 treated cells alter the
accumulation of focal adhesion complexes as compared to TGFβ2 treated cells,
as indicated by vinculin staining. In fact, BMP3/TGFβ2 treatment conditions
reduce the number of cells that exhibit high density of focal adhesion complexes
when compared to TGFβ2 stimulation of the cell population.
Accumulatively, these data demonstrate BMP3 is a novel regulator of
TGFβ2 mediated myofibroblast differentiation in embryonic keratocytes, possibly
through the regulation of focal adhesion complex formation. These findings
increase the current understanding of factors that can contribute to a transient
myofibroblast population during wound healing that may facilitate non-fibrotic
corneal regeneration.
5.1

TGF Isoforms in the Developing Chick Cornea
Defects in corneal morphogenesis have been evaluated in mice with each

known TGFβ isoform (TGF1, -2 and -3) knocked out. Only corneas in TGFβ2
null mice displayed morphological phenotypes, including thin corneas, failure to
form endothelial tissue and failure of the cornea to detach from the lens (Saika et
al. 2001). The loss of the other TGFβ isoforms did not yield morphological
defects to the cornea. While functional studies have tested the role of TGFβ
isoforms during corneal development, the expression patterns of TGFβ isoforms
in the development of the anterior segment of the eye have yet to be described in
any model organism. I sought to determine the expression patterns of all TGFβ
isoforms in the developing chick cornea to provide rationale for investigating
candidate TGFβ isoforms that may be differentially expressed during the
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Figure 5.1 RT-PCR of TGFβ isoforms in E10 and 3dpw regenerating
embryonic corneas
Transcripts for TGFβ1, -2 and -3 were analyzed in E10 control cDNA pool to
determine which isoforms were present during cornea development. A similar
analysis was performed in 3dpw corneas to determine which isoforms were
differentially expressed during regeneration. This time was chosen because this
is when myofibroblasts are found in the embryonic wound. GAPDH (G) was used
as a loading control.
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regenerative process. I conducted an RT-PCR screen for potential TGFβ
isoforms expressed in the E10 control and wounded (3dpw) corneas (Fig. 5.1).
All TGFβ isoforms were detected in non-wounded E10 corneas, where TGFβ2
appeared to be the most prominent transcript and TGFβ1 the least. In the paired
wounded sample, TGFβ2 expression appeared to be maintained at similar levels
compared to control, while TGFβ1 and TGFβ3 appears to be less expressed.
This data supports the hypothesis that TGFβ2 may be the most highly expressed
isoform during the development and regeneration of the chick cornea.
While this data indicates relative proportions of each isoform, I sought to
determine the spatiotemporal distribution of each growth factor during the
different developmental stages of corneal formation. TGFβ1 transcript is detected
in the developing cornea in the corneal epithelium and primitive corneal
endothelium at E5-E6 (Fig. 5.2A and B, arrowheads), albeit at low levels, as
suggested by the RT-PCR. In E7-E12 corneas, TGFβ1 transcript staining could
only be detected in the corneal epithelium, however, the signal was extremely
weak (Fig. 5.2C-F, arrowheads).
Contrarily, staining for TGFβ2 was vivid through cornea development (Fig.
5.3). TGFβ2 expression is localized to the migrating endothelium at E5 (Fig.
5.3A, arrowheads), which is the earliest morphogenetic movement in corneal
development, as well as the lens epithelium (Fig. 5.3A, arrow). In addition to the
expression in the corneal endothelium, TGFβ2 transcripts also observed in the
first migratory wave of cells as the population enters the presumptive corneal
stroma at E6 ( Fig. 5.3B, arrowheads). The corneal endothelial and stromal
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Figure 5.2 Expression of TGFβ1 during cornea development
The distribution of TGFβ1 transcript in the developing cornea was determined by
in situ hybridization. TGFβ1 was localized to the corneal epithelium and
endothelium at E5 (A) and E6 (B, arrowheads). This transcript was found
exclusively, albeit at very low levels, in the corneal epithelium from E7-E12 (C-F,
arrowheads). Abbreviations: en: endothelium; ep: epithelium; st: stroma. Scale
bar: 50 μm
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Figure 5.3 Expression of TGFβ2 during cornea development
The distribution of TGFβ2 transcript in the developing cornea was determined by
in situ hybridization. At E5, TGFβ2 was localized to the pericorneal mesenchyme
and corneal endothelium (A, arrowheads) and lens epithelium (A, arrow).
Keratocytes migrating into the corneal stroma and endothelial cell layer are both
positive for TGFβ2 (B, arrowheads). From E7 (C) to E8 (D), TGFβ2 transcript is
observed in both the corneal stroma and endothelial layers. Corneas from E10
(E) through E12 (F) show TGFβ2 transcripts exclusively localized to the corneal
endothelium (arrowheads). Abbreviations: en: endothelium; ep: epithelium; st:
stroma. Scale bar: 50 µm
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layers maintain expression of TGFβ2 from E7-E8 (Fig. 5.3C and D, arrowheads).
However, stromal expression of TGFβ2 is lost by E10, although the corneal
endothelium maintains TGFβ2 expression throughout E12 (Fig. 5.3E and F,
arrowheads).
Similar to TGFβ1, TGFβ3 expression was localized to the presumptive
corneal epithelium. Interestingly, TGFβ3 transcripts were specifically found in the
ectoderm that would give rise to the corneal tissue and was not present in
neighboring ectoderm (Fig. 5.4A, arrowheads). TGFβ3 is also transiently located
in the corneal endothelium, but only few endothelial cells exhibit positive staining
for this transcript (Fig. 5.4A). By E6, TGFβ3 is exclusively expressed by the
corneal epithelium (Fig. 5.4B) and this transcript is maintained throughout E12
(Fig. 5.4C-F, arrowheads). Keratocytes stimulated with TGFβ3 secrete an
organized collagen matrix with fibril diameters and spacing similar to the matrix
corneal stroma. TGFβ3 stimulation also promotes the expression of keratocyte
proteoglycans, such as KSPG (Karmichos et al. 2013). Therefore, the specific
location TGFβ3 transcripts in the corneal epithelium, as opposed to also being in
the surrounding ectoderm, suggests that TGFβ3 may have a functional role in the
promoting the formation of corneal matrix during chick corneal development.
5.2

Differential Expression of TGF Isoforms and pSMAD2 Activation
in the Cornea During Embryonic Regeneration
Embryonic corneal wounds demonstrate a transient population of

myofibroblasts, as the cell population is not detected in fully regenerated corneas
(Spurlin and Lwigale, 2013b). Therefore, the embryonic cornea serves as an
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Figure 5.4 Expression of TGFβ3 during cornea development
The distribution of TGFβ3 transcript in the developing cornea was determined by
in situ hybridization. TGFβ3 was primarily localized to the corneal epithelium, as
well as a few endothelial cells at E5 (A, arrowheads). This transcript was found
exclusively in the corneal epithelium from E6-E12 (B-F, arrowheads).
Abbreviations: en: endothelium; ep: epithelium; st: stroma. Scale bar: 50 µm
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excellent model to understand mechanisms of induction and stabilization of
myofibroblasts during non-fibrotic cornea regeneration. TGFβ is a strong inducer
of myofibroblasts in keratocytes derived from adult corneas, therefore, I sought to
determine the expression profile of TGFβ isoforms in the regenerating embryonic
cornea (Fig. 5.5). Three critical times during embryonic regeneration were
investigated. Spatiotemporal description of all TGFβ isoforms was determined at
16hrpw, prior to mass induction of αSMA+ cells, 3dpw, which is during the time
when the anterior surface of the corneal stroma is possess the most αSMA+
cells, and 5dpw when cells in the stroma have lost αSMA staining. As seen for
the TGFβ1 staining in of non-wounded corneas (Fig. 5.2), TGFβ1 transcript
stains faintly, localized to the corneal epithelium (Fig. 5.5A-C). During corneal reepithailization at 5dpw, TGFβ1 is moderately upregulated in the migratory
epithelial cells (Fig. 5.5C, arrowhead). Collectively, these data show that TGFβ1
appears to be the least expressed in the developing cornea and is not expressed
near the corneal stroma at a time prior to myofibroblast induction in this
regenerating tissue.
TGFβ2 is detected in the corneal stroma and endothelium at 16hrpw (Fig.
5.5D), similar to the expression profile found in the non-wounded control (Fig.
5.3, E8). Endothelial expression of TGFβ2 is maintained throughout all tested
stages of regeneration (Fig. 5.5, D-F). At 3dpw however, TGFβ2 expression is
mostly lost in the stroma, excluding a small area of cells in the anterior stroma
(Fig. 5.5E, arrowhead). The expression of TGFβ2 in the stromal tissue is strongly
expressed in the anterior surface at 5dpw (Fig. 5.5F, F’), similar to earlier stages
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Figure 5.5 Distribution of TGFβ isoforms and spatiotemporal activation of pSMAD2
during embryonic corneal regeneration
(A-I) In situ hybridization was performed on sections of various stages of embryonic cornea
regeneration. (A-C) TGF-1 was detected at low levels in the epithelium through 3dpw and was
upregulated in the regenerating epithelium at 5dpw (C, arrowhead). (D-F) TGF-2 expression in
16hrpw embryonic cornea (D) and is detected at low levels in the stroma at 3dpw (E, arrowhead).
At 5dpw, TGF-2 is upregulated in the regenerating stroma (F-F’) when compared to stage
matched E12 control (Fig 5.3F). (G-I) TGF-3 transcripts were only detected in the epithelium. At
16hrpw, TGF-3 expression was detected in the corneal epithelium (G) with steady increase in
staining intensity as the epithelium begins to migrate to close the wound from 3dpw (H) and 5dpw
(I). (J-L) Evidence for TGF activity was assayed by immunostaining cross-sections of embryonic
cornea wounds for pSMAD2. pSMAD2 staining was localized to the anterior surface of the
wounded stroma and was restricted to SMA+ cells at 36hrpw (K,arrowheads). Abbreviations:
dpw: days post-wound; en: endothelium; ep: epithelium; hrpw: hours post-wound; st: stroma,.
Brackets denote wounded tissue. Scale bars: (A-I) 100µm, (F’, J-L) 50µm.
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of corneal development (Fig. 5.3). TGFβ3 transcript distribution is found in the
epithelium of the corneal wound (Fig. 5.5G-I), gradually increasing staining
intensity as the epithelium is re-epithelialized (Fig. 5.5H and I). The distribution of
TGFβ transcripts during corneal regeneration indicates that the expression of
TGFβ2 in the stroma prior to αSMA activation may facilitate the myofibroblast
transition during corneal regeneration.
To determine when keratocytes in the anterior stroma were responding to
TGFβ signaling, pSMAD2 activation in the regenerating cornea was investigated
at 24hrpw, 36hrpw and 5dpw. Although expression of TGFβ2 is apparent in the
stroma in the first 16 hours of wound healing, no activation of pSMAD2 is
detected in the anterior surface of the wounded corneal stroma through 24 hrpw
(Fig. 5.5J). However, keratocytes in the embryonic corneal wound exhibit nuclear
localization of pSMAD2 by 36 hrpw and the cells positive of pSMAD2 activation
are also beginning to express αSMA (Fig. 5.5K). By 5dpw, pSMAD2 activation
and αSMA staining is concomitantly lost in the corneal wound (Fig. 5.5L),
indicating lower activity of TGFβ signaling, despite the expression of TGFβ
transcripts in the epithelial and stromal tissues at this time (Fig. 5.5F and I).
While TGFβ2 is known to stimulate myofibroblast differentiation in corneal
keratocytes and their precursors, it is not known if embryonic keratocytes
differentiate into αSMA+ myofibroblasts after TGFβ2 stimulation. To test if TGFβ2
stimulation would induce the myofibroblast differentiation in embryonic
keratocytes, primary keratocytes were isolated from E10 corneal stroma and
were stimulated with varying concentrations of TGFβ2 for 24hrs (Fig. 5.6).
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Figure 5.6 TGFβ stimulation of primary keratocyte cultures
Here are representative images of αSMA staining in primary keratocyte cultures
in untreated and after 24 hour stimulation with TGFβ2 recombinant protein.
Quantification of fold change in the number of αSMA+ cells in TGFβ2 stimulated
keratoctyes relative untreated cells show a concentration dependent induction of
αSMA+ cells after TGFβ2 stimulation. P*<0.05, P***<0.001
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Some keratocytes in untreated conditions were positive for αSMA after culture for
24hr in low serum conditions (~30%) indicating a small proportion of cells
transition to the myofibroblast phenotype without stimulation. Treating these
cultures with TGFβ2 at concentrations of 1ng/mL and 10ng/mL results in the
stimulation of 1.52 + 0.06 (p=0.04) and 2.03 + 0.24 (p=0.0003) fold increase of
αSMA+ cells for each respective culture condition (Fig. 5.6). Representative
images of αSMA+ cells counted as myofibroblasts are shown in Fig. 5.6.
Collectively, these data show TGFβ2 is the major TGFβ isoform expressed in the
embryonic cornea and the expression is localized to the corneal stromal tissue
prior to the activation of αSMA+ cells in this layer of the cornea. Moreover,
αSMA+ cells in the cornea wound exhibit activation of pSMAD2, suggesting
active TGFβ signaling. This model of TGFβ2 mediated keratocyte transformation
to the αSMA+ myofibroblast phenotype in the embryonic wound model is further
supported with in vitro TGFβ2 stimulation of isolated embryonic keratocytes,
showing that TGFβ2 is sufficient to drive this response.
5.3

Localization of pSMAD1/5/8 and expression of BMP3 transcript
correlates to the loss of SMA positive cells during embryonic
regeneration
BMP proteins can prevent TGFβ mediated differentiation of keratocytes to

myofibroblasts (Saika et al., 2005; Tandon et al., 2013). Therefore, I
hypothesized that BMP signaling may contribute to the transient nature of the
myofibroblast population in the regenerating embryonic cornea. To determine if
BMP signaling may be occurring, staining for pSMAD1/5/8 was performed on
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Figure 5.7 pSMAD1/5/8 activation and BMP expression in the regenerating embryonic cornea

(A-C) BMP activity was assayed by staining for pSMAD1/5/8 in regenerating corneas. pSMAD1/5/8 was found in
few stromal cells at 16 hrpw (A, arrowheads). By 3 dpw, many nuclei stained strongly for pSMAD1/5/8 throughout
the stroma (B and B’, arrowheads), however, few SMA positive myofibroblasts in the anterior stroma wound had
little to no staining nuclear localization of pSMAD1/5/8 (B’, arrow). At 5 dpw, pSMAD1/5/8 is localized primarily to
the anterior stroma, where αSMA staining is no longer detected (C and C’, arrowheads). (D) RT-PCR screen was
performed testing for differential expression of BMP2, 3, 4 and 7 transcripts at 5dpw. BMP3 and BMP7 are
detected in this cDNA and could be promoting pSMAD1/5/8 activation. (E-F) Localization of BMP3 in the control
and regenerating cornea. BMP3 transcripts are primarily localized to the corneal epithelium in unwounded cornea
(E, arrowhead) and appears to upregulated in the the regenerating corneal epithelium (F, arrowhead).
Abbreviations: dpw: days post-wound; en: endothelium; ep: epithelium; hrpw: hours post-wound; st: stroma,.
Brackets denote wounded tissue. Scale bars: (A-C and E-F) 100µm, (B,C insets) 50µm

131
regenerating tissues throughout key stages of the embryonic wound healing
cascade, including prior to αSMA activation at 16hrpw, when myofibroblasts are
fully distributed throughout the surface of the wound at 3dpw, and when αSMA is
being downregulated in the anterior cornea stroma. At 16hrpw, few cells
scattered in the stroma appear to be positive for pSMAD1/5/8, and no αSMA+
cells are detected in the anterior stroma (Fig. 5.7A, arrowheads). However, by
3dpw, strong nuclear staining of pSMADa1/5/8 is distributed throughout stroma
of the wound (Fig. 5.7B, arrowheads), with the strongest staining of nuclei
present directly posterior to the anterior surface of the denuded stroma (Fig.
5.7B, inset arrowheads). Most αSMA+ cells nuclei have relatively lower staining
of pSMAD1/5/8, however few αSMA+ cells do exhibit strong nuclear localization
of pSMAD1/5/8 (Fig. 5.7B, inset arrow). At 5dpw, pSMAD1/5/8 staining is
observed in a few cells in the posterior stroma of the central region of the wound,
but is strongly present in the anterior stroma throughout the entire wound (Fig.
5.7C). This spatiotemporal distribution of pSMAD1/5/8 activation directly
corresponds to when this cell population is losing the αSMA+ staining (Fig. 5.7C,
inset).
This staining suggests that active BMP signaling may be occurring in the
regenerating cornea, possibly contributing to the loss of the myofibroblast
phenotype. To determine which candidate BMPs may be facilitating the activation
of pSMAD1/5/8 in the anterior stroma during embryonic corneal regeneration, an
RT-PCR for BMPs known to be expressed in the cornea was performed on cDNA
from 5dpw cornea. BMP3 and, to a lesser extent, BMP7 isoforms were amplified
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from the RT-PCR screen (Fig. 5.7D). The effect of BMP7 on antagonizing TGFβ
activity is well documented (Saika et al., 2005; Zeisburg et al., 2003), however,
the effect of BMP3 on keratocytes is currently unpublished. To determine if
BMP3 could be stimulating the anterior surface of the wounded stroma at the
time of pSMAD1/5/8 activation in the anterior stroma, I performed an in situ
hybridization for BMP3 transcripts on 5dpw regenerating corneas, as well as
stage matched controls (Fig. 5.7E and F). I found that BMP3 transcript is
primarily localized to the epithelium (Fig. 5.7E) and is upregulated as the wound
is becoming re-epithelialized (Fig. 5.7F, arrowhead). Therefore, it is possible that
BMP3 secretion from the regenerating epithelium could be generating a ligand
pool of BMP3 protein, which could stimulate the anterior surface of stroma at this
time in regeneration.
5.4

BMP3 is a Novel and Potent Inhibitor of TGF2 mediated
Myofibroblast Differentiation of Embryonic Keratocytes
Since BMP3 expression appears to correlate with pSMAD1/5/8 activation

and loss of αSMA+ cells in the anterior stroma at 5dpw, I sought to determine if
BMP3 treatment of embryonic keratocytes would influence the induction of
αSMA+ cells in culture. To determine if BMP3 and BMP7 induced on embryonic
keratocytes to differentiate to myofibroblasts, primary embryonic keratocytes
were treated with BMP3 and BMP7 for 24 hrs (Fig. 5.8). Cells were stained for
αSMA to determine the proportion of myofibroblasts in the culture condition.
Keratocytes stimulated with BMP3 (10ng/mL) exhibited a marginal 1.23 + 0.122
fold increase of αSMA positive cells, as compared to control, while BMP7
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Figure 5.8 Effect of BMPs on primary cultured keratocytes
Quantification of fold change in the number of αSMA+ cells in
BMP3 and BMP7 stimulated keratoctyes relative untreated cells
show no significant changes in αSMA+ cells after stimulation.
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(10ng/mL) stimulation of keratocytes resulted in a slight decrease in αSMA+ cells
(0.88 + 0.06). Neither treatment conditions significantly altered the number in
myofibroblasts from the number of αSMA+ cells detected in untreated media.
While BMP7 is a known inhibitor of TGFβ mediated differentiation of
myofibroblasts, it is unclear if BMP3 would also be able to prevent the
myofibroblast transition in cells stimulated with TGFβ2. To test if BMP3 and
BMP7 could prevent TGFβ2 stimulated myofibroblast differentiation, cells were
treated simultaneously with BMPs and TGF-2 for 24 hours (Fig. 5.9).
Myofibroblasts were counted by the number of SMA positive cells. Treated cells
were counter stained with pSMAD1/5/8 antibody to indicate responsiveness to
BMP signaling (Fig. 5.9A-E). TGF-2 stimulated cells exhibited a 1.38 + 0.03 fold
increase relative to untreated controls (p=0.04). BMP3+TGF-2 treatment
conditions had the least number of SMA positive myofibroblast with a 0.5 + 0.14
fold change relative to untreated cells and a 0.37 + 0.17 fold change (p=0.0004)
relative to TGF-2 treated cells. BMP7+TGF-2 treatment conditions also
exhibited reduced number of SMA positive myofibroblast with a 0.72 + 0.13 fold
change (p=0.04) relative to untreated cells and a 0.48 + 0.09 fold change
(p=0.001) relative to TGF-2 treated cells. BMP3 and BMP7 did not exhibit an
additive effect on antagonizing TGF-2 driven myofibroblast differentiation, as
the number of SMA positive cells were nearly identical to BMP7+TGF-2
treatment conditions (Fig. 5.9F). While some pSMAD1/5/8 immunoreactivity is
detected in all culture conditions, cells cultured in BMP treated media appeared
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Figure 5.9 BMP3 and BMP7 antagonism on TGFβ2 mediated myofibroblast
differentiation in embryonic keratocytes
(A-E) Representive images of cells with various culture conditions testing BMP3,
BMP7 and BMP3/7 antagonism on TGF-2 directed myofibroblast differentiation.
Cells were treated simultaneously with BMPs and TGF-2 for 24 hours.
pSMAD1/5/8 was used to show cells were activated by BMP. (F) Myofibroblasts
were counted by the number of SMA positive cells. Quantified fold change
relative to untreated cells is shown (F). Scale bar= 40m *P<0.05, **P<0.01,
***P<0.001
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to have greater nuclear localization of pSMAD1/5/8 than conditions that lacked
BMP.
5.5

BMP3 Enhances Transcriptional Responses to TGF2 in Cultured
Embryonic Keratocytes
Treatment of primary keratocytes with BMP3 prevents TGFβ2 mediated

differentiation of αSMA+ cells, however the mechanism of how BMP3 affects the
specific phenotypic fate of keratocytes is not known. To determine if BMP3 is
promoting a keratocyte phenotype in the presence of TGFβ, quantitative PCR
was performed on cells stimulated either with TGFβ2, BMP3 or TGFβ2+BMP3 for
24 hours. To identify keratocyte phenotypic state, keratocan (KERA) and lumican
(LUM) transcripts were analyzed. Transcripts chosen to identify the myofibroblast
transition include αSMA (ACTA2), vimentin (VIM) and tenascin-C (TNC).
The transcriptional profile of untreated primary embryonic keratocytes was
not significantly altered by BMP3 stimulation. For all genes tested, transcripts
were not affected by BMP3 more than + 1.5 fold different than unstimulated cells
(Fig. 5.10). TGFβ2 stimulation drastically altered the expression profile of primary
keratocytes. Transcript levels for keratocyte markers KERA and LUM were
significantly downregulated (-37.24 + 4.52 fold, p=.033 and -9.99 + 1.71 fold,
p=0.0001, respectively) as compared to transcript levels in unstimulated cells.
TGFβ2 stimulation also caused significantly increased levels of myofibroblast
phenotypic markers ACTA2 (2.55 + 0.125 fold, p=0.003) and TNC (2.27 + 0.15
fold, p=0.003) when compared to unstimulated cells. Vimentin expression is
associated with myofibroblast differentiation from adult corneal keratocytes,
however, the upregulation of this gene in myofibroblast populations can vary
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Figure 5.10 Transcriptional response to BMP3, TGFβ2 or BMP3/TGFβ2
stimulation of embryonic keratocytes
qRT-PCR analysis of transcription changes in keratocyte markers (KERA and
LUM), myofibroblast related transcripts (VIM, ACTA2 and TNC). Regulation of
TGFβ2 transcripts was also analyzed to provide evidence for feedback
regulation. Cells were treated simultaneously with BMP3, TGF2 or
BMP3/TGFβ2 for 24 hours. Log2(2 ΔΔCt) relative to untreated cells was plotted to
represent differential gene expression. Dotted line demarcates + 2 fold change.
Abbreviations: ACTA2: actin-alpha 2 (αSMA); KERA: keratocan; LUM: lumican;
TGFβ2: transforming growth factor-beta 2; TNC: tenascin-C. P*<0.05, P**<0.01,
P***<0.001 : significantly different relative to TGF2 P=0.05.
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between tissues. My data shows primary embryonic keratocytes stimulated with
TGFβ2 do not upregulate VIM. In fact, embryonic keratocytes significantly
downregulate VIM (-7.45 + 0.34 fold decrease, p=.002) after TGFβ2 stimulation
(Fig. 5.10).
To test how BMP3 effects TGFβ2 stimulation of embryonic keratocytes,
primary cultures were simultaneously stimulated with BMP3 and TGFβ2, followed
by a similar transcriptional profile analysis (Fig. 5.10). Interestingly,
BMP3+TGFβ2 stimulation of keratocytes exhibited a similar transcriptional
response observed after TGFβ2 stimulation alone. Keratocyte markers KERA
and LUM were significantly downregulated (-51.39 + 12.36 fold, p=0.03 and 16.92 + 4.55 fold, p=0.0001, respectively) when compared to unstimulated
control keratocytes. Additionally, transcript levels for myofibroblast genes ACTA2
and TNC were significantly increased (3.09 + 0.31 fold, p=0.002 and 3.17 + 0.63
fold, p=0.006 respectively) after BMP3+TGFβ2 stimulation. The downregulation
of VIM (-8.92 + 1.41, p=0.002) was also conserved in BMP3+TGFβ2 treatment
conditions. The transcriptional response of every gene assayed in TGFβ2
stimulated keratocytes appeared to be enhanced by BMP3+TGFβ2 stimulation
(Fig. 5.10). For most genes assayed, BMP3+TGFβ2 treatment results in a
moderately enhancing the transcriptional response to TGFβ2 stimulation. The
transcriptional downregulation of LUM was the only gene to be significantly
enhanced in BMP3+TGFβ2 treatment as compared to TGFβ2 stimulation alone (1.69 + 0.03 fold, p=0.05).
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These data show that BMP3 treatment does not significantly alter the
expression of all tested transcripts levels found in untreated, and only marginally
affects transcriptional response to TGFβ2 stimulation in primary keratocytes.
While this provides the insight of the role of BMP3 in altering the transcriptional
responses that may lead to a phenotypic change after TGFβ2 stimulation, I
sought to determine potential regulation on TGFβ2 expression after BMP3
stimulation (Fig. 5.10). TGFβ2 transcripts levels were not significantly different
between untreated cultured primary embryonic keratocytes and BMP3 treated
primary cells (-1.23 + 0.19 fold). TGFβ2 stimulation of primary keratocytes results
in significant reduction of TGFβ2 transcript levels (-3.27 + 0.21, p=0.05),
suggesting a negative feedback mechanism on TGFβ2 expression.
BMP3+TGFβ2 treatment conditions cause keratocytes to marginally enhance the
downregulation of TGFβ2 (-3.78 + 0.63, p=0.05) as compared to unstimulated
cells, albeit, TGFβ2 transcript levels were not significantly different between
TGFβ2 and BMP3+TGFβ2 treatment conditions.
5.6

BMP3 Prevents TGF2 Mediated Accumulation of Focal Adhesion
Complexes
Myofibroblast differentiation requires biochemical and biomechanical

signaling through TGF and focal adhesion transduction, respectively. Since
BMP3 does not prevent TGF driven regulation of transcript targets, I
hypothesized that BMP3 may prevent myofibroblast differentiation by affecting
focal adhesion. Primary embryonic keratocytes were allowed to develop mature
focal adhesion complexes by culturing cells for 3 days in the experimental
conditions. To determine if BMP3 affects TGF2 stimulation of focal adhesion
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formation, untreated cells or cells treated with TGF2 or BMP3+TGF2 were
stained with the focal adhesion complex associated protein, vinculin. Vinculin
staining in untreated keratocytes appears to be mostly distributed throughout the
cell and vinculin+ focal adhesion complexes (V+FAC) were found at relatively low
densities throughout the cell. The few observed V+FACs were mostly detected in
extended cellular projections in control conditions (Fig. 5.11A). TGF2 stimulates
the accumulation of V+FACs through the cell, suggesting increased number of
active focal adhesion complexes (Fig. 5.11B). BMP3+TGF2 treated cells exhibit
a mixture low density V+FACs, similar to control conditions, and high density of
V+FACs cell phenotypes, found in the TGF2 treatment conditions (Fig. 5.11C).
To quantify the effect of BMP3 and TGF2 on the stimulation of V+FAC
accumulation, the percentage of cells that exhibited the high density distribution
of V+FACs were counted. Representative cells with high density V+FACs are
shown in Fig. 5.11B. Unstimulated cells exhibit 30.97%+ 5.23% cells high density
V+FACs, while TGF2 stimulation promotes 67.72% + 5.25% cells to have high
density distribution of V+FACs. When compared to TGF2 stimulated conditions,
fewer BMP3+TGF2 treated cells possess the high density distribution of
V+FACs (Fig. 5.11D, 52.45% + 10.14%). These data represent two biological
samples and should be repeated to increase the statistical resolution of the
treatment conditions.
This in vitro analysis suggests BMP3 may affect the accumulation of
V+FACs, therefore, I hypothesized that the spatiotemporal distribution of vinculin
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Figure 5.11 BMP3 antagonism on vinculin+ focal adhesion accumulation
Passaged embryonic keratocytes in cultured in untreated media or stimulated
with TGFβ2 or BMP3/TGFβ2 were stained with vinculin to determine the
percentage of cells with high density of vinculin+ focal adhesion complexes
(V+FACs). (A-C) Representative images of low density V+FACs in unstimulated
culture conditions (A) and high density of V+FACs after TGFβ2 stimulation (B).
BMP3+TGFβ2 treated cells exhibit a mixed cell population of low and high
density of V+FACs (C). (D) Quantified percentages of cells with the high density
V+FACs phenotype after BMP3+TGFβ2 stimulation appears to be less than
TGFβ2 stimulation alone.
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protein in regenerating embryonic corneas would correlate with the epithelial
upregulation of BMP3 and activation of pSMAD1/5/8 at 5dpw. At 16hrpw, which
is prior to differentiation of SMA+ myofibroblasts in the anterior wounded
stroma, no vinculin protein is detected in the wounded cornea (Fig. 5.12;
16hrpw). By 3dpw, SMA+ myofibroblasts are distributed across the surface of
the regenerating stroma, and vinculin staining is exclusively colocalized with
SMA+ (Fig. 5.12; 3dpw, arrowheads). Interestingly, some SMA+ cells do not
stain positive for vinculin (Fig. 5.12; 3dpw, arrow). Staining patterns of
SMA/vinculin+ cell clusters suggest some cells may be differentially interacting
with the stromal matrix. Groups of cells that exhibit stronger vinculin protein
staining tend to have cellular organization with sharply defined edges and
pointed cell extensions (Fig. 5.12; 3dpw, inset i). However, cell clusters with
relatively lower levels of vinculin staining appear much more globular with few
observed defined cellular extensions (Fig. 5.12; 3dpw, inset ii), possibly due to
altered interactions with the stromal matrix. When SMA+ positive cells exit the
wounded embryonic corneal stroma at 5dpw, some residual SMA can be
detected, along with colocalized with vinculin staining (Fig. 5.12; 5dpw and inset).
Taken together, vinculin is exclusively expressed by SMA+ myofibroblasts in
the regenerating cornea, and appears to be differentially regulated at critical
stages during corneal regeneration, including the upregulation of BMP3 in the
regenerating epithelium and robust activation of pSMAD1/5/8 in the anterior
stroma at 5dpw.
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Figure 5.12 Spatiotemporal regulation of vinculin in the regenerating embryonic cornea
Regenerating corneas collected at 16hrpw, 3dpw and 5dpw were assayed for VNCL and αSMA. VNCL
positive staining is only localized to αSMA+ cells (3dpw, arrowheads), however not all αSMA+ are
VNCL+ (3dpw, arrow). Cell clusters with high levels of VNCL exhibit sharp extensions in the corneal
matrix (3dpw, i) while clusters with low levels of VNCL appear to be more globular (3dpw, ii). Any
remaining αSMA staining in 5dpw corneas appears to localize with VNCL+ cells (5dpw and inset).
Abbreviations: VNCL: vinculin; αSMA: alpha-smooth muscle actin. Scale bars: 100 µm, insets= 50 µm
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5.7

Discussion
This study demonstrates BMP3 as a novel antagonist to TGFβ mediated

differentiation of myofibroblast in embryonic keratocytes. The expression patterns
of TGFβ and BMP3 genes detailed in this report, along with the spatiotemporal
activation of pSMAD1/5/8, supports the hypothesis that BMP antagonism on
TGFβ activity may contribute to the transient nature of this cell population during
corneal regeneration. Isolated primary embryonic keratocytes exhibit
transcriptional responses to TGFβ2 stimulation that indicate a phenotypic shift to
a myofibroblast state. While BMP3 does not seem to significantly alter the
expression of transcripts in either untreated or TGFβ2 treated conditions, BMP3
marginally enhances the transcriptional response to TGFβ2 stimulation for every
gene assayed in this study. This suggests that BMP3 does not promote the
upregulation of keratocyte phenotypic markers, nor does it prevent TGFβ2
expression of myofibroblast phenotypic transcripts.
For these reasons, I postulate that BMP3 affects TGFβ2 stimulated
myofibroblast differentiation through a mechanism alternative to repressing
transcriptional responses downstream of TGFβ2. Considering the role of
adhesion signaling in facilitating the myofibroblast phenotype, I sought to
determine if BMP3 altered TGFβ2 stimulated accumulation of focal adhesion
complexes. Interestingly, BMP3+TGFβ2 stimulation promotes more cells to have
a relatively low density of vinculin focal adhesion sites as compared to the
proportion of TGFβ2 treated cells possessing a high density distribution of
V+FACs. Moreover, keratocyte adhesion in the wounded stroma appears to be
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modulated in vivo, indicated by the concomitant loss of vinculin and increase of
nuclear pSMAD1/5/8 in the anterior stroma at 5dpw. Collectively, these data
provide evidence for a novel role of BMP3 in regulating myofibroblast
differentiation during tissue regeneration.
5.7.1 Differential Expression of TGFβs in the Developing and Regenerating
Cornea
Prior to this study, there has been no characterization of the distribution of
TGFβ isoforms during corneal development. Functional characterization of TGFβ
isoforms in knockout mice has identified TGFβ2 to be important for mouse
corneal development (Saika et al., 2001), but no data has suggested any function
of either TGFβ1 or TGFβ3 during cornea development. I have found that, at least
in the chick cornea, these two TGFβ isoforms are expressed exclusively in the
corneal epithelium. Differential levels of TGFβ1 regulate the proliferation and
keratinization of stratified epithelial tissues during development (Sellheyer et al.,
1993). Therefore, TGFβ1 expression in the developing cornea may facilitate the
stratification and keratinization of the corneal epithelia during development.
TGFβ3 expression also appeared to be localized to developing corneal
epithelium, but unlike TGFβ1, TGFβ3 was specific to the ectoderm specified to
give rise to the corneal epithelium. Cultured keratocytes respond to TGFβ3
stimulation by secreting a highly organized collagen-I matrix that resembles
proper fibril diameters and interfibrillar spacing observed in vivo (Karamichos et
al., 2013). Corneal epithelial cells basally secrete collagen-I to form the acellular
primary stroma (Coulombre and Coulombre, 1958; Fitch et al., 1994). If the
keratocyte cell response to TGFβ3 stimulation is conserved in corneal epithelial
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cells, TGFβ3 could drive the formation the primitive collagen-I matrix to facilitate
mesenchymal migration into the cornea. Additionally, TGFβ3 may influence the
organization of collagen-I in the primary stromal matrix, possibly providing an
architectural template to construct the remaining corneal stroma matrix.
Furthermore, paracrine TGFβ3 signaling between the corneal epithelium and
stromal keratocytes could directly stimulate embryonic keratocytes to synthesize
an organized matrix conducive for corneal transparency.
5.7.2 Role of BMP3 in Regulating the Myofibroblast Phenotype
BMP antagonism of TGFβ activity has been greatly associated with BMP7
negatively regulating the expression of downstream targets of TGF signaling
(Zeisberg et al., 2003). The role of BMP3 regulating TGF activity is less clear.
Previous reports have indicated that BMP3 can enhance cellular proliferation as
a response to TGF signaling in mesenchymal stem cells (Stewart et al., 2010),
while opposing TGF mediated cell proliferation and differentiation in bone
marrow stromal cells (Faucheux et al., 1997). These conflicting studies suggest
that the context in how BMP3 affects TGF activity is likely specific to particular
cell populations.
Since BMP7 suppresses cellular responses to TGF stimulation by
preventing the expression of downstream transcriptional targets TGF signaling,
I postulated that BMP3 would prevent TGF2 stimulated myofibroblast
differentiation by reducing the expression of myofibroblast related genes. The
data generated from the qPCR array demonstrates that BMP3 does not reduce
the transcriptional responses to TGF stimulation of embryonic keratocytes, yet
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may act as a mild enhancer of TGF activity. Myofibroblast differentiation
requires both adhesion independent signaling, such as TGF stimulation, and
adherence dependent signaling, like integrin mediated focal adhesion signaling
(Thannickal et al., 2003). During bone formation, BMP3 is capable of preventing
the stimulation of adhesion dependent osteoblast differentiation. For example,
BMP2/4 proteins increase cellular adherence to tissue ECM as well as the
activity of focal adhesion kinase (Shah et al., 1999, Tamura et al., 2001, Zouani
et al., 2013), which drives osteoblast precursors to differentiation into mature
osteoblasts (Zouani et al., 2013). While BMP2/4 mediated differentiation of
osteoblasts is abrogated by BMP3 (Kokabu et al., 2012), it is not clear if BMP3
prevents the phenotypic change by altering osteoblast adhesion. In regards to
the regulation of the embryonic corneal myofibroblast transition, BMP3 does not
appear to regulate TGF mediated differentiation of myofibroblasts by reducing
the expression of myofibroblast phenotypic related genes. Given the antagonistic
effect BMP3 has on adhesion dependent differentiation in osteoblast
differentiation, I hypothesized BMP3 antagonizes TGF driven differentiation of
myofibroblast by altering the adhesion of TGF stimulated cells to regulate the
stability of the myofibroblast phenotype.
The modest results regarding keratocyte responses to BMP3 could be
explained by the use of human recombinant BMP3 on cultured chicken
embryonic cells. Human BMP3 has a 90% coverage alignment with chicken
BMP3, however, the two proteins are only 67% identical. A more profound
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Figure 5.13 Proposed mechanism of BMP3/TGFβ2 regulation on
myofibroblast differentiation
These data show TGFβ2 induces embryonic keratocyte differentiation to
myofibroblasts by upregulating myofibroblast related transcripts and increasing
V+FACs. TGFβ2 seems to have negative feedback on its own expression. BMP3
mildly enhances the transcriptional responses to TGFβ stimulation, yet
antagonizes TGFβ2 mediated accumulation of V+FACs. BMP3 may therefore
prevent myofibroblast differentiation by altering cellular adhesion. This novel
function of BMP3 may facilitate the transient myofibroblast population in the
embryonic cornea wound healing model.
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response may be observed using specific growth factors or testing these
responses in human cells.
The data presented here is the first description of the role of BMP3 in
regulating the accumulation of vinculin positive focal adhesion complexes. This
regulation on cellular adhesion may ultimately affect the stabilization of the SMA
fibril organization associated with the myofibroblast transition in stimulated
embryonic keratocytes. Taking all this data together, I propose a model in which
TGF2 promotes the induction of the myofibroblast phenotype by stimulating the
expression of myofibroblast phenotypic genes, although, TGF2 stimulation of
embryonic keratocytes appears to exhibit negative feedback of the expression of
TGF2 transcript. BMP3 marginally enhances the transcriptional response to
TGF2 stimulation, including the upregulation of myofibroblast transcripts. While
BMP3 does not prevent the transcriptional activation of myofibroblastic genes, it
may affect the ability for a cell to form SMA fibrils by reducing vinculin+ focal
adhesion formation, ultimately abrogating the myofibroblast phenotype (Fig.
5.13).
This novel mechanism of BMP3 antagonizing TGF2 driven myofibroblast
differentiation could be facilitating the transient nature of the myofibroblast in the
regenerating cornea in vivo. The spatiotemporal upregulation of BMP3
expression, activation of pSMAD1/5/8, and concomitant loss of SMA/vinculin+
cells in the anterior stroma of the regenerating cornea, altogether, build the
hypothesis that BMP3 from the corneal epithelium could prevent stabilization of
myofibroblast in the embryonic cornea wound. These data demonstrate the
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benefit of utilizing the embryonic corneal wound model to elucidate novel
mechanisms regulating cellular responses to fibrotic inducing factors, such as
TGF. Determining BMP3 antagonism of SMA+ myofibroblast induction in adult
corneal wounding models will resolve if this described function of BMP3 can
translate to promoting non-fibrotic regeneration after corneal injury in adults.
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3- This is an expanded version of the manuscript in preparation to submit for
publication:
Spurlin, J.W. and Lwigale, P.Y. BMP-3 is a novel antagonist to TGFβ-2 mediated
myofibroblast differentiation in embryonic keratocytes. In Preparation
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Chapter 6: Summary, Significance and Future Directions
6.1

Summary and Significance
Fibrosis reduces the functionality of the affected tissues; therefore

studying mechanisms of non-fibrotic regeneration is an active field of research.
Fibrotic healing in corneal tissue results in loss of visual acuity and blindness
(Wilson et al., 2001). The embryo has a remarkable ability to regenerate without
fibrosis and has served as an excellent model to elucidate novel mechanisms of
non-fibrotic regeneration in many tissues. While wound regeneration studies
have been conducted in many embryonic tissues, prior to this work, the
regenerative capacity of the embryonic cornea was unknown.
This dissertation demonstrates the development of embryological
techniques to gain access to tissues undergoing organogenesis during late
stages of embryonic development, permitting physical experimental manipulation
of developing organs in vivo. This methodology was applied to test the
regenerative capacity of the embryonic cornea after injury. I found that embryonic
corneas possess a regenerative capacity, similar to many other embryonic
tissues. When comparing published literature on adult corneal fibrotic healing to
the embryonic corneal regeneration, I found several key differences, some of
which may contribute to non-fibrotic regeneration. The major differences include
attenuated keratocyte activation, rapid deposition of endogenous ECM
components, turnover of wound response ECM components, and full innervation
after embryonic regeneration. Generation and persistence of the myofibroblast
population in wounded adult corneas directly correlates to the onset of corneal
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fibrosis (Jester et al., 1999a; Caurasia et al., 2009). One compelling observed
response during embryonic corneal regeneration is the induction of the
myofibroblast population is rapid and transient. I hypothesized that the embryonic
cornea may regulate the stability of the myofibroblast phenotype in the wound
differently that adult corneas. I have identified BMP3 as a novel regulator of the
myofibroblast transition. Moreover, the mechanism how BMP3 regulates the
myofibroblast phenotype is likely through regulating how cells generate focal
adhesion complexes. This finding implicates that regulating cellular adhesion
during wound healing may lead to attenuating fibrotic cell differentiation during
regeneration. These data collectively demonstrate the utility of the embryonic
cornea wound healing model and how differences in embryonic healing can
elucidate novel perspective mechanisms of tissue regeneration.
The methodology to access embryonic tissues developed in this
dissertation work is not exclusively limited to the cornea. However, this technique
can be applied to accessing various tissues within the superior half of the
developing embryo, including the upper limbs, heart and various craniofacial
structures. As demonstrated in Chapter 3, ectopic protein can be delivered to
these tissues by implanting treated agarose beads into any of these desired
tissues. Additionally, cells overexpressing a gene of interest can be directly
injected into a developing tissue to test the novel genetic interactions in these
developing tissues. For example, the gene regulatory network to direct the
differential pathway of neural crest stem cells to many tissues has been
elucidated (reviewed by Sauka-Spengler and Bronner-Faser, 2008). The corneal
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stroma and endothelial layers, which comprise of over 90% of the cornea, are
derived from the neural crest cell population. But, the genes required for corneal
keratocyte and endothelial cell differentiation from neural crest progenitors is
currently unknown. Isolated primary neural crest cells could be infected with
RCAS-GFP viral expression vector and injected directly into the developing
cornea to fate map neural crest differentiation in the cornea. This could
determine if the combination of genes expressed in the anterior eye are sufficient
to directly drive neural crest differentiation to a keratocyte phenotype. Moreover,
gene activity in the anterior eye could be manipulated to affect the differential fate
of neural crest. Since specific markers for neural crest and keratocyte cells are
well established, monitoring phenotypic changes of neural crest cells expressing
a tracing reporter, like GFP, would clearly show regulation of differentiation in
these cells in this developing tissue environment.
In this work, I applied this methodology to performing regeneration
experiments in the embryonic cornea. Generation of fibrosis in the adult cornea
has been well studied (Wilson et al., 2012). In short, cells in a damaged adult
cornea are stimulated by growth factors and cytokines, such as PDGF, TGFβ
and IL-1, to undergo an initial phase of apoptosis, followed by a subsequent
proliferative and differentiation phase (reviewed by Wilson et al., 2001). As
quiescent keratocytes differentiate into wound response myofibroblasts, cells
alter the composition and organization of the cornea stromal ECM. Extensive
remodeling of the matrix is facilitated by myofibroblasts, mostly through these
cells contracting and shaping the orientation of the matrix fibers and the
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expression of MMPs to turnover existing ECM (Mulholland et al., 2005; Iwanami
et al., 2012). The alterations to the corneal matrix scatter light that reduces the
tissue transparency required for vision. In addition to loss of tissue transparency,
healed adult corneal tissue is significantly less innervated than uninjured corneas
(Niederer et al., 2007). Corneal nerves secrete neurotropic factors required for
epithelial health, and loss of innervation results in corneal epithelial erosion
(Kubilus and Linsenmayer, 2010).
Embryonic corneas regeneration exhibits a different healing cascade than
the adult cornea, in that cells do not undergo apoptosis or proliferative phases.
Moreover, the distribution of the embryonic myofibroblast in the corneal stroma is
transient. This suggests that the growth factor and cytokine stimulation found
during the induction of the wound healing responses of the adult cornea is
inherently different in the embryonic cornea regeneration model. The
endogenous corneal ECM of the embryonic cornea is highly influenced by
wounding. For example, procollagen-I, KSPGs and perlecan appear to be
reduced in the central region of the wound, as the epithelial tissue is retracted.
These proteins are gradually re-established as epithelialization of the tissue
occurs, implicating the importance of paracrine signaling from the embryonic
corneal epithelium in regulating the synthesis of the embryonic stromal matrix.
The innervation rate of the cornea is also greatly affected by the regenerating
corneal epithelium. Embryonic cornea innervation does not proceed into the
healing stroma until the tissue has become re-epithelialized. Understanding how
genes differentially expressed in the developing and regenerating embryonic
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corneal epithelium effect the underlying stroma may reveal novel mechanisms of
corneal tissue formation and regeneration. These findings could ultimately lead to
understanding proper stimulation of keratocytes to engineer in vitro cell based
corneal prosthetics, as well as developing novel therapeutics to promote corneal
regeneration.
As previously mentioned, preventing the induction of myofibroblasts during
cornea healing is an actively pursued avenue for therapeutic advances toward
preserving corneal transparency after injury. In Chapter 4, I demonstrated that
myofibroblasts are transiently present in the regenerating embryonic cornea.
Therefore, I hypothesized the embryonic cornea wound model may provide a
unique perspective on mechanisms regulating the persistence of this cell
population during regeneration. I identified that BMP3 as a novel inhibitor of
myofibroblast differentiation and localized its expression to the regenerating
epithelium. The putative mechanism of BMP3 antagonism on myofibroblast
differentiation is through BMP3 regulation on TGFβ2 mediated formation of focal
adhesion complexes. This is the first example of a BMP isoform negatively
regulating the accumulation of focal adhesion complexes and suggests that
targeting cellular adhesion in injured tissue may contribute to non-fibrotic healing.
While adhesion dependent signaling is required for myofirbroblast differentiation
(Ho et al., 2014), targeting aspects of cell adhesion mediated signal transduction
to prevent the development of fibrosis in corneal tissue has not been
investigated. Therefore, these data broaden the current perspective in corneal
wound biology from primarily targeting TGFβ activity to possibly a new class of
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therapeutic targets within the focal adhesion signaling cascade to mitigate
fibrosis.
This novel function of BMP3 may also apply to understanding its role
during development. For example, BMP3 is unique in the BMP family of proteins
because it is considered a negative regulator of skelatogenesis, in that BMP3
deficient mice have a significant increase of bone mass (Daluiski et al., 2001)
and overexpression of BMP3 causes mice to have decreased bone formation
(Gamer et al., 2009). BMP2/4 stimulation increases focal adhesion signaling in
osteoblast progenitors while driving osteoblast differentiation (Shah et al., 1999,
Tamura et al., 2001, Zouani et al., 2013). BMP3 prevents BMP2/4 mediated
differentiation of osteoblasts, however it is not clear if BMP3 affects focal
adhesion required to drive this differentiation. If response to BMP3 in keratocytes
is conserved in osteoblast progenitors, then the BMP3 antagonistic effect on
osteoblast differentiation, and ultimately bone condensation, could be
mechanistically regulated through altered cell adhesion mediated signaling
transduction.
6.2

Future Directions
In this dissertation work, I have described the development and

characterization of the embryonic wound healing model. Furthermore, I have
provided evidence that this model can be used to elucidate novel mechanisms
that may contribute to corneal development and could promote non-fibrotic
regeneration of the cornea. Several additional studies could be conducted
utilizing this cornea regeneration model.
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Various growth factors a critical in regulating ECM synthesis and cell
differentiation during the formation and regeneration of the cornea. An important
regulatory element of these growth factors is the role of proteolytic activation of
sequestered factors within the matrix. This is an especially important
consideration regarding TGFβ protein activity. All isoforms of TGFβ are secreted
in a latent complex, called the small latent complex (SLC). When the SLC is
secreted from the cell, it binds a TGFβ sequestering ECM component called
latent-TGFβ-binding-protein (LTBP). TGFβ is sequestered in its latent form until
liberated from LTBP (Annes et al., 2003). Research in the Lwigale lab has
demonstrated the corneal stroma and endothelial layers express LTBP very
strongly. Therefore, TGFβ protein can be sequestered in the ECM of these layers
during development. Liberation of TGFβ from LTBP can be driven by several
changes in the ECM environment, including change in pH, expression of
proteolytic proteins and physical mechanical strain on the matrix. For the purpose
of this discussion, I will focus primarily on proteolytic activity regulating the
liberation of TGFβ and its potential role in cornea development and regeneration.
MMP-1, -2, -3 and -9 has been identified to be expressed in wounded corneas
(Mulholland et al. 2005). MMP-2 and -9 cleave LTBP and activate TGFβ (Yu and
Stamenkovic, 2000), however, the spatiotemporal distribution of MMPs in the
developing and regenerating embryonic cornea is currently unknown. Elucidating
the mechanistic role in how various MMPs regulate TGFβ bioavailability during
corneal development and regeneration could provide insight to another aspect of
regulation on TGFβ activity in corneal biology.
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MMPs not only influence the bioavailability of growth factors, but these
proteins are also critical for ECM remodeling events during wound healing. The
balance of ECM production and MMP mediated turnover of damaged matrix is
critical for regeneration of tissue. Blastema formation in the axolotyl limb
regeneration model is a paradigm for complex tissue regeneration. MMP profiles
in the regenerating axolotyl blastema have indicated MMP9 and MMP10 as
prominently expressed MMP isoforms that are lost in regeneration incompetent
mutants (Santosh et al., 2011). This suggests that high levels of these MMPs
may be important for tissue regeneration. MMP9 activity has been directly linked
to remodeling collagen organization during fin regeneration in zebrafish (LeBert
et al., 2015). In this model, MMP9 expression is required for proper collagen
organization of acute injury, however MMP9 is detrimental collagen alignment in
chronic wound healing model (LeBert et al., 2015). Together, these data suggest
that the balance of MMP isoforms and temporal regulation of MMP activity is
crucial for proper tissue restoration. While the MMP isoforms in wound adult
corneas have been identified, the spatiotemporal control of the appropriate
isoforms to promote non-fibrotic corneal regeneration is currently not understood.
The embryonic corneal wound healing model would give excellent insight to
which MMPs are expressed during corneal regeneration and to how these
remodeling proteins may be regulated in a non-fibrotic cornea wound healing
model. Elucidating mechanisms of how MMPs influence growth factor
bioavailability and concomitantly control matrix fibril organization would vastly
expand the current understanding of corneal regeneration.
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Another key component of cornea regeneration is proper innervation after
healing. There is no current treatment to promote full innervation in the adult
cornea after injury without side effects, such as neovascularization. Ongoing
work by graduate student Ana Ojeda, in Dr. Lwigale’s lab, has led to
understanding the role of chemokines directing neural guidance during corneal
development. The gene CXCL14 has been identified to have a critical role in
regulating the innervation pattern of the cornea during development. Preliminary
work in the Lwigale lab has demonstrated that loss of CXCL14 activity results in
premature innervation of the corneal epithelia and disregulated patterning in the
corneal stroma. As mentioned in Chapter 4, the wounded corneal stroma
prevents nerves from migrating into the denuded region of wound. Despite this,
nerves migrate through the stroma directly behind the regenerating corneal
epithelium, eventually resulting in a fully innervated cornea after regeneration. A
collaborative effort within the Lwigale has led to asking if CXCL14 was
differentially expressed during corneal regeneration (Fig. 6.1). In situ
hybridization for CXCL14 transcripts was performed on 5dpw (Fig. 6.1A). Gene
expression for CXCL14 was exclusively localized posterior to the regenerating
epithelium (Fig. 6.1A, arrow). Cross-sections of regenerating corneas show
TUJ1+ nerves migrate to the region where the corneal epithelium is regenerating
(Fig. 6.1B, arrow), yet the nerve migration through the stromal layer is halted and
the corneal nerves project into the regenerating epithelium (Fig. 6.1B,
arrowheads). This comparison between the expression of neural repellant
CXCL14 and the redirection of the stromal nerves to the epithelial layer during
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Figure 6.1 Expression of CXCL14 in the regenerating embryonic cornea
(A) An in situ hybridization CXCL14 was performed on 5dpw regenerating
corneas. Strong expression of CXCL14 was located directly posterior to the
regenerating epithelium (arrow). (B) Cross-section of 5dpw cornea was stained
for TUJ1 to identify innervation patterning in the stroma. Nerves are migrating
through the stroma toward the wound (B, arrow). Upon reaching the regenerating
epithelium, nerves avoid the stroma and project into the corneal epithelium (B,
arrowheads). Abbreviations: dpw: days post-wound; en: endothelium; ep:
epithelium; st: stroma.
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regeneration builds a compelling hypothesis that CXCL14 may direct stromal
nerves to innervate the corneal epithelium. Conducting CXCL14 loss of function
experiments in regenerating embryonic corneas may cause stromal nerves to
migrate beyond the migratory front of the epithelium, indicating the role of
CXCL14 during innervation of wounded corneal tissue. While it is not clear if
CXCL14 is differentially regulated during adult cornea healing, misexpression of
this protein would likely affect the innervation rate and patterning during healing
of adult corneal tissue. Additionally, understanding novel guidance cues that
direct nerve migratory paths, even to breach barriers between tissue layers,
could be beneficial in restoring innervation to damaged tissue.
Altogether, this work demonstrates an expansion of the versatile chick
embryonic model to develop an embryonic cornea wound healing model that is
effective in providing insight to novel mechanisms cornea regeneration. In this
dissertation, I have shown the embryonic cornea is an excellent model to study
corneal regeneration. The differential wound healing cascade in the embryo can
be used as a novel perspective in cornea wound healing, ultimately to elucidating
key regulatory mechanisms to prevent corneal fibrogenesis. Pursuing the future
directions discussed in this chapter in the embryonic model and testing
translation of embryonic regenerative mechanisms in adult tissue could lead to
novel therapeutic avenues for promoting cornea regeneration.
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Chapter 7: Appendix
7.1

TGFβ2 Stimulation of ex vivo Cornea Cultures
As described in chapter 2, anterior segments of the embryonic eye are

viable in culture. I aimed to develop an ex vivo culture system in which corneas
could be stimulated with TGFβ2 and the myofibroblast transition in the cornea
could be monitored. I isolated the anterior segment of E10 eyes and cultured this
tissue in untreated and TGFβ2 (10ng/mL) treated media for 5 days (Fig. 7.1). The
obvious morphological response observed was TGFβ2 treated corneas were
slightly smaller and exhibited a wrinkled surface (Fig. 7.1B) as compared to
untreated corneas (Fig. 7.1A). This was an encouraging finding because
myofibroblast contractility is frequently measured by quantifying cell mediated
shrinking of a 3d collagen gel. I sectioned these corneas and stained for αSMA
and KSPG to evaluate if stromal keratocytes made a transition to a myofibroblast
phenotype (Fig. 7.1C-D). KSPG staining was maintained in both untreated and
TGFβ2 stimulated corneas (Fig. 7.1C and D). As represented in the whole
mounted corneas (Fig. 7.1A and B), the untreated cornea exhibited a relatively
smooth epithelial surface (Fig. 7.1C), while the TGFβ2 treated cornea had folds
in the epithelial layer (Fig. 7.1D, arrowheads). There was no obvious differential
αSMA staining when comparing untreated to TGFβ2 treated conditions (Fig.
7.1C’-D’). While an interesting morphological response was observed, this
culturing method does not seem to be suited for the analysis I was seeking.
However, it is possible that this culturing method could be optimized for other
types of analysis, such as stimulated proliferation.
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Figure 7.1 TGFβ2 stimulation of ex vivo culture corneas
Anterior segment of E10 eyes were cultured in untreated (A-C) and
TGFβ2 (10ng/mL) treated media (B-D). While morphological
responses to TGFβ2 included tissue shrinkage (B) and wrinkling (B
and D, arrowheads), no major imunohistologal differences were
observed (C, D and C’, D’). Abbreviations: ep: epithelium; st: stroma;
en: endothelium.
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7.2

Embryonic Cornea Explant Cultures
Inability to image to image individual cells in ex vivo cultures could be a

possibility to why no obvious myofibroblast transition was observed in Fig. 7.1C
and D. To address this problem, I isolated pieces of corneal stroma and
embedded the stromal explants into rat tail collagen gels. If cells were to outgrow
from the explant into the collagen matrix, then I could get better resolution on
single cells while keeping the cells in a 3D collagen environment. These explants
were grown in untreated media (A-A”), BMP3 (10ng/mL, B-B”) or TGFβ2
(10ng/mL, C-C”) for 3 days. Cells in the untreated condition exhibited the most
outgrowth (A), were strongly αSMA+ yet fibroblastic in morphology (A’), and had
strong activation of pSMAD2. BMP3 treated cells had similar outgrowth patterns
to untreated conditions (B), exhibited αSMA+ staining (B’), and slightly weaker
pSMAD2 staining (B”) as compared to untreated. TGFβ2 stimulated explants had
the least outgrowth (C), and surprisingly the less intense αSMA+ staining than
the other two conditions (C’). The level of pSMAD2 activation in TGFβ2 treated
explants was also noticeably less than untreated or BMP3 treated conditions
(C”). Since cells in untreated conditions are activating pSMAD2, this suggests
that there is a source TGFβ stimulating the cells, possibly being released from
the explanted stroma. This assay may be able to be optimized for stimulation of
migratory events within the stroma keratocytes, but it would be difficult to
interpret data regarding myofibroblast differentiation without controlling the
induction of the phenotype.
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Figure 7.2 Embryonic cornea explant cultures
Stomal explants were culture in untreated media (A-A”), BMP3 treated media (BB”) and TGFβ2 treated media (C-C”). The myofibroblast transition was monitored
with immunohistochemical analysis of αSMA and pSMAD2 staining.
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7.3

Sema3A and VEGFA Ratios in the Lens during the Establishment of
Corneal Avascularity
Corneal avascularity is critical from maintaining transparency of the

corneal tissue. A collaborative effort in the Lwigale sought to determine the
impact of pro-angiogenic factor, VEGFA, in recruiting blood vessels to the
anterior eye and anti-angiogenic factor, Sema3A, in maintaining corneal
avascularity. Since the lens is a major regulatory of cell migration into the
developing cornea, I hypothesized the lens would have significantly greater
levels of Sema3A transcript as compared to VEGFA transcripts. Quantitation of
these transcripts was measured in developing chick (Fig. 7.3A) and mouse
lenses, as well as post natal and adult mouse lenses (Fig. 7.3B) using qRT-PCR.
Sema3A transcript levels were greater than VEGFA at all observed stages of
chick lens development (Fig. 7.3A, E3-E7). During mouse eye development
Sema3A transcripts also remained greater than VEGFA levels (Fig. 7.3B). This
suggests Sema3A may be contributing to the establishment of corneal
avascularity during development. In post natal and adult mouse lenses, Sema3A
transcripts approach the observed transcript levels of VEGFA as the mouse ages
(Fig. 7.3 B). Since mouse corneas are not vascularized, this data suggests that
the lens may have less of an influence regulating corneal vascularity as the
organism ages. This data contributed to functional studies that further support
these claims (McKenna et al., 2014).
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Figure 7.3 Sema3A and VEGFA Ratios in the Lens during the Establishment
of Corneal Avascularity
qRT-PCR analysis shows Sema3A is expressed at higher levels than VEFGA in
the lens during cornea development in (A) avian and (B) murine embryos. This
difference diminishes as with age in the mouse lens (B)
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