ABSTRACT
Role of Pro- and Anti-Angiogenic Factors during Formation of the
Periocular Vasculature and Establishment of Corneal Avascularity
By
Sam Charles Kwiatkowski
The cornea is an avascular component of the visual system located in the
anterior eye. Avascularity of the cornea is critical for proper vision since the
cornea functions by transmitting light into the eye. Impaired vision from loss of
avascularity may occur as a result of tissue damage which induces corneal
neovascularization from the highly vascularized tissues of the anterior eye.
Neovascularization in adult corneas is regulated by secreted pro- and antiangiogenic factors. These factors function by maintaining corneal avascularity
under healthy conditions while permitting neovascularization in damaged
corneas. Several pro- and anti-angiogenic factors that function to maintain
corneal avascularity during adult life have been identified, however little is known
about how pro- and anti-angiogenic factors function to establish avascularity
during corneal development.
The purpose of this work was to study the role of pro- and anti-angiogenic
factors during corneal development. First, the spatial and temporal expression
patterns of numerous secreted pro- and anti-angiogenic factors were determined
in the anterior eye during avian corneal development using semi-quantitative RTPCR and RNA in situ hybridization. Proangiogenic factors, such as VEGF and
FGF, shared broad expression patterns throughout the anterior eye
Antiangiogenic factors, such as semaphorin and netrin family ligands, were
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expressed in the lens and anterior optic cup. Receptors for secreted pro- and
anti-angiogenic factors, including VEGFR, FGFR, plexin, and unc5 family
receptors, were simultaneously expressed in angioblasts and blood vessels
located in the developing anterior eye. These experiments suggested that proand anti-angiogenic factor signaling mechanisms may contribute to the patterning
of periocular vasculature and establishment of corneal avascularity. Next, I
exemplified the role of pro- and anti-angiogenic factors during avian corneal
development by using shRNA to knock down the expression of PlexinD1, an
antiangiogenic factor receptor expressed in periocular angioblasts and blood
vessels. Knockdown of PlexinD1 resulted in abnormal patterning of the iridial
vascular network, hemorrhaging into the anterior chamber, and corneal
neovascularization. These phenotypes implicated PlexinD1 as a critical
component of the genetic mechanisms that establish the patterning of the
periocular vasculature and corneal avascularity, and were also suggestive of the
role that other pro- and anti-angiogenic factors may play during anterior eye
development.
These results demonstrate how pro- and antiangiogenic factors are used
to simultaneously promote vascularization of the anterior eye and corneal
avascularity during development. This information may lead to the creation of
novel therapeutic treatments for vascular patterning abnormalities in the anterior
eye and corneal neovascularization.
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Chapter 1: Literature Review

1.1: Development of Embryonic Vasculature
The development of blood vessels in embryonic tissue begins shortly after
gastrulation, the process by which the ectoderm, mesoderm, and endoderm
layers of the embryo are determined. A portion of cells derived from the
mesoderm further differentiate into a highly migratory population of cells
described as hemangioblasts. These cells are so named due to the observations
that they are precursors to cells of the hematopoetic lineages, which comprise
blood and immune cells, and also angioblasts which give rise to the endothelial
cell components of blood vessels. Hemangioblasts migrate long distances to
perfuse the mesenchymal layer of the embryo, and then undergo a process
known as vasculogenesis. During this process, individual hemangioblasts
coalesce into multi-cellular units described as blood islands, which are made up
of isolated lumens encased by endothelial cells and containing hematopoetic
precursor cells. Adjacent blood islands then coalesce to form large unobstructed
vascular lumens that establish primitive vascular networks capable of
transporting blood rich in oxygen, nutrients and cells to developing tissues
(Figure 1.1A; Silva-Junior et at., 2009). Next, the primitive vascular network
undergoes various changes to accommodate embryonic growth through a
process known as angiogenesis (Figure 1.1B; Silva-Junior et at., 2009). During
this process, new blood vessels sprout from existing vessels to expand the
vascular network into new regions. Blood vessels also become subject to
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Figure 1.1. Creation of vascular networks during embryogenesis. A: During early stages of
development, angioblasts migrate throughout the embryos (1). Adjacent angioblasts
condense into blood islands comprised of blood cells encased in tube structures (2). These
small networks connect with adjacent networks to form primitive vascular network capable of
blood flow (3, 4). B: Primitive networks undergo angiogenesis through which new blood
vessels are formed from existing vessels. This process begins with the formation of small
sprouts (1, 2) which expand into individual vascular networks (3, 4). Image was adapted from
Silva-Junior et al., 2009.
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vascular remodeling during this period, a process through which some primitive
blood vessels are pruned whereas others anastomose with neighboring vascular
sprouts to form stable larger vessels. Angiogenesis takes place during embryonic
development to ensure that nutrients can be transported to all the tissues of the
body (Eichmann et al., 2005; Ferguson et al., 2005; Risau, 1997; Risau and
Flamme, 1995; Schmidt et al., 2007). Following embryonic development,
angiogenesis remains an active process to regulate the formation of new blood
vessels in response to multiple events that occur throughout adult life such as
injury and skeletal growth (Chung and Ferrara, 2011; Silva-Junior et al., 2009).

1.2: Role of Pro- and Anti-angiogenic Factors in Vascular Development
Much work has been done to elucidate the genetic mechanisms that
regulate blood vessel formation. These studies have identified many proteins
expressed by adult and embryonic tissues that mediate blood vessel formation
from existing vasculature during angiogenesis. Proteins that promote the
formation of new blood vessels from existing vasculature are called
proangiogenic factors, whereas proteins that inhibit the formation of new vessels
are called antiangiogenic factors. During vascular development, blood vessels
receive signals from both proangiogenic and antiangiogenic factors
simultaneously, so that the overall vascular patterning is a result of the balance
between attractive and repulsive cues (Adams and Alitalo, 2007; Adams and
Eichmann, 2010; Carmeliet and Tessier-Lavigne, 2005). Pro- and anti-angiogenic
factors which are critical to this dissertation are listed in Figure 1.2.
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Figure 1.2. Pro- and anti-angiogenic factors. Proangiogenic factors, such as VEGF, FGF,
and PDGF, promote angiogenesis and attractive migration. Antiangiogenic factors, such as
secreted semaphorin ligands Sema3A and Sema3E, inhibit angiogenesis through repulsive
migratory cues.
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1.2.1: Role of Pro-angiogenic Factors
Proangiogenic factors are proteins that promote the formation of new
blood vessels by increasing endothelial cell proliferation, chemoattraction, and
sprouting. Many factors which are described as proangiogenic have also been
shown to promote proliferation, migration, and differentiation of angioblasts into
endothelial cells and formation of tube structures during vasculogenesis.
Because of these functions, these proteins are also described as
provasculogenic factors (Adams and Alitalo, 2007; Adams and Eichmann, 2010;
Crivellato, 2011; Gaengel et al., 2009; Hellberg et al., 2010; Lindahl et al., 1997;
Tam and Watts, 2010). Examples of proteins that elicit these effects include
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and
platelet-derived growth factor B (PDGFB). VEGF ligands have been described as
the most critical proangiogenic factors for initiating the formation of tube
structures during vascularization and also the initiation of angiogenesis. Null
mutations of the VEGF ligands, such as VEGFA, or their receptors, VEGFR1 and
VEGFR2, causes vascular and cardiac defects that are embryonic lethal
(Hiratsuka et al., 2005; Tomanek et al., 2002). FGF ligands are known for diverse
functions in many cell types, although the FGF2 ligand exerts proangiogenic and
provasculogenic effects on endothelial cells and their precursors in a manner
similar to VEGF ligands (Dow and deVere White, 2000; Tomanek et al., 2001).
Deficiencies of FGF2 or its receptors, FGFR1 and FGFR2, result in vascular
defects and other developmental abnormalities (Blaber et al., 1999; Miller et al.,
2000; Murakami et al., 2008). Similarly, PDGFB exhibits diverse functions in
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different cells types, but also functions as a proangiogenic factor. However the
role of PDGFB during angiogenesis is different from the functions of VEGF or
FGF ligands. PDGFB is expressed by endothelial cells undergoing angiogenesis
during development to recruit neural crest-derived mural cells, which function by
stabilizing maturing blood vessels. Conditional loss of PDGFB in endothelial cells
results in a significant reduction in mural cell recruitment, microvascular
dysfunction, and embryonic lethality (Bjarnegård et al., 2004).

1.2.2: Role of Anti-angiogenic Factors
Antiangiogenic (or angiostatic) factors are proteins that inhibit the
formation of new blood vessels. These proteins perform this function by inducing
chemorepulsion: rearrangement of the actin cytoskeleton, apoptosis, having
competitive interactions with receptors of proangiogenic ligands, or antagonizing
downstream mechanisms that promote angiogenesis. Examples of proteins that
exhibit antiangiogenic effects are the secreted ligands of the semaphorin family,
Sema3A and Sema3E. These ligands transduce antiangiogenic signals through
PlexinA1, PlexinA2, or PlexinD1 receptors. In the case of Sema3A, this signaling
mechanism also requires an interaction with the Neuropilin (Npn) co-receptor,
Npn1 (Acevedo et al., 2008; Gitler et al., 2004; Guttmann-Raviv et al., 2007;
Sakurai et al., 2010; Serini et al., 2003; Uesugi et al., 2009; Zanata et al., 2002;
Zhang et al., 2009b). Semaphorin-PlexinD1 signaling in endothelial cells has
been demonstrated in multiple contexts during embryonic development (Gay et
al., 2011; Oh and Gu, 2013a). During the development of the dorsal aorta,
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intersomitic vessels, and vascularization of the whisker pad, SemaphorinPlexinD1 signaling is used to direct the patterning of blood vessels to create
avascular zones. Deletion of PlexinD1 in mouse or zebrafish embryos causes
blood vessels in these tissues to form irregular patterns without these avascular
zones (Gay et al., 2011; Gu et al., 2005; Meadows et al., 2013; Oh and Gu,
2013b; Torres-Vázquez et al., 2004; Zygmunt et al., 2011). Semaphorin-PlexinD1
is also critical for vascular patterning of blood vessels of the neural retina, where
signaling is required for even distributions of blood vessels along the inner
surface of the retina (Fukushima et al., 2011). When this signaling mechanism is
disrupted, retinal blood vessels form networks that lack even distribution (Kim et
al., 2011).
Ligands from the Netrin family, Netrin1, Netrin2, and Netrin4, have also
been shown to exhibit antiangiogenic functions. These signals have been shown
to be transduced by the Unc5B and Unc5C receptors expressed by endothelial
cells during angiogenesis (Bouvrée et al., 2008; Larrivée et al., 2007; Lejmi et al.,
2008). Mutation of the Unc5B gene in mice leads to abnormal vascular patterning
and significant cardiac defects leading to embryonic lethality. Similar defects
were also detected in zebrafish when Netrin1 or Unc5B specific morpholinos
were used to knock down their expression (Lu et al., 2004). Another example of
an antiangiogenic protein is soluble fms-like tyrosine kinase-1 (sFlt1). sFlt is a
truncated form of VEGF Receptor-1 (VEGFR1) that lacks the transmembrane
domain. As a result, sFl1 acts as a secreted receptor which sequesters VEGF
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ligands in the extracellular environment thus inhibiting VEGF signaling (Aiello et
al., 1995; Ambati et al., 2006).
Although the Semaphorin and Netrin families contribute to antiangiogenic
signaling, these families have also been shown to act as proangiogenic factors in
certain contexts. Sema3C, for example, is a member of the Semaphorin family
that promotes proangiogenic signaling through PlexinD1 with either Npn1 or
Npn2 co-receptors during angiogenesis (Gitler et al., 2004; Toyofuku et al.,
2008). Previous work demonstrates that Sema3C signaling transduces a
signaling mechanism similar to VEGF signaling; however, the mechanism by
which this protein generates a proangiogenic signal despite using receptors in
common with the antiangiogenic semaphorin ligands is unclear (Banu et al.,
2006; Salikhova et al., 2008). Similarly, Netrin1, Netrin2, and Netrin4 signaling
through Unc5B and Unc5C have been shown to transduce proangiogenic signals
(Kye Won Park et al., 2004; Lambert et al., 2012). For example, vascularization
of the placenta is significantly reduced in Unc5B mutant mice. In addition,
morpholino experiments in zebrafish demonstrated that knockdown of Netrin1 or
it receptor Unc5B inhibited the formation of the parachordal vessels, which travel
anteroposteriorly along the notochord (Navankasattusas et al., 2008; Wilson et
al., 2006). Despite these observations, the mechanism by which Netrin-Unc5
interactions alternatively promote proangiogenic or antiangiogenic signaling is
unclear.
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1.2.3: Clinical Significance of Pro- and Anti-angiogenic Factors
Blood vessels remain sensitive to signaling by pro- and anti-angiogenic
factors throughout adult life so that vascular networks can adapt to changes in
the body such as from growth or wound healing (Chung and Ferrara, 2011).
These processes depend on the affected tissues to induce an appropriate
amount of angiogenesis so that they are properly vascularized. However, the
progression of certain diseases can influence tissues or organs to induce
excessive angiogenesis that becomes detrimental to its health and function.
These processes by which excessive angiogenesis occurs in adult tissues are
known as pathological neovascularization, or pathological angiogenesis.
The context in which pathological neovascularization is typically studied is
tumor angiogenesis during cancer progression. Cancerous tumors stimulate
angiogenesis to increase their access to nutrients and to promote the spread of
metastasis. This process is accomplished through the expression of
proangiogenic factors including VEGF and FGF (Hanahan and Weinberg, 2011;
Nishida et al., 2006). Inhibiting tumor angiogenesis has long been recognized as
a critical target in preventing cancer progression. Many chemotherapy drugs that
inhibit tumor angiogenesis have been developed and are currently used by
cancer patients. Examples of these include Bevacizumab, an ant-VEGF antibody
that sequesters VEGF protein, and Sutinib, a small molecule inhibitor of VEGF
receptors (Ma and Waxman, 2008; Van der Veldt et al., 2012).
Pathological neovascularization can also occur as a component of other
diseases. One example is diabetic retinopathy, which is associated with
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hyperglycemia from diabetes. Hyperglycemia has been shown to induce the
expression of the proangiogenic factor VEGF in the neural retina, resulting in
pathological neovascularization from nearby blood vessels. Retinal
neovascularization results in abnormal conditions such as retinal detachment or
macular edema, which lead to vision loss and blindness. Another example of how
pathological angiogenesis can lead to tissue damage is in the context of
rheumatoid arthritis. Rheumatoid arthritis is a condition where the connective
tissue surrounding joints becomes inflamed. The cause of the inflammation is
unclear; however, it is known that multiple proangiogenic factors, such as VEGF
and FGF, become expressed in the connective tissue around joints, resulting in
neovascularization. Excessive vascularization can lead to severe pain and joint
damage over time. Similar to tumor angiogenesis, drugs that inhibit
proangiogenic signaling have been approved as treatments for both diabetic
retinopathy and rheumatoid arthritis (Mohamed et al., 2007; Paleolog, 2002;
Szekanecz and Koch, 2008).

1.3: The Avascular Cornea as a Model for Regulation of Vascular Development
The cornea is a thin, transparent tissue located in the anterior segment of
the eye, and is considered a major component of the visual system. The role of
this tissue is to allow transmission and refraction of light into the eye for vision.
An important characteristic of the cornea which permits transparency and
functionality is that the cornea is avascular (Figure 1.3). Because it is adjacent to
periocular tissue which is highly vascularized, the cornea is susceptible to
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Figure 1.3. Vascular patterning of the adult eye. Blood vessels are located in the vascular
network of the choroid which is continuous with the networks of the ciliary body and iris. Blood
vessels that supply the conjunctival epithelium are formed in the limbus region along the
boundary of the cornea and are continuous with vessels that supply the ocular muscles and
sclera along the orbit of the eye. Blood vessels are not located in the avascular cornea or in
direct contact with the lens. Abbreviations: C, cornea; L, lens; I, iris; ac, anterior chamber; cb,
ciliary body; tm, trabecular meshwork; cn, conjunctival epithelium; ch, choroid.
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pathological neovascularization during adult life which can lead to significant
vision loss. Current research is focused on understanding the genetic
mechanisms that maintain avascularity in adult corneas, and also finding new
treatments to combat pathological neovascularization in the anterior eye
(Hassell, 2010).

1.3.1: Anterior Eye Structure and Function
There are several major components of the visual system located in the
anterior portion of the eye. These components function by maintaining
homeostasis and providing support for the ocular musculature that permits
voluntary and involuntary movements. This section describes the anatomy and
function of several of these components that are pertinent to this dissertation.
First, the cornea is a thin structure located in the anterior-most segment of
the eye and is comprised of three layers: epithelium, stroma, and endothelium.
The corneal epithelium is the anterior-most layer of the cornea and functions as a
barrier against foreign agents, such as bacteria, fungi, or UV radiation, as well as
a medium for oxygen absorption (Dohlman, 1971; Zigman, 1993). The next layer
is the corneal stroma, which is a mesenchymal layer that makes up around 90%
of the total thickness of the cornea. This layer is comprised of keratocytes
derived from neural crest cells in a collagen-based extracellular matrix (Leonard
and Meek, 1997). The posterior-most layer is the corneal endothelium, which is
also derived from neural crest cells. The corneal endothelium functions as a
physical barrier that permits diffusion from the aqueous humor to regulate
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hydration and provide nutrients, such as glucose, for the cornea. These functions
are critical for health and function of the cornea since the tissue is avascular and
cannot receive abundant resources from nearby blood vessels. However, some
diffusion of nutrients from blood vessels in the periocular region is believed to
occur (Bourne, 2003; Kaye et al., 1973; Sweeney et al., 1998). The three layers
of the cornea are separated by basement membranes with unique structures.
Separating the corneal epithelium and the stroma is a basement membrane
called the Bowman’s layer, which is produced by the epithelium. Similarly,
posterior of the stroma is a specialized basement membrane called the
Descemet’s membrane, which is secreted by the corneal endothelium. The exact
function of these membranes remains unclear; however, it is postulated they may
act as barriers against physical damage and infection (Agrawal et al., 1994;
Clarke et al., 2005; Lagali et al., 2009; Linsenmayer et al., 1998).
Several structures are located adjacent to the cornea. The sclera refers to
the layer of neural crest-derived connective tissue which is continuous with the
corneal stroma. This tissue functions as a medium through which nerves and
blood vessels that serve the anterior eye may pass. Overlying the sclera is a
specialized epithelium called the conjunctiva. The conjunctiva forms a mucous
membrane, which is continuous with the corneal epithelium, lubricating the
anterior surface of the eye and the posterior surface of the eyelids. Although the
sclera and conjunctiva are continuous with specific layers of the cornea, these
tissues are not considered to be directly connected to the cornea. The sclera and
conjunctiva are separated from the cornea by an area of tissue called the limbus
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region. This limbus is not a defined structure, but rather a reference to the portion
of connective and epithelial tissue that separates the corneal stroma and
epithelium from the sclera and conjunctiva (Van Buskirk, 1989; Smerdon, 2000).
One of the challenges of maintaining the visual system is that many of the
tissues that mediate vision must have nutritional support despite being avascular
or having limited vascularization. This challenge is overcome by a layer of the
eye called the uvea. The uvea comprises two continuous systems of barriers
which are collectively known as the blood-ocular barriers. These barriers function
by providing nutrients without directly vascularizing sensitive tissues of the eye.
The first system of the blood-ocular barrier is called the blood-retinal barrier. The
blood-retinal barrier is comprised of a dense blood vessel network known as the
choroid which lies on the external layer of the retina called the retinal pigmented
epithelium (RPE). The choroid and RPE stretch along the orbit of the posterior
eye and function to supply nutrients to the neural retina. The choroid, RPE, and
posterior limbus are continuous with structures in the anterior eye that serve
analogous functions to provide nutrients to the avascular components of the
anterior eye, such as the cornea. These components are part of the second
system of the blood-ocular barrier that is known as the blood-aqueous barrier
since it involves the production and separation of the transparent aqueous humor
from the bloodstream. Because it retains key nutrients from blood, such as
glucose, aqueous humor is capable of providing nutrition to the cornea and other
avascular structures in the eye (Freddo, 2013; To et al., 2002). The first
component of the blood-aqueous barrier is the ciliary body. This tissue consists
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of ocular muscles, a vascularized layer containing the ciliary process, and thin
epithelial layers which are continuous with the RPE and neural retina. The
anterior portion of the ciliary body forms the iris which is comprised of posterior
epithelia that is continuous with the ciliary body and a vascularized stroma. The
iris extends into the eye to make contact with the lens and functions with nearby
ocular muscles to coordinate dilation of the space through which light enters the
lens, called the pupil. The contact between the iris and lens also functions to
compartmentalize the spaces anterior and posterior of the lens. The space
formed anteriorly to the iris and lens is known as the anterior chamber. The final
component of the blood-aqueous barrier is the trabecular meshwork. This tissue
is located above the ciliary body and iris at the corner of the anterior chamber.
This location is also referred to as the iridocorneal angle. Trabecular meshwork
functions with nearby ocular muscles to coordinate the outflow of aqueous humor
from the anterior chamber. Other critical physical barriers exist in the anterior
chamber that separate the aqueous humor from the bloodstream. These barriers
include the ciliary muscle, which makes up the walls of the anterior chamber and
also the epithelial layer in the posterior iris. Because the anterior iris does not
contain an epithelium, free diffusion is allowed between the aqueous humor and
the highly vascularized iris stroma. However, the blood vessels of the iris contain
tight junctions that prevent diffusion with the bloodstream (Van Buskirk, 1989;
Butler et al., 1988; Goel et al., 2010).
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1.3.2: Vascular Patterning of the Anterior Eye
The blood vessels located in the anterior eye can be categorized into two
groups. The first group consists of the blood vessels of the limbus region located
immediately outside the cornea. The limbal vasculature supplies nutrients directly
to the peripheral cornea, as well as to the conjunctiva, sclera, and anterior uvea
(Van Buskirk, 1989). The second group of blood vessels consists of the vessels
that participate in the blood-aqueous barrier. As described in the previous
section, the purpose of the blood-aqueous barrier is to provide nutrients indirectly
to avascular components of the eye, such as the cornea. This process begins
with blood vessels located in the ciliary process layer of the ciliary body (Figure
1.4; Goel et al., 2010). The ciliary process secretes aqueous humor into the
posterior cavity of the eye. Aqueous humor then flows between the lens and
posterior iris, through the pupil, and into the anterior chamber where it contacts
the corneal endothelium. To maintain nutritional content of the aqueous humor,
the fluid is constantly filtered out of the anterior chamber by the trabecular
meshwork located in the iridocorneal angle, and replaced with fresh aqueous
humor from the posterior eye (Freddo, 2013; Goel et al., 2010).

1.3.3: Clinical Perspective on Pathological Neovascularization of the
Anterior Eye
The cornea is an avascular tissue surrounded by the highly vascularized
periocular tissues, such as the limbus and anterior uvea. Despite their
separation, periocular blood vessels provide nutrients for the cornea via two
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Figure 1.4. Outflow pathway of aqueous humor in the anterior eye. Aqueous humor is
produced by the ciliary body and secreted in the posterior eye across the ciliary epithelium.
Aqueous humor fluid then passes between the iris and lens through the pupil into the
anterior chamber. The fluid is then drained through the trabecular meshwork and Schlemm’s
canal located in the anterior chamber angle. Aqueous humor located in the anterior and
posterior eye provide nutrients to the avascular cornea and lens. Image was adapted from
Goel et al., 2010.

18
mechanisms. The first mechanism is by diffusion of nutrients from the limbal
vasculature to the peripheral cornea. The second is through management of the
blood-aqueous barrier which results in the production of aqueous humor. These
mechanisms are advantageous because they allow nutritional support for the
cornea and other avascular tissues of the visual system without direct
vascularization, thus permitting transparency. Adverse conditions affecting the
eye during adult life may induce pathological neovascularization resulting in loss
of transparency and impaired vision.
The blood vessels located in the limbus region are part of a network that
vascularize the sclera and the conjunctiva. Pathological neovascularization of the
cornea may occur if these blood vessels participate in a wound healing response
resulting in inflammation. Inflammation and neovascularization may be caused by
various stimuli, including physical trauma, chemical burns, infection by bacterial
or viral agents, or hypoxia induced by extended use of contact lenses (Cogan,
1948; Ellenberg et al., 2010). Typical treatments for corneal neovascularization
include topical or subconjuctival application of antiangiogenic drugs (Chang et
al., 2012). Another potential treatment option would be corneal transplantation.
Transplantation of the cornea is the most common transplantation surgery
performed and has a success rate around 90%. This is due to the avascular and
thus immune privileged nature of the cornea. Rejection of the grafted tissue
occurs because the damage subjected to the cornea during transplantation often
induces a wound healing response from the limbal vasculature, potentially
resulting in neovascularization of the graft and loss of immune privilege. Patients
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who have experienced corneal neovascularization prior to transplantation have a
higher risk of rejecting a new graft, since the area where the graft will be placed
may already be vascularized. The success rate of corneal transplantation in
these patients is below 50% (Cursiefen et al., 2004; Maguire et al., 1994).
Another tissue in the anterior eye that is commonly affected by
pathological neovascularization is the iris. The major function of the iris is to
control dilation of the pupil. The iris also houses a vascular network that is
considered to be a component of the blood-aqueous barrier. The vascular
network of the iris supplies nutrients to the posterior epithelium and stroma of the
iris. A characteristic of these blood vessels is that they contain tight junctions
which prevent the vessels from exchanging fluid with the iris stroma. This quality
is critical to the blood-aqueous barrier because the iris does not contain an
anterior epithelium; free diffusion of the aqueous humor fluid occurs between the
anterior chamber and the iris. Thus, the tight junctions of the vascular network of
the iris prevent blood from leaking into the aqueous humor. Increased leakiness
of the iridial blood vessels leads to a condition known as hyphema, which is
characterized as pooling of hemorrhaged blood inside the anterior chamber. If
left untreated, bleeding in the anterior chamber can block the flow of aqueous
humor into the trabecular meshwork, resulting in glaucoma and blindness.
Hyphema may be caused by several events. Most commonly, significant trauma
to the eye can cause physical disruptions of the blood vessels in the iris to
generate immediate bleeding. Another cause of hyphema is increased leakiness
from pathological neovascularization from the iridial vascular network.
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Pathological neovascularization in the iris can be induced from multiple
influences, such as infection, side-effects from specific pharmaceutical drugs, or
cancer. Treatments for hyphema include application of anti-inflammatory drugs or
photocoagulation of iridial blood vessels (Dahlmann and Benson, 2001; Goyal et
al., 2010; Walton et al., 2002).

1.3.4: Corneal Avascularity is Maintained in Adult Eyes by Antiangiogenic
Factors
As mentioned in the previous section, the cornea is an avascular tissue
despite being located adjacent to the highly vascularized limbus region.
However, corneal neovascularization can be induced in response to an injury or
infection. Because of these observations, the cornea has historically been a
popular model system to study the formation of new blood vessels. One of the
interesting observations that came from these works was the finding that
neovascularization requires secreted proangiogenic factors to be expressed from
the wounded tissue (Maurice et al., 1966). Later, the development of micropocket
assays, which involve implanting pellets or beads laced with diffusible proteins
inside adult animal corneas, allowed scientists to study the effects of
proangiogenic factors independently of the wound healing process (Birsner et al.,
2014). These studies showed exposure to proangiogenic factors was sufficient to
induce neovascularization in healthy corneas. Furthermore, the effect of
proangiogenic factors to induce corneal neovascularization could be inhibited by
additionally exposing corneas to antiangiogenic factors. These observations led
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to two consequences. First, the avascular cornea became an accepted in vivo
tool to study the proangiogenic or antiangiogenic properties of specific proteins
and small molecules which otherwise are not biologically relevant to the cornea
(Asahara et al., 1998; Cao et al., 2002). This perception has been found true in
particular for proteins and small molecules with potential therapeutic purposes
(Browder et al., 2000; Kwon and Kim, 2006). The second consequence was the
consideration that pro- and anti-angiogenic factors may have a role in the
maintenance of corneal avascularity. If exogenous pro- and anti-angiogenic
factors can mediate corneal neovascularization, then endogenously expressed
factors could function to promote avascularity in healthy corneas or induce
neovascularization during wound healing. Indeed, current research has
demonstrated that several antiangiogenic factors are endogenously expressed in
the adult corneal epithelium, such as sFlt1, pigment epithelium-derived factor
(PEDF), and Slit2 (Ambati et al., 2006; Ellenberg et al., 2010; Han and Zhang,
2010; Jin et al., 2010). In addition, proangiogenic factors have been shown to be
strongly expressed in the cornea in response to injury, including VEGF and FGF
(Ellenberg et al., 2010; Kojima et al., 2007; Pan et al., 2013).
Another mechanism that protects corneal avascularity is the presence of
the limbal epithelium. The limbal epithelium refers to the epithelial cells located in
the transitional region between the corneal and conjunctival epithelia. The limbal
epithelium is a source of antiangiogenic factors that inhibit neovascularization
from the adjacent conjunctiva, such as tissue inhibitor of metalloproteinase
(TIMP-1) and endostatin (Ma et al., 2004; Yam et al., 2002). In addition to this
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role, the limbal epithelium contains stem cells that proliferate to replenish corneal
epithelium cells which are constantly depleted. When the limbal epithelium is
surgically removed, cells of the conjunctival epithelium slowly merge into the
cornea resulting in corneal neovascularization. Thus, the limbal epithelium
provides an antiangiogenic signaling barrier and also a physical barrier against
corneal neovascularization (Ellenberg et al., 2010; Lim et al., 2009).

1.4: Development of the Anterior Eye
The developmental timeline of the avian anterior eye has been well
characterized. This section will describe the development of the tissues of the
anterior eye relevant to this dissertation such as the cornea, iris, ciliary body, and
trabecular meshwork. In addition, this section describes the development of the
vascular networks that supply these tissues. The genetic mechanisms that
promote the formation and patterning of vasculature in the anterior eye are
unknown; however, pro- and anti-angiogenic factors are suspected to have a
role.

1.4.1: Avian Anterior Eye Development
The period from embryonic day (E)3-E7 in avian models is characterized
by the initial morphogenesis of the posterior eye and cornea. By E3, the cranial
neural tube invaginates to from the bilayered optic cup becomes the neural retina
and retinal pigment epithelium (RPE), and the lens placode separates from the
surface ectoderm. The surface ectoderm overlying the lens at this stage
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represents the presumptive corneal epithelium. Also, mesenchymal cells migrate
into the periocular region but are inhibited from migrating into the presumptive
cornea due to the physical contact between the optic cup and surface ectoderm.
These mesenchymal cells are comprised of neural crest cells, which are a
population of migratory, multipotent cells derived from the ectoderm (Lwigale et
al., 2005; Theveneau and Mayor, 2012). At E4, separation of these tissues and
also chemorepulsive signals from the lens permits two separate waves of neural
crest migration into the presumptive cornea from the periocular region. The first
wave forms a single layer of cells representing the corneal endothelium, whereas
the second wave commencing at E6 fills the corneal stroma and differentiates
into keratocytes. The coordinated migration of neural crest cells also creates a
cavity between the lens and corneal endothelium forming the anterior chamber.
Following morphogenesis, the cornea undergoes a process of maturation that
leads to proper functionality and transparency. Maturation is evidenced through
many observations, including corneal innervation by E12, and dehydration of the
corneal stroma from E14-E19 (Coulombre and Coulombre, 1964; Hay, 1980;
Johnston et al., 1979; Lwigale and Bronner-Fraser, 2007; Lwigale et al., 2005).
Development of the cornea as observed in avian models is similar to the
process of corneal development in humans. After the fifth week of development,
the optic cup, lens, and presumptive corneal epithelium have formed in an
arrangement similar to that observed in avian models at E3. During the sixth
week of development, neural crest-derived mesenchymal cells migrate between
the lens and presumptive corneal epithelium. The migratory cells form multiple
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layers unlike avian models which initially form a monolayer; however, the majority
of the cells in these layers condense to form the corneal endothelium. The
corneal stroma is later filled by proliferation of cells already located inside the
presumptive cornea and migration of mesenchymal cells from the periocular
region (Cvekl and Tamm, 2004; Hay, 1980).
Development of other specialized structures in the avian eye from the
anterior optic cup and periocular neural crest cells is initiated around E7. These
structures include the iris, ciliary body, and trabecular meshwork. First,
development of these structures begins with the specification of the iris and
ciliary epithelia from the anterior optic cup by the lens. As a result, the ciliary
epithelium becomes distinct from the iris epithelium as observed from the
appearance of numerous folds. Some evidence suggests that the differentiation
of the ciliary epithelium also marks the initial production and secretion of aqueous
humor into the posterior cavity of the eye. However, this theory is controversial
since other sources of fluid similar in content to aqueous humor may be secreted
by the posterior eye during the early stages of eye development (Beebe, 1986).
Next, neural crest populations in the periocular region begin to condense into
multiple structures. Cells adjacent to the iris and ciliary epithelia begin to
condense into ocular muscle associated with the iris stroma and ciliary body.
This process of forming ocular muscle continues throughout late development
until hatching (Beebe and Coats, 2000; Creuzet et al., 2005; Link and Nishi,
1998). Separately, neural crest cells located in the iridocorneal angle begin to
condense into the presumptive trabecular meshwork at E9. This process creates
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an organized network of channels through which aqueous humor can exit the
anterior chamber. The exact developmental timeline for this tissue has not been
determined in the avian system; however, evidence suggests that aqueous flow
through the trabecular meshwork is active by E19 at the latest (Latker and
Beebe, 1984; Renard et al., 1980; Smith et al., 2001).

1.4.2: Formation of Periocular Vasculature
The developmental timeline for the formation of avian periocular
vasculature has been investigated in multiple studies. The earliest stage at which
observations have been made relative to the eye was at E3. At this stage, blood
vessels are distributed along the outer surface of the optic cup to create a
primitive network that is supplied by the ophthalmic artery. By E4, the primitive
network has completely encased the optic cup in a vascular plexus representing
the presumptive choroid. In addition, large ciliary arteries are formed from the
underlying vascular plexus along the nasal and temporal eye and running
posterior to anterior. Both ciliary arteries are connected to another large artery
formed along the ring of the anterior optic cup and presumptive iris. Due to this
location, this artery is named the iridial ring artery. From E5-E10, the ciliary
arteries undergo significant remodeling events. First, the nasal ciliary artery
regresses substantially until it is completely pruned away. Alternatively, the
temporal ciliary artery ramifies into multiple branches and becomes the dominant
blood supply to the iridial ring artery and the underlying vascular plexus of the
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Figure 1.5. Periocular vascular patterning in the E10 chick eye. Chick embryos were
perfused with liquid polymer fluids. After the polymer fluids solidify, the chick tissue was
digested enabling the vascular structures to be analyzed by electron microscopy. Blood
vessels are seen covering the entire orbit of the eye including temporal ciliary artery which
supplies nutrients to the vascular network of the iris and ciliary body. Abbreviations: IV,
vascular network of the iris; CV, vascular network of the ciliary body; CHV, vascular network
of the choroid; tca, temporal ciliary artery. Scale bar = 500 µm. Image was adapted from
Hiruma, 1996.
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iris. The patterning of these components of the periocular vasculature observed
at E10 remains consistent through the rest of embryonic development and
adulthood (Figure 1.5; Hiruma, 1996; Hughes, 1934).
The timeline previously described represents our current understanding of
how primitive vascular networks of the eye are created and later remodeled into
the vascular patternings found in the adult eye. These patterns were discovered
by perfusing the bloodstream of chick embryos with media conducive for making
visual observations. A drawback from these perfusion methods was that only
vascular networks receiving blood flow were capable of being identified. Thus,
angioblasts and condensed blood islands around the eye were not capable of
being recognized by these methods. In addition, the extent of angioblast
migration into the anterior eye during periocular vasculature formation remains
unknown. This information is critical to understanding the development of corneal
avascularity. Although blood vessels do not form in the cornea during
development, it is still unclear whether the cornea is also devoid of their
angioblast precursors. One possibility could be that angioblasts are inhibited from
migrating into the cornea similar to periocular blood vessels. However, it is also
possible that angioblasts migrate with neural crest cells into the developing
cornea to form primitive vascular networks that are pruned later in development.
Moving forward from these works, the developmental timeline of the periocular
vasculature needs to be reevaluated using more inclusive detection methods.
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1.4.3: Role of Pro- and Anti-angiogenic Factors in the Establishment of
Corneal Avascularity
The previous paragraph describes our current understanding of how blood
vessels are formed relative to the eye during development. An important
observation from these works is that blood vessels are never found inside the
embryonic cornea despite the formation of large arteries and vascular networks
in the adjacent iris and limbus region. This result demonstrates that blood vessel
formation is permitted in the regions immediately adjacent to the cornea but
inhibited from occurring inside the cornea during development, thus promoting
avascularity. The mechanisms that promote both vascularization of the periocular
region and also the establishment of corneal avascularity during development are
unknown. It is unlikely that there is a physical barrier within the mesenchyme of
the limbus region since periocular neural crest cells must migrate unimpeded to
form the corneal endothelium and stroma (Creuzet et al., 2005; Hay, 1980;
Lwigale et al., 2005). Instead, there is likely a balance of secreted pro- and antiangiogenic factors endogenously expressed in the anterior eye that
simultaneously promote vascularization of the anterior eye and inhibit blood
vessel formation inside the cornea thus establishing avascularity. This hypothesis
was inspired by previous observations that endogenously expressed
antiangiogenic factors function by maintaining avascularity in adult eyes
(Ellenberg et al., 2010). In contrast to the adult cornea, specific pro- and antiangiogenic factors that function to establish avascularity in the embryonic cornea
have not been identified. Further work is needed to confirm the role of
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endogenously expressed pro-and anti-angiogenic factors in promoting
vascularization of the anterior eye and corneal avascularity.

1.5: Summary
The cornea is an important component of the visual system located in the
anterior eye. One characteristic that is critical for its function is that the cornea
must be avascular despite being located immediately adjacent to highly
vascularized tissues. Corneal avascularity is maintained in adult eyes through the
expression of secreted antiangiogenic factors that inhibit neovascularization.
However, neovascularization from the adjacent and highly vascularized limbus
can occur when the expression of secreted proangiogenic factors is induced in
response to injury or infection.
Although many pro- and anti-angiogenic factors have been demonstrated
to regulate corneal neovascularization and avascularity during adult life, pro- and
anti-angiogenic factors that promote vascularization of the periocular region and
corneal avascularity during embryonic development have not been identified. The
purpose of this dissertation is to identify pro- and anti-angiogenic factors that may
serve this role during avian corneal development. In addition, the role of several
secreted antiangiogenic factors during the vascularization of the anterior eye is
demonstrated through functional studies.
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Chapter 2: Materials and Methods

2.1: Animals
Tg(tie1:H2B:eYFP) transgenic quail eggs were purchased from Ozark Egg
Company (Stover, MO). Eggs were incubated at 37 C for 3, 5, 7, 10, and 12
days to obtain embryos at the main stages of cornea and periocular vasculature
formation (Hay, 1980; Lwigale et al., 2005). Embryos were screened using a
dissecting microscope and a 488 filter for fluorescence of angioblasts and blood
vessels before further processing. White Leghorn chicken eggs were obtained
from Texas A&M Poultry Center (College Station, TX). Similarly, chick eggs were
incubated for 3, 5, and 7 days. All animal studies were approved by the
Institutional Animal Care and Use Committee (IACUC) at Rice University.

2.2: Antibodies and Immunostaining
Tg(tie1:H2B:eYFP) quail embryos were decapitated and the heads were
fixed overnight at 4 C in 4% paraformaldehyde (PFA). In some cases whole
heads of E3 and anterior hemispheres of E5, E7, E10, and E12 eyes were
immunostained using standard protocol. A rabbit anti-GFP antibody (1:2000,
Covance) followed by AlexaFluor 488 secondary antibody (1:200, Invitrogen)
were used to enhance the fluorescence signal. After whole-mount imaging,
tissues were embedded in gelatin and sectioned at 8-10 m. Sections were
rinsed in phosphate buffer solution (PBS), counterstained with 4,6-diamidino-2phenylindole (DAPI), and covered with a coverslip prior to imaging.
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Immunostaining was also performed on sectioned Tie1:H2B-eYFP quail
eyes. Primary antibodies used were: mouse anti-GFP monoclonal antibody
(1:2000, IgG1, Covance), and rabbit anti-mCherry polyclonal antibody (1:500,
IgG, Abcam). The following secondary antibodies (Invitrogen) were used at 1:200
concentration: Alexa 488 sheep anti-mouse, and Alexa 594 sheep anti-rabbit.

2.3: RNA Isolation and Semi-quantitative Reverse Transcription PCR
Total RNA was isolated from E3 chick heads and anterior hemispheres of
E5 and E7 eyes using Trizol reagent (Ambion). Complementary DNA (cDNA)
was synthesized by superscript lll reverse transcriptase (Invitrogen).
Transcription of pro- and anti-angiogenic factors was analyzed by semiquantitative PCR reaction using hotstart polymerase (Sigma) and gene specific
primers (Figure 2.1; Steffensky et al., 2006). Analysis of PCR products was done
by electrophoresis in 2% agarose gels. GAPDH transcripts were used as a
control to assess loading variation.

2.4: Section in situ Hybridization
Freshly isolated E3 chick heads and anterior hemispheres of E5 and E7
eyes were fixed overnight at 4°C in modified Carnoy's fixative (60% ethanol, 30%
formaldehyde, and 10% glacial acetic acid). Tissues were dehydrated in an
increasing ethanol series, embedded in paraffin, and sectioned at 10-12 m.
Riboprobes were prepared by amplifying cDNA templates for genes of interest
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Figure 2.1. Primers used for section in situ hybridization and RT-PCR. Some primer
pairs used for RNA in situ hybridization were also used for RT-PCR (asterisks).
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from a chick cDNA pool and cloning into TOPO vector with dual promoters
(Invitrogen). Primers used for amplification of template cDNA fragments from a
chicken cDNA pool are listed in Figure 2.1. Plasmids encoding cDNA for Npn2,
FGFR1, and FGFR2 were kindly provided by Marianne Bronner (Gammill et al.,
2006; McCabe et al., 2007). Sense and anti-sense digoxygenin-labeled
riboprobes were generated by polymerase reactions. Section in situ hybridization
was performed as described (Etchevers et al., 2001). Sense probes were used in
parallel for each gene as negative controls.
This process was also performed with E7 and E10 eyes collected from
Tie1:H2B-eYFP quail embryos. In addition to in situ hybridization, these samples
were then submitted to immunochemistry using a rabbit anti-GFP polyclonal
primary antibody (1:500, IgG, Invitrogen) followed by an Alexa 488 anti-rabbit
antibody (1:200, Invitrogen) according to standard protocol with some
exceptions. The primary antibody overlay occurred in a humid chamber at room
temperature for 48 hours, and the secondary antibody overlay occurred at room
temperature for five hours.

2.5: RCASBP-shRNA Vector Construction
Using free online tools (Invitrogen, Dharmacon, Genscript), PlexinD1specific sequences having 21 base pairs in length, GC content from 30-50%, and
beginning with a guanine residue were selected as PlexinD1-shRNA sequences.
A scrambled (SCR) sequence was also selected from published literature to
serve as a negative control shRNA (Ferrario et al., 2012). The PlexinD1-specific
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and scrambled sequences were incorporated into complementary pairs of
oligomers (Sigma) comprising a stem-loop sequence and restriction
endonuclease sites to facilitate future cloning steps (Figure 2.2). Oligomers were
phosphorylated with T4 polynucleotide kinase (NEB) at 37°C for 1 hour and then
the enzyme was heat-inactivated at 65°C for 20 minutes. Complementary
oligomer pairs were mixed in equal molar ratios then annealed by first incubating
the mixtures at 95°C for three minutes then at room temperature for one hour.
Separately, a shuttle vector (pSLAX-GFP-cU6-(Sox9-shRNA)) was given
to us by David Anderson’s lab (CalTech). The Sox9-specific shRNA sequence
was removed using PmeI and HindIII restriction endonucleases, and the
annealed oligomers were ligated in its place. In addition, the GFP cassette was
removed using XbaI and BamHI restriction endonucleases and swapped for a
mCherry cassette containing an N-terminal myristoylation tag, which causes
mCherry to be localized to the inner face of the plasma membrane. The myrmCherry fragment was generated by PCR from a pFlk1:myr-mCherry vector
given to us by Mary Dickinson’s lab (BCM). These modifications resulted in
pSLAX-(myr-mCherry)-cU6-(PlexinD1-shRNA) and pSLAX-(myr-mCherry)-cU6(SCR-shRNA).
PCR-based cloning kits (InFusion from Clontech and CloneEZ from
Genscript) were used to clone the (mCherry)-cU6-(PlexinD1-shRNA) and
(mCherry)-cU6-(SCR-shRNA) fragments into the ClaI restriction site of
RCASBP(B) and RCASBP(A) vectors. Both vectors were used due to their
differences in host range. RCASBP(B)-(myr-mCherry)-shRNA was used for
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Figure 2.2. Primers used during the construction of shRNA-expressing viral vectors.
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experiments in DF-1 cells and chicken embryos, while RCASBP(A)-mCherryshRNA was used for experiments in Tie1:H2B-eYFP quail embryos. Inclusion of
the N-terminal myristoylation tag on the mCherry cassette significantly reduced
the infectivity of the RCASBP(A) virus but did not appear to affect the
RCASBP(B) virus. Therefore, the tag was incorporated into the RCASBP(B)
vector only. Otherwise, the RCASBP(B)-(myr-mCherry)-shRNA and RCASBP(A)mCherry-shRNA vectors resulting from this protocol exhibited similar infectivity in
vitro and in vivo (data not shown).
Primers used to facilitate PCR cloning are listed in Figure 2.2. RCASBP(myr-mCherry)-shRNA vectors were constructed using PCR cloning Forward
Primer #1 and Reverse Primer #1. RCASBP-mCherry-shRNA vectors that lack
the myristoylation tag were constructed using PCR cloning Forward Primer #2
and Reverse Primer #1. PCR cloning Reverse Primer #2 was used to construct
vectors which lacked shRNA elements. These primers were used to create
fragments from the SLAX shuttle vector that have additional sequences at the 5`
and 3` termini that are homologous to the sequences adjacent to the insertion
site in the RCASBP vectors. PCR cloning kits used enzymes with 3`-5`
exonuclease activity to create large 5` overhangs on the PCR-generated
fragment and ClaI-digested RCASBP vectors that promote annealing. Annealed
products were immediately transformed into cells with high transformation
efficiency (Max Efficiency DH5α, Life Technologies). In vitro ligation reactions
were not necessary prior to transformation. Plasmid DNA was then isolated from
successful transformants and analyzed by PCR using the RCAS 5` and DMF04
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primer set (Morgan and Fekete, 1996). These primers were designed to produce
a PCR product that includes DNA sequences inserted into the RCASBP vectors.
The expected product size when using RCASBP-mCherry-(PlexinD1-shRNA) as
a template was ~1800 bp. Empty RCASBP vector produced a ~400 bp product
when used as the template. Any plasmid DNA producing the correct sized
product was sequenced using the cU6 forward primer. This primer is located
inside the cU6 promoter, allowing the shRNA sequences to be read. The shRNA
sequences must be completely correct, or else the knockdown will not be
effective.
Another primer set that was useful during the construction of RCASBPshRNA vectors was the subgroup sequencing primer set. These primers
spanned the env gene inside the RCASBP provirus, enabling confirmation of the
envelope subgroup in vectors prior to cloning. These analyses were conducted
by comparing sequencing results generated using these primers (Lonestar Labs)
to published RCASBP(A) and RCASBP(B) sequences.

2.6: In vitro Validation of Virus-mediated Knockdown
The capability of RCASBP-shRNA vectors to knockdown the expression of
PlexinD1 was tested in vitro in the DF-1 chicken fibroblast cell line. DF-1 cells
were seeded into 12-well plates (MidSci) in Dulbecco’s modified Eagle medium
(DMEM, VWR) with 10% fetal bovine serum (FBS, Invitrogen) and incubated at
37°C for two days until they were ~50% confluent. The cultures were transfected
using Lipofectamine reagent (Invitrogen) according to the standard protocol, and
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then reincubated for three days. By this time, mCherry expression indicative of
infection by RCASBP viruses was detected in 30-50% of the DF-1 cells by
fluorescence microscopy. The infected DF-1 cells were passaged into a T25 flask
(MidSci), and cultured until they reached 95% confluency. Fluorescence
microscopy was used to check for robust mCherry expression in at least 95% of
the culture. shRNA-expressing DF-1 cell cultures were dissociated from the flask
surface with trypsin-EDTA (Sigma), concentrated by centrifugation, and
resuspended in Trizol reagent (Ambion). RNA was harvested from the samples
and used to produce cDNA templates using superscript reverse transcriptase
(Invitrogen). Transcription of PlexinD1 was analyzed by semi-quantitative reverse
transcription PCR (RT-PCR) using MyTaq hotstart PCR mastermix (Bioline) and
gel electrophoresis as previously described. Transcription of GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was also determined as a control
for sample loading.

2.7: Production and Concentration of RCASBP Viral Stocks
DF-1 cells were transfected using Lipofectamine reagent (Invitrogen) as
described above with shRNA-expressing RCASBP(B) and RCASBP(A) vectors.
Three days after transfection, mCherry expression was evident in 30-50% of cells
in each culture based on fluorescence microscopy. The cultures were split into
T75 flasks (MidSci) in fresh DMEM media with 10% FBS and cultured at 37°C for
up to a week until the cultures reached 80% confluency. Robust mCherry
expression was observed in at least 90% of the DF-1 cells. The media from each
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culture were harvested, stored at -80°C, and replaced with fresh DMEM media
without FBS. Cultures were reincubated for four days, and then the media were
harvested from each culture. The harvested media can be stored at -80°C,
although continuing the protocol requires that all frozen samples are slowly
thawed on ice for several hours. Next, the media samples were filtered to remove
cell debris using 0.45µm syringe filters (Millipore), then submitted to
ultracentrifugation at 21000 rpm for 1.5 hours. Pellets containing the virus
particles were resuspended in 500 µl DMEM media without FBS, then separated
into 50 µL aliquots and stored at -80°C.
Newly generated virus particle stocks were tested in vitro for infectivity
before being used for in vivo experiments. Uninfected DF-1 cells were split into a
fresh flask and incubated overnight to allow the cells to adhere. One 50 µL
aliquot from the new stock was thawed on ice and injected into the DF-1 culture
media. The DF-1 cells exhibited robust mCherry expression within three days.
Virus particle stocks that were unable to produce mCherry expression in DF-1
cells after three days were discarded.

2.8: In ovo RCASBP Virus Injections and Plasmid DNA Electroporations in the
Neural Tube of Early Stage Embryos
Fertilized chicken and Tie1:H2B-eYFP quail eggs were incubated
sideways at 37°C for 24 hours which corresponds to Hamburger-Hamilton stage
(HH) 6-8 (Hamburger and Hamilton, 1951). Eggs were windowed as previously
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Figure 2.3. Quantification of the distribution of the temporal ciliary artery branches. ImageJ
software was used to quantify the vascular patterning defect of the temporal ciliary branches.
In 2.5x magnification images, asterisks were placed at the points where each of the temporal
ciliary branches contacted the iridial ring artery. The arc length distance between each asterisk
was measured. Abbreviations: da, dorsal artery; va, ventral artery; im1, intermediate branch
#1; im2, intermediate branch #2. Scale bar = 500 µm.
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described (Spurlin and Lwigale, 2013). Forceps were used to bore a small hole in
the egg through which albumin was removed to lower the embryo. A volume of 3
mL was taken from chicken eggs whereas 0.5-1 mL was taken from quail eggs.
The forceps were then used to carve a large hole in the top of the egg without
cracking the remainder of the eggshell. Ringer’s solution containing 50 U/mL
penicillin and 50 µg/mL streptomycin was added dropwise onto the embryo to
prevent drying, then concentrated RCASBP virus particles were injected into the
head fold of the neural tube of early stage embryos using a pressure-based
microinjection system (Picospritzer III, Parker Hannifin) connected to glass
needles pulled from capillary tubes (VWR). The windowed eggs were sealed with
packaging tape and reincubated at 37°C. Embryos were collected at E7 and E12
and screened for robust mCherry expression by fluorescence microscopy in the
cornea and periocular region.
This protocol may also be followed for in ovo electroporations of plasmid
DNA into the neural tube of early embryos. Eggs were windowed and Ringer’s
solution with antibiotics was administered as described. Plasmid DNA stocks
should be diluted to ~2 µg/µL then injected into the head fold of the neural tube.
Electrodes were spaced ~4 µm apart, placed on either side of the head region of
the neural tube and covered with Ringer’s solution, and electroporated with two
pulses at 25 V for 50 msec. Embryos were then sealed with packaging tape and
reincubated at 37°C.
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2.9: Quantification of Vascular Patterning Defects
Eyes were collected at E12 from Tie1:H2B-eYFP quail embryos that
exhibited robust mCherry expression in the cornea and periocular region
following injection of RCASBP virus particles expressing PlexinD1 or SCR
shRNA. Eyes were also collected from E12 embryos that were not injected with
any RCASBP virus particles. Collected eyes were fixed in 4% paraformaldehyde
in PBS overnight at 4°C, and then whole mount immunochemistry with a rabbit
anti-GFP primary antibody (1:500, Covance) was used followed by an Alexa 488
anti-rabbit secondary antibody (1:200, Invitrogen) to enhance the endogenous
fluorescent reporter expressed by blood vessels. Low magnification (2.5x), black
and white images were generated for each eye showing the patterning of
periocular vasculature relative to the cornea.
All images of Tie1:H2B-eYFP quail eyes that retained two intermediate
vessels were used to quantify patterning defects relative to the arterial vessels in
the temporal region of the eye. First, the contact points of the dorsal, ventral, and
intermediate arterial vessels with the iridial ring artery were identified and marked
with Photoshop Illustrator (Figure 2.3, asterisks). Next, the arc length distance
between each marked location was measured relative to the total circumference
of the iridial ring artery using ImageJ (brackets). The average values for each
measurement were normalized to the average distance between the contact
points of the dorsal artery and first intermediate vessel with the iridial ring artery.
Statistical information was generated using the unpaired two-tailed student’s ttest.

43
Low magnification Tie1:H2B-eYFP images were used to quantify the blood
vessels migrating into the cornea from the limbal region in eyes expressing
PlexinD1-shRNA and exhibiting corneal neovascularization. Images from
uninjected Tie1:H2B-eYFP quail embryos were used as a negative control. The
total length of all blood vessels extending from the limbal region and into the
cornea in each image was measured using ImageJ. Blood vessels of the iris,
including the arterial vessels in the temporal region of the eye, were not counted.
The measurements were averaged and then normalized to the value obtained
from control eyes. Statistical analysis was performed using the unpaired twotailed student’s t-test.

2.10: Imaging
Differential interference contrast (DIC) and fluorescent images of wholemount and sections were captured using a CCD camera (Axiocam; Carl Zeiss
AG, Oberkochen, Germany) mounted on a fluorescence microscope (AxioImager
2; Carl Zeiss AG) with a slider module (ApoTome; Carl Zeiss AG).
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Chapter 3: Expression of Pro- and Anti-angiogenic Factors during the
Formation of the Periocular Vasculature and Corneal Development 1

The absence of blood vessels in the mature cornea is critical for its
transparency and function in vision. Avascularity in the adult cornea is actively
maintained by a balance between pro-angiogenic and anti-angiogenic factors
(Ambati et al., 2007; Ellenberg et al., 2010; Han and Zhang, 2010). Although
several studies have focused on elucidating the molecules that maintain corneal
angiogenic privilege and the pathological conditions causing its vascularization in
adults, it is not clear when corneal avascularity is established during
development and whether pro- and anti-angiogenic factors regulate this process.
During embryonic development, endothelial cell precursors (angioblasts)
migrate long distances, proliferate, and coalesce into primitive vasculature during
a process known as vasculogenesis. This process involves the formation of
unobstructed vascular lumens and establishment of vascular networks that
transport blood rich in oxygen, nutrients and cells to developing tissues
(Eichmann et al., 2005; Ferguson et al., 2005; Risau and Flamme, 1995; Schmidt
et al., 2007). As the embryo grows, some primitive blood vessels are pruned,
whereas others anastomose with neighboring vascular sprouts to form stable
larger vessels, which later invade new regions via a process known as
angiogenesis.
_______________________________________________________________________________________________________________________
1
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To maintain proper vascularization of tissues during embryogenesis and in
adults, vascular invasion due to vasculogenesis and angiogenesis are tightly
regulated by the complementary action of pro- and anti-angiogenic factors
localized within the environment they encounter. Numerous growth factors and
regulatory proteins that guide angioblast migration or function in vascular
stabilization have been identified (Adams and Alitalo, 2007; Adams and
Eichmann, 2010; Crivellato, 2011; Gaengel et al., 2009; Hellberg et al., 2010;
Lindahl et al., 1997; Tam and Watts, 2010). The pro-angiogenic factors, including
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and
platelet-derived growth factor B (PDGFB) promote migration, proliferation, and
differentiation of angioblasts and endothelial cells. Null mutations of VEGFA,
PDGFB or their respective receptors, VEGFR1, VEGFR2, and PDGFR-, cause
vascular and cardiac defects that are embryonic lethal (Bjarnegård et al., 2004;
Tomanek et al., 2001). Deficiencies of FGF2, FGFR1, and FGFR2 result in
vascular defects and other developmental abnormalities (Blaber et al., 1999;
Miller et al., 2000; Murakami et al., 2008). In contrast, the anti-angiogenic factors,
including the Semaphorins (Sema3A, and Sema3E), Netrins (Netrin1 and
Netrin4), and soluble fms-like tyrosine kinase-1 (sFlt1, a truncated form of
VEGFR1) counter the effects of pro-angiogenic factors during vasculogenesis.
Semaphorins and Netrins function as repulsive guidance cues, which inhibit
endothelial cell migration (Acevedo et al., 2008; Bouvrée et al., 2008; Gu et al.,
2005; Guttmann-Raviv et al., 2007; Lejmi et al., 2008; Sakurai et al., 2010),
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whereas sFlt1 binds to and sequesters VEGFA in the extracellular environment
(Aiello et al., 1995; Ambati et al., 2006).
Blood vessels that supply the adult cornea have been traced to their origin
from the ophthalmic artery, which ramifies as it progresses towards the anterior
eye to form the ciliary arteries of the pericorneal vascular plexus in the limbus
region adjacent to the cornea. The presence of a physical barrier within the
transitional limbal region that separates the avascular cornea from the highly
vascularized limbus is still a subject of debate (Ellenberg et al., 2010). However,
recent studies have challenged this hypothesis by demonstrating that
neovascularization can be induced by adding pro-angiogenic factors such as
VEGF, FGF, and PDGF into adult corneas (Auerbach et al., 2003; Cao et al.,
2011; Kenyon et al., 1996; Zhang et al., 2009a). Interestingly, both induced and
pathological corneal neovascularization can be inhibited by addition of antiangiogenic factors (Ambati et al., 2006; Benny et al., 2010; Chen et al., 2010). In
addition, previous studies from this laboratory indicated that no such physical
barrier exists during cornea development, since neural crest cells from the
surrounding periocular region (Creuzet et al., 2005; Hay, 1980) migrate between
the ectoderm and lens to form the corneal endothelium and stroma (Lwigale et
al., 2005). It was not clear whether angioblasts migrate into the presumptive
cornea in concert with the neural crest cells. In addition, it was also not clear if
angioblast migration and vasculogenesis are regulated by a balance between
pro-and anti-angiogenic factors within the periocular and corneal environment to
establish and maintain vasculature that is restricted to the limbal region.
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In this study, I initially determined when corneal avascularity is established
by characterizing vasculogenesis of the anterior eye. Using Tg(tie1:H2B:eYFP)
transgenic quail embryos, we show that during eye development, angioblasts
migrate into the anterior eye but avoid the presumptive cornea and form the
primary vasculature in the adjacent periocular region. The data from mRNA
expression analysis by RT-PCR and section in situ hybridization show that proand anti-angiogenic factors as well as their receptors are expressed in the
anterior eye region during ocular vasculogenesis. These data demonstrate for
the first time that corneal avascularity is established concomitantly with stroma
formation and suggest a potential role for pro-and anti-angiogenic factors during
this process.

3.1: Vasculogenesis of the Anterior Eye and Corneal Avascularity
There are two possibilities for how corneal avascularity is established: 1)
neural crest cells are permitted to migrate into the presumptive cornea, whereas
angioblasts are prohibited, or 2) both neural crest cells and angioblasts migrate
into the presumptive cornea but the corneal vasculature regresses as observed
in the hyaloid vasculature (Latker and Kuwabara, 1981). To characterize the
development of the limbal vasculature and determine when corneal avascularity
is established, I utilized Tg(tie1:H2B:eYFP) transgenic quail embryos (Sato et al.,
2010). Tie1 is an angiopoetin tyrosine kinase receptor that is exclusively
expressed by angioblasts and endothelial cells (Chan et al., 2008; Iljin et al.,
2002). Expression of the Tg(tie1:H2B:eYFP) allowed us to visualize the nuclear
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expression of H2B:eYFP in migratory angioblasts and forming blood vessels
during eye development. I chose E3, E5, and E7 eyes, which reflect the 3 critical
stages of cornea development when neural crest cells surround the presumptive
cornea, migrate between the lens and ectoderm to form the corneal endothelium,
followed by the corneal stroma (Creuzet et al., 2005; Hay, 1980; Lwigale et al.,
2005).
By E3, angioblasts were present in the anterior eye but avoided
presumptive cornea (Figure 3.1A, D). At this time, individual angioblasts were
localized in the periocular mesenchyme adjacent to the optic cup (Figure 3.1D).
By E5, angioblasts had aggregated to form the tubular temporal and nasal ciliary
arteries and a “vascular ring” around the cornea periphery (Figure 3.1B). At this
stage, the tubular blood vessels are visible under a dissecting microscope.
Previous studies visualized the vascular network of the eye following injection of
black ink (Hughes, 1934) and by analysis of corrosion casts by electron
microscopy (Hiruma and Hirakow, 1995). These methods were not sensitive
enough to visualize earlier stages of angioblast migration and aggregation
accomplished by the molecular identification used in this study. Interestingly,
despite the ongoing migration of cells from the periocular region to the space
between the lens and ectoderm to form the cornea endothelium, the angioblasts
and primitive vasculature remained in the periocular region (Figure 3.1E). By E7,
the three major layers of the cornea were formed and surrounded by the newly
formed blood vessels. The nasal ciliary artery had regressed (Figure 3.1C;
asterisk), while the primitive vascular plexus in the temporal region transformed
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Figure 3.1. Patterning of the limbal vasculature and expression of pro- and anti-angiogenic
factors by the anterior eye during avian corneal development. A-C: Expression of H2B-eYFP
by angioblasts and vasculature in whole mount Tg(tie1:H2B:eYFP) quail eyes at E3, E5, and
E7. Remodeling of the temporal ciliary artery forms a vascular plexus (arrows) while the nasal
ciliary artery regresses (asterisk). D-F: Cross sections through E3, E5, and E7
Tg(tie1:H2B:eYFP) quail eyes showing localization of angioblasts and vasculature in the
periocular region. Sections were counterstained with DAPI. G: Semiquantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis of tissues isolated from E3, E5,
and E7 chick eyes for pro- and anti-angiogenic factors. Abbreviations: C, cornea; vr, vascular
ring; tca, temporal ciliary artery; nca, nasal ciliary artery; ir, iridial ring artery; L, lens; OC, optic
cup; pm, periocular mesenchyme; ep, corneal epithelium; en, corneal endothelium; st, corneal
stroma. Scale bars in (A-C) = 500µm; (D-F) = 50µm.
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into a network of blood vessels that joined the temporal ciliary artery (Figure
3.1C; arrows). Respectively, the pericorneal vascular ring and neural crest cells
adjacent to the tip of the optic cup formed the iridial ring artery and stroma of the
iris (Figure 3.1C, F). Our results show that blood vessels in the anterior region of
the eye are generated by vasculogenesis. I also show that cell migration from the
periocular region into the cornea is limited to presumptive corneal cells. Since no
physical barrier exists between the periocular mesenchyme and presumptive
cornea, it is likely that either pro-angiogenic factors do not attract angioblasts into
the developing cornea, or anti-angiogenic factors prevent their migration from the
periocular region.

3.2: Expression of Pro- and Anti-angiogenic Factors in the Anterior Eye during
Development
Next, I assessed whether pro- and anti-angiogenic factors were present in
the anterior eye region during angioblast migration and vasculogenesis. Initially, I
performed a semi-quantitative RT-PCR analysis on anterior eye tissues isolated
from E3, E5 and E7 embryos. Our results (Figure 3.1G) show that mRNA for proangiogenic factors including VEGFA and its receptors VEGFR1 and VEGFR2;
FGF1, FGF2, and receptors FGFR1 and FGFR2; PDGFB and receptor PDGFR-

; and Sema3G and receptor Npn2 were expressed between E3 and E7. A
similar pattern was observed for mRNA encoding anti-angiogenic factors
including sFlt1; Sema3E and its receptor PlexinD1; and Netrin1, Netrin4 and
receptors Neogenin, Unc5C were also expressed between E3 and E7. With the
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exception of Netrin4, which was not detected at E3, mRNAs for all pro- and antiangiogenic factors and their receptors were consistently present during
vasculogenesis of the anterior eye and cornea development. Our results indicate
a potential role for pro- and anti-angiogenic factors during the patterning of ocular
blood vessels and development of avascular cornea.

3.3: Spatiotemporal Expression of Pro-angiogenic Factors in the Anterior Eye
3.3.1: Expression of VEGFA, VEGFR1, VEGFR2, and sFlt1
In vertebrates, the VEGF family is comprised of five members (VEGFA, B,
C, D, and placental growth factor (PIGF), which differentially signal through the
tyrosine-kinase receptors VEGFR1, VEGFR2, and VEGFR3. VEGFA is well
known for its role in promoting endothelial cell migration, proliferation, and
assembly into primitive vasculature during embryonic development and in adults
(Argraves et al., 2002; Carmeliet, 2003; Ruhrberg et al., 2002). VEGFA signaling
is transduced by binding to VEGFR1 and VEGFR2 receptors specifically
expressed on the surface of endothelial cells (Fong et al., 1995; Shalaby et al.,
1995).
VEGFA was vividly expressed in the lens vesicle and optic cup by E3
(Figure 3.2A) and its expression was maintained in these tissues at E5 and E7
(Figure 3.2B, C). It was also broadly expressed at low levels in the periocular
mesenchyme at E3 and E5 (Figure 3.2A, B). The expression pattern of VEGFA
was maintained in the lens and stroma of the presumptive iris at E7 (Figure
3.2C). VEGFR1 was expressed by the angioblasts adjacent to the optic cup at
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Figure 3.2. Expression of VEGFA and its receptors in the anterior eye during vasculogenesis
and corneal development. A-L: Section in situ hybridization was used to determine the
expression of VEGFA (A-C), VEGFR1 (D-F), VEGFR2 (G-I), and sFlt1 (J-L) in the anterior eye
at E3, E5, and E7. VEGFR1 and VEGFR2 were strongly expressed by angioblasts at E3
(arrows, D`, G`) and in the vascular ring at E5 (E`, H`). Brown tissue at E5 and E7 indicates
natural coloration of the retinal pigmented epithelium (asterisk). Abbreviations: L, lens; OC,
optic cup; pm, periocular mesenchyme; pi, presumptive iris; ep, corneal epithelium; en,
corneal endothelium; st, corneal stroma; vr, vascular ring; ir, iridial ring artery. Scale bar in (AL) = 100µm; (D`, E`, G`, H`) = 20µm.
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E3 (Figure 3.2D, D`), but its expression was diminished in the pericorneal
vascular ring at E5 (Figure 3.2E, E`). By E7 VEGFR1 expression was not
detectable in the iridial ring artery (Figure 3.2F), although it remained strong in
the posterior retina (Figure A1). VEGFR2 was expressed by angioblasts at E3
(Figure 3.2G, G`) and maintained in the vascular ring and iridial artery (Figure
3.2H, H`, I). The expression pattern of VEGFA in the optic cup and its receptors
by angioblasts in the adjacent periocular region is consistent with the proangiogenic role of VEGF signaling during vasculogenesis.
Although VEGFA is expressed in the lens, angioblasts do not migrate past
the tip of the optic cup into the presumptive cornea region. One possibility is that
VEGFA-mediated angioblast migration is inhibited. Sequestration of VEGFA by
sFlt1 in the adult cornea accounts for one of the mechanisms by which corneal
avascularity is maintained (Ambati et al., 2006). Although sFlt1 was present in
the anterior eye, expression was at relatively lower levels than VEGFA in the lens
and optic cup (Figure 3.2J-L), suggesting that sFlt1 alone may not be sufficient to
inhibit angioblast migration into the presumptive cornea. In addition, previous
studies have shown that another VEGFA receptor, Npn1, is expressed in the
periocular region at E3 (Chilton and Guthrie, 2003) overlapping migratory
angioblasts and neural crest cells, and later it is expressed by ocular blood
vessels at E5 and E6 (Lwigale and Bronner-Fraser, 2009). VEGFA signaling
through Npn1 and VEGFR2 is critical for cardiac development and vascular
morphogenesis (Gu et al., 2003; Kawasaki et al., 1999; Kitsukawa et al., 1995;
Yamada et al., 2001). However, Npn1 is a dual receptor for VEGFA and the cell
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guidance molecule Sema3A (Miao et al., 1999; Pan et al., 2007; Soker et al.,
1998). Given that the Sema3A is strongly expressed by the lens (Kubilus and
Linsenmayer, 2010; Lwigale and Bronner-Fraser, 2009) and overlaps with
VEGFA (Fig. 2A-C), it is likely that Npn1-expressing angioblasts are inhibited
from migrating into the presumptive cornea by Sema3A signaling from the lens.
This behavior would be similar to Npn1-expressing periocular neural crest cells,
which do not contribute to the cornea (Lwigale and Bronner-Fraser, 2009).

3.3.2: Expression of FGF1, FGF2, FGFR1, and FGFR2
FGF is a large family of morphogens that regulate various processes
critical for embryonic development, including angiogenesis, cell differentiation
and migration (Friesel and Maciag, 1995; McAvoy et al., 1991; Moura et al.,
2011). They signal by differentially binding to four tyrosine-kinase receptors
(FGFR1, R2, R3, and R4) and to cell-associated heparin sulfate proteoglycans
that act as coreceptors (Itoh and Ornitz, 2004; Pellegrini, 2001). Here I focused
on FGF1 and FGF2, which stimulate angiogenesis by signaling through the main
receptors FGFR1 and FGFR2 expressed by endothelial cells (Javerzat et al.,
2002; Nakamura et al., 2001; Poole et al., 2001; Presta et al., 2005).
At E3, FGF1 was expressed in the optic cup in a diminishing gradient
towards the anterior eye region (Figure 3.3A). Although FGF1 expression was
maintained at high levels in the posterior retina between E5 and E7 (Figure A1),
it was not expressed in the anterior eye region (Figure 3.3B, C). In contrast,
FGF2 expression was strong in the lens but low and diffused in the optic cup and
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Figure 3.3. Expression of FGF1, FGF2, and their receptors in the anterior eye during
vasculogenesis and corneal development. A-L: Section in situ hybridization was used to
determine the expression of FGF (A-C), FGF2 (D-F), FGFR1 (G-I), and FGFR2 (J-L) in the
anterior eye at E3, E5, and E7. Abbreviations: L, lens; OC, optic cup; pm, periocular
mesenchyme; pi, presumptive iris; ep, corneal epithelium; en, corneal endothelium; st, corneal
stroma; vr, vascular ring; ir, iridial ring artery. Scale bar in (A-L) = 100µm; (G`, H`, J`, K`) =
20µm.
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periocular mesenchyme at E3 (Figure 3.3D). At E5, FGF2 expression was
maintained at similar levels in the lens, optic cup, and periocular mesenchyme
(Figure 3.3E). By E7, FGF2 was faint in the lens and absent in the cornea and
optic cup (Figure 3.3F).
FGFR1 was expressed at E3 in the lens, optic cup, and periocular
mesenchyme (Figure 3.3G, G`). At E5 it appeared in the forming cornea
endothelium (Figure 3.3H), but it was expressed at low levels in the vascular ring
compared to the surrounding periocular mesenchyme (Figure 3.3H`). By E7,
expression of FGFR1 disappeared from the cornea endothelium, vasculature,
and periocular mesenchyme, but it persisted at low levels in the lens and iris
stroma, and remained vivid in the optic cup (Figure 3.3I). FGFR2 was expressed
in the periocular mesenchyme, including the region of the migratory angioblasts
at E3 (Figure 3.3J, J`). By E5 FGFR2 was expressed in the lens, optic cup,
ectoderm, and in the periocular mesenchyme, including the pericorneal vascular
ring, but absent in the cornea endothelium (Figure 3.3K, K`). At E7, FGFR2 was
highly expressed in the neural crest mesenchyme of the presumptive iris and the
iridial ring artery, but maintained at low levels in the lens and optic cup (Figure
3.3L). The complementary expression patterns of FGFR1 and FGFR2 at E7
suggest that they perform different developmental roles at this stage.
The localization of FGF1 suggests that it is involved in patterning events in
the retina, possibly through FGFR1 (Matsushima et al., 1996; Rousseau et al.,
2000). The dynamic expression of FGF2 suggests its potential role during early
anterior eye development by signaling through FGFR1 and FGFR2 to regulate
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angioblast migration and proliferation. Also, FGF2 signals through only FGFR2 at
a later stage to regulate tubulogenesis (Zhou et al., 1998).

3.3.3: Expression of PDGFB and PDGFR-
Platelet-derived growth factor (PDGF) is a family of heparin binding growth
factors (PDGF-A, -B, -C, and -D) that bind to PDGF receptors - and - resulting
in activation of a receptor tyrosine kinase and signal transduction. PDGF
signaling plays significant roles during embryonic development, including
angiogenesis (Andrae et al., 2008). In this group, PDGFB signaling via PDGFR-
promotes differentiation of endothelial cell precursors into endothelial cells (Rolny
et al., 2006). Furthermore, PDGFB signaling recruits mural cells to newly formed
blood vessels that play an important role during vascular remodeling and
angiogenesis (Armulik et al., 2005; Bjarnegård et al., 2004; Hellström et al.,
1999; Zhang et al., 2009a).
PDGFB was expressed in the lens from E3-E7 (Figure 3.4A-C).
Expression of PDGFB in the periocular mesenchyme adjacent to the developing
vasculature was evident at E5 and E7 (Figure 3.4B-C). PDGFR- was not visible
in the angioblasts at E3 (Figure 3.4D, D`), but was localized in the mesenchyme
around the developing vasculature of the presumptive iris at E5 and E7 (Fig
3.4E, E`, F). Based on these expression patterns it is likely that PDGFB signaling
plays a role during development and maturation of the vascular plexus in the
anterior eye. In addition, expression of PDGFB in the lens could be involved in
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Figure 3.4. Expression of PDGFB and PDFGR- in the anterior eye during vasculogenesis
and corneal development. A-F: Section in situ hybridization was used to determine the
expression of PDGFB (A-C), and PDGFR- (D-F) in the anterior eye at E3, E5, and E7.
Abbreviations: L, lens; OC, optic cup; pm, periocular mesenchyme; pi, presumptive iris; ep,
corneal epithelium; en, corneal endothelium; st, corneal stroma; vr, vascular ring; ir, iridial ring
artery. Scale bar in (A-F) = 100µm; (D`, E`) = 20µm.
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cell proliferation and differentiation via PDGFR- (Kok et al., 2002; Reneker and
Overbeek, 1996).

3.4: Spatiotemporal Expression of Anti-angiogenic Factors in the Anterior Eye
3.4.1: Expression of Sema3E/PlexinD1 and Sema3G/Npn2
Semaphorins are a group of secreted and membrane-associated proteins
that play important roles during embryonic development and adulthood. All
vertebrate semaphorins (semaphorins 3-7) signal by directly binding plexins
(PlexinA-D) or through tyrosine kinase receptors Npn1 and Npn2 with plexin coreceptors (Bagri et al., 2009; Callander et al., 2007). In this group, the secreted
Sema3A, Sema3E, and Sema3G have been associated with vascular
development and patterning (Bates et al., 2003; Gitler et al., 2004; Gu et al.,
2005; Kutschera et al., 2011; Serini et al., 2003). The expression pattern and
possible role of Sema3A/Npn-1 signaling was discussed earlier in relation to
VEGF signaling. Therefore, I will focus on the expression of Sema3E/PlexinD1
and Sema3G/Npn2.
In the anterior eye region, Sema3E was expressed in the optic cup at all
stages (Figure 3.5A-C) and in the periocular mesenchyme in the region of the
iridocorneal angle at E7 (Figure 3.5C; arrowheads). The anti-angiogenic
signaling by Sema3E is mediated by binding directly to plexinD1 (Gu et al.,
2005). PlexinD1 was expressed by angioblasts (Figure 3.5D, D`) and maintained
in the forming blood vessels (Figure 3.5E, E`, F), and in the mesenchyme of the
presumptive iris at E5 and E7 (Figure 3.5E-F; long arrows). The complementary
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Figure 3.5. Expression of Sema3E, Sema3G and their respective receptors PlexinD1 and
Npn2 in the anterior eye during vasculogenesis and corneal development. A-L: Section in situ
hybridization was used to determine the expression of Sema3E (A-C), PlexinD1 (D-F),
Sema3G (G-I), and Npn2 (J-L) in the anterior eye at E3, E5, and E7. Sema3E was expressed
in the mesenchyme of the iridocorneal angle at E7 (arrowheads). PlexinD1 and Sema3G were
strongly expressed by angioblasts at E3 (arrows, D`, G`) and in the vascular ring at E5 (E`,
H`). PlexinD1 was also expressed in the mesenchyme of the presumptive iris at E5 and E7
(long arrows). Abbreviations: L, lens; OC, optic cup; pm, periocular mesenchyme; pi,
presumptive iris; ep, corneal epithelium; en, corneal endothelium; st, corneal stroma; vr,
vascular ring; ir, iridial ring artery; ca, ciliary artery. Scale bar in (A-L) = 100µm; (D`, E`, G`, H`,
J`, K`) = 20µm.
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pattern of Sema3E and PlexinD1 expression in the eye is similar to that observed
in the trunk region, where Sema3E signaling by the somites guides angioblast
migration via PlexinD1, leading to the formation of intersegmental vessels (Gu et
al., 2005; Torres-Vázquez et al., 2004). It is therefore possible that
Sema3E/PlexinD1 signaling in the eye plays a role in preventing vascularization
of the anterior optic cup and also inhibiting the migration of the PlexinD1expressing angioblasts and neural crest mesenchyme past the tip of the optic
cup into the presumptive cornea. Furthermore the expression of Sema3E in the
iridocorneal angle may serve as a barrier to vascular ingrowth into the cornea at
later stages of development.
Sema3G was expressed by angioblasts in the periocular region at E3
(Figure 3.5G, G`; arrows), and this expression was maintained during
vasculogenesis between E5 and E7 (Figure 3.5H, H`, I). Sema3G was also
strongly expressed in the posterior neural retina and blood vessels adjacent to
the retinal pigment epithelium at E7 (Figure A1). Npn2 was expressed in the optic
cup, lens epithelium, and in a few angioblasts and periocular mesenchyme of the
posterior eye at E3 (Figure 3.5J, J`). Also at this stage Npn2 was strongly
expressed in the newly formed cranial blood vessels in the posterior eye region
where it persisted until later stages (Figure A1). By E5, expression of Npn2 was
strong in the periocular mesenchyme and presumptive corneal endothelium, and
evident in the forming vasculature (Figure 3.5K, K`). Npn2 expression in the lens
and optic cup was dramatically diminished at E5. At E7, expression of Npn2 was
strong in the blood vessels and periocular mesenchyme, stroma of the
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presumptive iris, and in the corneal stroma (Figure 3.5L). These expression
patterns are consistent with previous observations in developing murine arterial
blood vessels, where Sema3G is expressed by endothelial cells and Npn2 is
expressed by the adjacent smooth muscle cells (Kutschera et al., 2011). Since
Npn2 is expressed by the periocular blood vessels and adjacent mesenchyme, it
is possible that autocrine signaling by Sema3G in endothelial cells stabilizes
developing blood vessels, whereas paracrine signaling stimulates migration and
incorporation of pericytes and smooth muscle cells in the formation of mature
blood vessels.
The expression patterns for the semaphorin receptors PlexinA1 and
PlexinA2 were also determined. Both receptors were expressed in the posterior
retina however neither gene was expressed in the angioblasts, blood vessels, or
neural crest populations around the eye (Figure A2). This suggests that
semaphorin signals in the developing anterior eye are likely mediated through
PlexinD1.

3.4.2: Expression of Netrin1, Netrin4, Neogenin, and Unc5B
Netrins are secreted extracellular proteins that are well known for their role
in axon guidance, angiogenesis, and in various developmental processes
including cell migration and differentiation (Carmeliet and Tessier-Lavigne, 2005;
Jiang et al., 2003; Lu et al., 2004). Netrins are structurally related to laminins,
with netrins1-3 bearing homology to the -chain and netrin4 to the -chain.
Signaling by netrins is mediated via activation of receptors belonging to the

63
uncoordinated 5 (Unc5) family, which consist of Unc5A-D, and by deleted in
colorectal cancer (DCC), comprised of DCC and Neogenin (Rajasekharan and
Kennedy, 2009). The Unc5B, Unc5C, and Neogenin receptors have been
implicated in mediating anti-angiogenic netrin signaling during endothelial cell
migration and vascular sprouting. For example, Netrin1/Unc5B signaling inhibits
sprouting angiogenesis and endothelial migration in vitro (Bouvrée et al., 2008;
Larrivée et al., 2007; Lu et al., 2004). Netrin4 signaling through neogenin plays a
similar role (Lejmi et al., 2008).
The vascular-specific receptor Unc5B was expressed by the angioblasts
and forming periocular blood vessels between E3 and E7 (Figure 3.6A-C). As
previously reported (Adler and Belecky-Adams, 2002; Harada et al., 2007),
Netrin1 was expressed in the ventral region of the optic cup at E3 (Figure 3.6G,
H). By E5, Netrin1 expression was confined to the region of the choroid fissure
(Figure 3.6G, I; asterisk) and adjacent to the optic stalk (Figure 3.6G, I;
arrowhead). In mammals and zebrafish, angioblast migration through the choroid
fissure leads to the formation of the transient hyaloid vasculature (Morcillo et al.,
2006; Saint-Geniez and D’Amore, 2004; Weiss et al., 2012). In birds angioblasts
do not migrate into the optic cup and the hyaloid vasculature does not from, but
instead a pecten artery develops from the optic nerve region in the posterior eye
(Hiruma, 1996). Based on the expression patterns above, Netrin1/unc5B
signaling may play a role in preventing angioblast migration into the chick eye via
the choroid fissure.
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Figure 3.6. Expression of Netrin1, Netrin4, Neogenin, and Unc5 in the anterior eye
during vasculogenesis and corneal development. A-F, H-K: Section in situ
hybridization was used to determine the expression of Unc5B (A-C), Neogenin (D-F),
Netrin1 (H-I), and Netrin4 (J-K) in the anterior eye at E3, E5, and E7. Unc5B was
strongly expressed by angioblasts at E3 (arrows). Neogenin was expressed in the
iridocorneal angle (long arrows). G: Schematic representation of the expression
patterns of Netrin1 and Netrin4 in the eye. Netrin1 was expressed at the optic cup
along the choroid fissure (asterisk). Cross-section in (I) is perpendicular to the
choroid fissure, as depicted in (G, dotted line). J`, K`: Netrin4 was expressed in the
optic stalk (arrowheads), as depicted in G. Abbreviations: L, lens; OC, optic cup; pm,
periocular mesenchyme; pi, presumptive iris; ep, corneal epithelium; en, corneal
endothelium; st, corneal stroma; vr, vascular ring; ir, iridial ring artery. Scale bar in (AF, H, J, J`, K, K`) = 100µm; (A`, B`, D`, E`) = 20µm; (I) = 500µm.
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Neogenin was strongly expressed by the optic cup and at relatively low
levels in the lens and periocular mesenchyme at E3 and E5 (Figure 3.6D-E). By
E7, Neogenin expression was diminished in the lens and optic cup, but remained
vivid in the mesenchyme of the iridocorneal angle region of presumptive ocular
muscles (Figure 3.6F; long arrows) and neural retina (Figure A1). Netrin4 was
expressed at very low levels in the lens compared to the optic stalk region of the
neural retina (Figure 3.6J,J’ and 6K, K’). Therefore, Netrin4/Neogenin signaling
may play a role during angioblast migration but is not required later during
vasculogenesis.
Netrin2 and Unc5C expression were not found in the anterior eye during
corneal development although both were expressed in other locations at E7.
Netrin2 was strongly expressed by a population of neural crest cells which were
condensing into ocular muscle around the orbit of the eye (Figure A2). The
function of Netrin2 in this population is unclear. It is possible that Netrin2 may
function by guiding blood vessels or other cell types around this population or
that Netrin2 coordinates the condensation of these cells into ocular muscle.
Separately, Unc5C expression was detected in the posterior retina suggesting it
may serve a role in the development of this tissue (Figure A2). Unc5C was not
detected in blood vessels or angioblasts of the periocular region or in other
locations around the eye.
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3.5: Summary
I have shown that corneal avascularity is established early and maintained
during avian eye development as neural crest cells migrate from the periocular
region to form the corneal endothelium and stroma. Our gene expression results
and potential involvement in ocular vasculogenesis are summarized in the
schematic representation of the anterior eye (Figure 3.7). Transcripts encoding
both pro- and anti-angiogenic factors are expressed in the anterior eye during
cornea development, whereas their receptors are expressed by migratory
angioblasts and newly formed ocular vasculature. Expression of the major
proangiogenic factors VEGFA, FGF2, PDGFB and anti-angiogenic factors sFlt1,
Netrin1, Netrin4, Sema3E, and Sema3A (not described in the current study),
overlap in the lens and optic cup. At later stages of eye development, VEGFA
and Sema3E also overlap in the periocular mesenchyme of the presumptive
iridocorneal angle. Given that all the above factors are secreted within the
environment of the angioblasts and forming vasculature, lack of angioblast
migration into the presumptive cornea suggests that the anti-angiogenic signals
dominate in this region and prevent its vascularization. In contrast, proangiogenic signals secreted from the lens, optic cup, and periocular
mesenchyme may dominate the periocular region and permit angioblast
migration and vascular development. Expression of Sema3E in the anterior
region of the optic cup suggests that Sema3E/PlexinD1 signaling provides
additional inhibitory cues to prevent angioblast migration past the tip of the optic
cup. Expression of Sema3G and its receptor Npn2 by the forming vasculature
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Figure 7. Schematic diagram summarizing gene expression and the putative role of pro- and
anti-angiogenic factors during vasculogenesis of the anterior eye. Pro- and anti-angiogenic
factors are expressed in the lens, optic cup, and periocular mesenchyme (blue and red,
respectively). These expression patterns suggest that corresponding proteins are secreted
into the presumptive cornea and periocular region (blue and red arrows, respectively).
Angioblasts, blood vessels (green), and periocular neural crest cells (gray) express receptors
for the pro- and anti-angiogenic factors. Absence of angioblast migration and vasculogenesis
in the developing cornea suggest a strong response to anti-angiogenic factors probably
secreted by the lens and optic cup. In contrast, there is a strong response to angiogenic
factors in the periocular region, which favor angioblast migration and proliferation. Brown
coloration in the optic cup represents the retinal pigment epithelium. Abbreviations: pc,
presumptive cornea; PM, periocular mesenchyme; OC, optic cup; A/BV, angioblasts and blood
vessels; NC, neural crest cells.
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suggests that autocrine Sema3G signaling prevents angioblast migration as an
initial step towards vasculogenesis. Additional Sema3G signaling to the
surrounding Npn2-positive periocular neural crest could be involved in the
formation of pericytes and vascular smooth muscle, which stabilize the newly
formed ocular blood vessels. Expression of Netrin1 in the optic cup suggests that
it plays a role in preventing the development of retinal blood vessels. In addition
to vascular patterning, these factors may play other roles such as cell guidance
in the neural retina as well as proliferation and differentiation of lens and
periocular neural crest cells. Altogether, our results suggest the presence of proangiogenic and anti-angiogenic factors in the anterior eye with potential to
orchestrate the formation of the periocular blood vessels while maintaining
corneal avascularity during development. A similar pattern can be suggested
from the growing evidence that pro- and anti-angiogenic factors are maintained in
a balance under normal physiological conditions of the adult cornea, and play a
vital role in its angiogenic privilege and transparency. In addition to pro-and antiangiogenic factors, other players such as miRNAs, which are increasingly
growing in importance as regulators of the angiogenic process, might be involved
in ocular vasculogenesis (Suárez and Sessa, 2009; Xu, 2009). Understanding
their expression patterns during ocular development and their interactions with
pro- and anti-angiogenic angiogenic factors will benefit future functional studies
of ocular vasculogenesis and the gene networks involved in this process.
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Chapter 4: shRNA-mediated Knockdown using the RCAS System

In the previous chapter, many pro- and anti-angiogenic factors were
identified that may have a role in promoting vascularization of the anterior eye
and corneal avascularity during avian development. The next step in our
evaluation is to perform functional experiments to test the role of specific genes,
in particular, the antiangiogenic factor receptor PlexinD1. The purpose of this
chapter is to describe our efforts to develop the RCAS system as a tool for
performing transcriptional knockdown experiments in the anterior eye during
avian development. The rationale for studying the role of the specific receptor
PlexinD1 is detailed in Chapter 5.

4.1: Introduction to the RCAS System
The RCAS vector (replication competent ASLV with a splice acceptor)
encodes a provirus derived from an avian-specific retrovirus. The extremities of
the provirus include 5’ and 3’ LTR’s (long terminal repeats) which contain
sequences used for integration into host DNA, transcription promotion, and
transcription termination. The provirus sequence contains gag, pol, and env,
which are the three genes necessary for retroviral replication: viral core
structure, reverse transcription, and envelope, respectively. Thus, cells infected
with the RCAS virus can produce new virus particles with potential to infect
nearby cells. In other words, the RCAS virus is “replication competent”.
Downstream from env, the provirus includes an additional splice acceptor
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sequence which permits transcription of foreign genes inserted into this region as
a result of transcript splicing (Hughes, 2004).
The purpose of using the RCAS system to express foreign genes is twofold. First, the RCAS system produces a stable transformation, which occurs as
a result of the provirus integrating into host cell genomic DNA. This arrangement
has advantages over the transient expression (2-3 days at most) achieved by
transfecting expression vectors in embryonic tissue. Second, the virus is
replication competent; Thus, the infection will continue to spread throughout the
duration of the experiment. This characteristic is favorable to experiments in live
embryos and cell culture since a widespread infection (and thus transformation)
can be achieved over the course of several days.
There are several general guidelines for inserting foreign genes or other
elements into RCAS vectors. First, the maximum size of foreign genes that can
be inserted into RCAS vectors is about 2.5 kilobases (kB). The reason for this
limitation is unclear, although it is likely related to the maximum volume allowed
for the compacted viral genome inside RCAS virus particles. Also, transcriptional
termination sequences should be avoided in RCAS vector inserts. Since the
RCAS system is based on a retrovirus, transcriptional termination sequences will
interfere with viral replication and inhibit the production of viable virus particles by
infected cells. Finally, inserts that increase toxicity to host cells should be
avoided when using the RCAS system. Increasing the toxicity of host cells can
cause selection for RCAS variants that do not contain the designated insert
(Hughes, 2004).
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4.2: RCASBP-shRNA Vector Construction
Several modifications have been made to the RCAS vectors to expand
their use in research. First, RCAS vectors have been constructed with one of
two different ASLV env genes so that the desired host range can be achieved.
The two subgroups are denoted as subgroup “A”, which infects both chicken and
quail cells, or subgroup “B”, which infects only chicken cells (Boyer et al., 1993;
Creuzet et al., 2002; Holmen et al., 2001; Rainey et al., 2003). The subgroup for
a particular RCAS vector will be denoted in parenthesis, for example RCAS(A) or
RCAS(B). Second, the pol gene was replaced with a polymerase from a related
ASLV which exhibits a significantly higher titer in chicken cells. The polymerase
is known as the “Bryan polymerase”, and RCAS vectors which include this
modification are denoted as “RCASBP”, for example RCASBP(A) or RCASBP(B)
(Boerkoel et al., 1993; von Werder et al., 2012).
Other variations of the RCAS vectors are available, although they were
not used in this study (Hughes, 2004). An example would be viral vectors with
flanking mutation (Fl-). This mutation refers to the removal of ~100 base pairs
from each of the regions immediately upstream of the 5`LTR and downstream of
the 3`LTR. These sequences were removed because they originated from ASLV
viruses during the original construction of the RCAS vectors and are speculated
to not function in viral replication. RCAS vectors with the Fl- mutations are
available for use, although these variants are still considered experimental. In
addition, several replication-defective RCAS vectors have been created. These
vectors may be useful in circumstances when spread of the virus from the target
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tissue is unnecessary. Replication-defective RCAS vectors encode a similar
provirus to the replication-competent vectors except they lack the env gene so
that infected cells are incapable of producing viable virus particles. A positive
attribute of removing the env gene is that replication-deficient vectors are
capable of accepting a foreign DNA element that is a relatively larger size. These
vectors have been demonstrated to accept foreign DNA inserts as large as 4 kB
in contrast to the 2.5 kB size restriction in replication-competent vectors.
The procedure for creating RCASBP-shRNA vectors is described in detail
in Chapter 2.5. PlexinD1-specific sequences were designed using free online
tools (Invitrogen, Dharmacon, and Genscript). These programs use algorithms to
find gene-specific sequences appropriate for incorporating into shRNA. For
example, the gene-specific sequence should be exactly 21 bp long, have GC%
from 30-50%, begin with a guanine residue, and should not have sequence
similarities with other genes. Two PlexinD1-specific sequences were selected
from the known PlexinD1 mRNA sequence. These sequences corresponded to
nucleotides 4423-4444 and 5639-5660 and are respectively referenced in this
dissertation as sequences P1 and P2. The PlexinD1-specific sequences were
used to design complementary pairs of oligomers (Sigma) containing a stem-loop
sequence (TTCAAGAGA) described in previous protocols and overhanging
sequences corresponding to restriction endonuclease sites (PmeI and HindIII)
for cloning (Brummelkamp et al., 2002). The actual oligomer sequences are
shown in Figure 2.2. Complementary oligomer pairs were phosphorylated and
annealed using standard protocols.
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Cloning shRNA sequences into the RCAS vectors was accomplished
using a shuttle vector (pSLAX-GFP-cU6-(Sox9-shRNA)) which was given to us
by David Anderson’s lab (CalTech, Figure 4.1A). This shuttle vector was used in
a previous research study for creating RCAS vectors expressing a green
fluorescent protein (GFP) reporter and Sox9-specific shRNA (Deneen et al.,
2006). This vector is designed so that transcription of the gene-specific shRNA
sequence will be initiated by the chicken (c)U6 promoter. The GFP reporter does
not require a separate transcriptional reporter since expression will be initiated by
the 5`LTR through gene-splicing events. The Sox9-specific shRNA sequence
was excised using restriction endonucleases and replaced with annealed
oligonucleotides that encoded PlexinD1-specific shRNA sequences. In addition,
the GFP cassette was swapped for mCherry to allow experiments using
Tie1:H2B-eYFP transgenic quail. A vector encoding mCherry (pFlk1:myrmCherry) was provided by Mary Dickinson’s lab (BCM) (Larina et al., 2009). PCR
was used to amplify a fragment containing myr-mCherry, and restriction
endonucleases were used to swap the product into the SLAX vector in place of
GFP. The myristoylation tag (myr) will cause mCherry to be localized to the inner
face of the plasma membrane. These modifications resulted in pSLAX-(myrmCherry)-cU6-(PlexinD1-shRNA). Primers used to amplify the mCherry fragment
are shown in Figure 2.2.
PCR-based cloning kits (either “InFusion” from Clontech or “CloneEZ”
from Genscript) were used to insert a PCR product containing mCherry and
PlexinD1-shRNA into the designated site of the RCASBP vectors (Figure 4.1B).
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Figure 4.1. Plasmid maps for RCASBP vectors and the SLAX shuttle vector. A: SLAX shuttle
vector encoded a GFP cassette followed by cU6 promoter and Sox9-specific shRNA. XhoI and
BamHI enzymes were used to replace the GFP cassette with mCherry. PmeI and HindIII
enzymes were used to replace the Sox9-specific shRNA with PlexinD1-specific shRNA. B:
modification so the shuttle vector resulted in SLAX-mCherry-(PlexinD1-shRNA). PCR cloning
methods were used to insert a fragment encoding mCherry, the cU6 promoter, and PlexinD1shRNA from the shuttle vector into the RCASBP vector. C: PCR cloning results in RCASBPmCherry-(PlexinD1-shRNA). The cU6 promoter drives transcription of the PlexinD1-shRNA
element, which includes the 21 bp PlexinD1-specific sequence.
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These commercial products function by joining large strands of DNA that have
homologous terminal sequences. As a result of these cloning steps, cells that are
infected with our RCAS constructs will express two foreign DNA elements:
fluorescent marker myr-mCherry, and PlexinD1-shRNA as driven by the cU6
(chicken U6) promoter (Figure 4.1C). Primer sequences used during the PCRcloning step are shown in Figure 2.2.

4.3: In vitro Infectivity of RCASBP-shRNA Vectors
The initial testing of the newly created RCASBP-(myr-mCherry)-cU6(PlexinD1-shRNA) vectors was conducted using the DF-1 chicken fibroblast cell
line. DF-1 cells were transfected with RCASBP vectors as described in Chapter
2.6. Following transfection, DF-1 cells were monitored for confluency and
expression of the mCherry fluorescent marker. After three days, the cultures
were ~95% confluent and exhibited isolated colonies of intense mCherry
expression, although the population of mCherry-expressing cells made up only
30-50% of the entire culture. The cultures were passaged once and again
monitored for confluency and mCherry expression. By the time the cultures were
~95% confluent, ~95% of the DF-1 cells were mCherry-positive (Figure 4.2A).
These results demonstrate that the RCASBP viruses were capable of infecting
the entire cultures within one passage following transfection. The fact that the
cultures exhibited a rapid increase in the population of infected cells relative to
non-infected cells suggests that the infected DF-1 cells were capable of
producing viable virus particles that infect neighboring uninfected cells.
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Figure 4.2. In vitro validation of shRNA-mediated knockdown of PlexinD1. A:
Immunochemistry was used to determine the expression of mCherry in DF-1 cells following
transfection with RCASBP-(myr-mCherry)-(PlexinD1-shRNA) followed by counterstain with
DAPI. Robust mCherry expression is evident in DF-1 cell cultures. Myristoylation tag causes
mCherry to be localized to the plasma membrane and in organelles of the secretory system
(arrows). After one passage, few cells are mCherry-negative (asterisk). B: DF-1 cells
expressing PlexinD1-shRNA (P1 or P2-shRNA) or SCR-shRNA were evaluated for PlexinD1
expression by semi-quantitative RT-PCR. Expression of the P2-shRNA reduced the
expression of PlexinD1. Scale bar = 50 µm.
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4.4: Validation of Virus-mediated Knockdown in vitro
After demonstrating the capability of RCASBP-(myr-mCherry)-(PlexinD1shRNA) vectors to rapidly infect DF-1 cell cultures, the capability of the shRNA
elements to knockdown the endogenous transcription of PlexinD1 in DF-1 cells
was evaluated. A detailed protocol for this validation experiment is described in
Chapter 2.6. I prepared three shRNA constructs in the RCASBP(B) background,
two encoding different PlexinD1-specific shRNA sequences (P1-shRNA and P2shRNA) and one encoding a scrambled (SCR) shRNA sequence as a negative
control (Ferrario et al., 2012). DF-1 cells were transfected with RCASBP(B)-(myrmCherry)-shRNA constructs and cultured until ~95% mCherry-positive as
described in the previous section. Semi-quantitative reverse transcription PCR
(RT-PCR) was used to evaluate the knockdown of PlexinD1. Expression of
GAPDH was determined as a negative control (Harada et al., 2005; Huang et al.,
2012; Satake, 2009). Expression of either P1-shRNA or P2-shRNA reduced the
expression of PlexinD1 in DF-1 cells; however, P2-shRNA caused a greater
reduction than P1-shRNA (Figure 4.2B). These results demonstrate that the
RCASBP-(myr-mCherry)-(PlexinD1-shRNA) constructs are capable of knocking
down the expression of PlexinD1 and that the P2-shRNA sequence should be
used in future knockdown experiments.
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4.5: Viral Infection Spreads to the Periocular Region Following Early Stage Chick
Embryo Electroporation
The first step to validating our in vivo experimental design is to show that
the RCASBP virus can be administered to embryos in a manner such that the
virus spreads to the periocular region. First, RCASBP(B)-(myr-mCherry)-(SCRshRNA) plasmid DNA was electroporated into the neural tube of early stage
embryos (HH 6-8). During this period in avian development, cranial neural crest
cells that migrate into the periocular region have not yet delineated from the
neural tube. Our expectation was that electroporating the virus DNA into the
neural tube at this time would cause the presumptive cranial neural crest
populations to become infected (Itasaki et al., 1999). The neural crest cells could
then act as a vehicle for spreading the virus into the periocular region and to
periocular blood vessels.
The protocol for in ovo electroporations of early stage embryos is detailed
in Chapter 2.8. Following electroporation, embryos were reincubated until E7
then evaluated for mCherry expression. mCherry was robustly expressed
throughout electroporated embryos including in the periocular region (Figure
4.3A). This experiment demonstrated that infecting the neural tube of HH6-8
chick embryos was a reliable method to spread the RCASBP infection to the
periocular region.
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Figure 4.3. RCASBP virus infection spreads to the cornea and periocular region. A, B: The
expression of mCherry determined after electroporating RCASBP plasmid DNA (A) or injecting
concentrated RCASBP virus particles (B) into the neural tube of HH6-8 chick embryos in ovo.
Both methods yielded robust mCherry expression in the cornea and periocular region. C, D:
chick embryos injected with RCASBP virus particles were collected at E7 (C) and E12 (D),
sectioned, and evaluated for mCherry expression in the anterior eye. Robust mCherry
expression is evident in the neural crest populations of the cornea, limbus, and presumptive
iris. Dotted line represents the boundary between the cornea and limbus. Abbreviations: C,
cornea; L, lens; pi, presumptive iris; en, corneal endothelium; st, corneal stroma; ep, corneal
epithelium. Scale bars = 200 µm (A-D).
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4.6: In ovo Experiments using Concentrated Virus Particles
The previous section describes our initial experiments to spread the
RCASBP virus to the periocular region by electroporating plasmid DNA into the
neural tube. This method was effective based on our results at spreading
RCASBP virus into the periocular region. A drawback observed was that the
electroporations were not well tolerated, resulting in significant reduction in
survival of embryos (data not shown). Because our shRNA constructs were
incorporated into vectors containing a functional provirus, an attractive alternative
method would be to inject virus particles directly into the embryo. The following
section describes our protocol for harvesting viable RCASBP-(myr-mCherry)shRNA virus particles as well as the preliminary experiments validating their use
for in ovo injections.

4.6.1: Production and Concentration of RCASBP Viral Stocks
This protocol is described in detail in Chapter 2.7. DF-1 cells were
transfected with RCASBP(B)-(myr-mCherry)-shRNA plasmids and split into small
flasks. When these cultures reached ~95% confluency and exhibited robust
mCherry expression, they were split into multiple large flasks with DMEM
containing 10% fetal bovine serum (FBS). When these cultures reached ~80%
confluency, the media was harvested and replaced with fresh media without
serum. Under these conditions, the DF-1 cells proliferated at a reduced
frequency and continued to produce viable virus particles. These cultures were
continued for several days. When the cultures become >95% confluent, the
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media from the cultures was harvested, pooled with the previously collected
media, filtered to remove dead cells, centrifuged at high speeds into a pellet,
resuspended with fresh DMEM without serum, aliquoted, and stored. An
additional step in this process would be to incorporate 0.8% polybrene into the
virus particle stocks prior to injection. Polybrene is a polycationic polymer that
increases the infectivity of virus particles by neutralizing the repulsive surface
charges between the membranes of potential host cells and the virus particle
envelope. Polybrene has been shown to be effective at increasing infectivity of
subgroup(B) viruses, but has been shown to reduce infectivity of subgroup(A)
viruses (Damico and Bates, 2000). Therefore, polybrene should never be used in
conjunction with RCASBP(A) virus particles.
Following the protocol described in Chapter 2.8, concentrated virus
particles were injected into the neural tube of early stage chick embryos (HH 68). Injected embryos were reincubated, and then evaluated for mCherry
expression. By E7, embryos injected with concentrated virus particles exhibited
robust mCherry expression in the cornea and periocular region (Figure 4.3B). In
sectioned tissue, robust mCherry expression was detected by immunochemistry
in the neural crest populations of the cornea, periocular region, and presumptive
iris where periocular blood vessels are known to be located (Figure 4.3C, D).
These observations were similar to those made from the previous embryos
electroporated with RCASBP plasmid DNA. However, this experiment exhibited a
significant improvement in survival. Ignoring embryos lost from infection or
accidental damage, electroporation reduced the survival of embryos to ~20% by
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E3. In contrast, >90% of embryos injected with concentrated virus particles
survived to E3.

4.6.2: In vivo Validation of PlexinD1-Knockdown
The next step was to determine whether chick embryos expressing
PlexinD1-shRNA exhibited knockdown of PlexinD1 transcription. Embryos
injected with RCASBP(B)-(myr-mCherry)-(PlexinD1-shRNA) were collected at E7
and evaluated for robust mCherry expression in the anterior eye. Eyes exhibiting
robust mCherry expression were processed and sectioned for RNA in situ
hybridization for PlexinD1. The sections were then immunostained using an antimCherry antibody. Embryos injected with RCASBP(B)-(myr-mCherry)-(SCRshRNA) were used as negative controls.
PlexinD1 and mCherry expression were evaluated in the large blood
vessels surrounding the presumptive brain. These vessels were selected
because they were relatively large comprising multiple endothelial cells along
their circumference, numerous along the surface of the brain, and endogenously
expressed PlexinD1. The blood vessels of embryos expressing SCR-shRNA
exhibited robust PlexinD1 and mCherry expression (Figure 4.4A). In contrast,
blood vessels of embryos expressing PlexinD1-shRNA exhibited reduced
PlexinD1 expression in individual mCherry-positive endothelial cells (Figure
4.4B). These results showed that the PlexinD1-shRNA viral constructs were
capable of knocking down the transcription of PlexinD1 in vivo.
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Figure 4.4. In vivo validation of shRNA-mediated knockdown of PlexinD1 in chick embryos. In
ovo injections were performed of concentrated virus particles generated from mCherry and
shRNA-expressing RCASBP vectors into HH6-8 chick embryos. Cranial blood vessels of E7
embryos were evaluated for mCherry and PlexinD1 expression. Blood vessels of embryos
expressing SCR-shRNA (A, B) exhibited consistent PlexinD1 expression. Blood vessels of
embryos expressing PlexinD1-shRNA exhibited reduced PlexinD1 expression in endothelial
cells expressing mCherry (C,D; arrows). Asterisks mark autofluorescent blood cells. Scale
bars: 50 µm.
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4.6.3: Knockdown of PlexinD1 results in hemorrhaging
In addition to robust mCherry expression in the periocular region, chick
embryos injected with RCASBP(B)-(myr-mCherry)-(PlexinD1-shRNA) virus
particles were evaluated for obvious phenotypes in the anterior eye. Many
embryos expressing PlexinD1-shRNA exhibited severe hemorrhaging in the
anterior eye by E12. Using brightfield imaging, this phenotype was observed as
red pigment which was visible through the cornea (Figure 4.5A, B; arrows). To
determine the location of the bleeding, affected embryos were sectioned and
hemorrhaging blood cells were visualized by autofluorescence. These images
revealed that the hemorrhaging occurred along the anterior surface of the iris and
lens inside the anterior chamber (Figure 4.5C, D). Hemorrhaging in the anterior
eye was observed in approximately 62% (10/16) E12 chick embryos expressing
PlexinD1-shRNA but was not observed in any embryos expressing the negative
control SCR-shRNA. This result suggested that the hemorrhaging phenotype
was specific to embryos expressing PlexinD1-shRNA and further validates the
use of the RCAS system to knock down transcription of specific genes in vivo.

4.7: Knockdown Experiments using Tie1:H2B-eYFP Quail Embryos
After validating the use of the RCAS system for in vivo knockdown
experiments, we next adapted our protocol for conducting experiments in
transgenic Tie1:H2B-eYFP quail embryos. These embryos express a nuclearlocalized reporter in cells that express Tie1, which is a marker for endothelial
cells and angioblast precursors, such that blood vessels can be readily identified
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Figure 4.5. Knockdown of PlexinD1 resulted in hemorrhaging. A, B: Whole-mount images of
E12 eyes expressing PlexinD1-shRNA show bleeding in the anterior eye. Bleeding was not
found in eyes expressing SCR-shRNA. C, D: To determine the location of the hemorrhaging
within the anterior eye, eyes exhibiting hemorrhaging were sectioned. Autofluorescence of the
sectioned tissue resulting from hemorrhaged blood cells was imaged in the red and green
channels then merged. Hemorrhaged blood cells were located inside the anterior chamber
near the anterior iris (arrows). Dotted line represents the boundary between the cornea and
limbus. Abbreviations: C, cornea; L, lens; pi, presumptive iris; en, corneal endothelium; st,
corneal stroma; ep, corneal epithelium. Scale bars: 500 µm (A, B), 200 µm (C, D).
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(Sato et al., 2010). Multiple challenges were faced in adapting our protocol for
use in transgenic quail.

4.7.1: Subgroup A Virus Infects Quail Embryos
As previously mentioned, only RCASBP virus from subgroup(A) is capable
of infecting both quail and chicken cells. Subgroup(B) viruses are only capable of
infecting chicken cells. Therefore, vectors meant for use in the transgenic quail
embryos were constructed in the RCASBP(A) background.
A consequence of the differences in host range between subgroup(A) and
subgroup(B) viruses is that chicken cells are capable of being simultaneously
infected by viruses from both subgroups. This capability was demonstrated in
DF-1 cells by transfecting cell cultures with RCASBP(B)-(myr-mCherry)-(SCRshRNA) and RCASBP(A)-GFP simultaneously. By the time the DF-1 cells were
~90% confluent, the majority of the culture was positive for both GFP and
myristoylated-mCherry (Figure 4.6A). This application may be useful for in vitro
experiments where two different genetic elements should be introduced to cells
by separate means. As an example, this may be useful for performing in vitro
validation of gene-specific knockdown in DF-1 cells mediated by RCASBPshRNA, where DF-1 cells do not endogenously express the gene-of-interest.
Expression of the gene-of-interest and shRNA may be introduced by RCASBP
vectors with different subgroups. This application would be advantageous over
using transient expression vectors since the RCAS system produces stable
transfections.
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Figure 4.6. RCASBP subgroup A virus infects quail tissue. A: DF-1 cells were transfected
with RCASBP(A)-GFP and RCASBP(B)-(myr-mCherry)-(SCR-shRNA). The RCASBP
subgroups permit infection by multiple RCASBP viruses. B-D: in ovo injections of
concentrated RCASBP(A)-mCherry-(PlexinD1-shRNA) virus particles in HH6-8 Tie1:H2BeYFP quail embryos. Robust mCherry expression is evident in the cornea and periocular
region by E7. Expression of PlexinD1-shRNA results in hemorrhaging phenotype as
previously observed in chick embryos (arrows) Hemorrhaging was not observed in control
embryos. E: colocalization of mCherry and GFP in E12 Tie1:H2B-eYFP quail embryos
demonstrate spread of RCASBP infection into periocular blood vessels (arrows).
Abbreviation: C, cornea; L, lens; pi, presumptive iris; en, corneal endothelium; st, corneal
stroma. Scale bars: 50µm (A), 200 µm (B), 500 µm (C, D), 25 µm (E).
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4.7.2: Myristoylation-tagged mCherry Reduces Infectivity of Subgroup A
RCASBP Virus
Another challenge that was encountered while adapting our protocols for
working in quail embryos arose during the in vitro testing of the RCASBP(A)(myr-mCherry)-(PlexinD1-shRNA) vector. After transfecting the vector into DF-1
cells, the virus infection failed to spread throughout the entire culture. The total
population of mCherry-positive cells immediately following transfection was less
than 50%, and this proportion remained stagnant through multiple passages.
This result demonstrated that the RCASBP(A)-(myr-mCherry)-(PlexinD1-shRNA)
performed similar to a replication-defective vector which would be capable of
stably transfecting cells but incapable of spreading to nearby cells through viable
virus particles. To determine why the vector was replication-defective, PCR
cloning methods were used to construct two additional vectors: RCASBP(A)mCherry-(PlexinD1-shRNA), and RCASBP(A)-mCherry. Both vectors were
similar to the previous construct except they lacked the N-terminal myristoylation
tag of mCherry. In addition, the latter vector also lacked the PlexinD1-specific
shRNA component. Transfecting these two vectors into DF-1 cells would enable
us to determine which component caused the original vector to be replicationdeficient. Primers used to construct these vectors are described in Figure 2.2.
Our results showed that transfection of either of the new vectors resulted in
~95% infection of DF-1 cell cultures after one passage (data not shown). This
result suggested that the myristoylation tag was incompatible with the
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subgroup(A) virus. Therefore, future experiments in quail would be conducted
using vectors that lacked the myristolation tag.
To demonstrate the infectivity of RCASBP vectors in quail embryos,
RCASBP(A)-mCherry-(PlexinD1-shRNA) virus particles were injected into the
neural tube of early stage (HH6-8) quail embryos in ovo. By E7, injected embryos
exhibited robust mCherry expression in the cornea and periocular region (Figure
4.6B). In addition, a portion of these embryos also exhibited the hemorrhaging
phenotype previously discovered in chick embryos expressing PlexinD1-shRNA
(Figure 4.6C, D; arrows).
The mechanism by which the myristoylation tag was incompatible with the
subgroup(A) virus is unclear. One possibility is that the tag interfered with the
production of viable virus particles. Virus particles produced through the RCAS
system are made by budding from the plasma membrane of infected cells. Also
previous studies demonstrated that the process of budding requires viral proteins
to condense along the inner face of the plasma membrane and that these
proteins must interact with virus-derived env proteins located inside the plasma
membrane (Murakami, 2012). The myristolated-mCherry protein may somehow
interfere with these interactions, thus resulting in replication-deficiency. This
issue was not observed in our RCASBP(B) constructs expressing myristoylatedmCherry protein. This fact suggests that the interference caused by
myristoylated-mCherry protein was specific to the subgroup(A) envelope protein.
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4.7.3: RCASBP virus infection spreads to periocular vasculature following
in ovo neural tube injection
In ovo injections of concentrated RCASBP(A)-mCherry-shRNA in chick
and quail embryos resulted in robust infection of neural crest cells in the
periocular region. Because these vectors were intended for gene-knockdown
experiments in blood vessels, spread of the RCASBP infection to periocular
vasculature was examined. Concentrated RCASBP(A)-mCherry(PlexinD1shRNA) virus particles were injected into Tie1:H2B-eYFP quail
embryos as previously described. Embryos exhibiting robust mCherry expression
in the periocular region at E12 were sectioned and immunostained for mCherry
and eYFP expression. Colocalization of mCherry and GFP was found in blood
vessels located in the presumptive iris (Figure 4.6E, arrows). These results
demonstrated that the RCASBP infection spread to periocular vasculature
following in ovo injection of virus particles in the neural tube of HH6-8 embryos.

4.8: Summary
Functional experiments are required to determine the role of specific
genes during eye development. To perform functional experiments in avian
embryos, a strategy was designed and implemented to spread gene-specific
shRNA and fluorescent reporters using the retroviral RCAS system. The results
demonstrated that virus particles from shRNA-expressing RCAS vectors could be
used to infect early stage embryos (HH 6-8) in a manner such that the infection
spread to the periocular region. The data also confirm capability of shRNA-
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expressing RCAS vectors to knock down the transcription of a gene-of-interest in
vitro and in vivo. This work provides the necessary evidence that shRNAexpressing RCAS vectors are an effective method to perform functional
experiments in the anterior eye.
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Chapter 5 PlexinD1 is Required for Proper Periocular Vascular Patterning
and Corneal Avascularity

Corneal avascularity is required in order to maintain transparency so that
light may pass into the eye. Avascularity is maintained throughout adult life, but is
first established concomitantly with both the formative morphological events of
the embryonic cornea and the vascularization of the periocular region. The
process occurs when neural crest cells migrate between the lens and overlying
ectoderm to form the corneal endothelium and stroma while migratory
angioblasts undergo vasculogenesis in the periocular region. The angioblasts
and resulting blood vessels do not enter the cornea, but instead form vascular
networks along the surfaces of the presumptive iris, ciliary body, and choroid
(Hiruma, 1996; Kwiatkowski et al., 2013). After the formative events of the
cornea, periocular blood vessels migrate into the limbus region near the border of
the avascular cornea to form the limbal vasculature. A specific timeline for the
vascularization of the limbus region has not been determined, although the final
patterning has been described in adult eyes (Van Buskirk, 1989).
The mechanism by which blood vessels are formed in the periocular
region but are prevented from migrating into the cornea is unclear. A debated
hypothesis speculates that the limbus epithelium functions as a physical barrier
against vascularization of the cornea, although substantial evidence also
suggests that the cornea provides a chemical barrier by secreting proteins that
restrict angiogenesis. Much of the evidence supporting this hypothesis was found
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by studying pathological neovascularization models in adult corneas. Injury to the
cornea causes ectopic vascularization from periocular blood vessels as a woundhealing response. Wound-induced corneal neovascularization can be replicated
in non-wounded corneas by placing pro-angiogenic factors, which stimulate
angiogenesis, into the cornea. Neovascularization induced by pro-angiogenic
factors can be attenuated by additionally placing anti-angiogenic factors, which
inhibit angiogenesis, into the cornea. Although these studies focus on the effects
of exogenous proteins on corneal avascularity, they inherently suggest that
corneal avascularity could be established and maintained by endogenously
expressed anti-angiogenic factors. Indeed, several studies have demonstrated
how endogenously expressed anti-angiogenic factors promote corneal
avascularity. For example, the mammalian adult corneal epithelium and stroma
express soluble VEGF receptor-1 (sVEGFR-1), an anti-angiogenic factor that
functions by binding and attenuating VEGF protein to prevent signaling.
Knockdown of sVEGFR-1 causes corneal neovascularization by increasing the
bioavailability of VEGF and thus VEGF signaling. Other examples of
endogenously expressed anti-angiogenic factors that promote corneal
avascularity include thrombospondin, PEDF, Slit2, and Netrin1 (Aiello et al.,
1995; Ambati et al., 2006; Ellenberg et al., 2010).
Although several pro- and anti-angiogenic factors have been shown to
function by maintaining avascularity in the adult cornea, few have been identified
which function by establishing avascularity during development. In a recent
publication, several pro- and anti-angiogenic candidate genes were identified that

94
are expressed concomitantly with avian corneal development, suggesting they
may be involved in this process (Kwiatkowski et al., 2013). One such gene was
the anti-angiogenic factor receptor PlexinD1. PlexinD1 is known to be expressed
by endothelial cells and acts as a receptor for secreted semaphorin ligands.
PlexinD1-semaphorin signaling regulates vascular patterning during development
by inhibiting VEGF-mediated angiogenesis. This role has been exemplified in
several contexts, including in the developing retina and somites where knockout
of PlexinD1 allows the vasculature to form in a disorganized manner (Fukushima
et al., 2011; Gay et al., 2011; Gu et al., 2005; Kim et al., 2011; Meadows et al.,
2013; Torres-Vázquez et al., 2004). As reported in Chapter 3, PlexinD1 is
expressed in periocular blood vessels during avian corneal development and at
times when PlexinD1 ligands are known to be expressed throughout the anterior
eye. Given this information, the roles of PlexinD1 likely are to promote
appropriate patterning of the periocular vasculature and to maintain corneal
avascularity by restricting angiogenesis.
This chapter examines the role of PlexinD1 in establishing and
maintaining corneal avascularity during development by knocking down gene
transcription in transgenic quail embryos (Tie1:H2B-eYFP). These embryos
express a histone-eYFP fusion protein under control of a vascular cell-specific
promoter. Thus, all blood vessels exhibit nuclear eYFP expression (Sato et al.,
2010). Knockdown was accomplished using the RCAS system, through which a
gene-specific short-hairpin RNA (shRNA)-expressing retrovirus was used to
infect embryos. Knockdown of PlexinD1 caused vascular patterning defects in
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the iridial vascular network that lead to hemorrhaging in the anterior chamber. In
addition, PlexinD1 knockdown resulted in corneal neovascularization that
originated from the presumptive limbal vasculature. These results demonstrate
that PlexinD1 is required for proper vascular patterning in the anterior eye and is
also critical for the establishment and maintenance of corneal avascularity during
avian development.

5.1: Description and Initial Observations of shRNA-mediated Knockdown
Experiments in Tie1:H2B-eYFP Quail Embryos
The RCAS system was used to determine the role of PlexinD1 during
avian anterior eye development, as described in Chapter 4. This system
comprises RCASBP vectors (replication competent avian sarcoma-leukosis virus
with a spice acceptor and encoding Bryan-strain polymerase) which may be used
to promote stable transfections of custom-designed genetic elements (Hughes,
2004; Hughes et al., 1987). To use this system for our functional analysis of
PlexinD1, mCherry fluorescent reporter, chicken U6 promoter, and PlexinD1specific or scrambled (SCR) negative control small-hairpin RNA (shRNA)
sequences were cloned into RCASBP vectors. These elements enable detection
of the spread of RCASBP infection in vitro and in vivo by fluorescence
microscopy and knockdown of PlexinD1 transcription in infected cells.
Transcription of mCherry is initiated from the viral 5` long terminal repeat (LTR)
region and is incorporated into a transcript which is spliced to give rise to
expression of the reporter along with the viral genes gag, pol, and env which are
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necessary for RCASBP virus replication. Independently of this process,
expression of the PlexinD1-specific or SCR-shRNA is initiated by the U6
promoter.

5.1.1: Validation of shRNA-mediated knockdown and in ovo injections
The capability of our RCASBP-shRNA vectors to knockdown PlexinD1
expression was tested in cell culture using the DF-1 chicken fibroblast cell line.
These experiments are described in Chapter 4.4. DF-1 cells were transfected
with shRNA-expressing RCASBP vector from subgroup-B (RCASBP(B)).
RCASBP virus infection was observed to spread to >95% of the culture within
one passage following transfection as indicated by mCherry expression. RNA
was harvested from these cultures and tested for PlexinD1 transcription by semiquantitative reverse transcription PCR. DF-1 expressing SCR-shRNA exhibited
unchanged endogenous PlexinD1 expression, whereas cultures expressing
PlexinD1-shRNA exhibited reduced PlexinD1 expression.
To knockdown PlexinD1 expression in blood vessels of the anterior eye,
the infection by the shRNA-expressing virus must spread to the periocular region.
Since the RCASBP viruses are replication competent, this requirement was
accomplished by injecting concentrated RCASBP virus particles into the neural
tube of early stage (~HH6) embryos in ovo. These injections caused presumptive
cranial neural crest cells to become infected, which in turn spread the infection to
the cornea and periocular region. Experiments conducted to validate the spread
of shRNA-expression RCASBP viruses are described in Chapter 4.3.

97

5.1.2: PlexinD1 Knockdown Causes Hemorrhaging in the Anterior Eye
During initial experiments, embryos expressing PlexinD1-shRNA were
evaluated for obvious phenotypes by brightfield microscopy. By E12, 58%
(15/26) of chicken and Tie1:H2B-eYFP quail embryos exhibiting robust mCherry
expression in the cornea and periocular region showed hemorrhaging. Blood
could be seen pooled along the surface of the iris, especially in areas adjacent to
the lens or angle of the anterior chamber (Figure 5.1; arrows). Uninjected
embryos or embryos robustly expressing scrambled-shRNA in the cornea and
periocular region did not exhibit this hemorrhaging defect. These initial results
provide substantial evidence that PlexinD1 is important for proper vascular
development of the periocular region.

5.2: Periocular and Limbal Vasculature Patterning After Corneal Development
Our previous work described in Chapter 3 demonstrated how PlexinD1positive periocular angioblasts and blood vessels are patterned from E3-E7 using
Tie1:H2B-eYFP quail embryos which express a fluorescent reporter under an
endothelial-specific promoter. In preparation of our in vivo PlexinD1-knockdown
experiments, the same model system was used to expand our characterization of
periocular vascular patterning up to E12 and to determine the expression of
PlexinD1 therein.
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Figure 5.1. Knockdown of PlexinD1 resulted in hemorrhaging of the anterior chamber. A, B:
whole-mount images of E12 eyes expressing PlexinD1-shRNA show bleeding in the anterior
eye. Bleeding was not found in eyes expressing SCR-shRNA. C, D: To determine the location
of the hemorrhaging within the anterior eye, eyes exhibiting hemorrhaging were sectioned.
Autofluorescence of the sectioned tissue resulting from hemorrhaged blood cells was imaged
in the red and green channels then merged. Hemorrhaged blood cells were located inside the
anterior chamber near the anterior iris (arrows). Dotted line represents the boundary between
the cornea and limbus. Abbreviations: C, cornea; L, lens; pi, presumptive iris; en, corneal
endothelium; st, corneal stroma; ep, corneal epithelium. Scale bars: 500 µm (A, B), 200 µm
(C, D).
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5.2.1: Characterization of Periocular Vascular Patterning of the Iris and Limbus
Regions from E7-E12
The patterning of the iridial vascular network at E7 was as seen in
previous work (Figure 5.2A). The network is supported by the temporal ciliary
artery which bifurcates into the dorsal and ventral arteries in the temporal region
of the eye. These arteries connect to the iridial ring artery, which encircles the iris
near its dorsal and ventral poles. In addition, 2-3 large intermediate arteries that
further connect the dorsal and ventral arteries to the iridial ring artery are formed
by this time in the temporal region. The vascular plexus of the iris can be
detected near the iridial ring artery along the presumptive iris as well. In addition
to describing the patterning of the iridial vascular network, positive signal was
detected in the peripheral regions surrounding the iridial and temporal
vasculature. In sectioned tissue, the punctate signals were located in a separate
plane above the vascular networks of the iris and optic cup and were
unorganized in appearance (Figure 5.2D). The unorganized punctate signals
were characteristic of angioblasts or small blood islands and represented
precursors to the presumptive limbal vasculature.
The vascular pattern of the iridial vascular network underwent significant
changes from E7-E12. First, the iridial vasculature expands to accommodate the
growth of the iris and ciliary body. This expansion resulted in a vascular plexus
that completely covers the anterior and posterior surfaces as seen in sectioned
tissue (Figure 5.2B, C, C`). Also, the iridial ring artery became more distinct
around the vascular plexus as a large vessel, while its associations with the
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Figure 5.2. Patterning of the iridial and limbal vasculature during avian corneal development.
A-C: Expression of H2B-eYFP by vasculature in whole mount Tg(tie1:H2B:eYFP) quail eyes at
E7, E10, and E12. Dashed orange line represents the boundary between the limbal vasculature
and the cornea. The vasculature of the underlying iris was visible through the transparent
cornea. D, E: Expression of H2B-eYFP by periocular vasculature (green) in sectioned eyes and
colocalization with PlexinD1 expression (purple, arrows). Dashed orange lines mark limbal
vasculature and the dashed black line represents the boundary of the cornea. Abbreviations: C,
cornea; L, lens; IV, vascular network of the iris; LV, vascular network of the limbus; OC, optic
cup; en, corneal endothelium; st, corneal stroma; ep, corneal epithelium. Scale bars = 500 µm
(A-C), 200 µm (C`), 200 µm (D, E), 25 µm (D`, E`).
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dorsal and ventral arteries remain consistent. Our findings on the patterning of
the iridial vascular network through E12 are consistent with previous descriptions
made by scanning electron microscopy of corrosion casts in late stage eyes
(Hiruma, 1996). In contrast to the iridial vascular network, the punctate signals
outside the cornea exhibited significant changes by E12. The density and
intensity of the signals outside the cornea were significantly greater and
appeared to be located along a distinct boundary. Under high-magnification, the
boundary appeared to not be an absolute barrier against migration since some
cells were able to migrate through the boundary as if to enter the cornea. In
sectioned corneas, the increased signal intensity as seen in whole mount eyes
was due to a significant change in organization. By E10, the angioblasts formed
a stream of blood vessels parallel to the orbit of the eye that approached the
limbus near the iridocorneal angle (Figure 5.2E). A separate stream of blood
vessels originating from the presumptive eye lids, representing the conjunctival
vasculature, approached the limbus along the ectodermal layer near the corneal
epithelium. The two blood vessel streams were connected in the limbus by
vessels migrating perpendicularly to either stream and along the boundary of the
cornea. The vessels located along the boundary of the cornea by E10 and
through E12 represent the limbal vasculature as described in adult eyes.
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5.2.2: PlexinD1 is Expressed by Periocular and Limbal Vasculature
RNA in situ hybridization and immunochemistry using an anti-GFP
antibody were used to confirm the expression of PlexinD1 in the vascular
network of the iris and presumptive limbal vasculature during their morphological
changes from E7-E10 (Figure 5.2D, E). Staining for PlexinD1 expression
colocalized with GFP in the iridial ring artery and vascular plexus. PlexinD1
expression was also found in the angioblasts and blood vessels of the
presumptive limbal vasculature. These results confirm the previous expression
patterns for PlexinD1 in periocular vasculature and show that the expression is
retained through E10.

5.3: PlexinD1 Knockdown Causes Ectopic Corneal Vascularization Originating
from the Limbal Vasculature
Part of our initial hypothesis was that PlexinD1 is required to maintain
corneal avascularity. To test this hypothesis, whole mount Tie1:H2B-eYFP quail
eyes expressing PlexinD1-shRNA were searched to identify YFP-positive blood
vessels migrating into the cornea. Chicken eyes expressing PlexinD1-shRNA
were also analyzed for corneal neovascularization by observing the formation of
large lumens containing autofluorescent blood cells in the cornea. The result was
23% (6/26) of chick and Tie1:H2B-eYFP quail embryos expressing PlexinD1shRNA exhibited corneal neovascularization by E12. Images of whole mount
eyes with this defect show that blood vessels have migrated from the periocular
region towards the center of the cornea (Figure 5.3A, B; Figure B1; Figure B2).
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Corneal neovascularization was not found in any uninjected embryos or eyes
expressing scrambled-shRNA.
The origin of these vessels is likely the limbal vasculature, since they
appear to overlap the vascular plexus of the iris. To confirm the origin of the
cornea neovascularization, Tie1:H2B-eYFP quail eyes exhibiting the phenotype
were sectioned and immunostained using an anti-GFP antibody. Images from
sectioned eyes showed that blood vessels migrating into the cornea originated
from the limbal vasculature rather than from the iris (Figure 5.3C; arrows). To
quantify the amount of vascularization found in affected eyes versus control
eyes, the blood vessels migrating into the cornea were quantified in ImageJ by
measuring the combined length of all blood vessels migrating out of the limbal
vasculature towards the center of the cornea as seen in images of whole mount
Tie1:H2B-eYFP quail eyes (Figure 5.3D). This analysis showed a significant
increase in the amount of blood vessel and angioblast migration in
neovascularized corneas in comparison to control eyes. These results support
our hypothesis that PlexinD1 is required to maintain corneal avascularity during
development.

5.4: PlexinD1 Knockdown Causes Vascular Patterning Defects in the Iris
As shown in Figure 5.1, many embryos expressing PlexinD1-shRNA
exhibited hemorrhaging along the iris. This defect suggests that the iridial
vascular network may also exhibit vascular patterning defects. To determine how
knockdown of PlexinD1 might be affecting the vascular patterning
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Figure 5.3. Knockdown of PlexinD1 in Tie1:H2B-eYFP quail embryos resulted in corneal
neovascularization. A-D: H2B-eYFP expression in control eyes (A, B) and eyes expressing
PlexinD1-shRNA (C, D). Dotted orange line denotes the expansion of blood vessels into the
cornea from the limbal vasculature. E, F: Control eyes and eyes expressing PlexinD1-shRNA
were sectioned and evaluated for eYFP expression. Control eyes had avascular corneas (E)
whereas eyes expressing PlexinD1-shRNA exhibited corneal neovascularization in the anterior
corneal stroma and originating from the limbal vasculature (F). White dotted line represents the
boundary between the cornea and limbus. G: Amount of blood vessels inside the cornea in
eyes exhibiting neovascularization was quantified using ImageJ software in comparison to
control eyes. Error bars represent standard deviation. ***P<0.001. Abbreviations: IV, vascular
network of the iris; LV, vascular network of the limbus; L, lens; pi, presumptive iris; en, corneal
endothelium; st, corneal stroma; ep, corneal epithelium. Scale bars: 500 µm (A, C), 100 µm (B,
D, E, F).
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of the iridial vascular network, Tie1:H2B-eYFP quail embryos were infected with
RCASBP virus expressing PlexinD1-shRNA. The periocular vascular patterning
was determined by fluorescence microscopy in whole mount and sectioned eyes.

5.4.1: Disruptions of the Iridial Arterial Network Promote
Hemorrhaging of the Iris and Anterior Chamber
Approximately 70% (12/17) of Tie1:H2B-eYFP quail eyes exhibited large
gaps in the iridial vascular plexus so that blood vessels were unevenly distributed
along the surface of the iris in comparison to control embryos (Figure 5.4A, B).
Interestingly, all Tie1:H2B-eYFP quail eyes with uneven blood vessel
distributions in the iridial plexus also exhibited hemorrhaging (75%, 9/12). This
observation suggested that the occurrence of hemorrhaging may be related to
the appearance of gaps in the iridial network and may also represent a more
severe manifestation of the phenotype. To determine how hemorrhaging might
be caused by abnormal vascular patterning, eyes exhibiting abnormal vascular
patterning in the iris were sectioned and immunostained using an antibody
against GFP to identify blood vessels. Hemorrhagic eyes exhibited large blood
vessels that appeared to breach the anterior surface of the iris so that a wall of
the vessel was disrupted (Figure 5.4C, D). With the combination of
autofluorescent signal and DAPI staining, since avian blood cells retain their
nuclei, hemorrhaged blood cells were easily distinguishable inside the artery and
in the anterior chamber in the direction of the disrupted vessel wall. Blood cells
were also apparent in the space between
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Figure 5.4. Knockdown of PlexinD1 in Tie1:H2B-eYFP quail embryos resulted in vascular
patterning defects of the iridial vascular network and hemorrhaging. A, B, C, D: Eyes
expressing PlexinD1-shRNA exhibited disrupted blood vessel distributions in the iridial plexus
(B, D, dotted white lines) relative to control eyes (A, C). E, F: Hemorrhaging in the anterior
chamber resulted from patterning of iridial blood vessels into the anterior iris (F). Abnormal
patterning and hemorrhaging were not observed in control embryos (E). Abbreviations: IV,
vascular network of the iris; LV, vascular network of the limbus; pi, presumptive iris; en, corneal
endothelium; st, corneal stroma; ep, corneal epithelium. Scale bars: 500 µm (A, B), 100 µm (C,
D, E, F), 25 µm (F`).

107
the iris and corneal endothelium, as well as between the iris and lens. The
location of the large iridial arteries in eyes that did not exhibit hemorrhaging
appeared similar to control eyes such that the arteries were not located at the
anterior edge of the iris. Blood cells were apparent inside large blood vessels,
although none were detected in the anterior chamber. The hemorrhaging defects
of the iridial vascular network were not found in any uninjected embryos or eyes
expressing scrambled-shRNA.

5.4.2: Disruptions in the Branching Patterns of the Temporal Ciliary Artery
Disparities were found in the number and patterning of the intermediate
arterial vessels that were present in eyes expressing PlexinD1-shRNA versus
control eyes. Control eyes were observed to have two or three intermediate
vessels which occurred in a ratio close to 50:50 (Figure 5.2A-C), whereas eyes
expressing PlexinD1-shRNA had 0-3 intermediate vessels with 88.2% (15/17)
having two or fewer (Figure 5.5). This result suggests that knockdown of
PlexinD1 causes eyes to trend towards having fewer intermediate vessels. The
next step was to determine whether the vascular patterning of the intermediate
vessels was affected by the knockdown of PlexinD1. Because knockdown of
PlexinD1 greatly reduced the number of eyes retaining three intermediate
vessels, this analysis was conducted using experimental and control eyes
retaining two intermediate vessels only. ImageJ was used to calculate the arc
length along the iridial ring artery between each of its contact points with the
dorsal, ventral, and intermediate arterial vessels as described in Chapter 2.9. In
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Figure 5.5. Knockdown of PlexinD1 in Tie1:H2B-eYFP quail embryos resulted in abnormal
patterning of the temporal ciliary artery branches. A-D: H2B-eYFP expression in eyes
expressing PlexinD1-shRNA. The number of intermediate branches of the temporal ciliary
artery was reduced in eyes expressing PlexinD1-shRNA. Eyes were found that exhibited zero
(A), one (B), two (C), or three (D) intermediate branches. Eyes with two or three intermediate
branches exhibited abnormal patterning relative to control eyes (C, D). E: Quantification of the
number of intermediate vessels in eyes expressing PlexinD1-shRNA versus control eyes. F:
Quantification of the distribution of the temporal ciliary artery branches in eyes expressing
PlexinD1-shRNA versus control eyes. Error bars represent standard deviation. *P<0.05 and
***P<0.001. Abbreviations: DA, dorsal artery; VA, ventral artery; im#, intermediate branch #.
Scale bar: 500 µm.
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control eyes with two intermediate vessels, the contact points of the intermediate
vessels were closer to each other than they were to the contact points of either
dorsal or ventral arteries. The average distance between the intermediate
vessels was ~50% relative to the distance between either of the intermediate
vessels to the dorsal or ventral arteries and was found to be statistically
significant on both accounts (p value < 0.001, Figure 5.5F). In eyes expressing
PlexinD1-shRNA, the average distance between the intermediate vessels was
~70% relative to the distance between the intermediate vessels and the dorsal
and ventral arteries. This relationship was found to be significantly different albeit
at a greatly reduced level for both measurements in comparison to control eyes
(p value < 0.05). These results suggest that knockdown of PlexinD1 caused
greater variation in the patterning of the intermediate vessels. The defects
relating to the reduction and patterning of the intermediate vessels did not appear
to affect the patterning of the dorsal and ventral arteries, except in eyes with zero
intermediate vessels, in which the arteries failed to contact the iridial ring artery
at the dorsal or ventral poles (Figure 5.5A, Figure B3). These patterning defects
of the iridial vascular network were not detected in any uninjected embryos or
eyes expressing scrambled-shRNA.

5.5: Spatiotemporal Expression Patterns of PlexinD1 Ligands Sema3A,
Sema3C, and Sema3E in the Anterior Eye
PlexinD1 acts as a receptor for secreted semaphorin ligands. SemaPlexinD1 signaling events usually require one of either Neuropilin-1 or
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Neuropilin-2 co-receptors, which are known to be expressed in embryonic
vasculature. Semaphorin ligands, for example, Sema3A and Sema3E, cause
repulsive migratory cues in PlexinD1-expressing endothelial cells. However, the
PlexinD1-ligand Sema3C has been shown to promote endothelial cell
proliferation and attraction. The appearance of vascular patterning defects in the
anterior eye following knockdown of PlexinD1 suggests that these ligands might
be expressed in the anterior eye. Indeed, previous literature reports that Sema3A
is expressed in the lens epithelium, presumptive iris, and iridocorneal angle
through E10, as well as in the corneal epithelium through E14. As part of our
analysis of the role of PlexinD1, the next step was to determine whether other
known PlexinD1 ligands, Sema3C and Sema3E, are also expressed in the
anterior eye.
The spatial expression patterns of Sema3C and Sema3E as well as their
relation to blood vessels in the anterior eye were determined by RNA in situ
hybridization plus immunochemistry using an anti-GFP antibody in sectioned E12
Tie1:H2B-eYFP quail eyes. The proangiogenic ligand, Sema3C, was expressed
in the anterior optic cup, multiple neural crest populations outside the cornea,
and also faintly in the lens epithelium (Figure 5.6A). The Sema3C-expressing
neural crest cells were located in the area immediately anterior of the stream of
blood vessels leading to the limbal vasculature and also in the iris stroma. These
neural crest populations represent cells that are condensing to form ocular
muscles of the iris, iridocorneal angle, and peripheral regions. In contrast, the
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Figure 5.6. Expression of PlexinD1 ligands in the anterior eye during corneal development.
E12 Tie1:H2B-eYFP quail eyes were sectioned and stained for eYFP expression followed by
RNA in situ hybridization for Sema3C (A) or Sema3E (B). Sema3C was strongly expressed in
the presumptive ocular muscle of the periocular region, iris stroma, neural retina, and
iridocorneal angle (arrows). Weak expression was also evident in the lens epithelium. Sema3E
was strongly expressed in the iridocorneal angle (arrows) and neural retina. Dotted line
represents the boundary between the cornea and limbus. Abbreviations: L, lens; pi,
presumptive iris; en, corneal endothelium; st, corneal stroma; ep, corneal epithelium. Scale
bars: 200 µm (A, B).
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antiangiogenic ligand, Sema3E, was expressed in the anterior optic cup and
faintly in iridocorneal angle (Figure 5.6B). The expression of these ligands, in
addition to Sema3A, indicates that they may signal through PlexinD1 to regulate
vascular patterning of the anterior eye by promoting vascularization of the iris
and limbal region while inhibiting blood vessels from breaching the cornea or
anterior chamber.

5.6: Discussion
The avascular cornea is a popular model for testing how potentially
therapeutic agents affect angiogenesis, since it is surrounded by highly
vascularized tissue in the anterior eye. However, the mechanisms that generate
this vascular patterning during development remain unclear. The vascular
patterning of the anterior eye was previously proposed to be established and
maintained during corneal development through the use of secreted pro- and
anti-angiogenic factors. This chapter examines the role of PlexinD1, a known
receptor for secreted anti-angiogenic factors, as a critical element required for
proper vascular patterning of the anterior eye. Knockdown of PlexinD1 resulted in
patterning defects in the iridial vascular network and presumptive limbal
vasculature resulting in hemorrhaging and corneal neovascularization.
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5.6.1: PlexinD1 is Expressed by the Developing Iridial and Limbal
Vasculature
The formative events of the iridial vasculature network begin
concomitantly with the morphological development of the cornea. As seen in
Tie1:H2B-eYFP quail embryos, angioblasts and neural crest cell populations
migrate into the periocular region prior to E3. Large ciliary arteries are evident at
this time in the temporal and nasal regions, which provide support for the nearby
migratory cell populations. Periocular neural crest cells then migrate to form the
corneal endothelium and stroma, while angioblasts undergo vasculogenesis and
remodeling outside the cornea to form the iridial vascular network. By E7, a
vascular plexus has formed along the surface of the presumptive iris and is
supported by the large iridial ring artery which has formed along its outer
boundary. The iridial ring artery is supported by dorsal and ventral arteries as
well as several intermediate vessels. The dorsal and ventral arteries are located
in the temporal region of the eye where they are supported by the temporal ciliary
artery. The genetic mechanisms by which the large arteries of the iris and
temporal region are formed during this period are unclear. However, the visual
observations made from this and previous studies suggest that the process by
which the large vessels form is likely through a combination of vasculogenesis
and remodeling. First, angioblasts are condensed into small blood vessels that
form the vascular plexus of the choroid. Vessels located in the temporal region
are then combined into larger vessels to create the dorsal, ventral, and
intermediate arterial vessels. Next, the anterior eye experiences significant
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growth, during which the cornea and presumptive iris expand in size. The
vascular network of the iris accommodates its growth by expanding along its
anterior and posterior surfaces, while the structure of the iridial ring artery and its
connections to the temporal ciliary artery remain unchanged.
Development of the limbal vascular network begins after the migration of
neural crest cells to form the corneal stroma at E7. By this time, angioblasts or
small blood islands are deposited in the periocular region distal from the cornea
but in proximity to the choroidal plexus. By E10, these cells undergo
vasculogenesis to form a stream of blood vessels that connects to the
conjunctival vasculature originating from the developing eye lids. The point of
connection between these two networks is located in the limbus along the
boundary of the cornea. The vessels formed along this boundary represent the
limbal blood vessels as seen in adult eyes.
PlexinD1 expression is maintained in angioblasts and blood vessels
throughout vascularization of the anterior eye. Expression is evident in periocular
angioblasts and blood vessels as early as E3 prior to corneal development, and
remains through the development of the iridial vascular network and limbal
vasculature. The role of PlexinD1 during development of the periocular
vasculature is to promote repulsive blood vessel migratory cues. One such study
demonstrates, for example, that PlexinD1-positive intersomitic blood vessels are
organized in repeated patterns with respect to the developing somites in mouse
embryos. The intersomitic blood vessels of PlexinD1 knockout mice lack this
organization so that they are patterned randomly with respect to the somites. In
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this example, PlexinD1 is required for proper blood vessel patterning. The
mechanism of action by which PlexinD1-signaling inhibits blood vessel migration
is by antagonizing signaling by VEGF, a potent pro-angiogenic factor (Kim et al.,
2011). PlexinD1-signaling can directly antagonize secreted VEGF protein by
inducing the expression of soluble Flt1 (sFlt1), which acts as a VEGF sink, or by
inhibiting downstream effects of VEGF-signaling (Zygmunt et al., 2011). PlexinD1
has been shown to function by inhibiting blood vessel migration, leading to the
hypothesis that PlexinD1 functions in the anterior eye to restrict vasculogenesis
and remodeling, thereby promoting appropriate vascular patterning and corneal
avascularity. This work supports this hypothesis by demonstrating that
knockdown of PlexinD1 results in aberrant vascular patterning defects throughout
the anterior eye.

5.6.2: PleixnD1 is Required for Corneal Avascularity
The onset of many of blood vessel patterning defects can be explained
using our current knowledge of how PlexinD1 functions. PlexinD1 functions by
restricting blood vessel and angioblast migration to control vascularization and
patterning. Our experiments demonstrated that knockdown of PlexinD1 resulted
in corneal neovascularization originating from the limbal vasculature. This result
exemplified the function of PlexinD1 as a receptor for repulsive migratory cues in
blood vessels and also supported the hypothesis that PlexinD1 is required to
maintain corneal avascularity during development. It is possible that the PlexinD1
signaling that inhibits limbal blood vessels from migrating into the cornea is
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mediated by the secreted Sema3A ligand, which is known to be expressed in the
overlying ectoderm including the corneal epithelium (Lwigale and BronnerFraser, 2007). Indeed, Sema3A has previously been shown to be required for
establishing avascularity during corneal development in mice (McKenna et al.,
2014).

5.6.3: PlexinD1 is Required for Appropriate Vascular Patterning of the
Iridial Arterial Network
The antiangiogenic function of PlexinD1 was also evidenced in eyes
expressing PlexinD1-shRNA by the onset of hemorrhaging in the anterior
chamber. The hemorrhaging phenotype is similar to a condition in adult eyes
known as hyphema, which is described as bleeding into the anterior chamber
caused by a breakdown in the blood-aqueous barrier. The blood-aqueous barrier
is a system of physical barriers that helps regulate anterior chamber fluid
dynamics and also prevents hemorrhaging. Among the components of the bloodaqueous barrier is the vascular endothelium of iridial blood vessels, which are
comprised of tight junctions that render the vessels impermeable to leakage. This
component is critical because the anterior iris does not contain an epithelial layer
to prevent diffusion of fluids and proteins between the iris stroma and the anterior
chamber. Breakdown of the blood-aqueous barrier can occur as a result of
trauma or from pathological neovascularization of the tissues surrounding the
anterior chamber, such as the anterior iris, which causes rupturing of blood
vessels and hemorrhaging in the iris stroma and anterior chamber. Eyes
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expressing PlexinD1-shRNA exhibited patterning defects indicating breakdown of
the blood-aqueous barrier in the presumptive iris. Blood vessels were found at
the edge of the anterior surface of the iris with portions of the vessels ruptured
into the anterior chamber. The appearance of this abnormal vascular patterning
and hemorrhaging in the anterior iris resembles hyphema as observed in humans
and model organisms. These observations suggest that PlexinD1 functions to
maintain the blood-aqueous barrier during the development of the iris by
inhibiting pathological vascularization of the iridial blood vessels. The PlexinD1ligands that promote this function in the iridial vascular network likely include the
antiangiogenic guidance cues Sema3A and Sema3E (Figure 5.7). Sema3E is
expressed in the iridocorneal angle. Sema3A is expressed in the iridocorneal
angle as well as periocular mesenchyme where the iridial network is located
(Lwigale and Bronner-Fraser, 2007).
The role of PlexinD1 in the vascular development of the anterior eye was
evidenced by patterning defects of the intermediate vessels in the temporal
region of the eye. The intermediate vessels were patterned such that eyes
expressing PlexinD1-shRNA experienced a trend towards forming fewer
intermediate vessels and exhibited significantly more variable patterns compared
to control eyes. These abnormalities suggest that PlexinD1 is involved in the
remodeling process that forms these vessels from the underlying choroidal
plexus. The genetic mechanisms that regulate this process are unclear, although
these defects suggest that PlexinD1 is required for consistent formation and
patterning. PlexinD1 signaling in this context would likely be mediated by
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Figure 5.7. Schematic diagram of PlexinD1 ligand expression in the anterior eye during
corneal development. Onset of corneal neovascularization and vascular patterning defects of
the periocular vasculature during PlexinD1-knockdown suggests that PlexinD1-signaling is
required for proper patterning and corneal avascularity. Expression patterns suggest that
corneal vascularization may be inhibited by Sema3A expression from the corneal epithelium.
Patterning of the iridial vascular network may be regulated by antiangiogenic signaling
mediated by Sema3A and Sema3E expression in the periocular neural crest and iridocorneal
angle as well as proangiogenic signaling mediated by Sema3C expression in the iris stroma
and presumptive ocular muscle. Dotted line represents the boundary between the cornea and
limbus. Abbreviations: L, lens; en, corneal endothelium; st, corneal stroma; ep, corneal
epithelium; oc, optic cup; is, iris stroma; pi, presumptive iris; ia, iridocorneal angle.
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Sema3E, which is expressed in the iridial corneal angle (Figure 5.7), or Sema3A,
which is known to be expressed by neural crest cells in the periocular region
where the choroidal plexus and intermediate vessels are located (Lwigale and
Bronner-Fraser, 2007).
Although it is typically known for its role in antiangiogenic signaling,
PlexinD1 is also a receptor for the proangiogenic ligand Sema3C. Previous
literature has shown that Sema3C-PlexinD1 signaling results in proliferation and
attraction of endothelial cells in a manner similar to stimulation with the
proangiogenic factor VEGF (Banu et al., 2006; Salikhova et al., 2008). Sema3C
was found to be expressed in multiple neural crest populations near PlexinD1expressing blood vessels suggesting that PlexinD1 may participate in
proangiogenic signaling at these locations. The first location where Sema3C
expression was detected was in the neural crest populations near the
presumptive limbal vasculature. Sema3C-PlexinD1 signaling at this location may
function by promoting the organization of the precursor angioblasts and blood
islands into the blood vessel stream that contributes to the limbal vasculature.
The fact that knockdown of PlexinD1 did not result in defects in forming the
limbal vasculature during our knockdown experiments suggests that this specific
function may share redundancy with other proangiogenic factors. Sema3C
expression was also found in the neural crest populations of the iris stroma at
E12. This signaling mechanism functions alongside other known proangiogenic
factors to promote formation of the vascular plexus in the presumptive iris. It is
possible that the presence of large gaps in the iridial plexus and hemorrhaging as
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seen following knockdown of PlexinD1 may have resulted from loss of this
proangiogenic function of PlexinD1 through Sema3C.
In summary, the results show that PlexinD1 functions in angioblasts and
blood vessels to regulate the vascularization of the anterior eye during
development. Knockdown of PlexinD1 resulted in multiple vascular patterning
defects in the anterior eye. First, knockdown of PlexinD1 lead to defects of the
iridial vascular network including uneven distribution of iridial plexus and aberrant
patterning of the vessels which support it. These aberrations often lead to severe
hemorrhaging into the anterior chamber as blood vessels breached the anterior
surface of the iris. Also, knockdown of PlexinD1 resulted in corneal
neovascularization originating from the limbal vasculature. This phenotype
occurred when limbal blood vessels forming along the boundary of the cornea
migrated into the cornea along the corneal epithelium. PlexinD1-signaling, which
prevents these phenotypes from occurring under normal conditions, is likely
mediated through secreted antiangiogenic factors, Sema3A and Sema3E. These
ligands are expressed throughout the anterior eye, including the cornea,
presumptive iris, and iridocorneal angle. These results demonstrate that
PlexinD1 is required for appropriate vascular patterning of the anterior eye and
maintenance of corneal avascularity during development.
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Chapter 6: Summary, Significance, and Future Directions
6.1: Summary and Significance
This work provides evidence that pro- and anti-angiogenic factors function
to promote vascularization of the anterior eye and corneal avascularity during
avian development. Identifying specific pro- and anti-angiogenic factors that
share these roles during development will uncover mechanisms through which
periocular vascular patterning and corneal avascularity may be maintained
throughout adult life.
Previous studies demonstrated that pro- and anti-angiogenic factors
function in the adult cornea to maintain avascularity. The onset of injury or
infection can disrupt the balance between pro- and anti-angiogenic factors,
leading to neovascularization and loss of corneal avascularity. Although their role
had been demonstrated in adult corneas, the role of pro- and anti-angiogenic
factors in establishing corneal avascularity during development was not known.
This lack of knowledge led us to investigate the role pro- and anti-angiogenic
factors might play during development of the periocular vasculature and corneal
avascularity.
The first task of this work was to determine the patterning of periocular
vasculature in relation to corneal development. Past studies have attempted this
by perfusing chick embryos with chemicals that enable visualization of entire
vascular networks. The data from these studies were critical to our understanding
of periocular vascular patterning; however, these methods were limited in that
they were unable to detect the locations of angioblasts, blood islands, or primitive
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vascular networks incapable of receiving blood flow. To achieve a more inclusive
view, the vascular patterning of the anterior eye was visualized in transgenic
Tie1:H2B-eYFP quail embryos that exhibit conditional expression of a fluorescent
reporter by endothelial cells and their precursors. This method revealed that
vascular networks form along the entire surface of the optic cup, including in the
anterior portion near the lens and cornea. At E3, the periocular vasculature is
comprised of primitive vascular networks and angioblasts. The periocular
angioblasts undergo vasculogenesis and expand with the existing primitive
networks to create the iridial vascular plexus by E12. The vascular plexus of the
iris is supplied by the iridial ring artery and the temporal ciliary artery which are
established by E7. Finally, angioblasts located in the periocular region at E7
underwent vasculogenesis to form a stream of blood vessels leading to the
limbus region by E10. This stream merged with blood vessels from the
presumptive conjunctiva to form the limbal vasculature.
Despite the formation of vascular networks in the periocular region, blood
vessels and angioblasts were never permitted to enter the cornea. This fact
suggested that these networks might be responding to both attractive and
repulsive forces simultaneously to shape the periocular vasculature while
establishing corneal avascularity. My hypothesis was that these attractive and
repulsive forces could be created by secreted pro- and anti-angiogenic factors.
To support this hypothesis, the expression patterns of many secreted pro- and
anti-angiogenic factors during corneal development were determined by RNA in
situ hybridization. These experiments revealed that many proangiogenic factors,
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such as VEGFA, FGF1, and FGF2, were expressed by the lens and optic cup
from E3-E7. These genes likely function by promoting vasculogenesis of
periocular angioblasts into vascular networks and also the formation of the large
arteries that feed them. Many antiangiogenic factors were also expressed from
E3-E7. These genes included Sema3E, Sema3G, Netrin1, Netrin4, and sFlt1.
The antiangiogenic factors were expressed in the lens, anterior optic cup, corneal
epithelium, and neural crest populations of the presumptive iris and iridocorneal
angle, suggesting that these factors inhibit the formation of blood vessels near
the anterior-most portion of the eye. In addition, receptors for secreted pro- and
anti-angiogenic factors, such as VEGFR1, VEGFR2, FGFR1, FGFR2, PlexinD1,
Npn2, Unc5B, and Neogenin, were expressed in periocular angioblasts and
blood vessels from E3-E7. These data suggested that both pro- and antiangiogenic signaling may have a role in simultaneously promoting
vascularization of the periocular region and establishing corneal avascularity.
Our next goal was to further support our hypothesis by identifying the role
of a specific antiangiogenic factor during anterior eye development. For this work,
the role of the antiangiogenic factor receptor PlexinD1 was examined. Current
literature shows that PlexinD1 is expressed by blood vessels and participates in
signaling mechanisms that restrict angiogenesis. Our previous work revealed that
PlexinD1 is expressed by angioblasts and blood vessels in the periocular region
whereas known ligands were expressed in adjacent regions of the anterior eye.
These results suggested that PlexinD1-signaling may have a role in inhibiting
periocular vascular networks from forming inside the cornea during development.
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To test the role of PlexinD1 during vascularization of the anterior eye and
establishment of corneal avascularity, a shRNA-based strategy was designed to
knockdown the transcriptional expression of PlexinD1 in periocular vasculature.
This strategy utilized the RCAS system whereby shRNA components could be
spread throughout avian tissue by a replication-competent virus. Preliminary
experiments demonstrated that the RCAS system was an effective tool to spread
gene-specific shRNA throughout avian tissue, including inside the periocular
region of developing embryos where PlexinD1-expressing blood vessels are
located. The use of PlexinD1-specific shRNA to knockdown PlexinD1 expression
in vitro and in vivo was also validated.
The function of PlexinD1 in periocular vasculature was demonstrated in
chick and transgenic Tie1:H2B-eYFP quail embryos. Knockdown of PlexinD1
resulted in multiple phenotypes by E12. First, eyes expressing PlexinD1-shRNA
exhibited corneal neovascularization originating from the vascular network
located in the limbus region. In addition, knockdown of PlexinD1 caused multiple
disruptions of the vascular networks of the iris. First, abnormal vascular
patterning was evident in the intermediate branches of the temporal ciliary artery
that supply the vascular networks of the iris such that the arteries failed to form
consistent patterns as seen in control embryos. Second, the vascular network of
the iris exhibited abnormal patterning as evidenced through the appearance of
large gaps in the iridial vascular plexus. The appearance of these two
phenotypes was also accompanied by the onset of severe hemorrhaging in the
anterior chamber, apparently caused by the migration of blood vessels near the
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anterior surface of the iris. These results suggest that PlexinD1 is critical to the
proper formation of periocular vasculature. First, the appearance of corneal
neovascularization supports our hypothesis that PlexinD1 is a component of the
antiangiogenic factor signaling mechanism that is required to establish corneal
avascularity during development. Second, PlexinD1 is required for proper
vascular patterning of the iris as well as the distribution of the intermediate
branches of the temporal ciliary artery.
This dissertation provides evidence that pro- and anti-angiogenic factors
function during development of the anterior eye to vascularize the periocular
region while simultaneously establishing corneal avascularity. In addition, results
demonstrate that the antiangiogenic factor PlexinD1 is a critical component of the
signaling mechanisms involved in these processes. These findings may lead to
the development of novel antiangiogenic treatment targeting the PlexinD1
signaling pathway. In particular, this work would be relevant to the treatment of
pathological neovascularization in the anterior eye such as hyphema of the iris or
corneal neovascularization. These treatments would also be useful for preventing
corneal neovascularization during transplantation in order to prevent rejection of
the grafted tissue. Furthermore, antiangiogenic treatments involving the PlexinD1
signaling pathway would be relevant to treating other diseases involving
pathological neovascularization, such as cancer.
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6.2: Future Directions
The results from this dissertation demonstrate the role of PlexinD1 as an
antiangiogenic factor receptor during anterior eye development in the avian
system. However, these results lead us to new questions concerning the role of
PlexinD1. For example, whether PlexinD1 plays a similar role during anterior eye
development in mice or in humans remains unclear. There have been previous
studies that have investigated the role of PlexinD1 using PlexinD1-null mice as a
model for humans; however, these studies did not report potential phenotypes
relating to the eye (Gu et al., 2005; Zhang et al., 2009b). An interesting question
to investigate would be to determine whether PlexinD1-null mice exhibit corneal
neovascularization originating from the limbal vasculature as seen in avian
models. This work would require determining the developmental timeline for
limbal and conjunctival vasculature. Development of the vascular networks in the
choroid and hyaloid systems have been documented during embryonic
development, but formation of the conjunctival and limbal blood vessels remains
unknown (Saint-Geniez and D’Amore, 2004). In support of this future work, RNA
in situ hybridization was used to determine the expression of PlexinD1 during
mouse corneal development. PlexinD1 was strongly expressed in the blood
vessels of the choroid, iris, and hyaloid vasculature from E13.5 to postnatal (P)
day-0 (Figure 6.1). However this experiment was unable to detect presumptive
conjunctival vasculature at these times, indicating that this network may not form
until later in postnatal development. Unfortunately, the PlexinD1-null mutation
results in neonatal lethality in mice so that determining the role of PlexinD1 in
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Figure 6.1. Expression of PlexinD1 during mouse corneal development. Section in situ
hybridization was used to determine the expression pattern of PlexinD1 in periocular
vasculature at E13.5 (A), E15.5 (B), E16.5 (C), and P0 (D). PlexinD1 was expressed in blood
vessels of the presumptive iris as well as the pupillary membrane and hyaloid vasculature
system through P0 (arrows). Abbreviations: L, lens; pi, presumptive iris; st, corneal stroma; ep,
corneal epithelium. Scale bar = 100 µm.

128
formation of the limbal vasculature may be impossible in this model (Zhang et al,
2009b). Despite this issue, phenotypes relating to abnormal vascular patterning
in the anterior eye may still be visualized in other vascular networks, such as in
the iridial plexus or in the pupillary membrane.
Further ongoing investigations from this dissertation would be to elucidate
the role of PlexinD1-signaling as mediated through individual semaphorin ligands
that have been poorly investigated. The first of these ligands would be Sema3C.
As previously mentioned, Sema3C has been shown to transduce both pro- and
anti-angiogenic signals (Esselens et al., 2010; Salikhova et al., 2008). However,
the mechanism through which Sema3C may provide a positive signal in contrast
to other semaphorin ligands that transduce antiangiogenic signals is unknown.
One possibility could be that receptors expressed by endothelial cells other than
PlexinD1 may cause these fluctuations. Another interesting semaphorin ligand to
study would be Sema3G. Sema3G is unique among the secreted semaphorin
ligand family in that it is expressed by endothelial cells during angiogenesis.
Receptors that have been identified to transduce signals from Sema3G include
Npn1 and Npn2, although whether these signals are pro- or anti-angiogenic is
unclear (Kutschera et al., 2011; Stevens and Halloran, 2005; Taniguchi et al.,
2005).
The fact that the secreted semaphorin ligand Sema3G is expressed by
endothelial cells during angiogenesis is interesting because it implies that the
endothelial cells are sending signals to the surrounding environment during
angiogenesis. These signals are likely involved in paracrine signaling with other
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cell types but may also be involved in autocrine signaling if PlexinD1 is capable
of transducing Sema3G signals. Potential roles of autocrine signaling could be to
make sure new blood vessels are properly spaced from each other. This role
would rely on antiangiogenic signaling. Alternatively, Sema3G-signaling may
function to promote further growth through proangiogenic signaling. Similar to
these putative roles, Sema3G-signaling might also have a role in attracting or
repelling other cell types in the environment, such as neurons or neural crest
cells. Further work is required to determine which cell types are sensitive to
Sema3G-signaling and the effect of Sema3G-signaling on cell migration.
This dissertation has focused on studying development of the blood
circulatory system; however, more work is needed to understand how pro- and
anti-angiogenic factors may function during development of the lymphatic
system. The lymphatic system is a network of endothelial cell-lined vessels that
recycles waste materials and transports immune cells throughout the body.
Vessels of the lymphatic system are often found in conjunction with vessels of
the blood circulatory system, although the two are considered to be distinct
networks. With respect to corneal avascularity, lymphatic vessels are formed in
the conjunctiva and limbus region, but are inhibited from forming in the cornea
(Ecoiffier et al., 2010; Nakao et al., 2012; Patel and Dana, 2009). Due to its
function in transporting immune cells, the absence of lymphatic vessels in the
cornea helps permit immune privilege whereby the immune system is incapable
of responding to foreign antigens. However, stimuli causing corneal
neovascularization also induce the formation of new lymphatic vessels in the
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cornea through a process called lymphangiogenesis. The formation of these
lymphatic vessels in the cornea results in loss of immune privilege. This process
is directly relevant to patients undergoing corneal transplantations, since loss of
immune privilege significantly increases the possibility that corneal grafts would
be rejected. Thus, elucidating the genetic mechanisms underlying
lymphangiogenesis with respect to corneal lymphangiogenesis could lead to
treatments that promote restoration of immune privilege and thus support better
outcomes for transplantation (Butler et al., 2009). As part of this research, our
laboratory would be interested in understanding how the lymphatic system of the
anterior eye is formed during development. Our understanding of this process is
limited. For example, the developmental timeline for development of the
lymphatic system in the anterior eye has been established in mice but not in
avian models (Zhang et al., 2011). In addition, endogenously expressed factors
that inhibit the formation of lymphatic vessels in the cornea during development
have not been identified.
Although this dissertation primarily focused on the role of PlexinD1, many
other endogenously expressed pro- and anti-angiogenic ligands and receptors
may also have a role during anterior eye development. These include the genes
discussed in Chapter 3, including members of the FGF, PDGF, and Netrin ligand
and receptor families. These genes likely induce signaling directly to periocular
blood vessels similar to PlexinD1. In addition, some of these genes may also
serve functions in other periocular celltypes. For example, PDGF receptor was
found to be expressed by neural crest populations adjacent to periocular blood
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vessels. As discussed in Chapter 3, this expression pattern insinuates that PDGF
ligands may contribute to formation of periocular vasculature by promoting
differentiation of mural cells from the neural crest, such as smooth muscle cells
or pericytes, which are required for blood vessel maturation. Understanding how
these genes are used to manipulate blood vessels and other cells in the
periocular region is critical to understanding how the periocular vasculature is
formed and corneal avascularity is established during development.
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Appendix A
Expression of Pro- and Anti-angiogenic Factors in the Posterior Eye

Expression patterns of pro- and anti-angiogenic factors in the anterior eye
during corneal development were determined by RNA in situ hybridization. These
experiments revealed that many secreted pro- and anti-angiogenic ligands were
expressed in the anterior eye while their respective receptors were expressed by
periocular blood vessels and angioblasts. This result suggests that these proand anti-angiogenic signaling axes may have a role in shaping periocular
vasculature during corneal development. While making these observations, many
pro- and anti-angiogenic factors were found to be expressed in the posterior eye
in addition to the anterior eye. These genes include VEGFR1, FGF1, Sema3G,
Neogenin, Unc5B, and Npn2 (Figure A1). Other genes were expressed only in
the posterior eye, such as Netrin2, Unc5C, PlexinA1, and PlexinA2 (Figure A2).
Expression of these genes in the posterior eye suggests that these genes may
be involved in the development of the neural retina and ocular muscles.
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Figure A1. Expression of pro- and anti-angiogenic factors in the posterior eye region and
retina during development. A-E: Section in situ hybridization was used to determine the
expression of VEGFR1 (A), FGF1 (B), Sema3G (C), Neogenin (D), and Unc5B (E) in the
posterior retina. VEGFR1 and Sema3G were expressed in blood vessels outside the retinal
pigment epithelium at E5 and E7, respectively (arrows). Neogenin was expressed in the
presumptive ocular muscle region (arrowheads). F-H: Npn2 was expressed in the
mesenchyme and blood vessels located in the posterior eye region (arrows), and by the neural
retina. Abbreviations: OC, optic cup; pm, periocular mesenchyme. Scale bar = 100 µm.
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Figure A2. Expression of Netrin2, Unc5C, PlexinA1, and PlexinA2 in the posterior eye region
and retina during development. A-D: Section in situ hybridization was used to determine the
expression of Netrin2 (A), PlexinA1 (B), Unc5C (C), and PlexinA2 (D). Netrin2 and Unc5C was
expressed in the presumptive ocular muscle region (arrowheads). Unc5C, PlexinA1, and
PlexinA2 were all expressed by the neural retina. Abbreviations: OC, optic cup; Scale bar =
100 µm.
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Appendix B
PlexinD1-Knockdown Causes Multiple Vascular Patterning Defects
in the Anterior Eye

The role of PlexinD1 during avian corneal development was determined
by knocking-down PlexinD1 expression in periocular vasculature using shRNAexpressing RCASBP virus. E12 eyes expressing PlexinD1-shRNA exhibited
multiple phenotypes. Corneal neovascularization was observed by eYFP
expression in Tie1:H2B-eYFP quail eyes (Figure B1) and also in sectioned chick
eyes by observing the formation of large lumens containing autofluorescent blood
cells (Figure B2). Abnormal patterning of the temporal ciliary branches was
observed in Tie1:H2B-eYFP quail embryos expressing PlexinD1-shRNA. Control
eyes retain 2-3 intermediate branches that are distributed in patterns that are
consistent between eyes with similar numbers of branches. Expression of
PlexinD1-shRNA caused eyes to have highly variable branching patterns and
form fewer branches (Figure 5.5). Figure B3 shows one such eye that exhibited
zero intermediate branches. This eye also exhibited robust mCherry expression
indicating shRNA-expressing RCASBP virus spread into the cornea and
periocular region.
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Figure B1. Tie1:H2B-eYFP quail eyes with robust RCASBP-shRNA infection exhibited corneal
neovascularization. Neovascularization of the cornea originated from the limbal vasculature.
Blood vessels migrating into the cornea exhibited mCherry expression (arrows) indicating
infection by shRNA-expressing RCASBP(A) virus. The iris was dissected from the corneas
prior to imaging. Abbreviation: LV, vacular network of the limbus. Scale bars = 500 µm (A),
100 µm (B).
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Figure B2. Knockdown of PlexinD1 resulted in corneal neovascularization in chick embryos.
Corneal neovascularization was evaluated in E12 chick eyes by observing lumens containing
autofluorescent blood cells in the cornea. Corneal neovascularization was not observed in any
control eyes. Abbreviations: L, lens; pi, presumptive iris; en, corneal endothelium; st, corneal
stroma; corneal epithelium . Scale bar = 100 µm.
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Figure B3. Tie1:H2B-eYFP quail eyes with robust RCASBP-shRNA infection exhibited
abnormal patterning of the temporal ciliary artery branches. The number of intermediate
branches was reduced in eyes expressing PlexinD1-shRNA. Spread of shRNA-expressing
RCASBP(A) virus was evident by robust mCherry expression in the cornea and periocular
region. Abbreviations: DA, dorsal artery; VA, ventral artery. Scale bar = 500 µm.

