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Abstract

The cornea is the primary refractive element of the eye and is also fundamental to the
protection of the visual system. Collagen is the major constituent of the cornea, where it is
organised in a lattice that enables corneal transparency. Proteoglycan macromolecules are
thought to regulate the diameter and spatial order of collagen fibrils in the cornea, which are
both pre-requisites for corneal transparency. although the mechanisms by which they
organise fibrils are not fully elucidated. This investigation examined the morphology.
morphometry and organisation of proteoglycans three-dimensionally, in both normal and
genetically altered mouse comneas, to gain a greater understanding of proteoglycan structure-

function relationships.

In summary, we found that proteoglycans are primarily responsible for the remarkable
collagen organisation in the mouse cornea, which allows for corneal transparency. The self-
association of proteoglycans into complexes is likely to result in a robust attachment of
neighbouring fibrils and provides biomechanical strength, whilst sulphation patterns are seen
to have a direct effect on the aggregation potential of proteoglycans. Removal of
proteoglycans. particularly lumican, affects the regulation of both fibril size and spatial order,

both required for corneal transparency.
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Chapter 1 - Introduction

1.1 Introduction

The cornea forms a transparent, dome-shaped cover of the eye that is optimally designed for
the focus of entry and refraction of light. It is the principal refractive element of the eye and
the structural organisation it maintains plays a pivotal role in achieving optical functionality.
The cornea accounts for approximately 15% of the surface of the human eye's outermost
layer; the remainder is the white opaque sclera which protects the internal structures of the
eye, helps to maintain its shape and serves as a portal for the passage of nerves and blood
vessels in and out of the eye (Oyster, 1999). Collagen is the major constituent of the cornea,
where it forms fibrils that are highly organised with remarkably uniform diameters and
regular interfibrillar spacing. The sclera, also made mainly of collagen fibrils, exhibits
relatively disorganised collagen fibril arrangement, however (Komai and Ushiki, 1991). This
disparity between collagen fibril organisations in both tissues is believed to be the

fundamental reason for the observed difference in transparency.

The precise arrangement of collagen fibrils enables the corneal stroma to withstand tensile
stress, whilst the hydrated gel formed by proteoglycans creates inflation forces that prevent
the structure from being compressed (Scott, 1995). The interaction between proteoglycans
and collagen develops and maintains structural integrity whilst enabling the cornea to achieve
transparency and the refraction of light into the eye. The interwoven collagen fibrils in both
cornea and sclera tissues also confer rigidity, resistance to penetration and protect the eye’s
inner layers. Macro-molecular organisation within the cornea is also essential for the correct
formation of corneal curvature; any dysfunction can lead to disease states such as
keratoconus and improper imaging by the eye (Meek et al., 2005). The specific collagen
architecture and the regulation of corneal hydration, particularly in the anterior region,
contribute to the correct curvature required for the cornea (Muller et al., 2001). This thesis
aims to further our understanding as to how proteoglycans regulate the intricate collagen

fibril assembly in the cornea.



Chapter 1 - Introduction

1.2 Corneal Structure

The cornea is attached to the sclera via a transitional region known as the limbus. The limbus,
centre and periphery of the cornea exhibit varying compositions of collagen and
proteoglycans (Borcherding et al., 1975) and, as a result, a significant change in interfibrillar
spacing is noticed from the central corneal region to the limbus (Boote et al., 2003). The
central ‘prepupillary’ area of the cornea is deemed to be the principal optical zone and is
considered to comprise 70% of the total focusing power of the eye (Waring, 1989). The
peripheral area surrounding the central zone is less curved however and is a refractive surface
primarily aiding peripheral vision. Only recently has the composition of the peripheral cornea
been investigated and it is suggested that peripheral vision plays a far more important role in

overall vision than was first considered.

The varying collagen composition in the different areas of the cornea is exemplified by the
absence of the long variant collagen type XII in the limbus that is expressed transiently
throughout the corneal stroma. Type XII collagen is thought to contribute to the differences
in the basement membrane zones of the cornea and limbus (Wessel et al., 1997). The limbo-
scleral region, which is more disorganised in collagen arrangement, is abundant in
chondroitin sulphate/dermatan sulphate proteoglycans in mammals other than mice, as
opposed to the greater extent of keratan sulphate proteoglycans witnessed in the central
cornea, a region which exhibits the highest degree of collagen organisation (Borcherding et
al., 1975). In terms of collagen direction, fibrils extend from limbus to limbus with a
preferred alignment in both the vertical and horizontal directions up to within Imm of the
limbus. The limbal collagen fibrils adopt a circumferential alignment, which is structurally
relevant for the mechanical properties of the tissue, including development of correct corneal
curvature (Aghamohammadzadeh et al., 2004). Meek (2004) illustrated that a significant
proportion of collagen fibrils that run across the cornea change direction at the limbus, fusing

with the limbal collagen that is orientated circumferentially.

The difference in proteoglycan and collagen composition is believed to be instrumental in the

differences in collagen fibril diameter and interfibrillar spacing between the corneal zones
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Chapter 1 - Introduction

cornea respectively. Bowman’s layer separates the stroma from the epithelium whereas

Descemet’s membrane is situated between the stroma and the endothelium.

1.3.1 Epithelium

The epithelium is the outermost layer of the cornea and consists of six to eight layers of cells
stacked to form a layer approximately S0pum thick in humans. The purpose of the epithelium
is to protect the cornea from passage of foreign bodies and to extract nutrients or oxygen
from tears into the eye (Fatt, 1978). It also controls the swelling of the stroma to an extent.
The epithelium is vital to the development of both Bowman’s layer and the stroma of the
developing chick cornea, depositing several different collagen types essential for the creation

of structural integrity (Gordon et al., 1994).

Basal cells reside within the basal lamina of the epithelium; they are recently created cells
positioned on Bowman’s layer that are transformed in time to become wing cells. Wing cells
form the next anterior layer of the epithelium. The wing cells, in a process similar to basal
cell transformation, are pushed up out of the wing cell layer and become squamous cells,
remaining at the anterior surface until they are shed into the tear film at the cornea’s surface.
The existence of multiple layers of cells within the epithelium at various stages of
morphology helps create a barrier to the free movement of water from tears. Compared to the
endothelium, the epithelium is a highly selective barrier for osmotically active molecules

(Oyster, 1999).

1.3.2 Bowman’s Layer

Bowman’s layer is situated in-between the epithelial basal lamina and the anterior region of
the stroma. In humans, it is composed of collagen fibrils approximately 20 — 25nm in
diameter individually running in varying directions (Komai and Ushiki, 1991). The
developing corneal epithelium is believed to play a pivotal role in the formation of Bowman'’s
layer; contributing type V collagen fibrils in early chick corneal development (Gordon et al.,

1994). Also, It has been hypothesised that chemotactic influences regulated by cytokines
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Chapter 1 - Introduction

cornea adopt a preferred orientation in the inferior-superior and nasal-temporal directions
(Aghamohammadzadeh et al., 2004). The stromal lamellae extend from limbus to limbus and
are arranged at less than 90° to each other in the anterior stroma. However, lamellae in the
posterior stroma exhibit near orthogonal conformations (Meek et al., 1987). The main
constituent of the stroma is water, although 71% of dry mass is collagen (Maurice, 1957).
Type 1 collagen is present in higher proportions than other collagens, and heterotypic fibrils
containing both collagen types [ and V are predominant (Birk et al., 1988) and are the main
constituents of the lamellae. The fibrils are embedded in a hydrated gel that is formed by
proteoglycans, believed to be necessary for the correct arrangement of collagen. The
proteoglycans are also known to serve other roles within the extracellular matrix due to the
nature of their dense electrostatic charge and are fundamental to the balance of hydration

within the corneal tissue.

To a lesser extent, the stroma is comprised of non-fibril forming collagens, insoluble salts and
keratocytes; the cells responsible for the formation of new collagen and proteoglycans that
often sit in-between lamellae (Komai and Ushiki, 1991). Keratocytes occupy 3 — 5 % of
stromal volume (Beuerman and Pedroza, 1996) and their function is to maintain the ordered
meshwork within the corneal stroma. Experiments with avians showed that corneal collagens
such as type I, V and VI (Ruggiero et al., 1996, Linsenmayer et al., 1998) are produced by
keratocytes, illustrating their importance. Also, their nuclei are a source of backscattered light
in normal human corneas, affecting the light transmission properties of the cornea (Moller-
Pedersen, 2004). Bowman’s layer and Descemet’s membrane are continuations of the stroma,
the ends of stromal collagen intertwine within Bowman’s layer and separate the epithelium

from the anterior stromal region (Oyster, 1999).

Corneal transparency arises from the uniformity of collagen fibril diameters and interfibrillar
spacing within the stroma, thought to be established by the interrelationships between several
different types of collagen and specific proteoglycans. The stroma is our primary interest
within this report as investigation into the association of stromal collagen and the different
proteoglycans is directly relevant for a greater understanding of the establishment of corneal

transparency.
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Chapter 1 - Introduction

400,000 cells and is a less effective passive barrier than the epithelium. Executing a
significant role in ion exchange, endothelial cells are considered the most metabolically
active within the cornea due to the significant quantities of mitochondria and golgi witnessed
(Beuerman and Pedroza, 1996). The endothelium is able to pump water out of the cornea in
cases of increased stromal osmotic pressure and consequently it may control corneal swelling

(Oyster, 1999).

1.3.6 Mouse Corneal Layers

The murine corneal stroma also exhibits regular interfibrillar spacing and collagen fibrils
approximately 30-35nm in diameter (Quantock et al., 2001) that are slightly larger than
human corneal collagen fibrils. Haustein (1983) illustrated that the total thickness of the
mouse cornea is approximately 90um, and is mainly constituted of a 25um thick epithelium
and a stroma measuring 60um in size. This is supported by histological sections which report
the same thickness (Hayashida et al., 2006). However, recent studies indicate that murine
corneal thickness may depend on the strain and can range from 89 to 124um (Lively et al.,
2010). A rudimentary Bowman’s layer can be seen in electron microscopy, which visualises a

fibrous region posterior to the stroma but underneath the epithelium (Haustein, 1983).

Keratocytes in the mouse corneal stroma can be up to 30um in diameter, displaying a
thickness of 0.8-1.6um. They lie adjacent to the lamella and their long axes are parallel to the
surface of the cornea. The mouse corneal extra-cellular matrix is composed differently from
other mammals; the thickness of the cornea is only 80-90um which is much less than most
other mammalian species and so the composition reflects this through a variation in

proteoglycan content (Scott & Bosworth 1990)

1.4 Collagen

The collagen super-family accounts for approximately a quarter of all proteins in humans
(Marshall et al., 1993) and are major components of tissues as diverse as the cornea, skin,

cartilage and bone. Collagen is central to the structural integrity of connective tissues and
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plays varying roles within their development and normal physiology. Extracellular matrices
within connective tissues are composed of a variety of collagens and associated
polysaccharides secreted locally to form an organised meshwork defining the physical
characteristics of the respective tissues. The components of connective tissues have evolved
to withstand the stresses of movement and the maintenance of shape (Scott, 1975). Currently,
there are 29 known members in vertebrates (Soderhall et al., 2007), encoded by more than 40
genes, whereby type I is the most understood and predominately exists within most
connective tissues. The different types of collagen display varying characteristics and
functionality, although they retain structural homology and may also interact with each other.
However, some collagen types, such as type XXVII, have functions yet to be elucidated

(Pace et al., 2003).

Collagens exhibit a characteristic triple-chain helix with non-helical regions in varying
amounts and are all common in this respect. Each collagen molecule shares a similar
structure composed of three polypeptide chains, known as a chains, containing characteristic
Glycine — X — Y repeats. X is commonly proline whereas Y is usually hydroxyproline. The
individual a chain forms a left-handed helix; the three a chains wind around each other in a
right-handed super-helix, where glycine, being the smallest amino acid with no side chain,
plays a pivotal structural role within the core of the super-helix. The requirement of glycine
in every third position is imperative for the structural integrity of the protein. If glycine is
displaced by any other larger amino acid there is disruption of the helix (Piez and Reddi,

1984).

Fibrillar collagen molecules interact and stabilise through intermolecular bonds at their C and
N terminals and aggregate to form micro-fibrillar structures. The inter-connected collagen
molecules are known to aggregate in ‘quarter-stagger’ arrays in contact with approximately
75% of the neighbouring lateral molecule and reach about 300nm long, typically (Scott,
1988). The periodicity that arises as a result of the stagger gives rise to the characteristic
collagen negative staining pattern. The cornea’s transparency and mechanical resiliency is a
result of the formation of an extra-cellular matrix consisting of narrow-diameter, heterotypic
collagen fibrils displaying a remarkable degree of uniformity in their spatial organisation

(Maurice, 1957). The fibrils are uniformly thick with an average diameter of 25-35nm in

9
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humans (Komai and Ushiki, 1991) and have regular interfibrillar spacing of approximately
55nm (Meek and Leonard, 1993). Within the cornea, collagen forms as sheet-like structures
known as lamellae, whereby each collagenous lamella is arranged near-orthogonal to its

neighbour and to the path of light into the cornea (Maurice, 1957).

Fibril forming collagen type I and V are the predominant collagens within the corneal stroma.
Other collagens, including micro-fibrillar, non-fibril forming and fibril associated collagen
with interrupted triple helices (FACIT) collagens also pay important roles in the maintenance

of corneal structure and function.

1.4.1 Collagen Biosynthesis

Collagen a chains are synthesised on membrane bound ribosomes where they are inserted
into the rough endoplasmic reticulum (RER), primarily forming long proa chains as
precursors to the a polypeptide chain. The a chain precursors contain signal sequences for
transport of the nascent polypeptide to the RER which are subject to cleavage during transit,
along with other amino acids termed propeptides at both the C and N terminus (Alberts et al.,
2002). Different combinations of genes that encode collagen are expressed in different
tissues. In theory, this could give rise to tens of thousands of different tropocollagen (mature
collagen form consisting of three o polypeptide chains) molecules but only 29 are currently
known to be produced. Type I collagen exists as a hetero-trimer containing two proal(l)
chains encoded by the gene COL1Al, and one proo2(I) chain translated from the gene
COLI1A2 (Michelacci, 2003). Type I collagen is the most extensively characterised and exists
abundantly in most connective tissues. Several tissues, such as tendon, sclera and bone

contain negligible amounts of any other collagen type (Scott 1988).

10
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Chapter 1 - Introduction

proa chain within the endoplasmic reticulum is the coalescence of asparagine-linked
oligosaccharides which are also synthesised on the RER membrane and then processed within

the golgi apparatus (Clark, 1982).

Once processing of the proa chains has occurred, three a chains align and the globular
domains fold and stabilise through the formation of disulphide bonds. Subsequently, triple
helix formation begins from the C-terminal to the N-terminal. Propagation of the triple-helix
structure requires all the peptide bonds involving prolyl residues to be positioned in the trans
form (Michelacci, 2003) in order to manufacture the procollagen molecule. Procollagen
molecules are then subject to translocation into the golgi apparatus and exocytosis into the
extracellular matrix. Upon expulsion into the ECM, procollagens undergo proteolytic
cleavage by N and C-proteinases (Alberts et al., 2002). The triple-helical domain left after

cleavage stabilises by the creation of more intermolecular bonds and becomes tropocollagen.

Tropocollagen molecules form aggregates that lead to the formation of micro-fibrils and
collagen fibrils, precisely designed and orientated to fulfil their function within the ECM.
Fibril formation is a non-enzymatic process and the size of aggregation differs in various
connective tissues. It is thought that, in general, the regulation of collagen fibril diameters
and the control of the rate of fibrillogenesis is due to the interaction of the collagen fibrils
with proteoglycans. Control of fibrillogenesis is essential for limiting the diameters of

collagen fibrils, achieved by the prevention of lateral self-assembly.

Evidence suggests that early fibrils present in developing tissues may be either bi-polar or
uni-polar (Kadler et al., 1996). The aggregation and size of fibrils is considered to rely on the
balance of polarities; the presence of anti-parallel fibrils may limit the rate of fusion of
collagen fibrils (Scott and Parry, 1992). This also suggests that in the presence of parallel
groups of fibrils, the probability of fusion is higher.

12
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Chapter 1 - Introduction

period (D=67nm). Although, the cornea exhibits a D-periodicity closer to 65nm (Marchini et
al., 1986). This may have connotations in the ability of collagen fibrils to transmit tensile
stress. The fibril-forming collagens consist of an uninterrupted triple helical domain attached

to telopeptides either side, measuring approximately 300nm in length and 1.5nm in diameter.

Type 1 collagen is the most extensively characterised collagen and is abundant in most
tissues. Primarily, it withstands tensile stress within the tissues as it is the strongest fibrillar
forming type whilst it also defines the size and shape of its surroundings. Type I exists as a
hetero-trimer of two identical al(I) and one a2(I) polypeptides. Mutations in genes
responsible for the creation of type 1 procollagens result in oesteogenesis imperfecta and
signify collagen type I importance in the structural maintenance of diverse tissues (Prockop

and Kivirikko, 1995).

Type 11 consists of three identical polypeptide chains, a1(II), which constitutes the triple helix
structure. Type II collagen is primarily a cartilage collagen, although it is present in stromal

development.

Type III has three identical polypeptides, al(IlI) that constitute its triple helix. It has been
found to attach to the stromal lamellae and also with the substratum of the epithelium.
Collagen type III is believed to be involved with the structural maintenance and function of
the epithelial tissue (Newsome et al., 1982). It is also considered to play a significant role in

response to tissue damage, exerting its role in wound healing and inflammation.

Type V collagen co-assembles with type 1 within the stroma, where the resulting heterotypic
fibril constitutes most of the collagen within the tissue. It is composed of three different
polypeptide chains which are al(V), a2(V) and a3(V). Birk (1990) illustrated that, in vitro,
collagen fibrillogenesis is affected when collagen type V is displaced from the stroma,
whereby fibril diameters increase; removal of type V collagen has implications in the

development of heterotypic fibrils with narrow diameters.

14
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Chapter 1 - Introduction

are known to co-aggregate with other collagens and extend from their surface, this enables
collagen fibrils to form interactions with other matrix components or adjacent fibrils
(Svensson et al., 2001). Each FACIT molecule has domains that lie along the fibril surface
anchoring them to underlying fibrillar collagens, often by covalent interaction (Wu and Eyre,
1995). FACITs are common in the fact that they all share a non-helical sequence motif that

interrupts the triple helical domain, as their name suggests.

FACITs are known to associate with the surface of collagen fibrils and alter their interactive
properties. Type IX collagen is a hetero-trimer of al(IX), a2(IX) and a3(IX) and co-
distributes with collagen type II in cartilage (Gelse et al., 2003). Type XII collagen is
localised within the corneal stroma and Bowman’s layer. By comparison with type IX
collagens, corneal FACITs XII and XIV may be expected to execute a similar role to type IX
in cartilage. Therefore, the N-terminal domains of type XII and XIV may extend from the
surface of collagen fibrils within the corneal stroma interacting with other proteins and

polymers in the ECM.

1.5.3 Non-fibrillar/Filamentous

Collagen type IV is the most predominant collagen component of basement membranes; they
form the anchoring plaques and the lamina densa. Type IV collagen molecules exhibit a long
central collagenous domain with a non-helical domain at the C-terminal end (Linsenmayer et
al., 1998). Type VIII and X collagens are known as short-chain collagens, existing in

basement membranes and cartilage respectively.

Micro-fibrillar type VI collagens also exist within the stroma at different levels. Collagen
type VII, which is also micro-fibrillar, acts as an anchoring fibril between the epithelium and
its corresponding basement membrane (Linsenmayer et al., 1998). Collagen type XIII, a non-
fibrillar collagen, has also been found bound to the cell membrane and within the posterior

two thirds of the corneal stroma (Sandberg-Lall et al., 2000).

16
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Chapter 1 - Introduction

1.6 Collagen Fibrillogenesis

Collagen fibrillogenesis encompasses fibril assembly and the subsequent packing of collagen
molecules according to the requirements of the tissue. Connective tissues are composed of
various collagen types and the relative amounts of collagen types. How the collagen is
ordered directly affects the physical properties of the respective tissues. Interestingly,
collagen molecules incubated in vitro at physiological temperature and pH aggregate
continuously to form insoluble fibrils of varying lengths and diameters (Kadler et al., 1996).
Therefore, certain governing factors must exist that contribute to the specific organisation of

collagen witnessed in the cornea.

Micro-fibrils within tendon are staggered longitudinally with an axial periodicity of 67nm,
denoted as the D-periodicity, whereas, as mentioned earlier, the cornea exhibits a D-
periodicity of 65nm (Marchini et al., 1986). The angular tilt patterns are believed to account
for the noticeable difference in axial periodicity within different tissues (see below); corneal
micro-fibrils tilt at an angle of 15 degrees (Holmes et al., 2001) whereas highly tensile fibrils
run straighter at an angle of 5 degrees (Ottani et al., 2001). Fibril assembly in the cornea is
governed by a multitude of factors that enable the formation of fibrils with regulated
diameters and distribution. Studies have indicated that the diameter of human corneal
heterotypic collagen fibrils is approximately 31nm and reaches up to 34nm with aging (Meek
and Leonard, 1993). No evidence suggests that fibril diameters increase with respect to

stromal depth (Freund et al., 1995).

Corneal collagen mainly consists of heterotypic fibrils that are composed of type I associated
with type V collagen. The triple-helical domain of type V collagen is enclosed within the
fibril and the N-terminus is exposed at the surface, protruding outwards through the gap
regions. A short a helical region at the N-terminal domain acts as a flexible hinge-like region
which allows the part of the polypeptide to extend from the molecule. This region is
responsible for the regulation of the assembly of immature fibril intermediates. The N-
terminal domain alters the cohesion of collagen molecules and lateral growth and therefore,

inhibits the formation of insoluble fibrils with larger than normal diameters (Birk, 2001).
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Chapter 1 - Introduction

telopeptides at gap-overlap regions. It is also suggested that collagen fibrils are modular
structures as opposed to the initial idea that they existed as quasi-crystalline aggregates (Scott
and Parry, 1992). The regular appearance of proteoglycans that exist associated with collagen
fibrils gives weight to the suggestion of a modular nature. Orgel (2006) studied the micro-
fibrillar structure of type I collagen postulating that collagen molecules form a super twisted
(discontinuous) right handed micro-fibril connecting with other close micro-fibrils. The result
of this relationship is the crystallographic super-lattice formed by quasi-hexagonally packed

collagen molecules.

1.7 Corneal Lamellae

The constituent collagen element is unique within the cornea when compared to other
connective tissues; it allows the dual functionality of protecting the eye’s inner layers as well
as the focusing of light into the eye. In 1938, Kokott first postulated that collagen fibrils
within the deep layers of the corneal stroma run circumferentially and that there was no

preferential alignment of collagen within the anterior stroma.

Collagenous lamellae within the corneal stroma are indeed orientated differently in the
anterior and posterior regions. Lamellae situated adjacently are positioned at varying angles
to each other, except in the posterior region, where lamellae may be positioned orthogonally
and a more tilted conformation is witnessed. This is illustrated by the total scattering cross-
section of each region, where values for the posterior region were lower than the anterior
portion, depicting a higher degree of order in the posterior stroma (Freund et al., 1995).
Lamellae situated towards the anterior are thinner and exhibit a flat appearance (approx.
30um wide an 1.2pm thick) when compared with the broader and thicker posterior lamellae

(200um wide and 2.5um thick) (Komai and Ushiki, 1991).

Within the anterior stroma, lamellae appear to run in random directions and display a high
degree of irregularity in their interweaving. There is an evident anterior to posterior lamellae
interweave within the anterior stroma believed to help aid corneal curvature (Muller et al.,

2001) and confers stability along with Bowman’s layer (Bron, 2001). Central lamellae are
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Chapter 1 - Introduction

1.8 Proteoglycans

Proteoglycans are fundamental to the composition of the extracellular matrix in connective
tissues, playing key roles in the maintenance of tissue shape and definition. Known for a
variety of diverse biological functions; within the cornea they are compression-resistant,
soluble polymers that interact with collagen and are primarily involved with the regulation of
collagen fibril diameters and interfibrillar spacing (Scott, 1975). Ultimately, they are
responsible for the uniform organisation of collagen fibrils through regulation of
fibrillogenesis as well as the hydration of the corneal stroma (Hedbys, 1961). Proteoglycans
swell in water occupying large volumes that press against the networking collagens and, in
turn, resist compressive forces that would reduce the size of the tissue. This osmotic swelling
mechanism is likely to play a key role in their regulatory functions, as discussed later.
Proteoglycan diversity is reflected by the varying proteoglycan composition of tissues;
tendon is designed to resist or transmit most types of tensile stress and therefore is more
fibrillar in content, whereas cartilage, which is more elastic in nature, contains a considerably
larger amount of soluble polymers than tendon (Scott, 1991). According to this concept, the
cornea can be expected to also have a high degree of proteoglycan content when compared to
tendon, which is indeed the case. Deficiency of proteoglycans has been shown to result in the
aggregation of collagen fibrils and consequently corneal opacity (Hassell et al., 1980),

depicting the necessity of proteoglycan presence in the maintenance of corneal transparency.

There are two major components of proteoglycans - a protein core covalently attached to one
or more polysaccharide glycosaminoglycan side-chain(s). Within the corneal stroma, two
major classes of proteoglycan exist according to their glycosaminoglycan component; keratan
sulphate or a hybrid of chondroitin sulphate/dermatan sulphate (lozzo, 1999).
Glycosaminoglycans are negatively charged at physiological pH due to the high level of
sulphation and confer this charge to the proteoglycan molecule, which stimulates interaction
with counter-ions and other glycosaminoglycan chains. The electrostatic forces that exist due
to the charge density of glycosaminoglycans enables the binding of cationic staining solutions
such as Cupromeronic blue or Cuprolinic blue, which allows us to visualise proteoglycans

under an electron microscope as electron-dense filamentous structures (Scott, 1980).
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1.9 Glycosaminoglycans

Glycosaminoglycans are linear chains of repeating disaccharides. One of the sugars is an
amino sugar whereas the second sugar is an uronic acid or galactose and either may be
sulphated. Carboxyl (COO") and sulphate ester (SO3’) groups are present on specific sites of a
glycosaminoglycan chain and confer a highly negative charge. The negative charges that
exist through varying degrees of sulphation enable proteoglycans to interact with other
molecules and other glycosaminoglycans. Anionic glycosaminoglycans are rigid chains that
should display mutual repulsion, however they are known to aggregate (Fransson, 1976).
They also attract counter-ions such as Na® which induces osmotic swelling or turgor.
Glycosaminoglycans fill a large amount of space and exhibit strong swelling pressure at
relatively low concentrations, forming hydrated gels that suck water into the matrix (Scott,

1995).

Keratan sulphate and chondroitin sulphate/dermatan sulphate are the predominant
glycosaminoglycan chains that associate with SLRPs in the cornea (Iozzo, 1999) and attach
to specific axial sites along collagen fibrils (see /.12). The subsequent hydrophilic property
of glycosaminoglycans enables them to orientate into extended structures, although, it has
been elucidated that glycosaminoglycans are in fact amphiphilic structures capable of
hydrophobic interaction and hydrogen bonding. It is these interactions that enable the
glycosaminoglycans to counteract the strong expected mutual repulsion and associate to form

interfibrillar bridges (Scott, 2001).

1.9.1 Keratan Sulphate

Keratan sulphate is a sulphated glycosaminoglycan chain, first isolated by Karl Meyer (1953)
in bovine cornea, that consists of the amino sugar N-acetylglucosamine (GlcNAc) and
galactose repeated as disaccharide units. The glycosaminoglycan chain of keratan sulphate
can contain a combination of non-sulphated, mono-sulphated and di-sulphated disaccharide
units (Varki and Cummings, 2008). Keratan sulphate occurs as two different forms dependant
on the linkage to its respective protein core. N-linked keratan sulphate molecules are termed

keratan sulphate class I, whereas class II is defined as those linked to proteins through O-
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linkage at Ser/Thr residues (Funderburgh, 2000). N-linked keratan sulphate exists primarily
in the cornea and is therefore defined as corneal keratan sulphate. There is more than ten
times the amount of keratan sulphate in cornea than in cartilage (Funderburgh et al., 1987).
The principal glycosaminoglycan within the mammalian corneal stroma, keratan sulphate, is
found attached to three different SLRPs; lumican, keratocan and mimecan (Funderburgh,

2000).

Keratan sulphate associated proteoglycans are known to attach at bands ‘a’ and ‘c’ of
collagen fibrils (Meek et al., 1986) and the cornea is the only tissue known to have
proteoglycan attachment sites at these loci (Scott, 1995). The sclera exhibits lower
concentrations of keratan sulphate proteoglycans than the cornea and due to the differing
fibril diameters inherent in each tissue, it is subsequently believed that keratan sulphate
proteoglycans play important roles in the regulation of collagen fibril diameter (Borcherding
et al., 1975), allowing light to be refracted through the cornea with minimal scattering (Varki
and Cummings, 2008). This is evident when there is a failure to synthesize a mature keratan
sulphate proteoglycan, which results in corneal opacity and even blindness (Hassell et al.,

1980).

1.9.1.1 Keratan Sulphate Biosynthesis

Production of the keratan sulphate glycosaminoglycan chain occurs within the golgi
apparatus and is subject to processing by glycosyltransferases and sulphotransferases. These
two families of enzymes are responsible for chain elongation and the transfer of sulphate
esters to the immature glycosaminoglycan, where upon maturation the keratan sulphate
proteoglycan is secreted into the extracellular matrix. Elongation of the keratan sulphate
chain is carried out by action of glycosyltransferases that alternately add galactose and
GlcNAc to the elongating polymer (Funderburgh, 2000). The elongation of the immature
glycosaminoglycan is processed by enzymes of two glycosyltransferase families, B1,3-N-
acetylglucosaminyltransferase (B3Gnt) and B1,4-galactosyltransferase (B4GalT). When
genes encoding B3GnT and B4GalT7 were suppressed in cultured human corneal cells, levels
of sulphated keratan sulphate decreased, illustrating that these enzymes are necessary for

elongation and the synthesis of normal keratan sulphate (Kitayama et al., 2007).
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Chapter 1 - Introduction

1.9.2 Chondroitin Sulphate /Dermatan Sulphate

Chondroitin  sulphate/dermatan  sulphate (CS/DS) glycosaminoglycans contain N-
acetylgalactosamine as its hexosamine constituent, with D-glucuronic and/or L-iduronic acid
as its uronic acid within the repeating disaccharide. However, chondroitin sulphate contains
no L-iduronic acid, which is commonly part of dermatan sulphate’s disaccharide unit (Scott,
1988). Dermatan sulphate is a derivative of chondroitin sulphate, as it is formed by the
epimerization of glucuronate C-5 upon creation of the glycan chain (Scott, 1988). Decorin is
the main proteoglycan composed of hybrid CS/DS glycosaminoglycan chains; it is also the

smallest proteoglycan with only one associated glycosaminoglycan chain.

Chondroitin sulphate was first isolated in the late 19™ century and has been found to be a
major component of cartilage as well as the corneal stroma. CS/DS is found to be less
abundant within the human cornea than keratan sulphate glycosaminoglycans, comprising
20% of the total corneal glycosaminoglycan content (Scott and Bosworth, 1990). However,
the opposite is true for the murine cornea; only 18% of total glycosaminoglycan content is
keratan sulphate (Scott and Bosworth, 1990). Chondroitin sulphate exhibits a variable
sulphation pattern whereby the fourth and sixth residue within the galactosamine unit may be
sulphated in the cornea (Scott and Bosworth, 1990). Dermatan sulphate may be sulphated at
the second and fourth position of its galactosamine unit (Scott and Bosworth, 1990) and was
originally considered to be a form of chondroitin sulphate and is often termed chondroitin

sulphate B.

1.9.2.1 Chondroitin Sulphate/Dermatan Sulphate Biosynthesis

CS/DS chains are attached to serine residues within core proteins through xylose.
Xylotransferase (isoforms XT1 + XT2) utilises UDP-xylose as a donor to initiate the
formation of the glycosaminoglycan chain (Varki and Cummings, 2008). Upon addition of
xylose, a tetrasaccharide forms via the addition of two galactose subunits catalyzed by
members of the glucuronosyltransferase family of enzymes. At this point in biosynthesis, the
addition of al-4 GIcNAc initiates the formation of Heparan sulphate or the addition B1-
4GlcNAc begins development of the chondroitin sulphate chain. The sulphation of galactose

is limited to chondroitin sulphate chains, however. Polymerisation of the chondroitin sulphate
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chain is catalysed with chondroitin synthases that exhibit both B1-3 glucuronosyltransferase
and B1-4 N-acetylgalactosaminyltransferase activities. The elongation of the polymer in
chondroitin sulphate also requires the action of chondroitin polymerising factor, a protein that
does not act independently but collaborates with the polymerases that transfer subunits.
Sulphation occurs via the action of multiple sulphotransferases, conferring sulphation at 4-O
and 6-O positions on N-acteylgalactosamine residues. Further enzymatic processing exists for
the epimerisation of glucuronic acid to iduronic acid for dermatan sulphate production (Varki

and Cummings, 2008).

1.10 SLRPs

The small leucine rich proteoglycan (SLRP) super-family consists of proteins within a range
of diverse biological locations that are related both structurally and functionally. All SLRPs
have one domain that is formed from the presence of tandem leucine rich repeats which
adopts a curved solenoid fold (Hocking et al., 1998). The leucine rich repeat motifs within
SLRPs are flanked on either side by cysteine-rich clusters, the presence of which are an
integral part of the leucine rich repeat domain (Kobe and Kajava, 2001). Distribution of
leucine rich repeat sequences within the protein structure and in different species illustrates
the diversification of their roles, and this apparent retention throughout evolution indicates
that the sequence provides an ideal conformation for binding to other proteins (Hocking et al.,

1998).

SLRPs are classified into five distinct families according to protein and genetic homology
and also the positioning of the N-terminal Cys-rich clusters (Iozzo and Schaefer, 2008). All
SLRPs exhibit homologous sequences throughout their central domain of approx 10 fold
repeats of a series of 24-amino acid leucine rich repeats (lozzo, 1999). Leucine rich regions
fold the protein into a series of beta-sheets forming a 3-D arch shape conformation that
enables glycosaminoglycans to extend from the concave side of the arch (Iozzo, 1999). This
conformation allows corneal proteoglycans to have bi-antennary functionality, attaching to
collagen fibrils whilst protruding glycosaminoglycans that form interfibrillar bridges. The
SLRPs are known to play a significant role in modulating collagen fibril diameter. Lumican

and decorin have been show to inhibit the lateral aggregation of collagen fibrils (Rada et al.,
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1993). Furthermore, studies indicate that the regulation of collagen fibrillogenesis is specific
for certain proteoglycans. This is highlighted by the fact that biglycan and aggrecan display

no effect on the rate of formation of collagen type I and II fibrils in vitro (Vogel et al., 1984).

SLRPs contain four regions that exhibit similar motifs in all members of the super-family
(Iozzo, 1999). In the prototypic SLRP decorin, domain I consists of a signal peptide and
propeptide; domain II comprises of four evenly spaced cysteine residues and the
glycosaminoglycan attachment site; domain III, which contains the tandem LRR repeats and
domain IV, a C-terminal domain of approx. 50 amino acids containing two conserved
cysteine residues. The function of the propeptide is unidentified but the signal peptide

dictates transit of the nascent peptide to the rough endoplasmic reticulum.

The crystal structure of a leucine rich repeat protein, pancreatic ribonuclease inhibitor,
illustrated the nature of the repeats in the tertiary structure (Kobe and Deisenhofer, 1993). It
is described as the characteristic leucine repeat fold. The significant number of tandem
leucine rich repeat sequences in SLRPs forces the two parallel lines of a helices and beta-
sheets into a curved shape homologous to the ribonuclease inhibitor (Kobe and Deisenhofer,
1993). The horseshoe conformation of SLRPs enables the attachment of SLRPs to collagen,
as the diameter of space inside the horseshoe configuration (approx 2nm) is larger than the

diameters of collagen micro-fibrils at (1.5nm) (Scott, 1996).

Corneal SLRPs have bi-functional character whereby the protein core binds the collagen
fibrils at strategic areas and the attached glycosaminoglycan chain extends to regulate
interfibrillar spacing. Each corneal SLRP has a unique core protein although they share 35%

amino acid homology (Funderburgh et al., 1991).

1.11 Corneal Proteoglycans

The proteoglycans that exist within the cornea are all members of the SLRP super-family.

The presence of the proteoglycans, differentiated by their glycosaminoglycan chain, varies
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Chapter 1 - Introduction

interfibrillar spacing resulting from a disruption in lamellar organisation and abnormal fibril

packing (Chakravarti et al., 2000).

Electron microscopy examination of fibrils formed in vitro illustrates that, in the presence of
lumican, fibrils display markedly thinner diameters than those left to aggregate independently
(Rada et al., 1993). Rada (1993) also showed that collagen fibrils in the presence of purified
lumican core protein were much thinner than those exposed to the proteoglycan form of
lumican. This may indicate a role of keratan sulphate in limiting the interaction of lumican
core protein with collagen fibrils — a possible mechanism tailored to implement precise fibril
diameter. From these findings, it is evident that lumican is a potent modulator of collagen
fibrillogenesis. Interestingly, lumican knockout mice exhibit the most severe phenotype out
of all keratan sulphate proteoglycan knockout mice. Age-related corneal opacity,

disorganised collagen architecture and a thinner corneal stroma are all the result of lumican-

null mice (Chakravarti et al., 1998).

Studies of keratocan-null mice and lumican-null mice indicate that lumican most likely
prevents lateral fusion of collagen fibrils (Meek et al., 2003, Chakravarti et al., 1998). This is
based on the fact that Keratocan deficient mice exhibit no large and irregularly shaped fibrils
that are witnessed in lumican-null mice (Liu et al., 2003). It has also been postulated that
lumican may in fact regulate the synthesis of keratocan. The modulation of keratocan has
been measured via introsomal injection of a lumican mini-gene into the stroma of lumican-
null mice (Carlson et al., 2005). SIRNA knockdown of lumican in vitro reduced keratocan,
whereas increased keratocan translation was detected after insertion of a lumican mini-gene
in vivo (Carlson et al., 2005). This evidence helps towards the understanding of why lumican-

null mice display hazy corneas whilst keratocan-null mice retain corneal transparency.

Lumican, as well as keratocan, have sulphotyrosine residues situated at the N-terminal end of
the core proteins (Funderburgh et al., 1995). Kao (2002) suggested that the sulphation of the
tyrosine residues may affect interactions with cationic domains of extracellular matrix or cell
surface proteins. In embryonic chick corneas, transparency increases in respect to the

accumulation of lumican (Cornuet et al., 1994) and exerts its function early in collagen
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fibrillogenesis (Ezura et al., 2000). It is clearly evident from current studies that the presence

of lumican is imperative for the normal control of collagen fibrillogenesis within the cornea.

1.11.2 Keratocan

Keratocan is a 38kDa proteoglycan that is associated with 4-5 keratan sulphate
glycosaminoglycan chains (Michelacci, 2003). Also part of the SLRP family, it is one of the
major components of the corneal extracellular matrix. Keratocan exists abundantly within the
cornea, expressed by keratocytes, but it is also found in skin and cartilage to a lesser extent. It
is only subject to sulphation within the cornea, however. It has been postulated that keratocan
and lumican display similar three-dimensional structures, also similar in arrangement to that

of the porcine ribonuclease inhibitor (Dunlevy et al., 1998).

Keratocan-null mice exhibit clear corneas at early development compared to the hazy corneas
that are seen from lumican null mice at the same stage (Kao and Liu, 2002). They display a
thin corneal stroma at this stage, however. Later in development, collagen fibril spacing
becomes abnormal when compared to that of wild type mice. However, fibrils appear to
remain circular (Kao and Liu, 2002). Also, the expression of keratocan is specific to the adult
corneal stroma in mice (Liu et al.,, 2003). In humans, mutations to the gene encoding
keratocan results in the formation of cornea plana and ultimately, decreased vision acuity
when corneal curvature is flattened and the refractive properties are altered (Pellegata et al.,
2000). Investigations into the elucidation of keratocan’s role suggest that along with other

keratan sulphate proteoglycans it is a potent modulator of collagen fibrillogenesis.

1.11.3 Mimecan

Mimecan is a 25kDa keratan sulphate proteoglycan that is transcribed from the same gene
that encodes osteoglycin and is synthesised via proteolytic splicing and/or mRNA alternative
splicing (Funderburgh et al., 1997). Similar to keratocan, it is only sulphated within the
cornea and is expressed to a lesser extent in other tissues. Mimecan contains a lower

incidence of the tandem leucine repeat motifs, only six compared with the ten of the other
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corneal SLRPs (Iozzo, 1997), and belongs to SLRP class III (Iozzo and Schaefer, 2008). On
comparison with lumican and keratocan, a high level of sequence identity is not noticed.
Structural domains within all three proteins are conserved, whereby each protein has one or
more tyrosine residues situated next to acidic amino acids at their N-terminus (Funderburgh

et al., 1997).

Collagen fibrils within the corneal stroma of mimecan-null mice are of a normal diameter and
have regular interfibrillar spacing on average (Beecher et al., 2005). This evidence suggests
that mimecan plays a role of lesser significance in the regulation of collagen fibrillogenesis
than other keratan sulphate proteoglycans. However, Tasheva (2002) demonstrates that
mimecan may modulate collagen fibrillogenesis and that in its absence, collagen fibril

diameters increases in both skin and the cornea.

1.11.4 Decorin

Decorin was initially cloned from a human fibroblast cell line (Krusius and Ruoslahti, 1986)
but has since been discovered localised in many other connective tissues. Like other SLRPs,
it is a low molecular weight proteoglycan that contains a leucine rich 45kDa protein core and
has a single glycosaminoglycan chain consisting of either chondroitin or dermatan sulphates.
Decorin, unlike keratan sulphate proteoglycans, binds to the ‘d’ and ‘e’ loci of collagen fibrils
(Scott, 1990) and was termed decorin due to its ability to 'decorate' collagen fibrils. It has
been deduced that the sixth leucine motif within decorin is the major collagen type I binding
site (Kresse et al., 1997) and recent evidence suggests that one molecule of decorin may

interact with four to six collagen molecules (Orgel et al., 2009).

Decorin is proposed to be dimeric and each monomer folds into the curved solenoid
characteristic of leucine rich domains with parallel B-sheets on the inside of the structure
(Scott et al., 2004). Dimerisation occurs through the concave surfaces of the leucine rich
repeat domains and the possible ligand-binding scenarios were reviewed by McEwan and

colleagues (2006). Glycosaminoglycan attachment loci within decorin’s structure is located at
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Chapter 1 - Introduction

Decorin is a multi-functional protein involved in diverse processes including the control of
collagen fibril morphology (Danielson et al., 1997), cell adhesion and also the regulation of
growth factors (Winnemoller et al., 1992, Yamaguchi et al., 1990). It has been established
that in the absence of the decorin proteoglycan, collagen fibril diameters are increased when
compared to fibrils that are associated with unglycanated decorin (Rada et al., 1993). Decorin
has been shown to be involved in the delaying of collagen fibril lateral assembly and
aggregation in vitro (Vogel et al., 1984). Evidence also suggests that the glycosaminoglycan
chain of decorin may have a reducing affect on collagen fibril diameter, whilst the affinity of
decorin to collagen fibrils is greater than that of glycosaminoglycan-deficient decorin
(Ruhland et al., 2007). Kadler (1996) proposed that decorin may initiate the prevention of
fibril lateral aggregation as early as in collagen biosynthesis, postulating that decorin may be

secreted along procollagen molecules in their development within secretory vesicles.

Sufferers of Ehlers-Danlos syndrome display a lack of glycanated decorin, with
approximately 50% of secreted decorin produced in patients is unglycanated. Ehlers-Danlos
patients also exhibit the same skin-fragility that is displayed in decorin-null mice (Ruhland et

al., 2007).

1.12 Proteoglycan — Collagen Interactions

Scott (1991) proposed the idea that proteoglycans and collagen fibrils form part of a ‘shape
module’ that is a major component responsible for the structural integrity of extracellular
matrices. The ‘shape module’ consists of proteoglycans lying along the length of a collagen
fibril and are bound non-covalently at specific attachment sites, in addition to the
glycosaminoglycan chains that extend outward and form interfibrillar bridges with adjacent
proteoglycans. The SLRP is considered to inhibit lateral aggregation of collagen fibrils and
therefore, exists as a regulator of collagen fibrillogenesis. SLRPs exist in a horseshoe
conformation whereby their respective glycosaminoglycans chains extend from the convex
side, leaving the protein free to bind to fibrils and consequently restrict the lateral aggregation
of collagen. The result of which is the formation of narrow diameter collagen fibrils that are
necessary for the low level of light scattering in the cornea. Projecting out from the leucine

rich repeat protein is a bound, highly anionic glycosaminoglycan chain that interacts with
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Chapter 1 - Introduction

Proteoglycans are also important for the balanced hydration of the corneal stroma. The highly
anionic character of glycosaminoglycans means they have a high water binding capacity
(Bettelheim and Plessy, 1975) and also attract counter-ions such as Na' into the stroma,
necessary for the correct hydration of the tissue. Mice deficient in corneal
glycosaminoglycans often exhibit noticeably thinner corneas as a result of dehydration and
the imbalance of water intake into the stroma (Chakravarti et al., 2000, Liu et al., 2003). The
apparent alteration of proteoglycan biosynthesis can also have differing effects on the
development of the cornea. Disruption in normal matrix formation can lead to opaque tissue
and blindness, as is the case in macular cornea dystrophy. Corneal scars that have reduced
transparency display highly sulphated CS/DS and a reduction in keratan sulphate indicating
that defects in processing have implications in the development of transparency and the ratio

of different proteoglycans (Funderburgh, 2000).

1.13 Corneal Transparency

The development of corneal transparency is fundamental to the functionality of the eye.
Several models have been proposed as to how the cornea develops and maintains its clarity.
Initially, it was proposed that the components of the corneal stroma exhibit uniform refractive
indices (RI) which results in the minimal scattering of light and consequently conferring
transparency (Leber 1903, Smith and Frame, 1969). Further investigation into the RI of
collagen fibrils (Leonard and Meek, 1997) negated this theory, illustrating that collagen
fibrils display a RI of 1.411 as opposed to the overall extracellular matrix RI of 1.365 which
is significantly lower. Currently, the refractive index of keratocytes is unknown, although
they are normally able to transmit light. However, evidence suggests that when keratocytes
become active, normally through injury, and take the form of either fibroblasts or

myofibroblasts, they display intense light scattering (Moller-Pedersen, 2004).

Caspersson and Engstrom (1949) first developed the idea that transparency may be a result of
the regular arrangement of collagen fibrils, whereby individual scattered waves cause
destructive interference in all directions with the exception of the forward direction. In his
now seminal work, Maurice (1957) compounded the idea of lattice theory and the notion that,

as a result of regular interfibrillar spacing with a lower magnitude than the wavelength of
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light, destructive interference of scattered light by individual fibrils occurs in all but the
forward direction. The lattice theory proposes that the cornea appears transparent due to
scattered light being projected only in the forward direction and therefore, light only enters

through the primary visual axis (Maurice, 1957).

Maurice’s theory (1957) was modified by Goldman and Benedek (1967) as the lattice theory
could not explain the transparency of the dogfish cornea. Their findings centred on
Bowman’s layer, where a lack of fibril lattice-like arrangement scattered light less than the
corneal stroma. It was deduced that transparency of Bowman’s layer was a result of the
regular interfibrillar spacing in distances that reached half the wavelength of light. As a
result, it was elucidated that only a short-range order of collagen fibrils is a pre-requisite for
the destructive interference of scattered light (Goldman and Benedek, 1967, Farrell and Hart,
1969).

Due to the nature of proteoglycan control of collagen fibrillogenesis, proteoglycans are
fundamental to the development and maintenance of corneal transparency. Borcherding et al
(1975) illustrated the differences between the concentrations of proteoglycans between the
highly organised centre of the cornea and the opaque sclera. This finding is also compounded
by the fact that an inability in humans to synthesize a mature keratan sulphate can result in
the formation of corneal opacity (Hassell et al., 1980). Hassell et al (1980) also illustrated that
keratan sulphate proteoglycans are uncommon in corneal scars, observing larger than normal
interfibrillar spacing and a decrease in transparency that can be partially rectified by the re-
introduction of keratan sulphate proteoglycans. Furthermore, it has also been indicated that
stromal swelling can have a bearing on transparency due to the formation of water ‘lakes’
(Benedek, 1971), causing disruption in the regulation of collagen interfibrillar spacing
(Goodfellow et al., 1978). Corneal opacity will occur if the ‘lakes’ containing no collagen
reach or exceed half the wavelength of visible light (Benedek, 1971). As proteoglycans are
involved in the attraction of counterions and the subsequent hydration of corneal tissue, any

deficiency in proteoglycans can result in stromal hydration problems.
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Both collagen fibril diameter and centre-to-centre fibril spacing are pivotal in the
development of corneal transparency due to their scattering properties. Each collagen fibril,
although they are the main scattering element within the cornea, is deemed to be ineffective
at scattering light due to the narrow diameters they exhibit (McCally and Farrell, 1999). The
size of the fibril diameter is much smaller than the wavelength of light (400-700nm) and if
they were effective at scattering light the tissue would become opaque. At the early stages of
development, both cornea and sclera are transparent and display relatively similar collagen
diameters. Differences in fibril diameters between the tissues increases as the sclera tissue
increasingly becomes more opaque (Smelser and Ozanics, 1959). The extent of fibrillar
collagen within the cornea also requires destructive interference of scattered light in order to
allow for transparency. Independent fibril scattering would result in a greater incidence of
constructive interference (Freund et al., 1995) and subsequently defects in transparency.
There is also the requirement to minimalise the size of the actual corneal tissue as the

thickness dictates the amount of light scattering that occurs (Scott and Bosworth, 1990).

Farrell (1994) proposed a model which is currently the most widely accepted theory relating
to corneal transparency. It states that corneal transparency at a given light incident
wavelength, A, relies on several factors that include fibril density packing, p, the diameter, q,
of the collagen fibrils, the ratio, m, between the “ground substance”, n,, and collagen’s
refractive index, n,, as well as the angle of scattered light, 8, and also the relative positions of

fibrils to each other and the thickness of the cornea.

1.14 Stromal Hydration

The endothelial monolayer serves as a passage for nutrient uptake and waste removal in and
out of the stroma whilst it also secretes fluid, counteracting the continuous leak of fluid into
the stroma through ion transport (Bonanno, 2003). Maurice (1972) illustrated that the
endothelium was responsible for 90% of the fluid transport into the rabbit cornea. Stromal
polysaccharides, including keratan, dermatan and chondroitin sulphate, have several sulphate
and carboxyl groups that are responsible for the binding of cations as well as hydration; the
anionic glycosaminoglycan extensions are functionally important in stromal swelling due to

their hydration properties (Hedbys et al., 1963). Enzymatic degradation of individual
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glycosaminoglycans reduces the swelling pressure according to the glycosaminoglycan

concentration (Maurice and Monroe, 1990).

Fluid uptake into the stroma occurs as a result of the ionic permeability of the endothelium as
well as the presence of hydrophilic glycosaminoglycans responsible for the swelling pressure
within the corneal stroma. Transendothelial transport results in the removal and uptake of
ions to and from the aqueous humor. However, there is no net fluid intake into the stroma due
to the active secretion and active counter-balance of fluid by action of the ‘pump-leak’
mechanism (Maurice and Giardini, 1951). The pump that forces fluid out of the stroma is also
situated within the endothelium. The pump-leak mechanism, and essentially the endothelium,
is therefore believed to modulate corneal hydration and the water balance between the

aqueous humor and cornea.

Corneal thickness and transparency are both dependent on the regulation of corneal stroma
hydration. A reduction in endothelial ion transport activity results in a loss of corneal
transparency and impaired vision (Bonanno, 2003). Initially, it was postulated that the
swelling pressure of the stroma was a result of the presence of excess ions in the aqueous
humor (Maurice and Giardini, 1951). Maurice (1951) indicated that a difference in electrical
potential, a result of excess ion transport across the endothelium, allows ions of the opposite
charge (Na’, K*, CI" or HCO3") to achieve electrochemical equilibrium across the endothelial
cell layer. The epithelium is also involved in fluid transport through the cornea, absorbing
nutrients from the tear fluid due to the avascular nature of the cornea. Klyce (1977)
demonstrated that the epithelium can contribute to fluid transport when the CI” transport was

stimulated by B-adrenergic agonists by way of increased cAMP.

1.14.1 Leak

Swelling pressure within a charged gel is created by ion imbalance, described by the Donnan
effect. Hodson (1993) compounded earlier studies by establishing a relationship between the
magnitude of the swelling pressure and charge density within the stroma over a range of

hydration, a result of which was accounted for by the Donnan effect. The Donnan effect
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challenging the importance of the bicarbonate ion. However, Sanchez (2002) showed that
fluid pumping is maintained by both bicarbonate transport and sodium recirculation through
apical Na’ channels. In order to control hydration and ultimately thickness of the tissue, it is
believed that a set of receptors would be needed to control the active system, modulating
endothelial pump activity and identifying the hydration levels of the tissue. No mechanism
has been identified as of yet although several membrane proteins, such as adenosine and
acetylcholine receptors (Walkenbach and Chao, 1985, Lind and Cavanagh, 1995) have been

implicated in possible roles of cCAMP regulation and stromal hydration control.

1.15 Gene-targeting

Gene knockout mice can help us establish the roles of functionally important molecules such
as proteoglycans. Transgenic animals have induced modifications to their genome whereby
an endogenous sequence is changed in embryonic stem (ES) cells. Valid assumptions
concerning protein structure and functionality can often be made on the basis of what is

evident in the absence of that specific protein.

Gene-targeting involves interrupting the gene that encodes a specific protein in order to
remove its expression. In mouse embryonic stem cells, the endogenous gene of interest is
disrupted and replaced with a DNA construct containing a selectable marker gene
(Doetschman et al., 1987, Thomas and Capecchi, 1987). This method favours positive

selection of transfected ES cells as the integrated gene is not transcribed.

DNA is introduced into ES cells by subjecting them to an electrical potential which disrupts
the cell membrane — enabling exchange between cellular components and the culture that
surrounds it. It is also necessary for the DNA construct to contain identical flanking target
sequences as the endogenous gene so as to produce homologous recombination. The
transfected cells are inserted into the uterus of a foster carrier and the offspring are mated in

order to produce a homozygous breed of mouse.
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1.15.1 Mice Proteoglycan Knockouts

Several studies have investigated the result of specific corneal proteoglycan-null mice,
elucidating that collagen fibrillogenesis is affected with proteoglycan removal in most cases.
Analysis into the collagen-proteoglycan association three-dimensionally in knockout mice
may offer a valuable insight into the functionality of proteoglycans and whether any
compensatory mechanisms occur in their absence. In the absence of components that form the
‘shape module’, induced by genetic manipulation, extracellular matrices do not form ordered
tissue. Investigations into the organisation of corneal collagen in proteoglycan knockouts
have been carried out extensively, although the interpretation of collagen order is mostly
carried out via X-ray diffraction analysis. Using electron tomography as a visual tool we may

be able to elucidate the role of proteoglycans in the collagen meshwork to a greater extent.

Chakravarti (1995) established the position of the gene encoding lumican and also developed
lumican-deficient mice that exhibit a high degree of collagen disorder and corneal
opacification as a direct result (1998). The 11kb gene encoding lumican localises to the same
region as the decorin gene on distal mouse chromosome 10 (Iozzo and Murdoch, 1996) and
so detection of decorin expression is necessary in order to evaluate whether or not the decorin
gene has been disrupted in the process of lumican gene knockout. Lumican, similarly to
keratocan, is encoded on a 6.5kb gene in mice whereby three exons are responsible for the

transcription of the lumican mRNA.

Mimecan was initially isolated in truncated form from bovine bone (Madisen et al., 1990) and
found to be part of the SLRP family of proteins. The single copy gene that encodes mimecan
is situated on chromosome 9922 in humans (Tasheva et al., 2002); transcription of the gene
produces 8 mRNAs and its homology is conserved throughout mice, bovine and humans
(Tasheva et al., 1997). The evolutionary conservation may serve as an indicator of mimecan's
functional importance. Although it is currently unclear as to how mimecan exerts it biological
function, it is suggested that mimecan plays a part in cellular growth control due to the ability
for growth factors and cytokines to regulate its mRNA expression in corneal keratocytes

(Long et al., 2000).

44



Chapter 1 - Introduction

The gene encoding keratocan in mice spans 6.5kb of the genome and contains three exons
and two introns (Liu et al., 1998). The second exon is responsible for encoding all ten of the
leucine repeats. Keratocan has been found to be expressed more selectively than other SLRPs
such as lumican, being transcribed almost solely within the cornea. Interestingly, keratocan
mRNA can be found to be expressed within corneal keratocytes but not in sclera cells. Both
keratocan and lumican genes found on the mouse distal chromosome 10 are deficient of a

TATA box — an indication of how closely related they actually are (Ying et al., 1997).

The decorin gene exists at the 12923 locus in humans. The high conservation of the decorin
protein core when compared to homologous proteins in other species compounds the general
assumption of the functional importance of this molecule. Decorin is found localised within
many connective tissues other than the cornea and highly ‘decorates’ fibrils and is therefore
seen as an important molecule for the order of the extracellular matrix. A mutation in the
gene encoding decorin within humans, 12q22, causes congenital stromal dystrophies,

indicative of decorin’s role in stromal morphology (Bredrup et al., 2005).

1.16 Electron Tomography

The idea of using three-dimensional reconstructions for the elucidation of ultra-structural
details at high-resolution was first described in 1968 (DeRosier and Klug, 1968). Electron
tomography is a high resolution methodology for reconstructing the interior of an object from
the two-dimensional projections collected at varying angles, rotated around a single or dual
axis, using transmission electron microscopy. The electron beam within an electron
microscope is fixed, and so the specimen holder is tilted around a single axis in order to
create a tilt series. The projections are then collected from the specimen the micrograph
images are then used to reconstruct the desired object in its entirety through a back-projection

algorithm (Frank, 2006).
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1.17 Aims and Objectives

The aim of this project is to achieve a greater understanding of the organisation of
proteoglycans in the mouse corneal stroma and their role in collagen fibril assembly. A
clearer comprehension of collagen-proteoglycan association and proteoglycan morphology
will enable us to elucidate how proteoglycans regulate collagen fibril architecture in the
corneal stroma extra-cellular matrix and therefore, understand more clearly how corneal
transparency is achieved. Elucidating collagen-proteoglycan interactions in the wild-type
mouse corneal stroma will provide a basis for interpreting the effects on collagen

organisation in proteoglycan altered mouse corneas.

Specific aims:

e To visualise the organisation of proteoglycans in the wild-type mouse cornea three-
dimensionally

e To understand the role of sulphation of proteoglycans and how it affects packing of
proteoglycans

e To achieve a greater understanding of how proteoglycans regulate the uniform collagen

architecture in the corneal stroma
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2.1 Introduction

The methods detailed within this chapter were used to obtain three-dimensional
reconstructions of collagen-proteoglycan associations in the mouse corneal stroma of wild-
type and genetically manipulated mice. From the reconstructions, it is possible to ascertain
proteoglycan dimensions as well as their three-dimensional conformations, allowing us to
elucidate proteoglycan organisation in the mouse cornea. Digestion with specific
glycosaminoglycan degrading enzymes reveals the identity of proteoglycans present in the
different corneal specimens used. Utilising these techniques enabled a clear definition of
specific proteoglycan organisation in the cornea, which provides a basis for the understanding
of how proteoglycans regulate collagen fibril architecture. Image analysis was carried out
using ImageJ, which allowed for the measurement of proteoglycan dimensions, fibril

diameters and the calculation of radial distribution functions.

Both conventional electron microscopy and electron tomography was carried out on a JEOL
1010 transmission electron microscope operating at 80kV with a Gatan ORIUS SC1000 CCD

camera attached.

The methodologies are subdivided into sample preparation and staining, enzyme digestion,
transmission electron microscopy, image alignment and segmentation — the steps required for

the generation of three-dimensional reconstructions.

2.2 Corneal Sample Collection and EM Preparation

Materials

0.05% Cuprolinic Blue (0.01g)

2.5% Glutaraldehyde (2ml)

25mM Sodium Acetate (20ml, pHS5.7)
0.1M MgCl,
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Aq. 0.5% Sodium Tungstate
Ethanol (50%, 70%, 90%, 100%)

Mature, wild type (CD1 and C57BL/6) mice were obtained from Cardiff School of
Biosciences, Cardiff University and their corneas were dissected in half to be fixed and
stained accordingly. Eyes were removed within 5 minutes post-mortem after carbon dioxide
anaesthesia and cervical dislocation. Animals were treated in accordance with the ARVO
statement for the Use of Animals in Ophthalmic and Vision Research as well as local

regulations at all times.

Chst5-null mice were bred and kindly provided by Professors Kohji Nishida (Osaka
University) and Tomoya Akama (Sanford-Burnham Medical Research Institute). Lumican-
null mice were collected from the lab of Dr. Shukti Chakravarti at Johns Hopkins School of
Medicine, Baltimore and treated in exactly the same way as the wild-type mice detailed

below.

In order to visualise the corneal proteoglycans, half mouse corneas were fixed for 24 hours in
2.5% glutaraldehyde in 25mM sodium acetate buffer (pHS.7) with 0.1M MgCl, and 0.05%
Cuprolinic blue (Quinolinic phthalocyanate), a cationic dye for characterisation of
proteoglycans (Scott and Haigh, 1988a). Glutaraldehyde was used to fix and preserve the
tissue, helping to maintain the position and shape of the collagen and proteoglycan matrix.
The samples were then rinsed three times with sodium acetate buffer (pH5.7) for ten minutes
each and subjected to subsequent washes with aqueous 0.5% sodium tungstate, also for three
ten minute periods. After rinsing, the samples were dehydrated using 50% ethanolic tungstate
(0.5%) initially, followed by 15 minute washes in an incremental ethanol series (70%, 90%,
100%). Ethanolic tungstate was used to increase the electron density of Cuprolinic blue and,

in turn, enhance the contrast of proteoglycan-dye complexes in electron microscopy.

Cuprolinic blue is an electron dense cationic dye which has a high affinity for the highly
negative charge component of proteoglycans; the glycosaminoglycan side chain. The electron

density of the stain is attributed to the presence of a Cu’ ion. The corneal samples were
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subject to a critical electrolyte concentration staining method (Scott and Haigh, 1988a) which
allows us to visualise the proteoglycans as electron dense elongated, filament-like shapes.
MgCl,, a negatively charged salt, is also used to inhibit Cuprolinic blue staining on certain
polyanions. The concentration we shall use is 0.1M MgCl, which is the concentration
required for the prevention of Cuprolinic blue staining of a given polyanion, notably
carboxylates (COO’), phosphate esters (PO4’) and sulphate esters (SO4") as they are prevalent

within the cornea.

Cupromeronic blue, another cationic dye for staining of proteoglycans, was used in order to
compare and contrast the two dyes performance and whether or not any proteoglycans were
left unstained in either treatment. Initial analysis alluded to the fact that both dyes exert
similar properties and stain glycosaminoglycan chains as effectively as each other; any
differences were negligible. Although the critical electrolyte concentration (MgCl,) was

altered to 0.3M according to Scott (1988a).

2.2.1 Enzyme Digestion

Materials

Chondroitinase ABC (2.5U/ml)
Keratanase II (1U/ml)

1% Paraformaldehyde
Tris/sodium acetate buffer (pH 8)

To reveal the specific identity of proteoglycans in various corneal specimens,
glycosaminoglycan-degrading enzymes were used; namely chondroitinase ABC (from
Proteus Vulgaris) and keratanase II (isolated from Bacillus sp.). Chondroitinase ABC cleaves
chondroitin sulphate/dermatan sulphate proteoglycans and, in mouse corneas, removes the
majority of proteoglycans, whereas Keratanase II is responsible for targeting keratan sulphate
associated proteoglycans (Young et al., 2005). Chondroitinase ABC cuts the B1-4 N-
acetylhexosaminidic link to either D-glucuronic acid and L-iduronic acid, however

keratanase II cleaves the B1-3 glucosaminidic linkages to galactose of keratan sulphate
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glycosaminoglycans where the disaccharide sequence may be mono- or di-sulphated

(Quantock et al., 2010).

As the proteoglycan population of the wild-type and Chst5-null mouse corneal stroma was
deduced via enzyme digestion by Young and colleagues (2005) and Hayashida et al (2006)
respectively, only lumican-null corneas required enzyme treatment to determine the nature of
proteoglycans observed in electron microscopy. Excised corneas were dissected in quarters
and prefixed with 1% paraformaldehyde to be washed with 1U/ml tris/sodium acetate buffer
(pH 8), with one cornea to remain in the buffer as a control. Chondroitin sulphate/dermatan
sulphate proteoglycans were removed initially, whereby one cornea was incubated in 2.5
U/ml chondroitinase ABC (Sigma Aldrich) for 4h at 37°C, whereas Keratan sulphate
associated proteoglycans were degraded by treating another cornea with 1 U/ml keratanase,
also for 4h at 37°C. To remove both types of proteoglycans, a combination of both enzymes
was used and subject to the same temperature and duration. Samples were then fixed and
proteoglycan-stained with Cuprolinic blue to be embedded for electron microscopy as

detailed in 2.2.2.

2.2.2 Resin Embedding

Materials

Propylene Oxide

Araldite Monomer CY212
DDSA Hardener

BDMA Accelerator

After the initial fixation and staining of glycosaminoglycan chains, the samples were exposed
to a series of dehydration steps in 70%, 90% and 100% ethanol. An intermediate treatment of
Propylene oxide (PO,) and 100% ethanol for 15 minutes was used prior to two treatments of
only PO, for 15 minute intervals to ensure dehydration. Samples were then put into a mixture
of 50% araldite resin and PO, for an hour before a 100% araldite resin treatment, also for an

hour period. The specimens were then transferred to another araldite resin treatment where
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they were left for 12 hours being rotated gently. The araldite monomer and hardener are
required to be pre-warmed in order to facilitate the easy, fluid measuring and pouring of
araldite. The corneal samples were then inserted into moulds containing fresh araldite which
was allowed to polymerise and form embedding moulds at 60°C for 48 hours. Polymerised
blocks containing the half mouse corneas were then sufficiently hardened for glass knife

sectioning.

2.2.3 Polyetherimide Support Films

Materials

Ethylene Dichloride (1,2 — Dicholoroethane) solution
Polyetherimide granules

Microscope Slides

Water Bath

Detergent

EM slot grids (2mm x 1mm)

Coplin Jar

Support films were made using 0.38% polyetherimide (PEI) in ethylene dichloride solution.
0.76g of PEI granules were dissolved in 200ml of ethylene dichloride and left to stand for
approximately 72 hours. Microscope slides, wiped with detergent to ensure a clean side and
also to coat a hydrophobic layer, were dipped into coplin jars containing PEI solution for
approximately 20 seconds and then left to dry within the fume hood. After being left to dry in
a desiccated area, the slides coated with PEI were scored along each edge with a razor-blade
forming a rectangle and drawn off in a water bath. Grids (TAAB 2mm x Imm slot) were
placed shiny side up on the floating film which was then attached to another slide coated with
PEI. The slides covered with grids were then left to dry for a few hours and lifted off gently

with forceps.
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2.3 Sectioning

Materials

Reichart-Jung Ultracut Microtome
Leica EMKMR?2 Glass-cutter
Glass

De-ionised Water

Chloroform

Araldite resin embedded mouse corneal specimens were sectioned using glass knives on a
Reichart-Jung Ultracut ultra-microtome and attached to the PEI film which was suspended in
a 2mm X Imm slot of a 3.05mm copper grid. Glass knives were obtained by using a Leica
EMKMR? glass cutter (Leica, Austria). Knives were tilted at 6° for cutting and sections were
carefully cut using areas of the knife that did not appear to be serrated due to stress fracture
occurrence when knives were created. Tape was carefully put from edge to edge at the top of
the knife and sealed with wax to create a small water bath that allowed sections to be
collected upon slicing with the knife. De-ionised water was pippetted into the bath and
sections collected were placed onto the support film slot of the grids. Sections cut on the
Reichart ultra-microtome approximately 90nm thick and gold in colour were lifted onto the
PEI coated grids after being stretched out with chloroform. Initially, semi-thin (500nm)
sections were obtained and transferred to a microscope slide using a single hair. The semi-
thin sections were stained with toluidine blue which allowed us to check under the light

microscope whether the tissue was adequate for visualisation using the electron microscope.

2.3.1 Section Staining and Gold Fiducial Markers

Materials

2% Uranyl Acetate
1% Phospho-tungstate Acid
10nm Colloidal Gold
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For the contrast enhancement and definition of collagen fibrils within the sections cut, 2%
uranyl acetate (UA) and phospho-tungstic acid (PTA) were used as negative stains. Gold
fiducials work as markers for the plane in which the specimen is lying when applying the
computer analysis part of electron tomography. Fiducials also enable the tracking of the
specific region desired when proceeding with each individual tilt in the series. As we were
expecting to work at magnifications of approximately x20k-x30k, 10nm diameter fiducials

were the most appropriate gold markers to use.

To coat the grids with the staining solutions, droplets of UA, PTA and distilled water (x4 for
each stain) were aligned on top of parafilm-covered distilled water, large enough for the grids
to sit on top. Grids were placed face down and left for 2 minutes in PTA, 2 minutes each on
four drops of distilled water, followed by 12 minutes in UA and a further 2 minutes each on

four more droplets of distilled water.

After the staining treatments, grids were dipped into water approximately 30 times and then a
steady flow of water was streamed onto the grid to wash any excess stain. The grids were
then left to dry where they were then subject to gold fiducial staining in order to create the
three-dimensional reconstructions. Similar to the UA, PTA staining technique, gold fiducial
solution was pippetted into small (10uL) droplets onto water-covered parafilm. The grids
were then placed face-down onto a single droplet for 20 seconds and then placed on a new
droplet, face-up for a further 20 seconds. Once dried, the sections on the PEI support film

grids were ready to be analysed using TEM.

2.4 Electron Microscopy and Electron Tomography

Transmission electron microscopy (TEM) is a powerful imaging tool that allows the user to
visualise macromolecular organisation both inside and outside the cell, two-dimensionally.
The first electron microscope was built in 1931 by Ernst Ruska and Max Knoll and although
it was not capable of the high resolutions we can achieve today, it laid the foundations for the
field of electron microscopy. Electron microscopy, as the name suggests, uses a highly

charged beam of electrons to illustrate the composition of the specimen that is to be
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investigated. The electron beam is focused onto the specimen and the resulting image is
projected using a charge-coupled device (CCD) camera according to the scattering of
electrons. Electrons are used as opposed to light as they are known to have a much shorter
wavelength. The de Broglie wavelength of an electron is much smaller than that of a photon
of light and this allows the electron microscope to achieve much higher resolutions than a

light/confocal microscope.

The electron microscope is composed of magnetic lenses and metal apertures that are
necessary for the focusing and restriction of the size of the beam. An electron source is used
which creates a beam of monochromatic electrons that is accelerated by a positive electric
potential. The electrons transmitted penetrate the specimen, illuminating a phosphorescent
screen/CCD camera that depicts the content of the sample. However, TEM only permits two-
dimensional illustration of a sample and so we must use the goniometer attached to the
microscope to create a tilt series from a number of pictures taken at incremental degrees in

order to create a three-dimensional reconstruction.

Electron tomography is a high resolution methodology for reconstructing the interior of an
object from the projections collected using electron microscopy. The electron beam within an
electron microscope is fixed, and so the specimen holder is tilted around a single axis, by one
degree increments, in order to create a tilt series. The series of tilts is aligned into a stack and
subjected to back-projection in order to generate a three-dimensional reconstruction (Frank,
2006). Electron tomography enables the assembly of a reconstruction of detailed three-
dimensional structures whereby the electron microscope collects the initial two-dimensional
data. The electron beam is passed through the sample at incremental degrees of rotation
around the centre of the sample. The resolution of electron microscopes is at the nanoscopic
scale and therefore, supra-molecular organisation and multi-protein structures, such as

collagen, can be examined and reconstructed three-dimensionally.
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2.4.1 Radial Distribution Functions

The extent of collagen fibril order in the corneal stroma may be calculated through examining
radial distribution functions of their cross-sectional profiles in electron micrographs. Initially,
a single reference fibril is selected and the interfibrillar distances of surrounding fibrils in a
square region of interest are measured using ImageJ. Measurements are based on the pixel
size of each image, which is 0.33nm per pixel for an image captured at 20kx magnification. A
frequency plot of these interfibrillar distances with respect to the reference is determined
through in-house software and is normalised to account for the number of fibrils that
diminishes as the distance from the reference increases. Each fibril is then used as a reference
and then all frequency plots are summed together in turn. The radial distribution function
describes the order of lateral distribution of collagen fibrils and whether order exists past
neighbouring fibrils and indicates what organisation of fibrils is required for corneal
transparency. However, electron microscopy preparation, including fixation and staining,
may affect the native fibril characteristics such as diameter and interfibrillar spacing. For
more accurate measurements, x-ray diffraction offers precise insights into fibril organisation

of the cornea.

Radial distribution functions for human (Freund et al., 1995), rabbit (Connon et al., 2003,
Freund et al., 1995) and chick (Connon et al., 2004) corneas all suggest a short range ordering
of collagen fibrils in the corneal stroma. Interfibrillar distances are maintained with
considerable uniformity between neighbouring fibrils and so a prominent first peak is
expected to indicate a distinct probability of two fibrils being in close proximity of between
40-60nm. Each distribution function appears to be defined by a second, less prominent peak
suggesting that order exists, although, it does not appreciably extend past next-nearest
neighbours at approximately 90nm. As a perfect lattice is not required, these radial
distributions imply that short range ordering of fibrils in the stroma is enough to fulfill the

requirements for the tissue's transparency
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Collection of a Dual axis tilt series data set offers improved resolution in the reconstruction
as the size of the ‘missing wedge’ is reduced. Although, analysis of a reconstruction
generated through a dual axis tilt series showed no qualitative differences in the ultrastructure
of the corneal stroma when compared with a reconstruction obtained from a single axis data
set. Therefore, single axis tilt series were collected for all specimens as there is significantly
reduced irradiation of the plastic section, and image file sizes were also greatly minimised

and much more manageable on desktop computer systems.

2.4.3 Alignment of Tilt Series

Once the 121 micrograph images are obtained, they are required to be converted from TIFF
images into a .mrc file extension and also into an image stack with the file extension .st. The
.st file extension is created as the eTOMO alignment program requires files of this type. The
file conversions are carried out using the programs tif2mrc and newstack, respectively.
Tif2mrc and newstack are programs within the IMOD software package. IMOD is a set of
image processing, modelling and display programs that enable tomographic reconstruction of
an object. IMOD is an open source program that is developed by the Boulder Laboratory for
3D electron microscopy of cells at Colorado University (Kremer et al., 1996). The end .st file

is then inputted into the eTOMO program, a sub-program of IMOD.

The eTOMO program within IMOD enables the user to input their stack of images and
through a series of alignment steps, a final tomogram is generated. The images are subject to
coarse/fine alignment and tomogram positioning which results in the final tomogram that can
also be post-processed within eTOMO. Alignment is computed through the tracking of
fiducial markers and so the even distribution of fiducials in the specimen is paramount to
acheiving a good alignment of images that is not skewed in any way. Once coarse alignment
is calculated, fine alignment is computed through an iterative process and then tomogram
positioning is processed by analysing sample tomograms. When the final stack is aligned, the
e TOMO program generates a final tomogram which is a three-dimensional reconstruction of
the initial two-dimensional micrograph. When creating the final tomogram, eTOMO uses

back-projection to effectively ‘smear’ the aligned images onto each other to create a

57



1% % )&

/>

/00B2
767

&H#H# 2

767

%

86<

)!

%

& ! ) ") )! ) 119 | & # &
oL !
l%(
$
86< !
> @ @ >
86<
> |













































































































































































































































