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Abstract

Morphological investigations into the development of the mammalian corneal
endothelium using the mouse model

The corneal endothelium (CE), a mesenchyme-derived tissue, is a monolayer of squamous
cells on the inner corneal surface. In Foxc7-/- mice, the CE fails to form. The understanding of
the cause of this defect has implications for the study of human eye disorders that are related
to FOXC1 mutations.

To understand the basis of CE defects in Foxc/~/- mice, an analysis of normal CE development
was performed using scanning electron microscopy. Results showed that in normal mice the
transformation from mesenchyme to endothelium was initiated at embryonic day (E) 12.5 and
was characterised by a change from stellate to cobblestone shape and the formation of
junctions. In Foxe7-/- mice, the process was initiated but a cobblestone shape not attained. The
expression of adherens (N-cadherin) and tight junction (ZO-1) proteins was investigated by
immunoflouresence microscopy. In the normal embryo, the expression of N-cadherin was
initially in cytoplasmic vesicles and later at the cell membranes. ZO-1 was first detected at the
cell peripheries at E13.5. In Foxc7-/- mice, N-cadherin peripheral bands failed to form. ZO-1
was not expressed. These results suggest that the failure to form a monolayered CE in Foxc/
mice is due to incomplete mesenchyme-endothelial conversion. Junction formation was
further investigated 7n vitro. N-cadherin was cytoplasmic in pre-confluent cells and at cell edges
in confluent cells. ZO-1 was not detected. These results suggest that 7n vifw, these cells are
either unable to form tight junctions or the culture medium does not contain the appropriate

signalling molecules.

In Foxc! mutants, the coreal stroma is disorganised. To understand the basis of this
disorganisation, the expression of keratocan, a corneal proteoglycan, was compared between
normal and mutant corneas using 7 sits hybridisation (ISH). Transcripts were detected in
both, suggesting that Foxe7 is not upstream of a molecular cascade involving &eratocan. In order
to begin to identify signalling molecules regulating mesenchyme-endothelium conversion, the
exptession of transforming growth factor-beta-2 (#f82) and transforming growth factor
receptor-II were investigated by ISH. Transcripts appeared later than the time of CE
differentiation. These results suggest that #f82 is likely not part of a signalling mechanism
mediating mesenchyme-endothelium conversion.
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Chapter One : INTRODUCTION

The anterior segment of the eye is a highly organised structure made up of the cornea, the
anterior part of the lens, the iris and the trabecular meshwork. Aqueous humor is produced by
the ciliary body in the postetior chamber and flows between the iris and the lens into the
anterior chamber. It flows out of the eye thtough the trabecular meshwork, into the
Schlemm’s canal and via drainage channels into the venous system. Distuption in the rate of
aqueous humor outflow as a consequence of abnormalities in structure or function of the
trabecular meshwork often leads to an increase in intra-ocular pressure, causing degeneration

of the optic nerve and ultimately glaucoma.

Severe defects in vision are also associated with abnormalities of the cornea. In humans several
inherited disorders of the cornea occur. Glaucoma is one of the conditions, symptoms of
which often overlap with others, such as congenital hereditary endothelial dystrophy (CHED).
Glaucoma is one of the major causes of blindness worldwide. It is a progressive disease
characterized by an increase in intra-ocular pressure that results in retinal ganglion cell death
and optic netve degeneration and leads to partial vision loss and eventually irreversible
blindness. It is also often associated with corneal opacity and other anterior segment
abnormalities. Classification of glaucoma is based on its aetiology (ptimary or secondary),
anatomy of the antetior segment (open angle, closed angle or narrow angle) and time of onset
(juvenile or adult) (Sarfarazi, 1997). Glaucomas and malformations of the antetior segment
have been associated with defects or mutations in a number of genes including Lmx7b,
CYP1B1, FOXC1, Pax6, Pitx3, Pitx2 and GLC1A (Lines et al., 2002), to mention a few.
Despite the advances in identifying genes responsible for glaucoma, the cellular and molecular
bases of vatious forms of glaucoma remain pootly understood. Investigations into the
pathophysiology of glaucoma could lead to earlier and more precise diagnosis and ultimately
specific and effective therapy. The availability of mouse models for ocular abnormalities and
glaucoma provides an ideal opportunity to gain insights into the multifactorial nature of

glaucoma.
1.1. The cornea

The cornea is made up of three layers, the outer epithelium, the intermediate stroma and the
inner endothelium. It setves to protect the intra-ocular components and to refract light. In
otder to accomplish these functions, the cornea must be strong and able to maintain its

transparency. Most of the cornea’s mechanical strength is provided by the intermediate stroma
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and the avascular nature of the central cornea enables it to transmit light. The following
description of the structure of the vertebrate cornea is largely based on human, mouse and

avian studies.
1.1.1. The corneal epithelium

The outer layer of the cornea is a non-keratinised, stratified squamous epithelium made up of
four to six layers of cells. By morphological critetia, the corneal epithelium is divided into
three layers, the two-layered superficial cell layer, the intermediate wing cell layer and the deep
or basal cell layer. Superficial cells are polygonal in shape and connected to each other by
extensive junctional complexes. Well-developed junctional complexes regulate the movement
of substances from the tear film into the intercellular spaces of the epithelium and are thus
responsible for maintaining the integrity of the epithelial paracellular barrier. Prominent
microvillae extend from the outer surface of the superficial cells. The presence of these sutface
specialisations aids in maintaining the tear film and the bartier that separates the extracellular
space of the cornea from the tears. Wing cells in the middle layer of the epithelium are joined
together by desmosomes and gap junctions. On the inner surface of the epithelium are the
columnar basal cells that are joined together by tight and gap junctions. Hemidesmosomes
connect the basal cells to the underlying basal lamina, a structure that serves to prevent the
ingtowth of epithelial cells into the Bowman’s layer, an acellular matrix of the cornea which
lies between the epithelial basal lamina and the corneal stroma (Kaufman and Alm, 2003;
Leibowitz and Waring 111, 1998).

1.1.2. The corneal stroma

The stroma constitutes about 90% of the cornea. It is made up of fibroblast-like keratocytes in
a lamellated collagenous extracellular matrix. The stromal keratocytes arranged between the
collagen lamellae sectete collagens and other extracellular matrix components of the stroma. In
humans, the stroma contains at least three different types of fibrillar collagens, type I, V and
VI. Type I collagen fibrils are of uniform diameter and form stacked lamellae. The exact roles
of type V are not clear. Several lines of evidence suggest that type V collagen regulates fibril
diameter: Firstly, in naturally occurting type V collagen mutations in humans and in mice with
a genetically constructed mutation in the a2 (V) chain of collagen type V, there are alterations
in fibril diameter. Homozygous «2 (V) mutant mice have severe spinal deformities, skin
fragility and disorganised corneal stroma (Andrikopoulos et al, 1995). Secondly, in i
fibrillogenesis studies in which different proportions of type V and type I collagen were mixed
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showed that high proportions of collagen type V favour the formation of small-diameter fibrils
(Linsenmayer et al., 1998). Thirdly, the expression of dominant negative forms of type V
collagen in corneal fibroblasts resulted in an increase in collagen fibril diameter to a larger size.
This diameter is reminiscent of ones with a low concentration of type V collagen (Marchant et
al., 1996).

Corneal clarity is dependent on the correct spacing and layering of the collagen fibres in the
stromal layer. This orderly arrangement is achieved by the interaction of the collagen fibres
with proteoglycans which are the major constituents of the extensive sttomal matrix of the
cornea. The proteoglycan cote proteins are always associated with identifying side chains, the
glycosaminoglycans (GAGs). The major proteoglycans of the corneal stroma are decorin,
lumican, mimecan, and keratocan. Decotin contains chondroitin-dermatan sulfate side chains
(CS/DS) and is thus termed dermatan sulfate proteoglycan. Lumican and keratocan contain
keratan sulfate (KS) side chains, the most abundant GAGS in the corneal sttoma. Lumican is a
major component of not only the cornea, but also of dermal and muscle connective tissues,
whereas keratocan is a stromal specific proteoglycan of the mature cornea (Dunlevy et al,
2000; Liu et al, 1998). In order for proteoglycans to maintain comeal transparency, the
associated GAGs must remain relatively dehydrated. This is a funcdon of the cotneal

endothelium.
1.1.3.The corneal endothelium

In humans, the endothelial cells form a monolayer of polygonal (of five to seven sides) but
predominantly hexagonal cells on the inner surface of the cornea. These cells are connected to
each other at their lateral surfaces by means of desmosomes and junctional complexes that are
made up of gap junctions, adherens and tight junctions. Extensive interdigitations on the
lateral cell membranes result in lengthy junctional barriers that often exceed the actual
thickness of the individual cells. Mature corneal endothelial cells rest on a basement
membrane, the Descemet’s membrane. In humans, the endothelial cells begin to lay down
theit basement membrane at about four months of gestation. At birth, the human corneal
endothelium has a density of about 7,500 cell/mm?. This density declines with aging because
the endothelial cells are unable to divide and teplace aging, diseased or injured cells (see (Tuft
and Coster, 1990)). Should the endothelial layer be injured or damaged, the only means of
repair is through cell enlargement or spreading which restores the endothelial monolayer. This
results in alteration of cell shape of the surviving cells and thus an increase in cell size.

Excessive loss of cells may result in ineffective barrier function, which may lead to corneal
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oedema, decreased corneal clarity and loss of visual acuity. In such conditions, normal vision
can only be restored by corneal transplantation.

The major roles of the corneal endothelium are to maintain cotneal transparency by regulating
corneal hydration and to allow the passage of nuttients from the aqueous humour into the
cornea. The mechanism by which the corneal endothelium maintains corneal hydration is
termed the pump-leak mechanism. This has been so named because of the action of the
Na*/K*-ATPase and bicarbonate-dependent Mg2* ATPase pumps, located on the lateral
plasma membranes of endothelial cells (the “pump”) and the leaky endothelial barrier created
by the discontinuous tight junctions at the periphery of the cells (the “leak”). Corneal
thickness is thus maintained by the balance between the rate of passive fluid flow into the
cornea and the rate of pumping of excess fluid out of the cornea. The pumps remove Na*
from the stroma to the aqueous humor creating an osmotic gradient so that the movement of
water across the endothelium is passive. The batrier allows the leakage of water from the

aqueous humor into the stroma (Joyce, 2003).
1.2. Corneal development and differentiation

The eye structures are derived from four embryonic tissues, the ectoderm, mesodetm, neural
tube and neural crest (Figure 1-1). Eye development begins with the formation of the optic
placode in the anterior neural plate region. This placode evaginates at the level of the forebrain
during neural folding and becomes the optic vesicle (Figure 1-2A-B). The optic vesicle
contacts the overlying ectoderm and induces it to become the lens tissue. The induced lens
tissue thickens to form the lens placode. The lens placode invaginates and at the same time,
the medial part of the optic vesicles forms the optic stalk while the lateral region pushes in to
form the bi-layered optic cup (Figure 2D — E). The invaginating lens placode detaches from
the ectoderm to form the lens vesicle (Figure 2E — F). Soon after lens detachment, the cornea
begins to form, resulting in three distinctive layers, the epithelium, stroma and endothelium.
Most of the studies on corneal development have been done on chicks (Hay and Revel, 1969;
Nelson and Revel, 1975) and there is some descriptive wotk on mouse (Kidson et al., 1999;
Pei and Rhodin, 1970) and human (Murphy et al., 1984; Wulle and Lerche, 1969).

In the chick, the primaty corneal sttoma is laid down by the corneal epithelium. This primary
corneal stroma is acellular and is made up of collagen fibrils and glycoaminoglycans. The next
stage is the invasion of the space between the corneal epithelium and the lens by mesenchyme

cells, which occuts in two waves. The first wave of mesenchyme ingression appears to be
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initially associated with the vasculat mesenchyme at the lip of the optic cup. These cells change
shape and become flattened before migtating along the lens/stromal interface. This first wave
of cells constitutes the endothelium of the cornea. The mesenchymal cells of the second wave
invade the primary stroma and become the keratocytes, which will form the secondary stroma
of the adult eye.

Lens
Outer ectoderm > Corneal epithelium

Choroid
- —» | Neural crest > Sclera

Trabeculum
Corneal endothelium

Ectoderm

., Neural tube ———» Retina

Extraocular muscles
Mesoderm »  Vascular endothelium
Corneal endothelium?

Figure 1-1. A diagrammatic representation of the derivation of eye structures from embryonic
tissues.

In contrast to the two waves of mesenchymal invasion in the chick cornea, it has recently been
shown that in the mouse, only a single influx of mesenchymal cells invades the space between
corneal epithelium and the lens to form the corneal stroma and endothelium (Kidson et al.,
1999). These cells begin to occupy the space between the lens and the corneal epithelium at
E11.5. Only the innermost layer of cells of corneal mesenchyme transforms into an
endothelium, but the mechanisms of this transformation are not known. This question forms
the basis of the first part of the present study.

In both chick and mouse, the differentiation of mesenchyme into corneal endothelium
appeats to be dependent on signalling from the nearby anterior lens epithelium. Experiments
conducted in the 60’s provided evidence that the lens is required for normal development of
the cornea. For example, when an ectopic lens was transplanted into the wall of the optic cup
at the level of the postetior chamber, structures resembling a cornea and an anterior chamber
formed adjacent to the implant (Genis-Galvez, 1966). When the lens was removed, rorated
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IBUMC or re-inserted into the eve, the lenses formed a new epithehal layer over the postenor
surface. Cells adjacent to the newly formed epithelial layer transformed into an endothelium,
strongly suggestng thar rhe lens 15 producing signals 1o which the cranial mesenchyme cells

respond (Genis-Galvez, 1966),

D

saily vioge of optic cwp

ackadarm

outar layer ol

oot valk

mesgivlymn

Figure 1-2. Representation of eve development (modified from www vision.ac.za)
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The conclusions from these results were based solely on histological analysis, but tecent
studies by Beebe and Coats (2000) provide support for these theories. They showed that
implantation of a 90°C rotated lens results in the formation of the antetrior chamber and the
corneal endothelium adjacent to the lens epithelium. The formation of the corneal
endothelium was confirmed by expression of N-cadherin, a corneal endothelial marker. N-
cadherin was not detected in mesenchyme cells after the lens was removed (Beebe and Coats,
2000). Taken together, these studies suggest that a factor (s) produced by the lens epithelium
induces the differentiation of adjacent competent mesenchyme cells into corneal endothelium,
although the identity of the signalling molecule (s) from the anterior lens surface remains to be

determined.
1.2.1. Signalling molecules implicated in the differentiation of the corneal endothelium

Amongst the candidate molecules strongly implicated in corneal endothelial differentiation are
transforming growth factor beta-2 (TGFB2), platelet derived growth factor receptor-o (pdgfror)
and transforming growth factor alpha (TGFa) or epidermal growth factor (EGF). TGFB2 is a
member of the highly conserved TGFp family consisting of more than 30 ligands. Members of
the family are known to regulate several aspects of cell behaviour including migration,
differentiation and cell growth. They exert their biological activity by binding and activating
type-I and type-II receptors (TGFPRI and TGEFBRII), which are transmembrane setine-
threonine kinases. Activity begins with binding of the ligand to TGFBRII, which induces
dimerization of the receptor with TGFBRI, resulting in phosphorylation and activation of
TGFPBRI and subsequent activation of downstream pathways (de Iongh et al., 2001; Dunker
and Krieglstein, 2000; Padgett, 1999). There are several lines of evidence implicating TGFB2
in corneal endothelial development and in maintenance of the adult corneal endothelium. Its
role in development has been shown by failure of corneal endothelium development in mice in
which the gene has been knocked out (Sanford et al,, 1997). In addition to the absence of a
corneal endothelium, homozygous TGFB2-null mutant mice have thin comeal stromas with
fewer keratocytes due to diminished accumulation of the extracellular matrix components such

as collagen type I, lumican and keratocan (Saika et al,, 2001).

The expression of TGFP receptor types I, IT and III in the adult human corneal endothelial
cells (Joyce and Zieske, 1997; Stinivasan et al, 1998) and in neonatal and adult rat corneal
endothelial cells (Joyce et al, 2002) suggests a physiological role of TGFB2 in either
maintenance of the adult corneal endothelial phenotype or function. TGFB2 mRNA is found
in the ciliaty and itis epithelia as well as in the equatorial lens in postnatal rat eyes (Gordon-
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Thomson et al, 1998). However, the expression of TGFB2 mRNA in the itis and ciliary
epithelium and of the receptors in the corneal endothelium duting eatly corneal differentiation
has not been shown. In addition, the exptession of TGFB2 mRNA in the anterior lens surface
at the time of corneal endothelial differentiation has not been reported.

Mouse mutants in which the platelet derived growth factor receptor-a (Pdgfra) gene has been
knocked out (the Patch mutants) display abnormalities in the anterior segment of the eye. In
mutant embryos, defects in neural crest-derived tissues involving the frontonasal processes
and the aortic arch are observed. Using ## sit« hybridisation, it has been shown that in the
mouse embryo, the Pdgfra is expressed in the neural crest and mesodetrm-derived mesenchyme
of the head at E11.5 (Schatteman et al., 1992). In fact, beginning from E9.5 — E11.5, the Pdgfra
mRNA is found in the cranial region, the branchial arches, mesenchyme surrounding the tooth
epithelium and the developing cornea - regions of neural crest detivation (Mortison-Graham
et al, 1992). The developmental abnormalities in neural crest derived tissues observed in the
absence of a functional Pdgfra strongly suggest a direct role of this gene in regulating
development of crest-derived tissues. Such tissues involve the cornea of the eye. Eatly in
development at E13.0, homozygous mutant embryos show a reduction in the amount of peri-
ocular mesenchyme contributing to the cornea, and as a result, by E16.0, the thickness of the
cornea becomes half that of normal corneas (Morrison-Graham et al,, 1992). The presence of
a functional corneal endothelium however, has not been investigated. In another set of
experiments, misexpression of the Pdgfra in the lens of transgenic mice caused a thicker cornea
(Reneker and Overbeek, 1996). Taken together, these abnormalities in the absence of a fully
functional Pdgfra suggest a role of this gene in corneal regulation.

Corneal abnormalities in transgenic mice that express transforming growth factor alpha
(TGFua) or epidermal growth factor under the lens aA-crystallin promoter suggests a role of
this gene in corneal endothelium regulation (Reneker et al., 2000). In these mice, the anterior
segment structutes developed abnormally and the cornea was opaque. The iris had adhered to
the posterior surface of the cornea and the ciliary body was reduced into a rudimentary
structute. In addition, the differentiation of the corneal mesenchyme into an endothelium was
impaired. Histological analysis showed that the corneal endothelium was partially formed and
appeated intact only at localised regions. In addition, the corneal epithelium was reduced to a
bilayer of cells with no basement membrane. Ectopic expression of the TGFu in the lens also
resulted in accumulation of mesenchymal cells in the anterior lens region, resulting in a thicker
comeal stroma. This phenotype and the expression of the EGF-receptor in migrating peri-
ocular mesenchyme cells, as shown by iz s« hybridisation, supports the possibility that the
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TGF ligand acts as a chemoattractant for peri-ocular mesenchyme cells. The defects in the
corneal epithelium and stroma correlated with the absence of the corneal endothelium because
these abnormalities were only associated with regions whete the cotrneal endothelium was
absent. It was in such regions that the lens and the itis adhered to the cornea. Results from
these studies suggest that the development of the corneal endothelium influences, either
directly or indirectly the differentiation of the cotneal epithelium and the stroma. Furthermore,
they suggest that the formation of the corneal endothelium is a necessary pretequisite fot the
separation of the lens from the cornea. This question has not been tigorously investigated in
the mouse embryo and is not part of the aims and questions addressed in the present study.

The differentiation of the corneal endothelium appears to be also regulated by a host of
transcription factors that are expressed in the periocular mesenchyme and the presumptive
corneal endothelial cells. These include the bicoid-related homeodomain transcription factor
Pitxc2, the LIM domain transcription factor Lmx7b, and the forkhead transcription factot,
Foxel. Pitx2 is expressed in the petiocular mesenchyme at E10.5 (Semina et al., 1996), in the
extraocular muscles at E12.5 (Kitamura et al., 1999) and in the developing corneal stroma and
endothelium at E14.5 and in the presumptive itis, trabecular meshwork and extraocular
muscles at E15.5 (Kidson et al., 1999; Kitamura et al., 1999). In Pitx2/- embryos, the stroma is
five to ten fold thicker than normal, the anterior chamber fails to form and the lens remains
attached to the cornea (Kitamura et al,, 1999). Although the presence or absence of corneal
endothelium in these mice has not been investigated, the failure of the lens to separate from

the cornea suggests that a corneal endothelium does not develop.

The exptression pattern of PirxZ is not affected in Lmx7b mutants except for the absence of
mRNA in the presumptive itis stroma as these cell are missing (Ptessman et al., 2000). In the
wildtype embryo, Lmx7b is expressed in the peri-ocular mesenchyme in the eye beginning at
E10.5. The expression domain expands at E11.5 to the optic cup and the presumptive corneal
sttoma and endothelium. By PO, the exptession of Lmx75 is detected in the developing itis
sttoma and ciliary body, the corneal endothelium, corneal stroma and the trabecular
meshwork. The expression pattern of Lmx7b suggests that it may be required for eatly corneal
specification and also during postnatal development. Lmx7b/- mice are characterised by
absence of ciliary body folds and itis and ciliary body hypoplasia. Beginning from E15.5, the
corneal stroma becomes less compact, contains blood vessels, and compared to wildtype
littermates, the anterior chamber is reduced in depth (Pressman et al., 2000).

In the present study, Foxc7 mutant mice were utilised to investigate the development of the

corneal endothelium and to map the precise timing of morphological events associated with
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conversion of mesenchyme to endothelium. Foxc7 belongs to a group of forkhead/winged
helix proteins, a large family of transcription factors that share an evolutionary conserved
DNA-binding domain. Members of this family play significant roles in tegulating tissue-
specific gene expression and embryonic patterning from far diverse as Drosophila, Xenopus,
zebrafish and mouse. The Drosophila forkhead genes, sioppy paired -1 and -2 are involved in the
process of segmentation along the anterior-postetior axis. The Pintallavis forkhead gene in
Xenopus is also involved in the antetior-postetior and dosonventral patterning of the neural
tube (Hiemisch et al, 1998; Sasaki and Hogan, 1993). The zebrafish forkhead genes Foxc/a
and Foxc7b play important roles in somite formation by regulating the expression of genes
such as paraxis and the anterior-posterior patterning of eatly somite primordia (Topczewska et
al, 2001). In the mouse, the winged helix family members Foxc7 and Fox:c2 are expressed in
embryonic mesoderm and in neural-crest derived head mesenchyme. These genes have been
associated with somite patterning and differentiation and also appear to regulate kidney, heart
and eye development (Hiemisch et al., 1998; Kidson et al., 1999; Kume et al., 2000; Sasaki and
Hogan, 1993).

Mice with congentical hydrocephalus were first reported by Gruneberg in 1943. Homozygous
embryos died at birth and on examination, revealed hemorrhagic cerebral hemispheres and
open eyelids. Histological examinations revealed the absence of the cranial vault and multiple
skeletal abnormalities. Later, defects in other mesodermal tissues including the kidneys and
uterus were desctibed (Green, 1970). Studies by Kume et al., (1998) in which the Foxc? gene
(formetly known as Mf1), was replaced with a LacZ gene resulted in mice with a phenotype
similar to ¢h mice. Kume (1998) also showed that the ¢4 phenotype resulted from a point
mutation in Foxc7 leading to a truncated protein lacking the DN A-binding domain.

The replacement of the Foxc! gene with a LacZ reporter provided a convenient method of
mapping expression of the gene during development. As previously recorded by Kidson et al,
(1999), in the cotnea, LacZ expression is observed as eatly as E11.5 in the periocular
mesenchyme and in mesenchyme cells that occupy the lens/corneal space. LacZ expression is
downregulated as development progresses and switched off completely in the cornea at E13.5
(Figure 1-3). The structural abnormalities of the cornea in Foxc7 mutant embryos have been
desctibed in detail elsewhere (Kidson et al., 1999). In homozygous embryos, the expression of
LacZ is attenuated beyond the notmal period of expression. Corneal mesenchyme cells fail to
establish a typical corneal endothelial monolayer suggesting a critical role of Foxc7 in corneal
endothelial differentiation.
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Haploinsufficiency of the Faxel gene results in several abnormalies of the eye, including
eccentric irregularly shaped pupils and displaced Schwalbe’s line. The nature and penetrance of
these abnormaliies depends on genene background (Smuth er al., 2000). Heterozygous axel
mice of the C57BL/6/6] (B6) background display irregular and misplaced pupils, but this
phenotype does not exist in the 12956/Svlivlac background. In humans, mutanons in the
FOXC1 gene have been associated with autosomal dominant iridogoniodysgenesis typel
(IRID1), charactensed by iris hypoplasta, anterior segment dysgenesis and juvenile-onset
glaucoma (Walter et al., 1996),

)

v

i

Figure 1-3. Expression of Fax/'™“ in the developing eye at E11.5(A) and E125 (B) and n
prechondrogenic mesenchyme of the skull (adapted from Kidson er al,,1999, unpublished work). (C)
Foxel™" is expressed in the prechondrogenic mesenchyme (arrowhead) and the prmitive meningial
layers (arrows). Le = lens, hv = hyaloid vasculature, re = retina, em= corneal mesenchyme. Scalebar =
T5um.

Moreover, the association of FOXC1 mutations in humans, with development of Axenfeld-
Rieger (AR) anomalies is consistent with the role of this gene in differentiaton of neural crest-
derived corneal mesenchyme. AR malformation refers to a group of dominantly inherited
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ocular disorders that include IRD], iris hypoplasia, eccenttic pupils, polycotia and adhesion of
the itis to the cornea. It has been suggested that AR results from distuption of migration and
differentiation of neural crest cells (Lines et al., 2002).

In the absence of Foxr7, the differentiation of mesenchyme is impaired in tissues where Foxc?
is normally expressed. In addition to expression in the developing eye (Kidson et al.,, 1999;
Kume et al., 1998) Foxc! is expressed in the developing kidney (Kume et al.,, 2000), heart
(Winnier et al, 1999) and endochondral skeleton (Kume et al, 1998). In the kidney, the
expression of Foxcl is detected in the nephrogenic cord and the Wolffian duct at E9.5. Later,
transcripts are detected in the metanephric mesenchyme and the condensing mesenchyme of
the kidney (Kume et al., 1998). In the kidney, Foxc7 appeats to act upstream of a cascade of
genes regulating the induction of the utetic bud from the Wolffian duct. Such a cascade
involves Eyal and Gdnf!. Foxc1-null mutant mice have duplex kidneys and double ureters. This
is thought to result from the mistegulation of Gdnf7 in the mesenchyme surrounding the
Wolffian duct. Apart from the association of this gene with mesenchyme differentiation in the
kidney, in the skull also, Foxc7 has been implicated in proliferation and differentiation of
osteogenic mesenchyme in the skull. In the absence of a functional Foxc7 gene, the calvarial
mesenchyme population exhibits reduced proliferation and the condensation and
differentiation of osteoblasts is impaired (Rice et al., 2003). These findings further support the
role of Foxe! in regulation of differentiation. However, in the skull this role is indirect through
BMP-induced expression of Msx2 and Alx4 in the calvarial mesenchyme. Foxe! is required in
the calvarial mesenchyme for the induction of Msx2 and Alx4 by BMP. Such location-specific
requitement of Foxc! parallels the lack of corneal endothelium differentiation in Foxc7 mutants
wheteas in other structures where Foxc7 is not normally expressed, gene expression is not
altered. All of these studies suggest a role of Foxc7 in transformation of mesenchyme into

epithelium.
1.3. Cell adhesion during mesenchyme—epithelium transformation

One of the many focuses of research on embryogenesis is the elucidation of the mechanisms
involved in the formation of epithelial sheets. Epithelial cells 7# v7vo are characterised by strong
cell-cell adhesion which is necessary for the epithelial sheets to resist mechanical stress and
maintain a diffusion bartier for transport of solutes across epithelial layers. In the developing
embryo, epithelial cells are sometimes formed from loose mesenchyme precursor cells. The
process is marked by dramatic changes in cellular shapes and sizes. The mechanisms governing

such changes in cell shape and size have been investigated iz vitro. These studies have revealed
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that the establishment of an intact monolayer from a populaton of mesenchymal cells is 2
multistep process, mediated by calcium-dependent cell adhesion molecules, the cadherins.
Cadherin-mediated adhesion triggers the assembly of intercellular junctional complexes,

comprising of gap junctions, desmosomes and tight junctons..
1.3.1. Cadherins and associated proteins

The cadherins are a family of glycoproteins that have been identified in a variety of organisms
including mammals, Xenopus, Drosophila and Caenorbabdstis elegans. The best-described are the
classical cadherins E-; N- and P-cadherin, so named because of their original identification
from epithelia, neural crest and placenta respectively. E-cadherin has been shown to be
essential for the formation and maintenance of epithelia. Homozygous E-cadherin mutant
mice are embryonic lethal (Riethmacher et al., 1995) and loss of function of E-cadherin is
associated with increased invasiveness and metastasis of tumours. N-cadherin is an adhesion
molecule in pre-migratory and migrating neural crest cells (Akitaya and Bronner-Fraser, 1992)
and is also required for adhesion of cardiac myocytes during heart development. Embryos
homozygous for an N-cadherin mutation die at E10 (Radice et al., 1997b). I vitro, N-cadherin
ptomotes neutite outgrowth and differentiation of lens epithelial cells (Ferreira-Cornwell et al,,
2000). Although no developmental abnormalities are associated with P-cadherin deficient
mice, female mice develop abnormalities in the mammary gland with age (Radice et al., 1997a).

Cadhetin molecules occur as parallel dimers. On the extracellular side, the cadherin molecule
contains five repeats, named extracellular domain 1 — 5 (EC1-5). Anchoring of the cadherin
molecules to the cytoskeleton is achieved by their attachment to the catenins, which in turn
mediate the association of the complex with the actin cytoskeleton. This association is
achieved by binding of the distal region of the cadhetin cytoplasmic tail to B- and y-catenins.
These catenins interact with a-catenin, which associates with the actin filaments (Braga, 2000)
Near the transmembrane domain, the cadhetin molecule binds to a fourth catenin, the
phosphoprotein p120 (Yap et al., 1998).

The steps involved in establishment of cell-cell adhesion mediated by cadhetins have been
previously described (for recent reviews see (Braga, 2000). In brief, in contacting cells, binding
of cadherin molecules between neighbouring cells requires the addition of calcium ions. A
molecule of one class of cadherins binds to similar dimers on neighbouring cells, the basis of
homophilic binding capacity of cadherins. Upon binding of similar molecules, cadherin
molecules cluster at sites of cell-cell contact, anchored to the cytoskeleton by the catenins.
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This results in remodelling of the cytoskeleion and cells subsequently attain a polarised
epithelial phenotype (Figure 1-3, Bragy 2000). The exact molecubir mechanisms cinpioyed i

cach of these steps are not clearly defined.

Cadherin-mediated
adhesion and the epithehal

phenotype:
1) homophilic binding
CooO—
caanenn
b =
2| clustenng
e
v —
31 stablirzation via cyloskeletsl i
crganization a-aLtinin
a
vireifin
) remodeliing cytoskeleton b ™
actin
tilamerts

5) Polanised ep:ithelial phenotype

inside oulside mside ... o 15

Figure 1-4. A schematic representation of cadberm-mediated adbesiveness m epithelia. Cadhenn
molecules bind 1o similar dimmers at the cell surtace. Manrenance of the clustered molecules ar the
surface 15 achicved by attachment to the cytoskeleton, which occurs through binding of cadherns o
catenins (sce text for dewuis). Anchonng to the cytoskeleton warrants changes in organisation of the
cytoskeleral machinery and changes in cell shape (from Braga, 2000).

1.5.2. Biogenesis and turnover of cadherins

Stuches in neoral crest cells have shown that the N-cadhenn expression pattern and
localisation changes from cytoplasmic pools to cellular borders, reflecting the migrating status
ot the cdls (Momer-Gavelle and Duband, 1995). During mugration N-cadherin occurred
vesicles in the cytoplasm and at the end of migration, N-cadherin was re-expressed at the cell
surface. Tt has been proposed that changes in cadhenin localisanion could be a consequence of

the rurnover of cadherins at the cell susface brought about through either secretory or
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endocytotic pathways. Experimental evidence to support this comes from studies in which
recycling of cadherin molecules were investigated in MDCK cells (Le et al., 1999). In this
study, cells were surface biotinylated at 0°C and subjected to temperature shift assays. Cells
grown under conditions that promote accumulation of internalised proteins and prevent them
from progressing further into endocytic or recycling pathways (at 18°C), showed increased
intracellular E-cadherin compared to cells seeded under normal conditions (37°C). The
formation of adherens junctions correlated with the increase in plasma membrane localisation
and decreased vesicular pattern of cadherin protein. In preconfluent cells, large pools of
intracellular E-cadherin were found and these redistributed to sites of cell-cell contact as cells
grew to confluence and more stable junctions formed. Some pools of E-cadherin at the cell

sutface were shown to be endocytosed and recycled back to the surface.

A number of studies have been conducted in vt using MDCK cells to learn about the
mechanisms employed during the formation of adherens junctions. Because cadherin
adhesiveness is dependent on extracellular calcium, such mechanisms have been studied using
the calcium-switch assay. In such assays, the cells are initially maintained under prolonged
calcium starvation where the monolayers lose their cell-cell contacts and intercellular junctions
and the transepithelial electtical resistance (TER), a measure of monolayer integtity, drops.
Upon restoration of normal calcium levels in the medium, cells acquite intercellular junctions,
restore polarity and obtain normal levels of TER, for reviews, see - (Matter and Balda, 2003).

It has been shown that the formation of adherens junctions begins with the establishment of
initially unstable contacts. Stable adherens junctions are initiated by ovetlapping of cellular
protrusions from adjacent cells. As more contacts are made, intercellular gaps are sealed off,
correlating with the translocation of cadherin proteins to the plasma membrane (Angres et al.,
1996; Yap et al, 1997). Thus it appears that the formation of cadherin junction is dependent
on celi-cell contact. The exact molecular mechanisms by which cell contact regulates this
process are not known. Using high-resolution differential interference electron microscopy, it
has been shown that in MDCK cells, cell-cell contact is made up of distinct stages (McNeill et
al, 1993). The first stage, an “exploratory” stage, is characterised by formation of multiple,
independent and unstable contacts. At these eatly stages of junction formation, E-cadherin
staining pattern is punctate, representing interdigitations at the contacting membranes of
adjacent cells and in intracellular vesicles.

In order to study the dynamics of cell-cell contact formation and to further characterize the
biogenesis of cell-cell junctions, Mary et al. (2002), transfected rat embzryo fibroblasts and C2
myoblasts with a fusion protein of N-cadherin (N-cad) and GFP. In isolated cells, N-cadherin
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exptression was found in the cytoplasm and perinuclear region. Accumulation of N-cadherins
at the plasma membrane coincided with the establishment of cell-cell contacts. Tracking of the
fused protein by immunofluorescence revealed that N-cad/GFP occurs in vesicular structures
that associate with and move along microtubules in a kinesin-dependent manner. These
studies provided further evidence that cell-cell contact is one of the regulatory mechanisms
controlling the assembly of N-cad junctions. In addition, they demonstrated that the
maintenance of N-cadherin junctions requires an intact F-actin cytoskeleton. Distuption of the
cytoskeleton by treatment with cytochalasin led to loss of N-cadherin at the plasma

membrane.
1.3.3. Establishment of cellular polarity: the formation of tight junctions

The tight junctions are the most apical of the junctional complex and are also called the zonula
occludens because they occlude the extracellular space forming a tight seal between cells. The
quality of the seal varies depending on cell type and activity. Extremely tight bartiers occur
where epithelial cells must maintain high ionic gradients, for example, in the glomerulus of the
kidney. Leaky junctions on the other hand, are associated with low ionic gradients but where a
regulated batrier is nonetheless required (Pollard & Earnshaw, 2003) such as in the corneal
endothelial cells, human ciliary epithelium of the eye (Noske et al., 1994) gall bladder and renal
proximal tubule (Kottra and Fromter, 1983). In addition to the sealing properties, tight
junctions create selective permeability bartiers between individual cells and the extracellular
environment. The selective permeability is a result of regulated transport of ions through the
cytoplasm (transcellular pathway) and the regulated permeability of the spaces between the
cells (paracellular pathway).

1.3.4. Structure and molecular composition of the tight junction

The structural organization of the tight junction of polarized epithelia was first revealed by
electron microscopy in the early 1960's (Farquhar and Palade, 1963). They showed that the
tight junction appeats as a seties of discrete contacts between the plasma membranes of
adjacent cells. Freeze-fracture analysis of the tight junction revealed that these contacts
cortespond to continuous strands of intramembranous particles that form a branching
network at the plasma membrane. It has now been shown that the number and continuity of
these strands determine the tightness of the seal and the barrier to the diffusion of ions in the
extracellular space. It has also been shown that the strands are actually made up of integral
membrane proteins (Pollard and Earnshaw, 2002).
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Numerous studies have subsequently shown that some tight junction proteins are located on
the cytoplasmic side of the membrane. Others are transmembrane proteins, unique to the tight
junction (Figure 1-5, adapted from (Matter and Balda, 2003). The first transmembrane protein
to be identified was occludin which is concentrated in the tight junction strands at regions of
apposition in adjoining cells. It was later shown by immunoflourescence that a pool of
occludin exists along the lateral membranes (Cotdenonsi et al, 1997; Fujimoto, 1995;
Sakakibara et al,, 1997). This pool is thought to represent a reservoir of subunits available for
expansion of the junctional complex. Occludin is not the only integral transmembrane protein
in the tight junction. Evidence for this comes from studies in which the expression of a
dominant negative form of occludin (in which the occludin C-terminal was truncated) in
MDCK cells resulted in normal distribution of the tight junction protein, zonula occludens-1
(ZO-1) although occludin was discontinuous at the sites of cell-cell contact (Balda et al., 1996).
The most direct evidence of the existence of another transmembrane protein came with the
observation that occludin-deficient embtyonic stem cells could still assemble tight junctions
(Saitou et al., 1998).

The search for other tight junction proteins led to the identification of two other classes of
ptoteins with transmembrane domains, claudin-1 and claudin-2 (from Latin “claudere”
meaning "to close") (Furuse et al., 1998). Subsequent to these findings, six mote claudin gene
products wete identified based on homology to sequences in the EST database (Motita et al.,
1999). The junctional adhesion molecule (JAM) is a recently identified transmembrane protein
at the tight junction (Martin-Padura et al., 1998). It is a member of the IGg superfamily and is
found at the tight junction of both epithelia and endothelia (for reviews, see - (Balda and
Matter, 2000). The exact function of these proteins however, temains uncleat.

For a tight junction to be functional, the transmembrane proteins must be linked to the
cytoskeleton. On the cytoplasmic side of the tight junction, different groups of proteins have
been identified. These include adaptor proteins, regulatory proteins, translational and post-
transladon regulatory proteins (Figure 1-5). The best characterized of the cytoplasmic adaptor
proteins associated with the tight junction are ZO-1 and ZO-2. ZO-1 was identified as a
peripheral membrane protein specifically enriched at the points of tight junction membrane
contact (Stevenson et al, 1986). It is also associated with the cytoplasmic undercoat of
adherens junctions in non-epithelial cells (Howarth et al,, 1992; Itoh et al,, 1991; Jesaitis and
Goodenough, 1994). In 1996, Rajasekaran et al (1996) showed that duting junction
maturation, ZO-1 associates with adherens junctions ptior to final localization at the tight
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juncoon. it has also been reported that AU-1 accumulates in the nuclcus when there 15
rearrangement or disruption of cell-cell contacts (Gottardi et al, 1996). Furthermore, Z0-1

has been wnphlicated 1 the conirol ot gene expression and n the regulanon ot epithehal
differentdation (Balda et al., 2003).

‘Regulatory proteins
 For example. Ran13, Rab3B,
G pratans, aFKC, '
!Fﬂﬁ:ﬂd PTEN

Figure 1-5. A model of protein inreracnons at the nght juncton (Matter and Balda, 2003). Four
groups of proteins (fransmembrane, adapior, regulatory and transcriptional and posttranscriptional
regulators) define the components of the nghr juncoon i epithelia. The bamer properties of the
paracellular space are defined by transmembrane proteins (red box) oecluding, claudins and junctional
adhesion molecules (JAMs). The adaptor proteins are connected to the transmembrane proteins, ZO-
1, ZO-2 and ZO-3 all bind the cytoplasmic tail of occludin. ZO-1 binds actin, ZO-associared kinases,
alpha catenin and other proteins. The PAR protemns (3 and 6) are PDZ-domain contaning proteins at
the tight junction. PAR3 has been shown to bind to the JAM. MAGI-1, membrne-associared
guanylate kinase mverted; MUPP1, mulu-PDZ, domain proteinl; Pals1, protein associated with Lin-7.
PAR, partitioning defective; PAT], pals-associated tight junction protemn ; PP2A, protemn phosphatase
2A; PTEN, phosphatase and tensin homologue, ZO, zonula occludens; ZONAB, Z0-1 associated
nucleic acid binding.

Evidence for the mle of ZU-1 10 cellular differentiauon comes from studses i wiuch (he
activity of Z0-1 was disrupted. Corneal epithelial cells wete transfected with dominant
negative torms OF ZU-1 and assayed for changes in tight junction sealing properties. The
disruption of ZO-1 activity (by N-terminal mutants of ZO-1) induced a cellular change from



Chapter One: Introduction & Aims - 19

epithelium to mesenchyme morphology. The epithelium-mesenchyme transformation (EMT)
was accompanied by changes in expression pattern of other tight junction proteins, ZO-2,
ZO-3 and occludin. The three proteins were found throughout the cytoplasm and were
downregulated in their expression (Ryeom et al., 2000).

1.3.5. Mechanisms of tight junction assembly

Different experimental systems have been employed to analyse the assembly and regulation of
tight junctions. In fact, the same model systems utilised for analysis of cadhetin junction
assembly have been used. These include the calcium switch protocol and the ATP-depletion
method in which ATP is depleted in cells that have already formed monolayers resulting in
dissociation of cell-cell junctions (Fleming et al, 2001). Alternatively, i vitro wound healing
assays are utilised, in which confluent epithelial monolayers are wounded by scratching them
with a needle or pipette tip and the reformation of junctions then studied. In addition, de #ovo
assembly of tight junctions can be studied during early embryonic development (Canfield et
al., 1991).

In vitro experimentation suggests that the source of intracellular calcium is critical for tight
junction biogenesis. This finding comes from studies in which intracellular calcium was
chelated in cells ptior to the formation of cell-cell contacts (Stuart et al, 1996). This was
achieved by treating cells with thapsigargin (T'G), an endoplasmic reticulum (ER) Ca?* -
adenosinetriphosphatase  (Ca?* -ATPase) inhibitor. TG acts by depleting intracellular ER
stores thus rendering the cells insensitive to further stimulation of ER Ca?* release. In cells
treated with TG prior to initiation of cell-cell contact, the biogenesis of tight junctions and
desmosomes and the sorting of junctional proteins were disrupted. These defects were
evidenced by lack of normal levels of TER (trans-electrical resistance) and by failure of ZO-1
to translocate from cytoplasm to the membrane. Inhibition and depletion of intracellular ER
stores of calcium prior to the formation of intercellular contact, did not affect cadherin-
mediated contacts, suggesting an independent mechanism for tight junction assembly. Light
and electron microscopic examination revealed that cells were able to develop extensive cell-
cell contacts thus showing that the effects of TG on tight junction assembly was not a result of
the primary defect on initiation of adhesive contacts. Since the translocation and stabilisation
of junctional proteins occur after cell-cell contacts are made, it appears that calcium stores are
important in initiating calcium-dependent signalling events that lead to tight junction assembly
soon after the establishment of cell —cell contacts. The exact mechanisms of how signalling

mechanisms activated upon cell-cell contacts lead to junction assembly are the major focus of
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tesearch for cell biologists. Other investigators have associated such dependence of tight
junction assembly on intracellular calcium levels with signalling pathways that utilise
heterotrimeric G proteins and protein kinase C (PKC), (Balda et al., 2003).

1.4. General and specific aims of this study

The major questions addressed in this study culminated from pioneering reseatch on the role
of Foxc1 on the development of the eye. The major focus was to elucidate the exact molecular
pathways associated with the differentiation and conversion of comeal mesenchyme into

corneal endothelium.

Eye abnormalities in Foxc7 mutant mice were first described by Kidson e 4/ in 1999. The eye
defects mainly involved the anterior segment structures. In the normal embryo, some segment
structures develop postnatally and thus in the mutant embryo, the development of such
structutes could not be closely monitored because homozygous mutant embryos were
embryonic lethal. One of the most striking developmental abnormalities in the eye of the
mutants was failure of the lens to separate from the cornea. Careful histological and electron
microscopic examination revealed the absence of the comeal endothelium. This abnormality
obviously triggered questions on implications for corneal endothelial dystrophies and
associated glaucoma. It became apparent that detailed desctiptions of the normal development
of the mammalian corneal endothelium were lacking and thus this study was initiated. The
major goal of this study was therefore to carefully detail the normal development of the mouse
comneal endothelium and to further investigate the defects associated with failure of corneal

endothelium formation in mutant embryos.

The specific aims of this study were:

1. To use scanning electron microscopy to provide an accurate description of cellular shape
changes involved in the formation of the corneal endothelium and to establish with precision,
the timing of this process during normal embryogenesis in mice.

2. To determine the temporal and spatial expression of and adherens juncton protein, N-
cadherin, associated with cell shape changes during normal corneal endothelial development.

3. To determine the spatial and temporal expression of the tight junction protein, ZO-1
during normal corneal endothelial development.

4. To develop an in vitro model using undifferentiated mesenchymal cells to determine the
process of mesenchyme-epithelial transformation that occurs during normal corneal

endothelial development.
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5. To determine the expression pattern of the corneal specific proteoglycan, keratocan in
normal embryos.

6. To examine all of the above (1-5), in Foxc7-/- mice which fail to form a corneal
endothelium.

7. To determine the expression pattern of transforming growth factor beta-2, (¢gff2) and
transforming growth factor beta receptor-2, (¢gfBRII), both of which are implicated in eatly
comeal endothelial differentiation.
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Chapter Two : MATERIALS AND METHODS
2.1 Mice and genotyping

Embryos from 1CR mice were used for all studies. Foaw! null mice provided by Brigid Hogan
(ex Vanderbilt University Medical Centre, presently at Duke University, USA) had been
generated by homologous recombination in embryonic stem cells by replacing almost the
entire winged helix domain of Fexel with a lacZ/PGKneot cassette as shown in Figure 2-1
(Kume ¢t al, 1998). All mice were housed in the animal facility at the University of Cape
Town in accordance with the rules and regulations of the University. Fax! null mice were
maintaned in an [CR background by brother-sister matings. The day of vaginal plug was 0.5
days post coitum (dpc) or embryonic day 0.5 (E0.5). Embryos were obrained by caesarean
section at E12.5, E13.0, E13.5, E14.0, E14.5 and E17.5 for wildtype embryos and only at
selected developmental stages (E12.5, E13.5 and E17.5) for Fexef mutant embryos. Tail clips
were obtained from embryos for LacZ staining. To further confirm the genotype of the
embryos and (o distinguish between homozygous and heterozvgous mice, DNA was extracted
from whole embryos or from wil clips of adult mice for genotyping by polymerase chain
teaction (PCR).

2.1.1. LacZ staining

Mouse embryo torsos, tail clipsor whole eves were fixed in 4% parafomaldehyde in phosphate
buffered saline (PBS), pH.7.3, at room temperature for one hour. After three 30 mnute
washes in PBS, ussues were incubared in X-gal reaction mix (conmining 5mM potassium
ferrocyanide, 5mM pomssium ferncyanide, Ix PBS (pH 7.3), 2ZmM MgCl, 0.01% sodium
deoxycholate, 0.02% Noniden: P40, Img/ml X-gal (5-bromo-4-chloro-3-indolyl p-D-
galactoside in 70% dimethylformamide, Roche), 20mM Tris-HCI, pH 7.3) at 37°C in the dark
overnight After this time, the stained tissues were rinsed in PBS and stored at 4°C in 70%

ethanaol.
2.1.2. DNA extraction and PCR genotyping analysis

PCR genotyping analysis was carried out with genomic DNA obtained from mouse mils or
embryonic torsos. For DNA extraction, nssues were first digested in lysis buffer containing
100mM Tris-HCL pH 8.0; 5mM EDTA, 0.2% SDS, 200mM NaCl and 15ug/ml proteinase K
solution (Roche) at 37'C overnight. DNA was extracted by phenol-chloroform purification
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and wopropanol precipitation of DNA as follows. The supernatant from the overnight digesr
was mixed with an equal volume of phenol and spun at 5000x g for three minutes at room
temperature. The resulting supernatant was then mixed with phenol/chloroform (1:1) and
spun at 4000x g at room temperature, after which the DNA was precipitated and pelleted by
muxing the supernatant with an equal volume of isopropanol and incubated at 4°C for 30
minutes. The DNA pellet was obtained by spinning at 4°C for 10 minutes, The pellet was then
air-dried and resuspended in distilled water. DNA was dissolved at 65'C for 8 minutes and
thereafter used for PCR analysis or stored at -20°C until further use. Three primers were used
for a PCR reaction in order to ampliy the wildtype, heterozygote and homozygote mutant
alleles. Primers used for genotyping were: Foxe!/ Forward 1 (F1): 5-GCC CT'A CAG CTA
CAT CGC TCT TATC-3'

Fosae! Reverse 1 (R1): 5-CCC TGC TTA TTG TCC CGA TAG AAA-Y

Faxel Reverse mutant (Rm): 5-ACC GTG CA'T CTG CI'G CCA GTT TGA G-3' (see Figure
2-1, red arrows). The PCR conditions were 94°C for 30 seconds, 35 cycles at 94°C for 30
seconds, 64°C for 30 seconds and 72°C for one minute 30 seconds, followed by 72'C for 10
minutes. PCR products were separated on a polyacrylamide gel, 250 volts at 4°C and detected
by ethidium bromide staining and UV transiliuminauon.
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Figure 2 -1, Map of the Faxel gene and the location of primers used for PCR genotyping analysis
(modified from Kume et al., 1998). Faxe! is a single exon gene indicated with a black box. Open boxes
represent 5 and 3 untranslated repons. The tarpeting vector consists of two fragments, a 7kb 5'
homology region (Sall(S) — Neol(Nco) fragment) and a 1.2kb ¥ homology region (HindII(H) —
Xbal(X) fragment). The coding region was replaced with a lacZ /PGKneo' cassette. A dipthena toxm
A (MCD1-DTA) cassette was placed at the end of the 3’ homology region for purposes of negative
sclection (Kume ct al, 1998). For genotyping purposes, forward (F1), reverse (R1) and reverse mutant
(Rm) primers were designed as indicated m the diagram (A, C). A = wildtype allele; B- targeting vector;
C- Targeted alelle.
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2.2. Microdissections and tissue preparation

Pregnant female mice were sacrificed and the embryos obtained at different stages of
development beginning from E12.5. Using fine itis scissors, whole eyes were removed from
embryos under the dissecting microscope and placed into ice-cold PBS, pH 7.4. Totsos ot tail
clips were stored at -20°C for DNA extraction and or LacZ staining. Eyes wete fixed either for
histological analysis, electron microscopy, immunocytochemistty or ## sit# hybridisation. For
histology processing, whole eyes were fixed in 4% paraformaldehyde overnight, followed by
thtee 30 minute washes in PBS (pH 7.4) before dehydrating in ethanol seties (50% for 30
minutes, 70%, for 30 minutes and two changes of 100% ethanol for 20minutes each) at room
temperature. Samples were then cleared by briefly rinsing in two changes of xylol befote being
embedded in paraffin.

2.3. Scanning electron microscopy (SEM)

For scanning electton microscopy, whole eyes were fixed in Kamovsky’s (1.5%
paraformaldehyde, 0.5% glutaraldehyde in 0.1M Sorenson’s phosphate buffer, pH 7.4)
overnight and thereafter rinsed in 0.1 M Sorensen’s phosphate buffer. Corneas were separated
from whole eyes after fixation under the dissection microscope using fine tungsten needles.
Corneas and lens/retina were post-fixed in 2% osmium tetroxide at room temperature for two
hours. After three 15 minute rinses in 0.1M Sorenson’s phosphate buffer, samples were rinsed
in distilled watet before dehydration in alcohol seties (50%, 70%, 90% and two changes of
100% ethanol) for 10 minutes each. Samples were then critical point dried using a CPD 020
machine (Balzers). Corneas obtained from eatly embryos were very small (<0.5mm) and brittle
after critical point drying and thus difficult to manipulate further. To overcome this problem,
another means of critical point drying was used. Individual corneas and their respective lenses
were ctitical point dried by addition of hexamethyl-di-silazane (Sigma). The liquid was left
undet the hood to evaporate overnight. Individual samples wete picked-up using hairs or fine
tungsten needles and mounted under the dissection microscope on stubs prepared by coating
with a mix of 50% glue and 50% coal. They were then sputter coated with gold palladium on a
sputter coater (Balzers) for 20 minutes. Samples were viewed using a S440 scanning electron
microscope (Leo, Leica). The number of corneas and genotype of embryos processed for SEM

are shown in Table 2.1.
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Table 2.1. Number of mouse comeas examined by SEM

E120 [E125 |[E13.0 [E13.5 | E14.0 E14.5 | E17.5 | Adult
+/+&-/+ (24 |43 8 31 12 |9 8 8
- i 2 i 3 - - 2 -

This table lists the number of corneas examined by SEM. Corneas from wildtype (+/+), heterozygotes
(-/+), and mutant (-/-) embryos wete processed for SEM. There wete no morphological differences
observed between wildtype and heterozygous corneas and thus, information from these two groups
wete pooled together.

2.3. Transmission electron microscopy (TEM)

For TEM, whole eyes obtained from embryos or corneas dissected from adult eyes were fixed
in Katnovsky’s for 14 — 18 hours at 4°C. Samples were then washed in three 15 minutes
changes of 0.1M Sorenson’s phosphate buffer at room temperature. They were post-fixed in
1% osmium tetroxide at room temperature for two hours after which they were rinsed in three
15 minutes changes of 0.1M Sorenson’s phosphate buffer. Samples were then dehydrated in
alcohol series (50%, 70%, 90% and two changes of 100% ethanol) for 10 minutes each. After
dehydration, samples were incubated in three changes of propylene oxide at room temperature
for 10 minutes each, thereafter in increasing concentrations (30%, 50%) of epon araldyte resin
for two hours each. After this time, sections were incubated in epon araldyte tesin overnight at
40°C. Following this, corneas were incubated in resin/accelerator (1:1) for an hour before
polymerising at 60°C for two days. Ultra thin (0.1nm) sections were picked up on grids and
stained as follows: Grids wete rinsed by dipping in five 30-second changes of distilled water
after which they were incubated in 2% uranyl acetate (in methylcellulose) for five minutes,
followed by incubation in lead citrate droplets for ten minutes. To avoid precipitation of lead
citrate, droplets were kept in an enclosed chamber with sodium hydroxide pellets. Sections
were washed in three 30-second changes of distilled water, blotted on filter papet, air-dried

and viewed using an EM109 transmission electron microscope (Zeiss).
2.4. Immunocytochemistry
2.4.1. Antibodies and fluorescent markers

The antibodies used in this study were: N-cadherin, zonula occludens-1 (ZO-1), Golgi-matrker,
phalloidin, DAPI and tubulin. The N-cadherin antibody is a rabbit polyclonal that recognises
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the extracellular domain of N-cadherin (Santa Cruz Biotechnologies). The zonula ocludens-1
antibody (ZO-1) is a purified mouse monoclonal and was a gift from Brigid Hogan (Duke
University). ZO-1 recognises the tight junction protein, zonula occludens on epithelia and
endothelia. The Golgi marker (Sigma) is a 58kD antibody that recognises trans & cis Golgi
proteins, a gift from Dirk Lang (UCT). FITC flour-tagged phalloidin (Molecular probes,
Oregon, USA) recognises F-actin in cells and was a gift from Anthony Graham (King’s
College, London). Alexa 568 flour-tagged phalloidin was purchased from Molecular Probes
(Oregon, USA). Anti -rabbit cy3 was purchased from Jackson Immuno-Research Laboratories

Inc. and the anti-mouse Alexa-488 from Molecular Probes.

Whole-mount tissues. Whole eyes obtained from different embryos at different developmental
stages were fixed in 4% paraformaldehyde at 4°C for 10 minutes at room temperature, washed
in PBS (pH7.4), ot in 100% methanol at —20°C for 10 minutes. Samples wete then tinsed in
PBS at room temperature and blocked in a solution of 1% BSA and 1% DMSO in PBS pH 7.4
at 4°C overnight with shaking. They were then incubated in ptrimary antibodies (N-cadhetin,
Z0O-1) at 1:250 dilution with blocking solution at 4°C for 24 hours, tinsed extensively in PBS,
pH 7.4 and incubated in anti-rabbit cy3 and or anti-rat Alexa 488 antibody (at 1:1000 dilution
in blocking solution) for two hours at room temperature. For F-actin staining, after fixation in
4% paraformaldehyde, samples were rinsed extensively in PBS (pH 7.4), incubated in blocking
solution followed by phalloidin-FITC at 1:1000 dilution in blocking solution for 14 — 18 hours.
After this time samples were rinsed in five 15 minutes changes of PBS at room temperature.
Before viewing, samples wete rinsed extensively in PBS (pH7.4) and mounted in Mowiol. The
Mowiol mounting medium was made up as follows: For every 2.4 g Mowiol (polyvinyl alcohol,
Hoechst), 6ml glycerol was added. While stitring, 6ml of distilled water was added and left for
several hours at toom temperature. Twelve millilitres of 0.2M Tris (ph 8.5) was added and the
solution incubated at 50°C for one hour with occasional stitring. To reduce
immunoflourescence fading, small amounts of n-propyl gallate (Sigma) was added and
dissolved at 37°C. The medium was stored as 2ml aliquots at —20°C, and centrifuged at 12 000
x g for five minutes just before use to remove insolubles. Viewing was catried out using a
Zeiss confocal microscope or Zeiss Axiovert 200M fluorescence microscope (Zeiss,

Germany).

Cells. Culture medium was rinsed off the cells with PBS, pH 7.4 and cells were fixed either in
MEMFA (1% 10X MEM, 1% formalin (37% stock) in distilled water) at room temperature for
10 minutes or in 100% methanol at —20°C for 10 minutes. The 10X MEM stock (1M MOPS,
20mM EGTA, 10mM magnesium sulphate) was pre-made up and stored at 4°C. Cells were
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then rinsed in five minute changes of PBS, pH 7.4, permeabilised in 0.1% Triton-X
(SAARCHEM Pty. Ltd, South Africa) for 5 minutes at room temperature and rinsed in PBS.
Cells were then blocked in 1% bovine serum albumin, BSA (Roche) in PBS for one hour at
room temperature. They were then incubated at 4°C for 18 hours in primary antibodies diluted
in blocking solution at the following concentrations. N-cadherin (1:500); ZO-1 (1:250); tubulin
(1:500), phalloidin (1:1000) DAPI (1:1000) and Golgi marker (1:250). The primary antibodies
were rinsed off in five 5 minute changes of PBS and the cells were incubated with the
appropriate secondary antibodies at 1:2000 dilution in blocking solution as follows. For N-
cadherin, anti rabbit cy3 or anti-rabbit alexa-548 were used, while anti-mouse cy3 or ant
mouse alexa 488 were used for ZO-1 detection. The anti-mouse alexa-488 was used for the

detection of the Golgi marker.
2.5. In situ hybridisation

All solutions were made up in DEPC-treated water, which was prepared as follows. 200ul of
diethyl pyrocarbonate (DEPC; Sigma) was added to a litre of water. This was left stirring at
room temperature for at least two hours after which water was autoclaved to inactivate the
DEPC. Glassware was rinsed in DEPC-treated water and baked at 180°C for two houts to
destroy RNases.

In situ hybridisation was performed to determine the expression pattern of keratocan, tgfB2, and
tgfBrIl in developing normal and mutant mouse eyes. The protocol followed for ISH was a
modification of Stern & Holland (1993) and Hogan et al. (1998). Six micron-thick sections
from paraffin-embedded embryonic eyes (E12.5, E13.5, E14.5 and E17.5) were prepared.
Slides were treated for ISH as follows.

2.6.1. Synthesis of riboprobes

The keratocan plasmid was a gift from Carolyn Pressman (MD Anderson Cancer Center,
Houston, Texas). The keratocan cDNA (2.9kb) had been cloned into the EwRI-Xhol site of the
pBluescript. To generate the sense riboprobe using the T7 RNA polymerase, the vector was
linearised with Xho I. Antisense riboprobe was generated by T3 RNA polymerase using an
EcoRI-linearized template. All probes were prepared in a 20pl mix containing 1X transcription
buffer, 10mM dithiotreitol, 10mM each of rATP, +CTP, +GTP, UTP mix (1:2 dig-labelled
UTP: tUTP), 40 units RNase inhibitor (Roche) (1pl), 20 units of RNA polymerase (T3, T7 or
sp6) and 1ug of DNA template at 379C for two hours. Probes were checked and analysed on a
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1% agarose gel as shown in Figure 3-17. To facilitate probe penetration into the tissue, the
keratocan probes were hydrolysed to a size of 0.75kb using the following protocol, modified
from Roche (1998). After riboprobe synthesis, the mix was made up to a volume of 100pul of
TE buffer. Alkaline hydrolysis was performed by addition of half the volume (50ul) of each of
80mM NaHCO3 and 120mM Na2COs. The reaction mix was incubated at 60°C for x number
of minutes using the following formula (Stern and Holland, 1993).
x= (L-0.75)
0.08L. in which x = time in minutes,

L. = original length of probe, 0.08 = constant and 0.75 = the desired length of probe. Thus,
the Aeratocan riboprobe was hydrolysed at 60°C for 8, 24 minutes, after which the probe was
precipitated. This was performed by addition of 5ul of a 10% acetic acid solution, 11yl 3M
sodium acetate, 1ul 10mg/ml tRNA, 1.2l 1M MgClz and precipitated with 300ul ethanol at —
20°C for 12 — 18 houts. The probe was pelleted by centrifugation at 12000 x g at 4°C, air-died,
reconstituted in DEPC-treated water to a final concentration of 0.2pg/pl, aliqouted and stored
at -20°C until use.

The tgff2 and the tgfBRII plasmids were a gift from H.L. Moses (Vanderbilt University
Medical Centre). A tgff2 cDNA (0.442kb) had been ligated into the sp72 vector. The sense
and antisense riboprobes were generated from EwRI- and Xbhol-linearized DNA by T3 and
sp6 RNA polymerases. The tgfBRII (0.343kb) cDNA had been ligated into the pcDNA vector.
Sense and antisense riboprobes were generated from Ps#l- and EcoRI-linearised templates using
T3 and T7 RNA polymerases. The probes wete recovered by addition of 80ul of 10mM T'is-
Cl, pH 8.0/1mM EDTA (TE) buffer, 10pl lithium chloride and 300pl of ethanol and
precipitated at -20°C for one hour before centrifuging at 12000 x g at 4°C. The pellet was
rinsed in 70% ethanol, air-dried and reconstituted in DEPC-treated distilled water.

2.6.2. Slide treatment, prehybridization and hybridization

Fot in sity hybtidisation, tissues were fixed in 4% paraformaldehyde (made up in DEPC-
treated PBS, pH 7.4) at 4°C for 18 hours and prepared for sectioning as described (section
2.2). Five micron sections were deparrafinized, rehydrated and washed twice in PBS for 5
minutes priot to treatment with 10pg/ml proteinase K (Roche) for 7 minutes at 37°C. For
tgfb2 in situ hybridisation, the sections were refixed in 4% paraformaldehyde and again washed
in PBS for 5 minutes ptior to acetylation of the tissues. The acytelation was performed by
incubating the sections in a solution of 0.25% v/v acetic acetic anhydride, 1.5%v/v
triethanolamine and 0.42% v/v concentrated HCI for 10 minutes at room temperature. The
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sections were washed twice for 5 minutes and dehydrated in a series of alcohols (1 minute
wash in 50%, 70% and twice in 100% ethanol). Afterwards, slides were either used
immediately or stored in a closed chamber with desiccant granules (acetate salt, Sigma) at —
80°C until further use. For immediate use, tissues wete prehybridised in hybridisation buffer
containing 50% deionised formamide, 5X SSC (made up from a stock of 20 X SSC containing
3M NaCl, 0.3M sodium citrate; pH 4.5 with cittic acid), 5X Denhardt’s, 250pg/ml of yeast
RNA and 500pg/ml of herting sperm DNA at room tempetature for two hours and
hybridised in the hybridisation buffer with 200 — 400ng/ml of dig-labelled probe at 60°C
overnight (18 — 24 hours). For keratocan and #gfbril probes, a slightly different method was
followed. After proteinase K treatment, sections were tinsed three times in PBS, pH 7.4 before
being prehybridised in hybridisation buffer containing 50% deionised formamide, 5X SSC, pH
4.5, 50ug/ml yeast tRNA (Sigma), 1% sodium dodecyl sulphate (SDS), 50ug/ml hepatin
(Sigma). Hybridisation was carried out at 65°C in a hybridisation chamber moistened with 50%
formamide and 5X SSC for 12-16 hours. Controls were hybridised with hybridisation mix
containing 200ng of the sense riboprobe.

2.6.3. Posthybridization and colour detection procedutes

Stringency washes at 65°C were performed first in a solution of 50% formamide, 5X SSC and
1% SDS; followed by 50% formamide/2X SSC for 30 minutes at 60°C and twice in 0.2X SSC
at 60°C. Sections were then washed at room temperature in 1X TBST buffer (diluted from a
20X stock containing 1.4M NaCl, 27mM KCL, 0.25M Tris-HCI, pH 7.5, 1% Tween-20 with
levamisole (Sigma) to a final molarity of 2mM. Blocking was performed for one hour at room
temperatute in a solution containing 2% normal sheep serum in TBST and thereafter sections
wete incubated with anti-digoxygenin antibody (Roche) diluted 1:1000 in blocking solution for
12-18 hours at 4°C. They were then washed five times for 20 minutes with PBT (PBS, pH 7.4
containing 0.1% Tween-20) at room temperature and thereafter rinsed in high pH buffer
(100mM NaCl, 100mM Tris-HClL, pH 9.5; 50mM MgCl; 1%Tween-20). They wetre then
incubated in high pH buffer containing 10% polyvinyl acetate (Sigma), 100mM NaCl, 100mM
Ttis-HC, pH 9.5; 5mM MgCl, 1%Tween-20, 4,5ug/ml nitroblue tetrazolium (NBT) (Roche)
and 3.5ug/ml 5-bromo-4-chloro-3-indolyl-phosphatase (BCIP, Roche) at 37°C until an
approptate blue precipitate formed. The staining reaction was stopped by rinsing the sections
in Trs-HCI (pH 5.5), thereafter in distilled water and mounted in Mowiol. Sections were
photographed using a Fujichrome ASA64 colour film on a Nikon Microphot-FX microscope.
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2.7. Cell isolation, culture and manipulation
2.7.1. Isolation and culture of primary corneal mesenchyme cells

Tissue culture dishes and medium. Cells were cultured on 12mm glass coverslips (Marienfield,
Germany) that were coated with fibronectin (Sigma) as follows. Coverslips were finsed briefly
in 70% ethanol and thereafter in three dips of PBS and sterilised under UV for 10 — 15
minutes. A 1:100 dilution of fibronectin (Gibco) in Ham’s F12 (Highveld Biological Pty. Ltd.)
was made up. Coverslips were coated with the fibronectin solution in 24-well tissue culture
plates (Cellstar) at 37°C for one hour. Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Highveld Biological Pty. Ltd), 10% foetal calf serum (FCS, Highveld
Biological (Pty) Ltd.) or 10% foetal bovine serum (FBS; Highveld Biological (Pty) Ltd.),
1pg/ml insulin, 100 I.U. each of penicillin and streptomycin, in a 379C/5% CO3 incubator.

Corneas were harvested from both wildtype and homozygous mutant embryos at E12.5, under
stetile conditions as follows. Pregnant mouse embryos were sacrificed by COz inhalation and
the embryos removed, transferred to ice-cold PBS and kept on ice for the duration of the
dissecton. Eyes were isolated and the corneas carefully removed using fine tungsten needles.
Under the dissecting microscope, corneas were orientated on coverslips such that the
endothelial surface was facing downwards. The explants were left on a droplet of medium for
one hour at 37°C/5%CO: to allow complete adherence of the explants to the coverslip
surface. After this petiod, the dishes were filled with culture medium and left for 48 hours
after which the explants were carefully removed under a tissue culture lamina hood using
flamed tungsten needles. Medium was replaced every two days and the cells were cultured for

a maximum of 8 days.
2.7.2. Isolation and culture of mouse embryonic fibroblasts

Mouse embryonic fibroblasts were isolated with minor modifications to a previously described
protocol (Robertson, 1987). Pregnant ICR mice were sacrificed at either E12.5 or E13.5 and
embryos with associated placentae and foetal membranes removed and transferred into PBS
(pH 7.4). Embtyos were dissected free of placentae and membrane and minced using a sterile
razor blade and transferred to a syringe with 10 ml of 0.05% trypsin/0.02% EDTA (Sigma).
Cells were dissociated by gently switling on a rotor for 15 minutes at room temperature. An
equal volume of FCS (Highveld Biological Pty. Ltd.) was added to inactivate the
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ttypsin/EDTA and the mixture was allowed to stand at room temperature for five minutes to
allow clumps to settle. The supernatant was transferred to a sterile 50ml plastic centrifuge tube
and cells were pelleted by centrifugation at 1000 x g for five minutes at room temperatute.
Cells were resuspended in 20ml of DMEM (Highveld Biological (Pty) Ltd.) supplemented with
10% FCS and 100 L.U. each of penicillin and streptomycin. Cells were plated in fibronectin-
coated coverslips in 24-well plates at 37°C/5%CO: as desctibed for culture of primaty corneal

mesenchyme (section 2.7.1.).

2.7.3. Culture of HeLa cells

Frozen stocks of HeLa cells were thawed at 37°C and mixed 1:1 with culture medium
(DMEM, 10%FCS, penicillin and streptomycin). Cells were pelleted by centrifugation and the
supernatant discarded. The pellet was resuspended in culture medium, plated in fibronectin-
coated covetslips (prepared as previously described) and cultured in a 379C/5%CO: incubatot.

2.8. Image analysis and statistical methods

Micrographs from scanning electron microscopy were obtained as follows. For each cotrnea
examined, a whole view was taken and at least three regions representing top, middle and
bottom of the corneal surface captured. In most cases, the edge of the corneal surface was also
photographed. A whole view of the lens and two ot three regions of the antetior lens surface
were captured. Images were saved as TIFF files and converted into JPEG format in
Photoshop version 5.5. Cell length was estimated as follows. Two data points (in centimetres)
were obtained from measurements of the maximum and minimum lengths of the cells,
representing horizontal and vertical cell surfaces. These values were then converted to
microns, based on the scale of the micrograph. Only the maximum values from each cell were
plotted in a graph to estimate the changes in cell length between developmental stages
examined. All statistical analyses were performed with Microsoft excel software (Microsoft
office 2000).

Immunoflourescence images were captured using either a Zeiss Axiovert 200M fluorescent
microscope fitted with an Axiocam High Resolution digital camera using the Zeiss Axiovision
softwate package. Whole-mount tissues: The corneal surface was divided into at least four fields
of view, representing the entire corneal surface. Images were then taken from each field in

black and white and assigned colours in photoshop 5.5.
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Cells. The area on which cells were grown on a coverslip was divided into four to six fields of
view. Representative images from each field of view were captured and assigned colours in
photoshop 5.5.
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Chapter Three : RESULTS

Studies on vertebrate corneal development have shown that in avians and mammals, the
corneal endothelium is formed as a result of the transformation of mesenchyme that occupies
the space between the lens and the prospective corneal epithelium (Beebe and Coats, 2000;
Hay and Revel, 1969; Kidson et al, 1999). In the mouse embryo, the ingression of
mesenchyme into this space begins at E11.5. Previous studies have not fully described the
dynamics involved in the actual process of transformation nor do they reveal, with sufficient
accuracy, the exact timing of the process. In this project, a SEM study of the inner corneal
surface at various developmental time-points was carried out so that a systematic analysis of
cellular shape changes in both wildtype and mutant embryos would be carried out. This
chapter can be divided into three parts, based on specific questions addressed in this study.
The first part is a detailed analysis of corneal endothelial development in the normal mouse
"embryo and a comparative analysis of these processes duting the development of the corneal
endothelium in Foxc/ mutants. The second part deals with the analysis of intercellular
formation duting corneal endothelial morphogenesis in both wildtype and mutant embryos.
The third and last section is a report on studies petrformed to monitor the dynamics involved
duting the formation of intercellular junctions in an ## wifrv model for both wildtype and

mutant corneal mesenchyme cells.
3.1. Identification of mouse genotypes

The phenotype of Foxc! mutant mice has been previously described (Kume et al., 1998). In
brief, Foxc7-null embryos are characterised by congenital hydrocephalus and open eyelids at
birth. In these embryos, the hydrocephalus is first visible at about E12.5 and is quite
prominent by E13.5 as can be seen in Figure 3-1A. Figures 3-1A(A) and 3-1A(B) show a
comparison between mutant and normal embryos at E13.5. At this stage, in both normal and
mutant embryos the eyelids are still open. As development proceeds, in the normal embryo,
the eyelids close at about E15.5 and the pups (Fig. 3-1A,D) are bormn with closed eyelids.
However, Foxc1 mutant embryos do not close their eyelids and pups are born with open
eyelids as shown in Figure 3-1A(C). These characteristics allowed for easy identification of
mutant embryos and DNA genotyping was used only for confirmatory purposes. However,
genotyping was essential for distinguishing between wildtype and Foxc7 heterozygotes. To do
this, both DNA genotyping and LacZ staining of tail clips wete carried out. A result of a
typical PCR genotyping analysis is shown in Figure 3-1A(B). Two fragments of 126 and 390bp
wete amplified. The smaller product indicates the wildtype allele (Fig. 3-1B, lane 2) and the
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390bp product indicates the mutant allele (Fig. 3-1B, lane 3). Heterozygotes were wdentified by

the presence of both alleles (g 3-1B, lane 4).
A

Foxcl -/- +/+

Figure 3-1A. External morphology of Fasxe! mutant (A, C) and normal (8, D) mice «t £13.5 (A, B) and
E17.5 (C, D). Fexel homozygous mutants were easily idenrifiable because of severe hydrocephalus (see
A, G, arrows). Fexal homozygotes are bom with open eyelds (C), while normal embryos are born with
closed eyehds (D). Figure 3-1B. Polyacrylamide gel showing results from a typical PCR analysis, The
| 7f1|1p band Iepresents the w Ildnj}t .J.Hf:l{_ and tie Jrﬁlhp fragiment represents the mutant allele.
Heterozygotes were idennfied by the presence of both alleles. m — marker, 1 —neganve control, 2 -
wildtype; 3 = mutant and 4 = heterozygore.
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3.2. Scanning electron microscopy (SEM) of the inner corneal sutface during corneal
endothelial development

Previous histological and transmission electron microscopy studies have indicated that a
continuous corneal endothelium with cell-cell junctions has formed in the normal mouse
embryo by E14.5 and that this does not seem to form in the Foxe7 mutant (Kidson et al,
1999). Since junction formation is dependent on cells making contact with each other, the first
question this study addressed was to determine whether this failure is due to a failure of the
mutant cells to change shape and therefore not come into contact with each other and be able
to initiate junction formation. The question could not be easily answered by examination of
setial cross sections only. To get a holistic view of the cellular dynamics during corneal
endothelium development, a SEM study was cartied out on both wildtype and mutant
embryos at E12.5, E13.0, E13.5, E14.0, E14.5, E16.5 and E17.5. Eyes were obtained from
embryos at all these stages (Table 2.1), fixed and processed for SEM.

However, during eatly development in v, prior to the formation of the anterior chamber, the
corneal mesenchyme adheres to the lens capsule via collagenous fibres. The anterior surface of
the lens is also covered with perilenticular blood vessels and associated vascular mesenchyme.
In otder to catry out an analysis of the innetmost prospective corneal endothelial cells, it was
necessaty to separate the prospective cornea from the lens in such a way that the corneal cells
did not remain attached to the lens sutface. Therefore, a seties of pilot experiments was
carried out 1) to establish the best way of exposing the inner corneal sutface without damage
to the cells and 2) to confirm whether or not the exposed cells were indeed the corneal
endothelial cells.

The separation of the lens from the cornea prior to fixation proved to be unsuitable because a
large number of mesenchyme cells remained attached to the lens. To solve this problem, the
separation was performed after fixation, a technique that proved to be advantageous in several
ways. Fitstly, it minimized the adherence of corneal mesenchyme cells to the anterior lens
sutface, and secondly, on removal, the lens usuvally remained attached to the retina, thus
exposing and allowing convenient identification of the anterior lens surface. Examination of
such anterior lens surfaces from a representative number of lenses at various developmental
time points revealed that the lens surfaces were largely free of prospective CE cells (Figs. 3-2B
and 3-2D). The corneal sutfaces from which the lenses were separated were identified by the
morphological appearance of mesenchyme cells and the identification of the sutface where the
lens was attached to the cornea (Figs 3-2A, 3-2C and 3-2E, dotted lines).
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Figure 3-2. Separation of the cornea (A, C) from the lens (B, D) resulted in exposure of the
inner corneal surface (A, C, dotted line). Removal of the lens with the retina (re) attached (B,
D) provided a convenient identification of the antetior lens sutface (als). The cornea and lens
in A and B were harvested from E12.5 embryos, whilst C and D wete from E13.0 wildtype
embryos. icm = inner corneal mesenchyme. Scale bar: A, B = 30um; C-D = 20um. Separation
of the cornea (E, G) and the lens (F, H) from eyes obtained from LacZ positive mutant
embryos at E12.5. The inner corneal surface (G, dotted line) had some slighltly blue cells on
the surface (G, arrowheads). The corneal mesenchyme surrounding the cornea (G, arrows)
was LacZ positive. The lens surface (H, als) was diffusely blue (H). The surrounding corneal
mesenchyme from outside of the eye region was also LacZ positive (H, arrows). Scalebra: G,
H = 100pm.
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In the mutants, it was particulatly difficult to separate the lens from the cornea because of the
very teason that the lens never separates from the cornea #n #vo. It was thus difficult to
establish for certain whether or not, the prospective corneal mesenchyme cells remained
attached to the anterior lens surface. In order to address this problem, three approaches were
attempted: 1). SEM of the anterior lens surfaces from which the corneas (Figs 3-2A, 3-2C, 3-
2E, 3-G) were separated was perfomed. 2) LacZ staining of the separated lens (Fig 3-2H) and
corneas (Fig 3-2G) was performed. 3). N-cadherin staining of the corneal surface to mark
corneal mesenchyme cells was carried out. Results from the SEM study showed that the lens
surfaces from mutant embryos revealed that more cells remained attached to the lens surface
(Fig.3-2F, arrowhead) compated to their wildtype littermates (compate with Fig 3-2B, D).
LacZ staining of the separated lens and cornea showed that the lens was diffusely blue (Fig. 3-
2G). This made it difficult to quantify the amount of mesenchyme cells remaining on the lens
surface. However, there were few blue cells on the inner corneal surface (Fig. 3-2H, atrows),
suggesting that a proportion of these cells remained on the inner corneal surface. Staining of
the corneal surface with an N-cadherin antibody, a marker of corneal mesenchyme cells
showed that the inner comeal surface was positive for N-cadherin (Fig. 3-3-11B,D).
Examination of the inner corneal surface also showed that there were patches on the inner
cornea that did not stain for N-cadherin. These were regions from which the cells had
remained attached to the lens surface and exposed the undetlying corneal mesenchyme. In
these region, cells were not N-cadherin positive (Fig. 3-11B, D circles and Fig. 3-12B, D,
circles). All of these results (SEM, LacZ, and N-cadherin staining) suggested that a proportion
of corneal mesenchyme cells were on the corneal surface. These results thus paved the way for
further investigations into mesenchyme-epithelial transformation on the inner corneal surface.
In most cases, at all stages of development, the innermost layer of the corneal cups and their

respective lenses were examined using SEM.
3.3. Changes in morphology of corneal endothelial cells during morphogenesis

In otder to investigate the cellular changes involved in establishment of a monolayered corneal
endothelium in the normal embryos, SEM was used. This process was compated to mutant
embryos in order to gain insights into the nature of developmental defects associated with
corneal endothelium differentiation in Foxc7 mutants. For wildtypes, embryos at E12.0, E12.5,
E13.0, E13.5, E14.0, E14.5, and E17.5 were studied, while for Foxc7 mutants, embryos at
E12.5, E13.5 and E17.5 were studied. In the wildtype cornea at E12.0, soon after the eatly
migrating cells have occupied the space between the lens and the cornea, the inner corneal

surface appeared as a meshwork of irregularly arranged stellate shaped cells (Fig. 3-3A-D). The
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diameter of the inner corneal surface (Fig. 3-3A and 3-3B) was between 110 to 165pum (n= 6,).
On average, each cell was about 15um in length (see Fig. 3-10A) and had long extensions that
ovetlapped at certain points. Cells appeared fibroblastic with lamellopodia (1) and filopodia (f),
typical of migrating cells (Fig. 3-3D, arrows). Fine fibrils presumably, collagen (col,y were
observed in the intercellular spaces between mesenchyme cells (Figs. 3-3B and 3-3D). A few
dividing cells could be seen (Fig. 3-3B, arrowheads). Variations in the morphology of
mesenchyme cells were observed within and between littermates. In some cases, mesenchyme
cells appeared slightly more flattened than others (compare Fig. 3-3B and Fig. 3-3D which
were obtained from different litters). This heterogeneity could be a tesult of differemces in
mouse mating times and slight differences in the rate of early embryonic develooment.
Nonetheless, it was clear that at this stage mesenchyme cells appeared loosely arranged across

the entire corneal sutrface.
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Figure 3-3. Surface morphology of the corneal endothelium in wildtype at E12.0 (A-D) and
E12.5 (E-F) and Foxc! mutants at E12.5 (G-I). At E12.0 in the normal embryo, presumptive
corneal endothelial cells appear as a meshwork of irregularly arranged mesenchyme cells (A,
ics). The two figures (A) and (C) represent corneal meshwork from two different litters
showing variations in the extent of cell flattening. Figures B and D show high magnification of
the boxed areas in A and C. Fine collagen fibres (col) ate intermingled with cells and a few
dividing cells can be seen (B, atrowheads). A compatison of corneal mesenchyme between
wildtype (E, F) and Foxe7 mutant embryos (G, H, I, J) at E12.5 shows that in the wildtype,
cells at the centre of the cornea (c) are more flattened compared to the peripheties (p). Figure
F and H ate higher magnification images of the boxed areas from E and G respectively. In the
mutant, the extent of cell flattening is uniform throughout the entire corneal surface. Cells
have numerous lamellopodia (1) (H, arrows) and very few filopodia. ics = inner corneal surface.
Scale bar: A, C, E, G, 1 =30pum; B, D, F, H, ] = 2um.
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At E12.5, the corneal endothelial surface was still made up of loose mesenchyme cels with
interspersed collagen. In some cotrneas, the central cells were mote flattened with less
intercellular spaces and there was a clear difference between the central (c) and the peripheral
(p) corneal cells (Fig 3-3E). The cells at the periphery wete fibroblastic in shape with large
intercellular spaces (Fig. 3-3F). These cells are the presumptive mesenchyme of the future
angle structures of the eye, which will develop into the trabecular meshwork. The maximum
length of the corneal cups increased to about 176um (ranging from 120 to 176pm), indicating
that while individual cell flattening occutred, proliferation conttibuted to the expansion of the
corneal cup as shown in previous studies using BrdU labeling (Kidson et al., 1999). Corneas
from Foxc! mutant mice were also examined at E12.5 (Fig. 3-3G). The cells wete generally
flattened and loosely arranged (Fig. 3-3H). In these mutant embryos, unlike the wildtype
embryos, the central cells were not different to the peripheral cells (see Figs. 3-3G-H). The
degree of cell flattening was uniform across the entire surface in both corneas examined (Figs.
3-3G-]). The diameter of the corneal surface was about 160pm (n=2) and the average
maximum cell length 14pm (Fig. 3-10).

At E13.0 in the normal embryo, there was a marked difference between the center (Fig. 3-4C)
and the petiphery (Fig. 3-4D) of the cornea. The central cells were flattened and ovedapping
in a somewhat uneven manner (Fig. 3-4C). At the periphery, cells were interspersed with fine
collagen fibres in between the intercellular spaces (Fig. 3-4B and 3-4D). The average corneal
cup diameter was about 167um (n= 6, ranging from 156 to 185um). Cell length was about
10pm on average, ranging from 8um to about 14um (Fig. 3-10).

At E13.5 in the normal embryo, corneal mesenchyme cells appear either as “hillocks™ across
most of the inner corneal sutface (Fig. 3-5A and 3-5B) or as a flattened layer with cell-cell
botders that are more pronounced at the center of the cornea (not shown). Corneal cup
diameter increased to an average of 194pm (n= 6) and the average maximum cell length was
about 10um (Fig. 3-10). At E13.5 in the Foxc7 mutant, the separation of the comea (Fig. 3-5C)
from the lens (Fig. 3-5D) revealed an extensive vascularization of the lens surface (Fig. 3-5F,
bv). Some blood cells were seen intermingled with corneal mesenchyme (Fig. 3-5E, tbc,
arrows). The pattern of cell flattening was very different to that of the wildtype littermates.
There were small intercellular spaces and no cell-cell borders were visible (Fig. 3-5E). The
average diameter of the corneal surface was 185um (n=2) while the average maxitrum cell
length was about 9um (Fig. 3-10).
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Figure 3-4. Surface view of the inner corneal surface at E13.0 i the normal embryo. Freures
B-DD represent three regions taken from top middle and borom of the inner surface of the
cornea A, The central region of the comeal endothelium (C) appears more fanened compared
to the periphenes - B (edge), (D) bomom. Larger intercellular gaps (B, D, astenisks) and fine
collagen fibres (col) can be seen along the peripheral regions. Number of comeas examined =
8. Scalebar A = 20pm; B - D = 3pm.
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Figure 3-5. Surface morphology of the inner comeal (A, C) and the lens surface (DD, F) in
wildtype (A, B) and Faxe! mutants (C-F) ar E13.5. In the wildtype (n=31), the inner corneal
surface appeared Hattened with no intercellular spaces visible between the cells (A). Close
examination of the cells near the centre of the comea appeared as “hillocks™ (B). In the
mutant (n=3), comeal mesenchyme cells have clearly flattened but intercellular spaces (E, sp)
stll visible. Red biood cells (rbe) can be seen between the intercellular spaces (E, arrows).
some cells are attached to the antenor lens surface (als) ntermungled with blood vessels (bv)
on the surface of the lens (F, arrow) scalebar = 20pum.
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Ar E14.0 in the wildtype, the inner comeal surface (Fig. 3-6A) was uneven. At the center,
intercellular borders were visible (Fig. 3-GE, arrows). Cells at the peripheral regions were more
flattened than at the previous stage, but intercellular spaces still visible (Fig. 3-6C, asterisks).
The average corneal endothelial diamerer was about 250um. Distinct intercellular junctons
were apparent at E14.5, and there was complete loss of intercellular spaces along the entire
corneal surface (Fig. 3-6B and 3-6F). At the angle of the cye, berween the sclera and the
cornea, the adjoining iris strands could be seen as overhanging mesenchyme (Fig. 3-6D, irm).
At this stage, the average corneal cup diameter in the normal embryo increased dramatcally to

320um (n = 4) and the maximum cell length was 11.2%um ranging from 8.4um to 14.51m.

Examination of the corneal surface in the normal embtyonic eve at E17.5 showed that the
corneal endothelial cells formed a monolayer with very distinct intercellular borders. The cells
were irregular in size, ranging between 10pum and 14pm. The comeal cup (Fig. 3-7TA and 3-7B)
increased in size compared to the previous stage and the average corneal cup diameter was
470pm (n = 3). The corneal endorhelial cells showed several burst vesicles (Fig. 3-7C, arrows),
This bursung of the vesicles was most likely a processing arufact, as confirmed by absence of
such burstng in samples that were cryofixed and viewed by SEM (Mlumbi ‘T, unpublished
Honours project, UCT, 2000).

Due to the delicate nature of the corneal endothelium, the surface was easily tom off durng
dissection, thus revealed the underlying corneal stroma with bundles of collagen fibres
arranged in swirls (Fig. 3-7A and 3-TE, col). Close examination of the lens (Fig. 3-TD) that was
separated from the cornea in Figure 3-7B, showed that the anterior lens surface was richly
supplied with perilenticular vessels. Red blood cells could be seen (Fig. 3-TF, arrowheads). In
the mutants, the separation of the comea (Fig. 3-8A) from the lens (Fig. 3-8B) resulted in a
significant number of cells adhering to the anterior lens surface (Fig 3-8B, als). There was no
defined endothelial border that separated the corneal endothelium from the outer scleral
region, instead a porous mass of mesenchyme (Fig. 3-8\, cm) was observed on the comeal
surface and also adhered to the lens surface (Fig. 3-8B, cm). Higher magnificaton of the
corneal region from which the lens was attached in Fig. 3-8A, showed that the mutant corneal
endothelial cells were extremely flattened and shghtly overlapping cells with no
interconnectng junctons at rthis smpe (Fig. 3-8C). Examination of the anterior lens surface
(als) also showed extremely flattened cells with no apparent intercellular borders (Fig. 3-8D).
These mutant corneal mesenchyme cells were stull separated by large spaces and were an

average maximum length of 21pm.
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Figure 3-6. Surface view of the comeal endothelium ar 140 (A, €, E) and E14.5 (B, D, F) i waldrype
embrovs. At E14.0, the corneal endothehal cells have flattened throughout the surface creanng an
uncven monolayer of cells (C, E). Ar the !‘*“"Pl‘:r-'ll regions, a few mtercellaba Spaces are stll visible
(C, astensks), Number of comeas examined = 12. At E14.5, distinet intercellular junctions are visible
across the ennre endothela! surface from the peaphery (D) to the centre (b, arrows). Along the
penphenes, at the angle of the eve, 1ns mesenchyme (irm) cells can be seen (D) n = 9. Scalebar: A-B=

20um; C-F = 10um.



Resules 47

Figure 3-7. Surface view of the comeal endotheli im mn the wildype embryo st E17.5. Comeal cups (A
and B) were harvested from two different embryos. In A, the corneal endothelial surface was scrapped
off at the centre (c) of the comea 1o expose the undedymng cormeal stroma (str) in which collegen
bundles occur as swirds (E, col). Cells of the comeal endothelum form a cobblestone pattern but
appear tregular i seee (C, ce). The lens in D) was separated trom the comea in B. I'xaminanon of the
lens surface reveals the presence of lenticular blhod vessels nourshing the embryonic lens surface. A
few open blood vessels show the inner red blood cells (rhe) (D, F armowheads). Scalebar: A-B = 3um,
C-F = 10pm. Number of corneas examined = 8.
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Figure 3-8 Scanming clecuon microgmaphs of kas and oo comseal surfaces from 175 muant
embryos. The lens (B) was separated from the comea (A) 1o expose the inner comeal surface. A large
region of the comeal endothehum was occupied by loose collagenous marmix and only a small region
mto which the lens surface was attached showed few flattened cells (C). Examination of the antenor
lens surface (B, als) revealed that mesenchyme cells remaimed attached and displayed a fibroblasnc
morphology with no apparent cell-cell borders. Red blood cells (rhe) were seen mtermmgled wath cells
(12). The region surrounding the mner comesl surface appeared as 2 porous mamns of cells
mtermingled with collagen (E). Higher magnificanon of the loose collagenous matrix (em) of the
cornea and on the lens surtace 1s shown m F. Scalebar: A-B - 20pum; C-1) = 10um; E-F = lum.
MNumber of corneas exammed = 2.
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Figure 585, Scanming clection microgiaphs ol lens and nner comeal surtaces bom BE17S maaam
embryos. The lens (B) was separated from the comnes (A) to expose the mnner corneal surface. A lurge
region of the comeal endothehum was occupied by loose collapenous matnx and only a small regson
into which the lens surface was atached showed few fattened cells (C). Examination of the antenor
lens surtace (B8, als) revealed that mesenchyme celis remamed attached and dsplayed a Bbroblasuc
morphology with no apparent cell-cell borders. Red blood cells (rbe) were seen mntermingled with cells
(D). Ihe regon surroundmg the mner comeal surface appearcd as a2 porous mamx of cclis
mntermingled with collagen (). Higher magnification of the loose collapenous matrnix (em) of the
comea and on the lens surface 18 shown n F. scadebar: A-B = 20pm; C-D = 10pm; E-F = lpym
Number of corneas examined = 2.
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In the normal adult mouse eye (=6 weeks old), the separation of the corea (Fig. 3-9A) from
the lens was fairly easy due to the bigger size of the eye and that the anteror chamber was
already formed and thus the cornea not adherent to the lens surface, The corneal endothelial
cells were more regular in size with distinet intercellular borders (Fig. 3-9B). The average

maximum diameter was 3mm (n = 4, ranging from 2 — 4mm).

To obrain quanurauve information on the cell flaumﬁng process, changes in the maximum
length of corneal mesenchyme cells were measured at varous developmental stages. In the
normal embryo, the average cell length declined from 16pm at E12.0 to 11pm ar [£12.5 and
9um at E13.0 (Fig. 3-10). From E14.5, the length slightly increased to 11pm. At E17.5 the
average cell length was 10um and 13pm in the adults. Comparison of maximum cell length
between littermates (wildtypes and homozygous mutants) at E12.5 = E17.5 showed that the
mutant cells remained longer. On average, the maximum cell leagth (21pm) of the mutants
exceeded that of wildtypes at E17.5 {about 13um) (Fig. 3-10). The next step was to determine
the relationship berween cell shape changes and the expression of proteins associated with

adherens and nght juncton assembly, cadherins and zenula occludens-1 (ZO-1) respectively.

3.4. Junction Formation and cell shape changes during corneal endothelium

development

The shape changes from stellate to interconnected squamous cells durning mesenchyme-
endothelial conversion suggested significant alteradons in intercellular adhesion properties of
the cells, as judged by the formation of intercellular borders. To characterize the molecular
changes that accompany cell shape change during the transformadon of mesenchyme to
endothelium, the expression pattern of the adherens junction protein, N-cadherin was
monitored. Corneas were harvested from wildtype embryos at E12.5, E13.5, E14.5, and E15.5
and from mutant embryos at K125, E13.5 and E15.5. Cadherin expression between mutant
and wildtype neonates was compared at postatal day 0 (P0). The temporal and spatal analysis
of the tight junction protein, ZO-1, was also monitored in the wildtype embryos at selected
developmental stages beginning from E12.5 to the adult (E12.5, E13.5, E14.5, PO and adult).
The expression of ZO-1 was also invesdgated in the mutants at E12.5, E13.5, E14.5 and
E17.5). For these analyses, corneas were separated from whole eyes after fixaton and

processed for immunoflourescence as described in Materials and Methods (secuon 2.5.1).
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Figure 3-9. Surface morphalosy of the comeal erdorheliomoan the w:ldn:u- adnlr monse. {Cormeal cups
harvested from adubt mouse eyes were processed for SEM. The presence of a well-developed antenor
chamber facilrared rhe seAraion af the cornea “rom the lens thas rr'vr:l'!ing the mner corneal surface
(A), Exsmnmtion of the comeal endothelial surface revealed a monolayer of hexagonal cells. All cells
are mierconnecied and are Il.."bH.IIt-Ir in size (B). Scale bar 10um. Number of cormeas exammed = B

i

Cell diameter changes during comeal endothelial morphogenesis in nommal |
and mutant ¢embryos
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Figure 310, Changes n diameter of cells durina corneal endorhelivm developmenrs, Ar F12.0 soon
after ingression of cranial mesenchyme into the lens/cormeal space, the sverage length (maximum) of
cells 18 16 mucrons, mnpinge from 9um ro 25um. This declmes at E12.5 ro 11.4um. The damerer of
cells renuins relatively constant between E12.5 — E17.5. No significant differences in cell diameter
were observed berween E14.5 — E17.5. Comparison of cell lenpth between wildtype snd musants
shows that mutant cells remain taller than wildtype cells ar E13.5-E17.5. The difference i length is
greatest at E17.5 n which the mutant cells are 21.1pm average leneth compared 10 142um of the

wildtype.
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At E12.5 in the normal embryo (n = 9), N-cadherin occurred as brightly staining spots with no
cleatly defined pattern (Fig. 3-11A). In addition, a more diffuse general background staining
was observed (Fig. 3-11A). This punctate pattern was similar o that obtained from mutant
corneas at this stage (n = 5, Fig. 3-11B). At E13.5, in both wildtype (n= 6) and murant corneas
(n = 4), the punctate pattern of N-cadherin persisted and appeared to be intracellular (Fig, 3-
11C and Fig. 3-11D).

Ar E14.5, a faint plasma membrane localizanon of N-cadherin was observed (see Fig 3-11E,
arrow). This was accompanied by brightly staining perinuclear N-cadherin spots (n= 8, Fig. 3-
11E). In order 1o investigate the exact localization of these spots, dual labeling with phalloidin
was performed. F-actin staining was pericellular (Fig. 3-11G and 3-114H). In the muiant, N-
cadherin was seen as brightly staining cytoplasmic spots (Fig. 3-11F), suggesting that these

cells failed 1o form adherens junctions,

The expression of N-cadherin was also examined at E15.5 and compared with that of the
mutant. In the normal embryo, N-cadheric formed a contnuous band along the cell
membranes (n = 3, Fig 3-12A), a pattern that was also observed at postmatal day (P0) 0, (Fig.
3-12C) In the mutant, neither at E15.5 not &t PO, no plasma membrane localization of N-
cadherin was observed. Brightly staining perinuclear rings were observed (n= 3, Fig, 3-12B and
3-12D). In areas where cells had remained adhered to the lens surface, the underlying stroma
was exposed and showed no N-cadherin localizaton (Fig. 3-12B, asterisks).

In the adult, N-cadherin was observed at cell-cell borders and in the cytoplasm of the cells
(Fig. 3-12E and Fig. 3-12F). In the cyroplasm, the N-cadherin was either perinuclear Fig. 3-

12E, arrows) or in cytoplasmic vesicles near the membrane (Fig. 3-12F, arrows).

Z:0-1 protein expression during corneal endothelial morphogenesis was also investigated in
wildtype and mutant cornea. At E12.5, no 20-1 protein was detected (n = 6, Fig. 3-13A). A
disconnnuous staining pattern at the plasma membranes was observed at E13.5 (n = 8, Fig. 3-
13B). The staining pattern became intense and continuous at E14.5 (n = 8, Fig. 3-13C), similar
to that displaved in the adult corneal endothelium (Fig. 3-13D). The expression of ZO-1 was
not detected in Foxe/ mutant corneas at any of the stages examined.
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3.4.1, Juncrional complexes do not form in Foxcl/ mutants

SCANMINE SIECTTON MICTOSCOPY FeSWirs In the present study showed that altnougn cels are able
ro make conract during development, a monolayer of corneal endothelial cells fails to form n
N¢ Murants. In Oder 0 Comparc M Wirasinmiciure oI INIErceluar jancnons in me cormdeal
endothelium between normal and Fexal mutants, transmission electron microscopy on normal

and mutant comneas at E17.5 was performed

IN e NOTMAL CmbIYo 4t 151 7.9, Cornedl endoteliil Juncuons were visibie (g, - 14b, poxed
region, dotted line). Individual endothelial cells formed interdigitations at their lateral surfaces.

The stromal keratocytes (str) were arranged in parallel layers with collagen fibres (col) arranged
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in a parallel fashion in berween the cells (Fig. 3-14A). In contrast, no such extensive corneal
endothelial juncoonal complexes were wisible in the mutant. Contacung cells did not make
proper junctional complexes (Fig. 3-15B). The inability 1o form proper junctional complexes
in these mice paralleled the failure to synthesize tght juncton promweins and 1o localize

adherens proteins to the membrane.

3.5. The expression of the comeal proteoglycan, keratocan, and candidate signaling

molecules implicated in corneal endothelial differentiation

The absence of a normal endothelium in Foay! mutants raised the question of whether the
abnormal stromal organization in these mutants was due w falure o express stromal
proteoglycan, £erafocan, or a defect resulung from lack of an endothelial barrier. To answer this
question, i wifu hybridization was used to determine and compare the expression pattern of
keratocan between normal and wildtype corneas at E17.5. In nermal embryos, the expression of
Keratocan was also determined at E12.5. Eyes from wildtype and mutant mice were harvested
and processed for i siw hybridizavon with the &eratocan probe (Fig.3-16A) as described in
Materials and Methods (section 2.6).

In the normal cornea, &eratocan mRNA was detected at E12.5 when mesenchyme cells ingress
to the space between the lens and the comea (Fig. 3-17A). At E17.5, an intense expression of
keratocan mRN A was observed ia the corneal stroma and endothelium (Fig 3-17B-D). Kerafocan
was also detected in the comea of the mutant at E17.5 (Fig. 3-17E) suggestng that &erafocan 1s

not downstream of Foxv/ in a cascade of genes regulating corneal development.

Signaling molecules between comeal mesenchyme and the anterior lens epithelium that are
involved in corneal endothelial differentanon have not been identfied. Previous studies have
implicated molecules transforming growth factor beta-2 (1g82) in comeal endothelial
differentianon (Reneker er al., 2000). For this reason, the expression pattern of fgfb2 in the
undifferennated corneal mesenchyme and corneal endothelium was determined at E11.5 —
E12.5 prior to corneal endothelium formaton and at E13.5. Eyes from wildtype embryos were
harvested and processed for i siu hybridizaton with the g2 and 1g/bRII probe (Fig. 3-16B,
C). There was no expression of /b2 observed at E12.5 {not shown). The expression was only
localized at E13.5 (Fig. 3-18C). Ilnterestingly, in embryos in which the lens was transplanted
into the facial mesenchyme, /b2 expression was mantained in the anterior lens surtace (Fig
3-18D, arrows). This suggests that the expression of fgfb2 in the antenior lens surface does not

necessarily require interacuon with the adjacent corneal mesenchyme.
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Figure 3-16. Agarose gels showing typical riboprobes obtained from hnearised plasmids used in thas
study. The keratocan plasmid was lineanised (2.9kb) and sense (A, lane 1) and annsense nboprobes (A,
lane 3, arrow) synthesized The fgfbrll tboprobes (0.343kb) were synthesized from EaRI and Xhol
(4.97kb) lineansed plasnuds (B). The [yh2 nhoprobes (0.442kb) were also synthesized from EcoRI and
Xhol lineansed plasmuds (2.452kb) in pBlugscnpt vector (C).
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Figure 3-17. Expression of &eratocan in wildtype cyes was detected by i gfw hybridization using a dig-
labelled nboprobe. Kerafom transcnpts were detected as carly as E12.5 as the migrating mesenchyme
cells ingress into the comeal space (A, amows). By E17.5, only the pamllel-arranged stromal
keratocytes (str) keratocan (CD). The comeal epithelum (C, arrows) and the endothelium (E, arrows)
do not express keratocan. The Aerafocan expression marked the border berween the comeal stroma and
the sclera at the limbus (D, dotted line). Keratocan transcripts were also detected on the comeal stroma
and sclera of the mutant comea, (G, arrows), Figures F and H show sections through the comea and
lens from wildtype (F) and mutant (H) eyes that were hybndized with the sense probe, showng no
expression of &erafocan in the cornea. C= comea, re = reting, str = swoma. Scalebar = 50pm.
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Figure 3-18. In st hybndianon using 7g/12 probe on cultured embryonic heads with ectopic lenses. (A)
Wildtype embryos wers harzested and ectopic lenses transplanted mto the pen-ocular mesenchyme (B,
white wnsert). Dotted line B) shows how the embryos were sectioned for histological and v
hybrdisanon. Embryonic hezads were either bisected or cultured as whole heads for a penod of 12 or
24 hours, After this tme m culture, embryos were processed for i» atv hybndisanon. C— sectnon
through the endogenous eye showing expression of tgfB2 in the lens epithelbum. D — transplanted
ectopic lens showing expression of tgffi2 in the antedior lens epithelium (D, arrows). ce = comeal
epithelium. Scalebar = 25um.
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Tefb2 is known to exert its activity through binding to type 1 and type 1l receprors (Dunker
and Krieglstein, 2000). The expression of these receprors ar the nme of endothelial
differentiaon has not been reported. In the present study, the expression of BRI was
investigated ar £12.5, E13.5 and E17.5 in the normal embryo. There was no expression of
BRIl ar E12.5 (not shown) and 1135 (Fig. 3-19A) in the normal comea At E17.5, the
expression of BRII was observed in the comeal stroma and endothchum (Fig. 3-19B).
TybRIl was thus expressed at the time when comeal endothelium had differennated,
suggesting thar ir is not part of molecules involved in comeal endothelial differentanon.

Figure 319, In sity hybridization on E13.5 and E17.5 wildtype eves. No expression of the receptor
was detected at E13.5 (A). At E17.5, the comeal stroma and endothelum plus the lens epithelum
show positive expression (B). The epithclium is negatve for 1gfbrll (see B, arrowhead). No expression
of the receptor was shown when the section was hybridized with a sense probe (1), Scalebar = SUpm.
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3.6. Establishing an in vitro model of corneal endothelium development

In this study, SEM analyses of corneal endothelium development in Foxr7 mutants suggest
that the failure to form endothelium in these mice is in part due to incomplete meseachyme
endotheliuom conversion. However, these results do not provide information about the
causative factors for failure to translocate N-cadherin to the cell membrane nor do they give a
clue to the failure to synthesize tight junction protein ZO-1. In order to investigate th= ability
of corneal mesenchyme cells to assemble junctions in vifry, and to further explore the dvnamics

involved in junction formation, an i» #itro model was developed.
3.6.1. Growth of corneal mesenchyme in vitro

Although conditions for the isolation of adult mouse corneal endothelium cells have been
described (Joo et 4/, 1994), culture of presumptive corneal endothelial cells has not been
described. In the present study, cultures of corneal endothelial precursors from explants of
corneas from E12.5 were cartied out. This ## vitro system was developed in order to assess the
ability of comeal mesenchyme cells to assemble adherens and tight junctions ## vitrv. The main
goal was to make use of growth factors, growth media supplements and embryonic lens
conditioned medium to induce corneal endothelial differentiation in mutant cells.

Corneas were separated form lenses at E12.5, prior to normal corneal differentiation. The
separation was carried out before fixation and thus some cells adhered to the antedor lens
surface. Cells migrated from the explants and after 48 hours explants were remaved. In
instances where epithelial cells migrated from the explants, they wete identified on the basis of
theit morphology. They formed small aggregates (Fig. 3-20A), and expressed ZO-1 (Fig. 3-
20C). In contrast, mesenchyme cells were identified by their typical fibroblastic morphology
(Fig. 3-20B) and failure to express ZO-1 after 2 days in culture (Fig. 3-20D).

3.6.2. Formation of adherens and tight junctions in culture

In the present study, immunoflourescence results on whole-mount corneal endothelia showed
that N-cadherin expression began at E12.5 in the normal embtyo and became visible at the
cell-cell junctions at E14.5. It was not possible to explore the changes in cytoskeletal
reotganization using whole-mount tissues. The use of exogenous growth factors to induce
comeal endothelial differentiation was also not possible (see appendix). Comeal endothelial
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cell precursors wete thus cultured to further investigate the dynamics of junction formation i
vitro.

Cotneal explants obtained from normal and wildtype embryos were cultured in fibronectin-
coated glass coverslips over a period of four to eight days. The explants were cultured by
attaching the innermost layer of the cornea to the substratum and mesenchyme cells migrated
out. The formation of cell-cell junctions was determined by examining the distribution of
cadherins and ZO-1. In pre-confluent cells that did not make contacts, N-cadhetin signal was
petinuclear (Fig 3-21A). Dual labeling with a Golgi marker (Fig. 3-21B) showed that the N-
cadherin protein in isolated cells was associated with the Golgi (Fig. 3-21C). This pattetn is
similar to that desctibed for MDCK cells in which E-cadhetin was associated with Golgi in
cells that did not form contacts, suggesting that the protein was newly synthesized and still
packed in Golgi vesicles (Le et. al., 1999).

At the cell sutface cadherins are known to associate with beta-catenins that link them to the
actin cytoskeleton. The establishment of stable cell-cell junctions is thus linked with
rearrangement of actin fibres from a radiating arrangement to a circumferential pattern at the
cell surface (see — Vasioukhin and Fuch, 2001). In the present study, the association of
cadherins with the F-actin cytoskeleton was investigated in cells obtained from both wildtype
(Fig. 3-22) and mutant embryos (Fig 3-23). Cells were stained with phalloidin and N-cadherin
to localize the expression of F-actin and adherens junctions respectively. As shown in Figure
3-22, F-actin appeared as stress fibres in both wildtype (Fig. 3-22B) and mutant (Fig. 3-23B)
cells. N-cadherin was expressed in a vesicular pattern at points of cell-cell contact (Fig. 3-22A
and Fig. 3-23A). Co-staining of phalloidin with N-cadhetin showed that at points of cell-cell
contact, N-cadherin spots co-localized with F-actin (Fig. 3-22D and Fig. 3-23D). In HeLa
cells, which express N-cadherin, a continuous cobblestone pattern of N-cadhetin was

observed at confluency (Fig 3-24A).

The next step was to determine whether N-cadhetin expressing cells were able to form tight
junctions. The distribution pattern of the tight junction associated protein, ZO-1, was
investigated. There was no ZO-1 at points of contact, regardless of confluence and number of
days in culture (not shown). Both wildtype and mutant cells wete not able to survive for longer
than eight days in culture before they started to senesce.



Figure 3-20. Corneal mesenchyme cells after two days in culture. Phase-contrast images (A-B) and
immunoflourescent analysis of ZO-1 (C-D) in cells that migrated from the explant afrer two days in
culture. Comeal epithehal cells (A) were identified by the expression of Z0-1 (C) at ponts of cel-cell
confact soon after migranon. In contrast, Z0-1 expression was not detected in corneal mesenchyme
cells (D). Scalebar = 20pm.
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Figure 3-21. Immunoflourescence localisanon of N-cadhenn in single cells cultured for a period of 6
or 4 days. The distnbution of N-cadherin was compared between single isolared cells and confluent
(contacting) cells. {A) N-cadhenn signal is derected in the pednucleat region. (B) Stuning with a Golg
marker 1s consistent with the presence of N-cadhern in Golgi (C) Dual labelling shows the
colocahisation of both proteins in the golgt area. These results are consistent with reports that ce l-cell
contact regulates cadhenn trafficking from cytoplasm to the membrane. Scalebar = 20pm.
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Figure 322, Ihstnbuton of N-cadhenn in  cultured comeal mesenchyme cells. (A

Immunoflouresence staining of N-cadhenn in cells cultured for a period of 4 days. In these cells, N-
cadhenn was 1n vesicles along the edges of cells at pomnts of intercellular contacts (A). The signal was
also seen strongly along the pennuclear region (D, armows). Nuclear staining was used to localise the
nucler of cells (C) F-achn fbres were strongly statning as radmting fibres (B) and colocalised with N
cadhenn ar focal adhesion points where cells made contact with each other (D, boxed area). Scalebar

= 20um
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Figure 3-23. Distnbution of N-cadhenin in cultured mumnt cormneal mesenchyme cells. (A)
Immunoflouresence staimng of N-cadherin in cells cultured for a penod of 6 days. N-cadhenn was in
vesicles along the edges of cells at pomnts of mtercellular contacts (A, armows).. Nuclear staiming was
used to localise the nuclet of cells (C) F-acun fibres were strongly staiming as radiatng fibres (B) and
colocalised with N-cadhenn at focal adhesion points where cells made conmact with each other (boxed
arez, D) Scalebar = 20pm.
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Figure 3-24, The distnbution of N-cadhenn in confluent Hela cells. N-cadhenin was strongly localised

along the edges of cells at points o mrercellular contacts (A, aprows). Scalebar = 20pm.
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Chapter Four : DISCUSSION

The formation of a corneal endothelial monolayer from a population of stellate shaped cells
provides an ideal system for the study of intercellular junctions and cellular shape changes
during embtyonic development. There is very little information on the mechanisms undetlying
the development of the mammalian corneal endothelium. Such information is essential to
understand the aetiology of corneal endothelial dystrophies and their effects on vision. Most
studies on the corneal endothelium have concentrated on age-related cell density changes
(Bourne et al,, 1997; Joyce et al., 1998; Joyce et al., 1996; Murphy et al., 1984). These and other
studies have demonstrated that in humans, the corneal endothelial cells do not proliferate to
keep pace with the rate of cell loss that occurs during aging. As a result of insufficient
proliferative capacity, damage to the corneal endothelium from accidents, trauma or diseases
that cause corneal oedema or loss of corneal clarity can only be rectified by corneal
transplantation. Loss of corneal clarity can also result from corneal endothelial dystrophies,
many of which are associated with glaucoma, one of the leading causes of blindness
worldwide. The availability of mouse models with defects in corneal endothelial
motphogenesis provides an ideal opportunity to study these processes. In the present study,
Foxc! mutant mice in which corneal endothelial development is defective were used to study
the cellular mechanisms underlying corneal endothelial development. In order to begin to
address questions related to these processes, an understanding of the precise details of corneal
endothelial development is crucial. The aim of the fitst part of this thesis was to describe in

detail the normal development of the corneal endothelium in mice.

Studies on both chick (Hay and Revel, 1969; Johnston et al, 1979; Noden, 1975) and mouse
(Osumi-Yamashita et al, 1994; Trainor and Tam, 1995) have definitively shown that the
corneal endothelium is derived from cranial mesenchyme. The differentdatdon of a
monolayered corneal endothelium from this mesenchyme occurs by a process of
mesenchymal-epithelial transformation (MET). The process of MET also occurs in other
developing tissues in the embryo, for example during kidney development and during the
formation of somites from paraxial mesoderm (Gilbert, 2000). In the kidney, the process of
MET occurs when the uteric bud (an epithelium-lined tube-like structure) protrudes into
undifferentiated mesecnhyme, which responds to inductive signals by MET transformation
(for recent reviews, see (Kanwar et al., 2004). The epithelia thus produced differentiate into
typical transporting cells with tight junctions. Most of the studies on kidney have focused on
eludicating the complex signalling pathways involved in MET process. In contrast, there is
very little information on the cellular changes during this process. This is mainly because
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although it is possible to track cell migration and fate changes using molecular markers and
dyes, it is not very easy to monitor the precise details of the shape changes i vivo. Most of the
information on cellular morphological changes during MET has been obtaind from 7n uirv

studies.
Morphological events duting mesenchyme-endothelial conversion

For reasons similar to that desctibed above, not much is known about the morphological
transformations that accompany the conversion of mesenchyme to corneal endothelium. In
particular, the precise timing and mechanisms of shape changes have not been reported and
the exact molecules responsible for the induction to an endothelial phenotype have not been
identified. Histological and electron microscopic examination of mouse embryonic corneas
(Kidson et al., 1999; Pei and Rhodin, 1970) have provided limited information on the
mechanisms of cell shape changes. This study provides a much more detailed analysis of
changes and focuses in particular, on the stages (E12.0 — E14.5) when the most dramatic

shape changes occur.

In order to catry out this study, careful exposure of the inner corneal surface was necessary. At
these early developmental stages, the cornea and the lens are still attached to each other and
the anterior chamber has not been formed. Thus, after removal of the lens it was crucial to
ascertain that the exposed cells were indeed corneal mesenchyme. This was achieved in two
ways: firstly, for heterozygous and mutant embryos, cells were stained for LacZ and the
corneas and lenses separated after fixation. Histological sections of lacZ positive corneas have
previously shown that the presumptive mesenchyme cells and the vasculature surrounding the
lens at the early embryonic stages is positive for LacZ (Kidson et al, 1999). In the present
study, it was also shown that the lens surfaces were positive for LacZ, suggesting that these
were either mesenchyme cells remaining at the lens or the vascular mesenchyme associated
with lenticular blood vessels. Secondly, many lenses were removed and viewed by SEM. It was
shown that very few and often none of the corneal mesenchyme cells remained attached to the

lens surface.

A systematic analysis of cell shape changes during normal development of the corneal
endothelium showed that soon after mesenchyme cells occupy the corneal space, they appear
as an irregularly arranged meshwork. The cells have long extensions with collagen fibres
interspersed. Although the appearance of the corneal meshwork is similar at the early stages,

there ate variations in cell shapes and sizes between different litters. This could be 2 result of
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the differences in timing of mouse matings leading to slight differences in developmental age.
Transformation of cell shape and size was found to begin by flattening, a process that
occutred from the centre of the cornea and proceeded outwards. Thus as the cells began the
process of flattening, the central cells started forming intercellular boundaties whilst the cells
at the edges still maintained the stellate morphology. As development proceeded, the
intercellular borders became more distinct and the gaps at the corneal periphery closed up.

Eventually, 2 honeycomb pattern was attained.

The pattern of cell flattening reported here differs from the reports of chick where it has been
stated that cells flatten prior to migration into the corneal region and the corneal endothelium
formed in a petiphery towards centre direction (Hay and Revel, 1969). However, analyses of
cell shape changes from these chick studies were made from histological examination only.
(not surface viewing using scanning electron microscopy.) A further limitation of the above
studies was that there are little molecular markers available, which can be used to mark the

intermediate differentiation status of these cells before and after migration.
The initiation of intercellular junctions during MET in the corneal endothelium

The results of the present study have shown that the establishment of a monolayer is
accompanied by formation of tight intetcellular contacts. To-date, there are no early markers
for undifferentiated and migrating corneal endothelial cells. Previous studies performed on
histological sections of already differentiated embryonic mouse corneal endothelium have
shown that these cells express N-cadherin at points of cell-cell contact (Reneker et al., 2000).
These studies however, do not report on when the protein is initially expressed and therefore
do not provide information on the eatly stages of junction formation that occurs with
mesenchyme-endothelial conversion. The next question addressed in this study was whether

the presumptive corneal endothelial cells express N-cadherin.

An examination of N-cadherin distribution was performed on whole corneas using immuno-
flourescent microscopy. Soon after the prospective corneal mesenchyme cells have occupied
the corneal space, N-cadherin appears as bright intracellular cytoplasmic spots. As soon as
cells flatten and intercellular spaces occluded, N-cadherin distribution forms a continuous
peticellular ring between adjacent cells. These results suggest that the induction of cell shape
changes is in parallel with changes in distribution pattern of N-cadherin from a cytoplasmic to
a pericellular continuous distribution on the cell surface. This change in cadherin distribution
pattern is similar to that reported in cultures of MDCK cells in which E-cadherin re-
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distribution from cytoplasmic vesicles to the cell surface is dependent on cells making stable
contacts (Le et al.,, 1999). These studies have shown that in cells that did not form contacts,
cadherin distribution (E-cadherin) remained intracellular in vesicles, wheteas in confluent cells
that form contacts, cadherin localisation became pericellular and continuous.

Studies conducted in cultured cells have also shown that the changes in cell shape during
mesenchyme-epithelial transformation are accompanied by major shifts in cytoskeletal
otganisation. Microfilaments reorganise from stress fibres into petipheral circumferential
bands (for a review of cell shape changes see Braga, 2000). All of these processes have been
studied ## v#rv and it is often challenging to study them ## vizo. The present study shows that as
soon as corneal mesenchyme cells make contact and junctional proteins translocate into the
cell surface, at E14.5, dense peripheral bands of actin appear at the cell surface, suggesting

reorganisation of the actin cytoskeleton that accompanies cell-cell adhesion.
The formation of tight junctions during corneal endothelial morphogenesis

Previous studies in vitro have shown that the formation of tight junctions is the preceded by
the formation of adherens junctions (McNeill et al, 1993; Rajasekaran et al, 1996). Tight
junctions are marked by the expression of zonula occludens-1 (ZO-1) protein at the cell
membrane. In order to investigate whether a similar process of cell junction formation occurs
during corneal endothelium development, in this study the formation and distribution of ZO-
1 during endothelial morphogenesis was investigated. Results showed that the protein was first
detectable as a diffuse signal at the cell surface soon after cells began the process of flattening.
The distribution became more distinct and continuous soon after this, coinciding with the
flattening of cells as shown by SEM. The interesting point arising from these results is the
appearance of ZO-1 at the cell surface occurred earlier than cadherin localisation. These
results are in conflict with reports from other studies in which ZO-1 junctions and the
detection of ZO-1 is preceeded by cadherin lcoalisation (McNeill et al., 1993; Rajasekaran et
al,, 1996). However, they can be explained in two ways. Firstly, the expression of cadherin at
the cells surface may not be detectable earlier due to the strong signal of intracellular vesicles.
Secondly, it is possible that at these eatly stages ZO-1 is not only associated with the tight
junctions but also with adhetens junctions. This thought is consistent with reports from other
studies in cultured cells in which ZO-1 was found to be associated with adherens junctions
prior to final localisation at the tight junction (Rajasekaran et al., 1996).
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Growth of presumptive corneal endothelial cells in culture

Adult human (Baum et al., 1979; Joyce et al., 1996; Nayak and Binder, 1984; Yue et al., 1989),
potcine (Engelmann et al., 1999), murine (Joo et al., 1994) and bovine (Crawford et al., 1995)
corneal endothelial cells have been cultured. In these studies, the corneal endothelial cells were
obtained from Descemet’s membrane-endothelial explants. Due to the large size of the
corneal cups from the adult corneas of these species, it was simple to remove the Descemet’s
membrane and therefore chances of stromal or epithelial cell contamination were minimal. In
all of these studies, it was faitly easy to identify comeal endothelial cells using morphological
characteristics only (polygonal cell morphology and cobblestone pattern at confluency). No
molecular markers were necessarily required to identify them. Cells obtained from these adult
tissues are however, not suitable for the study of mesenchyme-epithelial transformation.
Firstly, even in primary corneal endothelial cells that have been successfully cultured, it is
difficult to maintain cell proliferation for a sufficient petiod to generate large numbers of cells
before they senesce (Joyce, 2003). Secondly, the cells obtained from such explants are already
differentiated endothelial cells and therefore not suitable to study MET processes. Lastly, cell-
cell junctions have already been formed and the proteins involved already synthesised,
packaged and appropriately translocated to the apical membranes. In the case of murine
tissues, in addition to the above limitations, the corneas are small in size and the number of
cells may not be sufficient to study MET. These problems could potentially be overcome by
culture of embryonic precursor cells. To-date, thete are no reports on successful culture of
murine embryonic presumptive corneal endothelial cells. Efforts to culture presumptive
cormeal endothelial cells from mouse embryos have in addition been hampered by lack of
appropriate matkers to identify the cells at this eatly stage. Even the population of cells
derived from cranial neural crest cannot be identified with certainty due to the lack of mouse

cranial neural crest markers.

In the present study, presumptive corneal endothelial mesenchyme was cultured in order to
examine the formation of intercellular junctions accompanying the conversion of mesenchyme
into endothelium. In order to obtain the appropriate undifferentiated mesenchyme, the correct
age of the embryos was identified. Previous studies have shown that at E12.5 of development,
the corneal mesenchyme cells are still undifferentiated (Kidson et al, 1999) and thus
mesenchyme was cultured from this stage embryos. The lens was separated from corneas and
the corneal explants cultured by attaching them endothelial side down on a culture well.
Mesenchyme cells migrated from the explant and the cells displayed a typical mesenchyme

morphology. Corneal mesenchyme was distinguishable from epithelial cell contamination
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based on motphology. In general, epithelial cells were compact, small in size and formed
aggregates. The expression of ZO-1 by epithelial cells soon after cells have migrated from the

explants also provided a convenient means of identifying epithelial cells.

Thus it was possible to identify mesenchyme cells at early stages of culture as these cells were
not positive for ZO-1. Although corneal endothelial cells express ZO-1, this protein is only
expressed in differentiated cells when intercellular junctions have been formed and a
cobblestone pattern attained. The dynamics of cadherin formation was then investigated in
these undifferentiated corneal mesenchyme cells. In non-contacting pre-confluent cells, N-
cadherin was found in a perinuclear pattern and at the cell membrane in cells that made
contact. This pattern of cadherin localisation has also been reported in pre-confluent rat
embryonic myoblasts (Mary et al,, 2002) and in MDCK cells (Le et al,, 1999). In these studies,
the perinuclear cadherin localisation was associated with the Golgi and thought to represent
newly synthesised protein. In the present study, co-staining with the Golgi antibody
confirmed that the N-cadherin distribution colocalised with the Golgi in non-contacting cells.
However, N-cadherin failed to make a continuous ring at the cell sutface even in cells that
made contact. Instead, a small puncta of N-cadherin forming a serrate pericellular pattern were

obtained, suggesting the formation of unstable junctions.

Other studies have shown that in epithelial cells iz vi#r, the formation of cadherin tings and
the association with the actin cytoskeleton is a sign of the establishment of strong cell-cell
adhesion (Adams et al., 1998). The results obtained from the present study suggest that i vitr,
(a) in these corneal mesenchyme cells, stable junctions are unable to form during their normal
lifespan in culture and (b) interaction between different cell types that occurs i viw is required
to form stable junctions with tight contacts. This might be due to the fact that the cells fail to
receive approptiate signals to trigger the formation of an endothelial monolayer. The most
obvious signalling required ## vivo, is from the anterior lens epithelium. The exact molecules
responsible for this induction have not been identified, but candidates include transforming
growth factor B2 (1gf82) (Reneker et al,, 2000). Results from the petsent study have shown that
1gfB2 is likely not part of a signalling cascade of molecules involved in eatly corneal endothelial
differentiation. The expression of #ff2 mRNA was not detected by ## sitw hybridisation at the
time of corneal endothelial differentiation.

A model of N-cadherin trafficking proposed by Mary et al. (2002), suggests that the transport
of N-cadherin through Golgi, endocytotic and sectetory vesicles to the plasma membrane
occurs along microtubulues and is driven by kinesin motor proteins. The model further
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suggests that the transport and localisation of the protein is regulated by cell-cell contact and
as soon as the protein is at the plasma membrane, it associates with the F-actin cytoskeleton,
through binding with the catenins. Other studies (Adams et al., 1998) have shown that the
localisation of cadherin in contacting cells begins as punctate aggregates at points of cell
contact. Each of the vesicles is in contact with a bundle of actin filaments branching off under
the cell membrane. As stable contacts are made, the actin cables along the areas of cell-cell
contact disappear and result in the formaton of circumferential actin bands at the cell
membranes of contacting cells (for reviews see - (Vasioukhin and Fuchs, 2001). The important
point from these results is that the during the formation of polarised epithelia, the actin
filaments reorganise from a perpendicular to a lateral orientation parallel to the adjoining cell
membranes. In order to investigate whether there were changes in actin dynamics on
formation of cell-cell contacts in the present study, cells were stained for F-actin. Consistent
with the failure to form proper junctions, the distribution of F-actin remained scattered as

stress fibres only co-localising with N-cadherin at focal adhesion points.

As described eatliet, investigations into the cell biology of corneal endothelial cells have been
limited by the inability of these cells to proliferate for a longer period é# vitro. The present
study is the first to successfully culture presumptive cotneal endothelial cells but, these cells
grew only for a limited period in culture and thus the process of differentation and changes in
protein distribution could not be explored further. The maximum period in culture was 6-8
days before they start senescing. This is a general trend for corneal endothelial cells and in
other systems, has been overcome by making use of oncogenes to immortalise cells and
improve the lifespan of the cells in culture (Joo et al., 1994; Wilson et al., 1993). However, the
use of such techniques in cultures of presumptive corneal cells may not be ideal for the study
of the dynamics of cell juncton formation for the following reasons. Firstly, immortalisation
may result in continued cell proliferation, a process that is not necessarily ideal for junction
formation. Secondly, studies on immortalised fibroblast cell lines have shown that the
induction of mesenchymal-epithelial transformation by transfection with E-cadherin failed,
probably due to upregulation of genes that promote epithelial-mesenchymal transformation
(EMT) or due to negative regulation of E-cadherins (Vanderburg and Hay, 1996). It has been
shown that the expression of viral oncogens such as sr, ras and mos on MDCK cells promote
the conversion into fibroblasts, presumably due to modulation of E-cadherin binding (Behrens
et al., 1993). Our laboratory is making use of the conditional temperature sensitive SV40 large
T antigen to immortalise corneal mesenchyme cells. The idea is to generate large numbers of
cells at a permissive temperature and then transfer them to a non-permissive temperature for
normal proliferation once sufficient numbers have been generated. This will be done for
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normal and mutant cells. Cells will then be transfected with full length Foxc7 plasmid in order
to investigate the exact mechanisms of junction formation during corneal endothelial

morphogenesis and the exact role of Foxc7 during the process.
The differentiation of the corneal endothelium in FoxcI mutants is impaired

It has been shown that in the absence of a functional Foxc7 gene, the corneal endothelium fails
to form (Kidson et al.,, 1999). The mechanisms leading to, as well as the consequences of the
failure to form an endothelium have not been described. The understanding of these
mechanisms has implications for the study of human disorders that are related to human
mutations in FOXC1. It has previously been shown that mutations in Foxc7 result in
dominantly inherited developmental dysgeneses of the mouse iridocorneal angle (Smith et al.,
2000) similar to those reported in human patients with Axenfeld-Rieger Anomaly (ARA)
(Shields, 1983). Some patients with ARA have mutations in FOXC1 (Mears et al, 1998;
Nishimura et al., 1998).

To be able to understand the basis of the abnormality in Foxc7-/- corneal development, in the
present study, a systematic analysis of corneal mesenchyme changes during corneal
differentiation was performed. (Only a few stages were selected due to the small number of
mutant embryos that could be obtained from these mice.) Identification of embryo was based
on their phenotype, genotype and LacZ staining of embtyonic tails. Mutant embryos were
easily identifiable by the presence of hydrocephalus, seen as bulging out of the forebrain. From
these embtyos, the individual corneas were separated from the lens, the inner corneal surface
exposed and individual corneas and their respective lens surfaces were examined at every
stage. It had previously been shown that the migration of presumptive corneal mesenchyme
cells into the space between the lens and the cornea occurs in Foxe? mutants (Kison et al.,
1999), therefore the purpose of SEM examination was to investigate what happens to these
cells after migration. The problem however, was that some of the cells remained attached to
the lens sutface. LacZ staining of whole eyes prior to separation of the cornea from the lens
failed to provide an accurate measure of cells remaining adhering to the lens sutface. The
problem was further confounded by the fact that perilenticular blood cells on the lens surface
are also LacZ positive as previously shown (Kidson et al., 1999). Staining of the inner corneal
sutface with an N-cadherin antibody, a marker of corneal endothelial cells revealed that the
cells on the inner corneal surface cells were positive for N-cadherin. However, it could be
argued that these cells are not prospective corneal mesenchyme cells but merely cells that

happen to express N-cadherin. Further studies are thus needed to clarify this problem. Such
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studies would requite the staining of a reasonable number of embryos for LacZ and carry out
histological sections of lenses before and after separation in order to provide a measure of the
proportion of cells adhetent to the antetior lens surface. In order to establish with certainty
that indeed the corneal mesenchyme cells are Foxe! positive, these cells could be stained with
both N-cadhetin and Foxc1 antibodies. Colocalisation of these antibodies would thus confirm

that these cells are indeed prospective corneal endothelial cells.

Examination of the anterior lens surface revealed that at eatly stages befote the formation of
the anterior chamber and separation of the lens from the cornea, more cells remained attached
to the surface of the lens compared to wildtype littermates. The attachment of these cells to
the anterior lens surface may be related to abnormal cell-cell adhesion, interrupted
differentiation of mesenchymal cells or abnormal production of the extracellular matrix
material. All these cellular processes have been proposed to be defective in Foxe! mutants
(Smith et al., 2000). It has been shown that the extracellular matrix of the iridocorneal angle of
Foxe1 mutant mice is disotganised and has very little collagen and elastic tissue. In addidon,
the ECM in the other parts of the Foxc7 mutants (sternocostal cartilages, sternum and kidneys)
lacks collagen fibrils and proteoglycans, suggesting that Foxc7 is involved in regulation of the
synthesis and organisation of ECM (Smith et al., 2000). Abnormalities in ECM organisation
might therefore alter cellular behaviour such that cell-matrix and cell-cell interactions and
ECM composition are altered. Further experiments ate required to determine whether Foxe7 is
directly or indirectly involved in ECM remodelling and synthesis. Such expetiments would
require the identification of genetic pathways acting upstream or downstream of Foxc7. These

studies using microarray analyses are currently underway in our laboratory.

Previous studies have shown that at E13.5, the mutant corneal mesenchyme cells are less
flattened and remain associated with the lens capsule and blood vessels (Kidson et al., 1999).
SEM examination of the corneal surface in this study confitmed that cells do flatten and
indeed are associated with blood vessels. The process of cell transformation begins at the same
time as in normal embryos and is characterised by cell flattening and retraction of cell arms.
However, the central-outward pattern of cell flattening in normal corneas was not obsetved in
mutant corneas. In these corneas, the presumptive corneal endothelial cells appeared uniform
with no differences between the central and the peripheral corneal surface. Striking differences
between normal and mutant corneas wete obsetved at E17.5, in which the mutant cells failed
to form intercellular borders. By this time, the cells still appeated more fibroblast-like with
bundles of collagen fibres. The process of transformation from stellate to squamous was thus
incomplete. The failure to form an organised cell layer is not related to cell proliferation
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changes because previous studies using BrdU labelling have shown that there were no
differences in rates of cell proliferation between normal and mutant corneal mesenchyme
(Kidson et al,, 1999). A possible explanation is the failure of a signalling cascade interacting

with presumptive corneal mesenchyme.

It has been shown that the murine corneal endothelium and stroma are derived from the same
population of mesenchyme (Hay and Revel, 1969; Osumi-Yamashita et al., 1994; Trainor and
Tam, 1995). After differentiation, the two different cell types show different morphological
characteristics. The stromal cells remain stellate but soon organise and become arranged in a
parallel manner with arrays of collagen fibers arranged between the cell layers. These cells are
called stromal keratocytes and are responsible for the formation of a collagenous matrix. The
ptoper atrangement of the stromal fibrils and the cotrect orientation of the collagen fibres are
important for corneal curvature and clarity (Kaufman and Alm, 2003). The mechanisms that
govern the formation of the stromal architecture are not cleatly understood, but the
proteoglycans in the stroma are thought to regulate collagen matrix assembly in addition to
their role in maintaining the correct corneal hydration. The stroma is characterised by the
expression of a stromal specific proteoglycan, keratocan. Keratocan is a keratan sulfate
proteoglycan that plays an important role in matrix assembly. Human mutations of the KERA
gene are associated with cornea plana that manifests decreases in vision acuity due to the
flattened curvature of the cornea (Pellegata et al., 2000). In mice in which the keratocan gene
has been deleted, the collagen fibres in the stroma ate less organised and the fibril diameter
increased (Liu et al., 2003). Although the expression pattern of keratocan in developing mouse
corneas has been reported (Liu et al,, 1998), in the present study, the pattern of kerasocan
expression during corneal development was investigated in order to compare with that of
Foxe1 mutants. In the normal embryo, &eratocan is strongly expressed in the corneal stroma and
becomes specific at E17.5, coinciding with the formation of distinct intercellular borders. In
the mutant, the expression of keratocan mRNA was reduced in the cornea stroma, but
extended into the corneal stroma. Although these results implicate Foxc7 in the regulation of
keratocan in the corneal stroma, they do not suggest that Foxcl is directly upstrteam of a

signalling cascade involving &eratocan.

The next question this study addressed was whether the mutant corneal mesenchyme cells are
capable of synthesising the adherens junction protein, N-cadherin. The expression of N-
cadherin in the presumptive corneal endothelial mesenchyme was comparable to that of
wildtype cells. N-cadherin was localised in intracellular vesicles during eatly stages of corneal
morphogenesis. In contrast to wildtype cells, the protein failed to form a pericellular ring at
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the points of cell-cell contact at later stages. Even at birth, N-cadherin protein forms a clear
perinuclear ring in the cytoplasm of cells. These results suggest that the mutant cells are unable
to make stable cell-cell contacts. They raise the possibility that Foxc7 acts upstteam of a
cascade of molecules involved in the trafficking of cadhetins from the cytoplasm to the cell

membrane.

Previous studies have reported that the mutant corneal mesenchyme cells do not express the
tight junction marker, ZO-1 (Kidson et al, 1999). A systematic analysis of ZO-1 protein
performed in this study confirmed this. In order to explore the mechanism of cell flattening
and junction formation in mutant cells further, presumptive corneal mesenchyme cells were
cultured and the dynamics of junction formation examined. Even in cultured corneal
mesenchyme cells continuous belts of cadhetins at the cell surface failed to form. Actin was
seen as stress fibres in the cytoplasm of cells, forming focal adhesion points at the cell
petiphery, in association with N-cadherin spots. The deduction from these experiments is that
some signalling mechanism is required for the acquisition of cell polarity and thus, the
expression of ZO-1. Such signalling mechanism is presumed to be an inductive interaction
between the corneal mesenchyme cells and the lens epithelial cells during corneal
morphogenesis i vivo. Studies in our laboratory are underway to investigate this mechanism by
making use of immortalised corneal mesenchyme cells from wildtype and mutant embryos and

subjecting these cells into various lens factors.

A model of murine corneal endothelium development in the normal and FoxcI mutant

embryos is thus proposed

From the results of the present study, the following model of murine corneal development is
proposed. In the mouse embryo, the undifferentiated corneal mesenchyme is a meshwork of
irregulatly arranged cells overlapping with their neighbours. At this stage, the cells are typical
migrating cells with lamellopodia and filopodia. They express cadherin molecules in
intracellular vesicles. The process of mesenchyme epithelial transformation begins as eatly as
E12.5, soon after the mesenchyme cells occupy the corneal space. This occurs by cell
flattening, retraction of cell arms and formation of intercellular borders, a process that begins
as eatly as E12.5. Cell flattening occurs in a central-outwards direction and leads to sealing of
intercellular gaps. Cell-cell contacts established duting this process are paralleled by changes in
the distribution pattern of cadherin molecules from a punctate vesicular pattern in the
cytoplasm to vesicular petinuclear rings at E14.5. Eventually, as tight intercellular borders are
formed and a visible honeycomb pattern is made, N-cadhetin becomes detectable at the cell
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surface and the cytoplasmic pool diminishes. The formation of cadherin junctions coincides
with the appearance of dense peripheral bands of actin at the cell surface. This pattern
suggests the establishment of stable cadherin junctions anchored to the cytoplasm by acdn.
The initiation of a polarised monolayer begins at E13.5 as the tight junction protein is detected
at the plasma membrane of adjoining cells (Figure 4-1).

In the mutants, the process of cell flattening and cell shape change is initiated at E12.5. Cell-
cell contacts are established but a monolayer of interconnected cells fails to form. The
expression of cadherins begins as a punctate pattern in the cytoplasm of cells at stages E12.5.
Consistent with the failure to form junctions, the cadherin protein is not redistributed to the
plasma membrane, such that at postnatal day 0 (P0), the cadherin protein accumulates at the
petinuclear region (Figure 4-2). From these results, it is proposed that the aberrant corneal
development observed in Foxc7 mutant mice is a result of incomplete mesenchyme-endothelial

transformation.

The present study provided a description of corneal endothelial development in mice and
conttibutes towards the understanding of the mechanisms responsible for defects in corneal
endothelial development. The exact role of Foxt7 still remains unclear and studies are needed
to identify target genes that act either upstream or downstream of this gene in regulating
corneal endothelial development. It is likely that Foxc! is involved in mesenchyme-epithelial
transformation since there is a failure of mesenchyme transformation when the gene is non-
functional, for example in the kidney (as described earlier) and during corneal endothelial
development (this study).
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Figure 4-1. A proposed model of normal corneal endothehal morphogenesis and protein translocation
to the cell membranes. As soon as the early migrating cells occupy the space between the lens and the
corneal epithelium, they start to form a meshwork of irregularly arranged cells that overlap (E12.0 -
F12.5). At this stage, N-cadhenn protein forms a punctate distnbution in the eytoplasm of cells (A,
arrows). As the process of shuffling and lateral arm retraction begins, stable junctions begin to form
and this i1s shown by the recruitment of cadhenn protein to the cell junctions (E13.0-E14.5) (B,
arrowheads), whilst new N-cadhenn protein accumulares at the pennulcear region (B, arrows).
Eventually a cobblestone monolayer in which all cells are interconnencted is formed (E17.5-
adulthood). At this nme, N-cadhern appears as mtracellular vesicles near the cell membrane (C,
arrows) and nght junctions have been established as marked by the presence of Z0-1 protein at the

tight junction (C, arrowheads).
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Figure 4-2. A proposed model of comeal endorhelial morphogenesis and protein translocaton to the
cell membranes in Fosxe/ mutants. At E12.5, cells appear as an irregulary arranged meshwork
expressing cadhenin proten in a punctate pattern (A, arrows). Cells begin o flatten, bur fail
completely seal the intercellular paps. This is accompanied by the accumulation of cadhenn protein in
the perinuclear region (B, arrowheads) and failure to translocate the protein to the plasma membrane.
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APPENDIX

Pilot riments to monitor corneal endothelial elopment in vivo

At the start of these experiments, the intention was to culture whole corneas and monitor
corneal endothelium development én vitro. It was envisioned that without intervention, the
mutant cells would fail to form junctions as they do i viso. One of the approaches was to
culture whole or bisected mouse embryonic heads and ectopically transplant embryonic lenses
in cranial mesenchyme outside the eye region. This approach would address two specific
questions: (i) can corneal mesenchyme cells respond to signal from the lens by altering cell
shape? (i) Is the lens signal (s) sufficient on its own to induce mesenchyme transformation?
The second approach was to co-culture cranial neural crest cells with embryonic lenses in
hanging drops, an attempt to induce endothelial differentiation. A number of problems were

encountered with all of these approaches.

Firstly, culture of whole eyes resulted in “thinning” of the cornea such that the development
of the corneal endothelium could not be followed. Although development of organs
progressed from the optic cup invagination stage to lens and corneal formation in cultured
whole/bisected heads, the morphology of cells was abnormal and most cells were apoptotic
(Fig. 5-1B and 5-1). In control eyes that were not cultured but processed for histological
analysis at E12.5, the cornea was filled with presumptive corneal stroma and endothelial cells
(Fig. 4-5-1A and 5-1C). The problem with whole eye cultures was confounded by the absence

of corneal endothelial specific markers.

To explore the cranial neural crest-lens co-culture, it was necessary to establish the viability of
embryonic lenses in hanging drop cultures over time. To begin to do this, lenses were assayed
for proliferative capacity by using 3H thymidine incorporation. Indeed lens cells were
proliferative in culture and therefore presumed able to produce growth factors under these
conditions. However, there was a problem in utilizing cranial neural crest cells due to absence
of mouse neural crest specific markers. A suitable method was needed to investigate
mesenchyme endothelium conversion and to investigate the dynamics of this process in both
wildtype and mutant cells.
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