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Abstract

The cornea is a remarkable connective tissue that is transparent to visible light as a
consequence of the regularly arranged, uniformly-sized collagen fibrils that constitute
it. Evidence suggests that this intricate collagen fibril architecture is maintained by
the presence of keratan sulphate-carrying proteoglycans (KSPGs) within the corneal
stroma. The KSPGs, lumican, keratocan, and mimecan are believed to be involved in
the regulation of collagen fibril diameter and fibril spacing. KSPGs have recently
been investigated using transgenic technology, which allows the manipulation of gene
expression in order to determine the significance of a gene product in a biological
system. Thus, to ascertain the role of KSPGs in this thesis transgenic mice were used.

Two methodologies were employed to investigate the structural organisation of
collagen within normal and mutant mouse corneas; small angle X-ray diffraction
(XRD) provided quantitative information on collagen fibril spacing, collagen fibril
diameter and degree of local order in the fibrillar array averaged throughout the tissue,
and transmission electron microscopy (TEM) afforded a view of collagen fibril
morphology within the tissue.

Previous research has shown that a homozygous-null mutation for lumican affects
corneal collagen fibril architecture. But no information exists about whether these
structural changes develop in adulthood or start early in life. Thus, the role of
lumican during neonatal corneal stromal development between days 8 and 14 was
explored. Collagen fibril spacing is considerably higher in lumican-null corneas until
day 14, and fibril diameter is, on average, smaller-than-normal. TEM provided
evidence of stromal disorder in mutants and fibril fusion at day 14, indicating that
lumican plays a key role in development of the neonate cornea.

Next, the effect of a cysteine-serine substitution in the N-terminal region of lumican
was investigated to determine the importance of this region in lumican-collagen
interaction. Mutant collagen fibrils are appreciably larger in diameter, signifying
failure of lumican to bind collagen and regulate fibril growth. This chapter also
investigated the consequences of lumican over-expression, to reveal that excess
lumican has no significant effect on mutant corneal stromal ultrastructure.

The role of mimecan in the corneal ECM via ablation of gene expression was
explored. The extent of ultrastructural alteration was minimal with mutants having
collagen fibril spacing and fibril diameter that were essentially unchanged. This work
indicated that mimecan plays a minor role in the maintenance of matrix structure in
the cornea.

Finally, to better understand what structural motifs contribute to KSPG effectivity, the
significance of a carbohydrate sulphotransferase gene, ChstS, in the mouse corneal
stroma was investigated. The ablation of Chst5, responsible for the production of a
carbohydrate sulphotransferase enzyme, revealed that smaller fibril spacing and fibril
diameters, and stromal disorganisation are the result.

KSPGs are structurally and functionally distinctive. Mimecan appears to have little
influence over matrix morphogenesis, and it is possible that absence of mimecan is



compensated for by the upregulation of other PGs. In contrast, lumican is an
important component of the ECM; the structure of lumican bestows this molecule the
ability to regulate matrix morphogenesis, as exemplified by absence of lumican and
also N-terminal mutation of the core protein. Indeed, the sulphated form of KS is
required within cornea, as the absence of a carbohydrate sulphotransferase gene
renders the corneal stroma structurally altered.



“Nature is nowhere accustomed more openly to display her secret
mysteries than in cases where she shows traces of her workings apart
from the beaten path; nor is there any better way to advance the
proper practice of medicine than to give our minds to the discovery
of the usual law of Nature by careful investigation of cases of rarer
forms of disease. For it has been found, in almost all things, that
what they contain of useful or applicable [nature] is hardly perceived
unless we are deprived of them, or they become deranged in some

way.”

From a letter written by William Harvey, shortly before his death in 1657. Quoted by
Archibald Garrod in his article “The Lessons of Rare Maladies”, The Lancet, Volume
211, Issue 5465, pp.1055-1060 6" May 1928).
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Chapter 1

(Klyce. 1977). This layer also acts as a mechanical barrier protecting the underlying
corneal layers. When damaged, the rapid migration of cells from the basal layer

restores the epithelium (Gipson and Anderson, 1977).

1.1.2 Bowman’s layer

Bowman's layer is an 8-12 um thick layer (Komai and Ushiki, 1991) consisting of
randomly arranged collagen fibrils, mainly types I, III, V (Jacobsen et al, 1984) and
VII (Polack. 1961). The presence of Bowman’s layer in the adult rabbit is
controversial, but an acellular zone reminiscent of Bowman’s layer is present in
developing rabbit cornea (Cintron et al, 1983) averaging 3 pum in thickness (Hayashi
et al, 2002). A rudimentary Bowman’s layer has been observed in the mouse cornea
(Haustein, 1983), although just 0.7-0.8 um thick (Hayashi er a/, 2002). It is
postulated that Bowman’s layer may form as a result of cytokine-mediated
interactions occurring between corneal epithelial cells and keratocytes (Section 1.1.3)
that include chemotactic and apoptotic effects on the keratocytes (Wilson and Hong,
2000). and although the function of this layer is not clear, insertion of stromal
lamellae into the Bowman's layer may serve to maintain the precise shape of the

corneal surface (Bron, 2001).

1.1.3 Stroma

The stroma constitutes approximately 90% of the corneal thickness in man (Jester et
al. 1999) and is continuous with the sclera at the limbus. Although the majority of the
stroma is water, the most abundant dry constituent is collagen at 71% (Maurice,
1957). Figure 1.3 shows a transverse section of 3 lamellae in the human stroma. At
its centre, the human cornea consists of 200-250 collagenous lamellae, 2 um thick
each extending from limbus-to-limbus. The lamellae are oriented at various angles to
one another, typically to less than 90° in the anterior stroma, but almost orthogonal in
the posterior region (Maurice. 1984). This arrangement enables the collagen fibrils to
withstand the tension in the globe caused by the intraocular pressure (Benedek, 1971;

Maurice, 1957) and ensures the efficient transmission of light.
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1.1.6 Structure of the mouse cornea
A light microscopy examination of the adult mouse cornea by Haustein (1983)
revealed a total corneal thickness of approximately 90 pum. Of this, 25 um are

epithelium, 60 pm stroma, and 2.5 pum each of Descemet’s membrane and
endothelium. Although Bowman’s layer was not visible under the light microscope,
EM revealed that a sub-epithelial fibrous region might be considered as a rudimentary
Bowman's layer (Haustein, 1983). Nevertheless, rat cornea does not exhibit the clear
transition zone between the superficial stromal lamellae and this sub-epithelial fibrous
layer that human cornea does (Quantock et al, 2005), and so is not truly comparable

to Bowman's layer in man.

1.2 Collagen

Collagen is the major macromolecular constituent of cornea. The collagens are a
family of structural glycoproteins that constitute a quarter of the total protein in
mammals (Marshall er al. 1993). To date, 27 genetically distinct types of collagen
have been identified (Boot-Handford er al, 2003; Pace et al, 2003; Jenkins et al,
2005), and are grouped according to their characteristics, as shown in Table 1.1.
Collagen types I-IX. XII and XIV are located in ocular tissue, but only collagen types

[. III. V. V1. and XII are found in the corneal stroma, as illustrated in Figure 1.5.

GROUP

COLLAGENTYPE

Fibril-forming collagens

LIL 1LV, XI

Fibril associated collagens (FACITs)

IX, XII, X1V, XVI, XIX

Non fibrillar collagens

Short chain collagens VIII, X
Basement membrane collagen I\Y
Anchoring fibril VII
Microfibrillar VI
BP-antigen XVII
Multiplexins XV, XVII
Membrane intercalated X1, XVII

Table 1.1. The different collagen types of vertebrates (adapted from Robert ef al, 2001).
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1.2.1 Collagen types

1.2.1.1 Fibril-forming collagens

Collagen types I, II, IlI, V and XI participate in the formation of fibrils with
molecules packed in quarter-staggered arrays (Section 1.2.2). Collagen types 1. III,
and V have similar structures (Lander, 1999). Analysis of dissected regions of the
calf cornea showed a uniform distribution of the collagen populations from centre to
limbus (89% type 1. 10% type V. less than 1% type III). There was a general
uniformity throughout the depth of the stroma, with the exception that type III

collagen was concentrated around Bowman’s layer (Lee and Davison, 1984).

Type I is the prominent collagen in the mammalian cornea (Newsome et al, 1982).
Located in the ECM of the corneal stroma, this collagen offers tensile strength to the
tissue (Yue et al, 1979). The mechanism by which this and other fibril-forming

collagens are able to resist tensile forces will be outlined in Section 1.2.2.

Type III collagen is associated with the stromal lamellae and with the substratum of
the epithelium. where it may be necessary for function, adhesion and other important
aspects of this layer (Newsome ef al, 1982). Amounts of type III collagen have been
found to decline with increasing age, but this is not detrimental to transparency
(Schmut, 1977). However, increased amounts of type III collagen are deposited at the

wound site one week post-wounding in human cornea (Ljubimov ef al, 1998).

Type V is located throughout the corneal stroma (Nakayasu es al/, 1986) and at the
stromal-epithelial and -endothelial interfaces. Type V collagen has been shown to be
co-distributed with type I collagen within the same fibril in avian stroma, forming
heterotypic collagen fibrils (Birk et al. 1988). Type V collagen is speculated to
influence and regulate collagen fibril diameter as an increased concentration of this
collagen leads to the development of smaller diameter heterotypic fibrils (Birk et al,

1990).
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Although the role of type XII collagen is unclear, its distribution pattern suggests it is
involved in unique cell-matrix interactions in corneal epithelial and stromal tissues
(Wessel et al, 1997) or even ECM deformability (Nishiyama et al/, 1994). Indeed, the
long form of type XII collagen appears to be involved in the formation of the
Descemet’'s membrane and Bowman’s layer and in stabilisation of the limbus
(Akimoto et al, 2002). Type XII is generally associated with fibrils containing type I
collagen (Gordon et al, 1989).

1.2.1.3 Non-fibrillar collagens

e Short chain collagens

These include types VIII and X collagen; short, dumbell-shaped molecules that form
part of unique networks in basement membrane regions (type VIII) and hypertrophic

cartilage (type X).

e Basement membrane collagens
These include several different molecules collectively known as type IV collagens.

They represent the major collagenous components of basement membranes.

e Microfibrillar collagens

This group includes molecules that form specialised structures in a variety of tissues.
For instance type VII collagen acts as an anchoring fibril. Type VI is a non-fibril
forming collagen and a component of the secondary (mature) corneal stroma
(Linsenmayer ef al, 1986). Type VI collagen constitutes 100 nm periodic filaments
throughout the ECM, and its presence during all stages of corneal development and
association with type I collagen fibrils suggests that it acts as a bridging molecule by
binding to type I collagen (Bonaldo er al, 1990). possibly contributing to the

mechanical properties of connective tissues as a whole.

e Multiplexins
Types XV and XVIII collagen currently belong to this group, molecules with multiple

short triple-helical domains that are found mostly in basement membrane regions.
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e Membrane intercalated collagens
Types XIII and XVII collagen are cell-surface molecules with multiple extracellular
triple-helical domains, connected to a cytoplasmic region by a transmembrane

segment.

1.2.2 Structure and assembly of collagen fibrils

Collagen fibrillogenesis is an extensive multistep process involving both intracellular
and extracellular assembly reactions. In fibrillar collagens and some short chain
collagens, each collagen molecule contains only one triple-helical molecular domain
that accounts for almost the entire length of the 300 nm long molecule (Wess et al,
1998). Collagens such as FACITs, basement membranes, and multiplexins contain

several short triple-helical domains that are separated by non-triple-helical sequences.

Collagen type I is the classic fibril forming collagen. The foundation unit of the
collagen fibril is tropocollagen, a processed molecule found in the ECM. The
precursor of tropocollagen is procollagen, a higher molecular weight form with
additional extension peptides, called propeptides, at both NH, and COOH termini.
Procollagen is synthesized by keratocytes and released into the ECM in secretory
vesicles. The formation of procollagen into tropocollagen requires the action of
procollagen peptidases which remove the amino (NH,) and then carboxy (COOH)
terminal propeptides leaving a short, non-triple helical telopeptide at each end of the

tropocollagen molecule (Fessler er al. 1975).

Tropocollagen is a triple helix (Ramachandran and Kartha, 1954) of three polypeptide
chains, two identical al(I) chains and one a2(I) chain. Each chain is a left-handed
helix with around 3.3 residues per turn (Ramachandran and Kartha, 1955). The
tropocollagen molecule is formed within the cell by the combination of three pro-a-

chains in a right-handed manner before excretion to the ECM (Figure 1.6).
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The high content of Glycine (Gly) in fibrillar collagens is a necessity as it is the
smallest possible amino acid that can pack tightly at the centre of the triple stranded
collagen fibril monomer (Ramachandran and Kartha, 1954). Bella et a/ (1994)
demonstrated that the presence of Gly is crucial for fibril formation by substituting
Gly with Alanine (Ala) in a collagen-like synthetic peptide, which resulted in crystal
rather than fibril formation. Thus, the occurrence of Gly as every third residue gives
rise to a polymer of tripeptide units with the formula (Gly-X-Y),, where X is often,
but not exclusively, proline, and Y is often hydroxyproline (van der Rest et al, 1990).
Ramachandran and Kartha (1955) suggested that the —OH groups of hydroxyproline
help to stabilise the triple-helix. The formation of an extra hydrogen bond between
the —OH group and a water molecule links the backbones of neighbouring chains
together.  This hypothesis was later confirmed (Ramachandran et al, 1973).
Hydroxylysine is required for the transformation of reducible collagen cross-links into
more stable, non-reducible cross-links of mature collagen fibres, as the modification
of the g-amino group of both lysine and hydroxylysine completely halts cross-link
transformation in vitro (Davis et al, 1975). Hydroxylysine also serves to form

attachment sites for polysaccharides (Mathews and van Holde, 1995).

Individual tropocollagen molecules are approximately 4.4 times the length of the 67
nm repeat period (called the D-periodicity) when arranged parallel to the fibril axis,
and are “staggered’ about one-quarter their length. This arrangement, shown in Figure
1.6. is termed the "quarter-staggered array’ (Schmitt e al, 1955; Hodge and Petruska,
1963; Smith, 1968). When a collagen fibril is negatively stained, the stain collects in
the short space present between the NH-terminal of one molecule and the COOH-
terminal end of the next. These spaces are known as “hole’ or "gap’ zones (Gross,
1974). These zones are present due to the incomplete overlapping of adjacent
collagen molecules within the repeating structure. The spaces allow penetration of
certain enzymes required for formation of the aldehyde-derived crosslinks that
stabilise fibrils and others that degrade the fibrils. They also allow the functional
domains of collagen molecules to project outwards to the surface of the fibril. The
light bands are the regions in which no stain has accumulated and there is complete

molecular overlapping. These are termed “overlap zones’. The basic repeating unit of

12



Chapter 1

the structure, the D-periodicity, consists of one hole zone (0.4-D units long) and one

overlap zone (0.6-D units long).

The collagen molecules themselves are organised into 4 nm diameter circular
microfibrils of a centre-to-centre spacing of approximately 4 nm, that are tilted by
approximately 15° to the fibril axis in a right-handed helix (Holmes ef al, 2001). This
tiliing lends corneal collagen fibrils an axial period of 65 nm as opposed to the 67 nm
axial period found in collagen of tendon or bone (Marchini ez al, 1986). Orgel et al
(2001) described the lattice-like arrangement of microfibrils within a fibril as
"quasithexagonal’ because although they are packed on a hexagonal lattice, not all
molecular segments are identical. @ The intermolecular and intermicrofibrillar
crosslinks within the collagen fibril add a high degree of tensile strength to fibrillar

connective tissues (Orgel ef al, 2001).

1.2.3 Collagens in corneal development

The development of the corneal stroma in mammals such as chick (Linsenmayer et al,
1984) principally involves the synthesis of a primary stroma by the corneal epithelium
that consists of striated fibrils of collagen types I and IIl (Hendrix et al, 1982). The
primary stroma acts as the foundation for the subsequent development of the
secondary (mature) stroma. The primary corneal stroma is the only matrix present
until embryonic day 6 (E6) of development (Linsenmayer et al, 1986). However, a
primary stroma is not observed in the mouse (Haustein, 1983; Cintron et al, 1983),

rabbits. or primates (Cintron ef al, 1983).

In the mouse. mesenchymal cells first appear in the corneal stroma at E14 and
differentiate into corneal keratocytes (Haustein, 1983) and produce the first large
heterotypic fibrils of collagen types I and V (Birk et al, 1988). Type VI collagen
appears very rapidly at this stage of embryogenesis (Bruns ef a/, 1986), and possibly
directs the migration of the invading keratocytes. In a transient stage in
embryogenesis, filaments of types IV, VI. and IX collagen extend from the epithelial
side to the endothelial side of the developing cornea (Fitch et al, 1988). Type IV
collagen is present during this phase as a non-basement membrane form consisting of

long strings penetrating the corneal stroma from the epithelial basement membrane

13
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1.2.4 Corneal stromal morphology

Biophysical studies have shown that approximately 66% of the stromal lamellae in
human cornea are preferentially aligned orthogonally along the superior-inferior and
nasal-temporal directions, while around 34% lie within a 45° sector (Daxer and Fratzl,
1997; Newton and Meek, 1998b). This preferential alignment is exemplified by the
appearance of two sets of lobes on an XRD pattern and has so far been found in
humans (Meek et al, 1987; Daxer and Fratzl, 1997) and the chick primary corneal
stroma (Quantock et al, 1998). Boote er al (2005) used wide-angle XRD to quantify
the relative number of stromal collagen fibrils directed along the superior-inferior and
nasal-temporal corneal lamellar directions and demonstrated that, on average, the two
directions are populated in equal proportions at the corneal centre. The fibril tension
in the isotropically arranged collagen helps to balance the intraocular pressure, while
the extra preferentially aligned fibrils bear the additional tensile stress along the
superior-inferior and nasal-temporal meridians exerted by the rectus muscles and the
orbicularis (Boote et al, 2005). XRD studies have demonstrated the presence of a
circumferential annulus of collagen fibrils in the limbus of human (Newton and Meek,
1998a) and mouse (Quantock et al, 2003) cornea, which may help maintain the

correct curvature of the cornea.

Generally, the corneal stroma is regarded as consisting of two zones, the anterior and
posterior regions. This segregation of the stroma into two separate regions is
appropriate as they are morphologically quite different. Komai and Ushiki (1991)
conducted a comprehensive study of collagen fibril organisation within the corneal
stroma. They reported that the collagen fibrils are regularly spaced and of fairly
uniform diameter throughout the stroma, ranging between 25 and 35 nm. However,
fibrils of the posterior stroma appear to be more well-ordered, as a study into the total
scattering cross-section of these regions revealed that the values for the posterior
stroma ((2.35 = 0.27) x 102A) were lower than anterior ((3.15 + 1.14) x 1024)
(Freund et al, 1995). The anterior lamellae are flat and tape-like in appearance (up to
30 um wide and 1.2 um thick), while those of the posterior region look like broad
sheets, being typically wider (up to 200 um) and thicker (up to 2.5 pm) (Komai and
Ushiki, 1991). The posterior lamellae extend, uninterrupted, from limbus-to-limbus,

an arrangement which may confer additional strength.  On the other hand, the
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anterior stroma displays a prominent anteroposterior lamellar interweave (Davson,
1984; Klyce and Beuerman, 1988; Komai and Ushiki, 1991) which, together with
insertion of lamellae into Bowman’s layer (Bron, 2001), may help to maintain corneal
curvature (Muller er al, 2001) and give structural stability to this layer under
conditions of extreme hydration. Indeed, the posterior region is more hydrated (Turss
et al, 1971; Lee and Wilson, 1981) and more easily swollen with a lower RI (1.373)
than the anterior stroma (1.380) (Patel er al, 1995). The significance of these
hydration properties is apparent when considering the GAG content of each in bovine
corneal stroma. While keratan sulphate (KS) has less capacity to retain water than
chondroitin sulphate (CS), it has a greater affinity for water (Castoro et al, 1988); as
the KS:CS ratio is higher in the posterior region this may explain, in part, why deeper
stromal regions are more prone to swelling (Bettelheim and Goetz, 1976; Castoro et
al, 1988).

1.3 Proteoglycans

1.3.1 Proteoglycans and glycosaminoglycans

The proteoglycan (PG) family consists of molecules that fulfil a variety of biological
functions, ranging from regulating cell migration and adhesion, to modulating growth
factor activities. PGs are grouped into distinct gene families and subfamilies based
mainly on genetic homology of the protein core (Section 1.3.3); the basement
membrane PGs, nervous tissue PGs, large extracellular PGs, and small leucine-rich
PGs (SLRPs) (Hay, 1991).

SLRPs are the second most abundant biological material of the corneal stroma and are
fundamental for transparency (Funderburgh, 2000). Each SLRP consists of a core
protein covalently bonded to one or more GAG chains (Iozzo, 1999). There are
different types of GAG, distinguished by the sugar residues and linkage to the protein
core. The most common GAG types of corneal stroma are keratan sulphate (KS) (a
glucosaminoglycan), chondroitin sulphate (CS), and dermatan sulphate (DS)
(galactosaminoglycans). These GAGs are long chains consisting of repeating
disaccharide units (Hardingham and Fosang, 1992) that are held together by
molecular bonds (Scott, 1992). The specific units constituting KS, CS, and DS are
outlined in Table 1.2.

16
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GAG Repeating disaccharide unit
KS N-acetylglucosamine (GlcNAc) and galactose (Gal)
CS N-acetylgalactosamine (GalNAc) and glucuronate (GIcA)
DS N-acetylgalactosamine (GalNAc) and iduronate (IdoA)

Table 1.2. The repeating disaccharide units of KS, CS, and DS GAGs (information
obtained from Fosang and Hardingham, 1996).

In comea, CS/DS GAG is found; a hybrid GAG composed of both iduronate and
glucuronate disaccharide units (Soriano et al, 2000). DS is a structural isomer of CS,
in which some glucuronate is epimerised to iduronate (Fosang and Hardingham,
1996). Human corneal GAGs compose 1.5mg/g of tissue wet weight; KS and CS/DS
each constitute approximately 50% of total GAG (Soriano et al, 2000).

The GAGs of each SLRP are covalently bonded to the protein core. The CS/DS
linkage region consists of a typical trisaccharide unit of (Gal-Gal-GlcA/IdoA) and a
xylose (Xyl) O-linked to a serine (Ser) residue of the protein core by
xylosyltransferase (Stuhsatz et al, 1971; in Axelsson and Heinegard, 1978;
Hardingham and Fosang, 1992).

1.3.2 Structure and biosynthesis of KS

KS was first identified in extracts of cornea (Suzuki, 1939), and was isolated from
bovine cornea by Mayer er al (1953). KS is also present in skeletal and cartilage
tissue, but as the linkage structures differ, corneal and skeletal/cartilage KS are

designated KSI and KSII respectively (Funderburgh, 2000).

Corneal KS is N-linked to asparagine (Asn) residues in the protein core, whereas
cartilage KS is O-linked to serine (Ser) or threonine (Thr) residues (Funderburgh,
2000).

17



J 40H * (0

> EW o2 s s

+
o>=< 3 +(
e aei e ) P# $45 BSOS $
$3 I (> +(>+>
1 #12 +( >=
+W (">= 3*+("SG
&90* #// < 30%% *+ 5. 42 34*0-40* . 40* 3 5. -5*( J </ 0%' *3 45
*&924 5. 42 *9 : * (42 3&3 325= 42 :*51&% 4 (0%' *5. G $ - 4+ -453 % &
-2 -2 &(] 0% *3 3 :* 4) '+ B*= *) 3 32 :* 3 (4 5:48&5( 44 -2% (4 5

0:243 &( : * (42 3 3 &()&- 4 : *4& 5* &(-5%: 4 30 :2 4&5( 5. %5(5% *3
50%- 3 5. 42 3 34*0-40* 338&9(% (437 -2 3&9(&.& ) '+ 3: -&.&- -5 50* )

9&6 ( &( 42 414 ) :4 ) .*5% 0() *'0*927 /
* - 13 2
, t+> 1 +( 2 1 , -2 E > -
( 1/ /I -20 ( ,
1J 2 1 /-2 +( 1B##4 20 *
: /
1 so/ - 0O B, . : /
> / : - I 1+
40H=D [/ 140HLD 6 >6 4004£MO $2
- : o J 4
, > = , /
1+ (21 /[ -2 1 404@BLD/ % -
14004D 1400LD 6 !"##4 20 ( so/
/ / . 140Q@%2 1 /
> / 2@
< 1">=2> 1">%$2> - + >
< 1">=2> 1">%$2> - (>
< 1 >=2> -
< 614>=2> - (> D
< 614>=2> - +> 0

4H



Chapter 1

The KS chain itself consists of repeating disaccharide units of (-3GalB1-4GlcNAcp1-)
termed poly-N-acetyllactosamine (green blocks) (Funderburgh, 2000). At the 6-O-
position of GlcNAc and Gal, there are sulphated residues (Funderburgh, 2000), but
the level of sulphation within the KS GAG can vary. Plaas et al (2001a) reported that
half of the total sulphated disaccharide units of KS GAG are monosulphated, and a
majority are disulphated. Typically, the nonreducing terminus has disulphated
disaccharides (A), the central portion consists of monosulphated disaccharides (B),
and chains near the linkage oligosaccharide region are composed of nonsulphated
disaccharides (C) (Oeben et al, 1987).

KS biosynthesis
With the exception of hyaluronan, GAG biosynthesis on the core protein is performed
by glycosyltransferases and sulphotransferases located in the Golgi apparatus (Ruter

and Kresse, 1984). Four enzymes are responsible for corneal KSI biosynthesis:

e B1,3-N-acetylglucosaminyltransferase

e [31,4-galactosyltransferase

e GIcNAc 6-0 sulphotransferase (hCGn6ST)
e Gal 6-0 sulphotransferase (KSG6ST)

The former two enzymes elongate the poly-N-acetyllactosamine backbone of KS by
transferring GIcNAc or Gal to the nonreducing terminus of the oligosaccharide
linkage core on the core protein. The latter two enzymes transfer sulphate to the 6-O-
position of GlcNAc or Gal, thereby modifying the poly-N-acetyllactosamine to form

KS composed of mono- and disulphated disaccharides.

The process by which corneal KS biosynthesis takes place has been speculated. A
popular hypothesis was that sulphate is added simultaneously with carbohydrate chain
polymerisation (DeLuca et al, 1973; Degroote et al, 1997). Similarly, Akama et al
(2002) postulated that sulphation of the GlcNAc residue of KS by GlcNAc 6-O
sulphotransferase is coupled to elongation of the poly-N-acetyllactosamine chain by
B1,3-N-acetylglucosaminyltransferase and P1,4-galactosyltransferase. To test this

theory, the authors conducted an in vitro investigation of the substrate specificity of
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Chapter 1

although a CS/DS PG, is decorin (Danielson et al, 1997), named so because it
associates with, and ‘decorates’, the collagen fibrils. Table 1.3 shows that the SLRP
family consists of three major classes. Classification is based on genetic homology of
the protein core, the conserved pattern of amino acid spacing among the N-terminal
cysteine (Cys) residues, and also the number of leucine-rich repeats (LRRs) each

SLRP contains.

Proteoglycan Class GAG chain(s) | No. of LRRs | N-terminal sequence
Decorin I CS 10 (CX3CXCX4C)
Biglycan I CS 10 (CX3CXCX4C)
Fibromodulin I(I)* KS 10 (CX3CXCXoC)
Lumican [(I)* KS 9 (CX3CXCXyC)
Keratocan [{n* KS 11 (CX3CXCXH0)
PRELP I{n)* KS 10 (CX;3CXCXy0)
Osteoadherin II(IID)* KS 10 (CX3CXCXy0)
Epiphycan I11 CS or DS 6 (CX,CXCX0O)
Mimecan 111 KS 6 (CX,CXCXe0)

Table 1.3. Structural classification of SLRPs. *number in brackets represents subfamily
designation of Class II. C = Cys, X = any amino acid in N-terminal sequence (Information

obtained from lozzo, 1999).

SLRPs share a common structure that can be divided into four domains (Iozzo, 1999):
(I) signal peptide of 16-20 residues; (II) negatively charged N-terminal domain
containing four conserved Cys residues; (III) tandem LRR region; and (IV) C-
terminal domain of approximately 50 amino acids containing two conserved Cys

residues.

Domain I

The signal peptide targets the nascent polypeptides to the endoplasmic reticulum (ER)
for secretion into the ECM. Only class I members, decorin and biglycan, contain a
propeptide that may function as a recognition signal for xylosyltransferase, the first

enzyme involved in the synthesis of CS/DS GAG chains (Iozzo, 1999).
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Domain I1

The negatively charged N-terminal peptide of lumican, keratocan, and fibromodulin
have sulphotyrosine residues at the N-terminal end of the mature core proteins
(Funderburgh et al, 1995; Oldberg et al, 1989; Corpuz et al, 1996; Otvos et al, 1996),
that may affect interactions with cationic domains of ECM or cell surface proteins.
Generally, the N-terminal end contains a cluster of highly conserved Cys residues
with the general consensus CX;.3CXCXe9C, where X is any amino acid, and the

subscripts denote the number of intervening residues.

Domain III

The central domain of the core protein comprises up to 80% of the primary structure,
and is usually composed of 8 to 10 tandem repeats of LRRs in conserved positions.
The presence of this LRR domain has led to speculation that the three-dimensional
structure of SLRPs is similar to an intracellular protein, ribonuclease inhibitor (Weber
et al, 1996). The LRRs of this protein create a horseshoe-shaped coil of parallel,
alternating a-helices and B-sheets, stabilised by interchain H-bonds. This domain also

contains the consensus sequences for N-linked glycosylations.

Domain IV

The C-terminal domain is the least characterised part of the primary structure, but like
the N-terminal region, it contains two conserved Cys residues. The function of this
domain remains elusive (Danielson et al, 1997), although evidence suggests that the
Cys residues within both the N- and C-termini of the core protein are essential for
intrachain disulphide bond formation and binding to collagen fibrils (Hocking et al,
1998).

1.3.3.1 Lumican

Lumican was initially isolated and sequenced from chick cornea (Blochberger et al,
1992), and was renamed due to the important role it plays in the acquisition and
maintenance of corneal transparency. Lumican is designated to SLRP class II(I) due
to its genetic homology to fibromodulin (50%), biglycan (32%), and decorin (32%)
(Iozzo et al, 1999). The full length Lum gene spans 6.9kb of the mouse genome, and

resides on the distal portion of mouse chromosome 10, a region of homology to

22



Chapter 1

human chromosome 12q (Chakravarti and Magnuson, 1995; Taylor et al, 1997).
Lumican core protein has a complete molecular mass of 38 kDa. Lumican consists of
a 20 hydrophobic amino acid signal peptide, 4 Cys residues at the N-terminus and 2
Cys residues at the C-terminus flanking a central LRR region (LXXLXLXXNXL/I);o.
11 (Funderburgh et al, 1995; Ying et al, 1997), where X denotes any amino acid, and L
is leucine or another hydrophobic amino acid. There are 3 potential N-linked
glycosylation sites located within the LRR domain (Funderburgh et al, 1995) that may
serve as a site for the post-translational addition of KS chains (Hocking et al, 1998).
Murine stromal cells begin to express lumican at E12 (Ying et al, 1997). In
descending order, lumican is expressed most highly in cornea, keratocytes, breast
muscle, intestine, heart, liver and sclera. Evidence has suggested that lumican
interacts with collagen fibrils via its N-terminal region (Carlson et al, 2003).
However, Rada et al (1993) showed that lumican inhibits fibrillogenesis in vitro, as
do decorin (Vogel et al, 1984) and fibromodulin (Hedbom and Heinegard, 1993).
Therefore, as the LRR region is the most conserved part, it is possible that the repeats

may be interacting with collagen.

1.3.3.2 Keratocan

Corpuz et al (1996) first cloned and sequenced keratocan from bovine cornea.
Keratocan is designated to SLRP class II(II) (Iozzo et al, 1999). The keratocan gene
(Kera) spans 6.5kb of the mouse genome and, like Lum, has been mapped to the distal
region of chromosome 10 (Funderburgh et al, 1998). The core protein of keratocan
has a molecular mass of approximately 38kDa, consisting of a 20 amino acid signal
peptide, 4 Cys residues at the N-terminus, and 2 Cys residues at the C-terminus that
flank an LRR region with the consensus sequence (LXXLXLXXNXL);o (Liu et al,
1998). There are 3 potential N-linked glycosylation sites for addition of KS chains
located within the LRR domain (Dunlevy et al/, 1998). A Tyr-sulphation motif has
been located for protein sulphation (Liu e al, 1998). Keratocan expression is first
detected in developing cornea and other tissues on EI3.5, but is found to be

exclusively expressed in mouse cornea by E18.5 (Liu et al, 2003).

1.3.3.3 Mimecan
Mimecan was first cloned and sequenced from bovine cornea (Funderburgh et al,

1997) and belongs to SLRP class III (Iozzo, 1999). Mimecan is encoded by a single
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copy gene located on chromosome 9q22 in humans, and is most abundant in cornea,
sclera, cartilage, aorta, and skin. Like keratocan and lumican, this proteoglycan is
found in KSPG form only in cornea. Although there are 3 potential N-linked
glycosylation sites for KS attachment, it has been proposed that mimecan carries no
more than one sulphated KS chain (Funderburgh et al, 1997). Mimecan is initially
secreted as a full-length protein with a molecular mass of 34kDa. The most
commonly found mimecan transcript in adult bovine cornea is 2.5kb when cleaved in
situ. However, two additional mimecan transcripts of 2.4kb and 2.6kb have been
shown by Northern blot analysis (Tasheva ef al, 1997) and evidence suggests that
there are as many as 8 differentially spliced transcripts (Tasheva et al, 1999). There
are also two mimecan transcripts in human cornea, but the biological significance of
multiple mimecan transcripts remains unknown (Tasheva et al, 1997), particularly as
the proteins of each are exactly the same. Mimecan consists of an 18 amino acid
signal peptide, with 4 Cys residues at the N-terminus and 2 Cys residues at the C-
terminus (Ujita et al, 1995), flanking the LRR region (LXXLXLXXNXL)e
(Funderburgh et al, 1997). Dunlevy et al (2000) reported that during chick embryonic
development, mimecan mRNA concentrations are 38-fold lower than those of

lumican, suggesting that mimecan may be a minor KSPG in the adult cornea.

The highly conserved LRR domain flanked by hypervariable Cys-rich disulphide-
bonded N- and C-terminal regions of lumican, keratocan, and mimecan are believed
to impart unique characteristics upon these SLRPs with which to fulfil distinct

functions as structural proteins within the corneal stromal ECM.

1.3.4 Proteoglycan-corneal collagen fibril binding sites

Corneal PGs interact with the specific bands of collagen through their protein core
(Rada er al, 1993). A TEM investigation of rabbit corneal stroma revealed that
keratanase digestion leaves only the *d’ and ‘e’ bands occupied with PGs, while
chondroitinase ABC digestion renders only ‘a’ and ‘c’ binding sites occupied (Scott
and Haigh 1985). Meek er al (1986) utilised XRD and TEM to determine that PGs
are bound at the ‘a’, ‘c’, ‘d’, and ‘e’ binding sites on bovine corneal stromal collagen
fibrils. The ‘a’ and ‘c’ bands are binding sites for KSPGs, and the ‘d” and ‘e’ bands
are binding sites for CS/DS PGs (Scott, 1990). The fibril-associated PGs are the
KSPG, lumican, and the CS/DS PG, decorin (Mao and Bristow, 2001). Together,
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are only sulphated in the cornea, have led to speculation that they play distinct roles in

the regulation of collagen fibril organisation.

1.3.5 The significance of KS in the cornea

GAGs are significant components of PGs, as they afford varying degrees of
sulphation and high negative charge to the molecules that allows the PGs to interact
with other macromolecules. The negative charge also attracts counter ions that can
draw water into the ECM to cause swelling, forming a highly hydrated gel (Lander,
1999). The swelling pressure due to the high water-binding capacity of GAGs is

counteracted by the activity of the endothelial pump.

There is a direct link between the type of GAG prevailing in an area of cornea and the
level of collagen organisation. The central human cornea, where KS is the
predominant GAG, consists of regularly spaced, uniformly small diameter collagen
fibrils, whereas the CS/DS PG abundant sclera-limbal area consists of randomly
arranged collagen fibrils that vary in diameter (Borcherding et al, 1975). The concept
that KSPGs lend the central corneal stroma an organised network of collagen fibrils is
further supported by evidence from wounded rabbit corneas, which shows that the
wound area and surrounding tissue contains high levels of CS and DS and low levels
of KS (Anseth, 1961a). These opaque corneal scars display large interfibrillar spaces
that return to normal with an increase in KS levels (Hassell ef al, 1983). Certainly,
the appearance of the sulphated proteoglycan form of lumican after E12 in the chick
cornea (Anseth, 1961b) is believed to facilitate the arrangement of collagen fibrils
(Cornuet et al, 1994).

1.4 Transparency

1.4.1 Theory of corneal transparency

Several theories have been presented in an attempt to explain why the cornea is
transparent. Smith (1969) proposed the uniform RI theory, in which the close
similarity between the RI of the fibrils and ECM components results in a minimal
light scattering and thus transparency. However, this theory was later ruled out as a
species study conducted by Leonard and Meek (1997) revealed that, in fact, collagen
fibrils have a higher RI value at 1.411 when compared with the 1.365 RI value
measured for the ECM. The corneal transparency theory proposed by Maurice (1957)
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was based on a calculation suggesting that although corneal collagen fibril diameters
(~30 nm) and centre-to-centre spacing (~60 nm) are much less than the wavelength of
light (400-700 nm), there are so many collagen fibrils that the light has to travel
through that their summed scattering would render the corneal stroma an opaque
tissue like skin. Thus, Maurice’s lattice theory (1957) states that even though each
collagen fibril can scatter light, they do not act as independent scattering centres. The
uniformity of their diameter and spacing will cause destructive interference of light in
all directions except the forward one so the tissue will appear transparent. However,
Maurice’s (1957) statement that fibrils must be arranged in a ‘perfect’ lattice is not
entirely true. A degree of short-range order is all that is necessary for the destructive

interference of scattered light (Goldman and Benedek, 1967; Hart and Farrell, 1969).

1.4.2 Essential requirements of corneal transparency
The several modern theories of corneal transparency generally agree that transparency

is principally dependent on three factors (Farrell and McCally, 2000):

1) Each fibril is an ineffective scatterer. Although collagen fibrils are the main
scattering elements in the cornea, they are nonetheless relatively weak
scatterers of light because their diameter, approximately 32 nm in the mouse
(Meek et al, 2003b), is much smaller than the wavelength of light (400-700

nm) and their RI is fairly close to that of the surrounding ground substance.

2) Nevertheless, the large number of fibrils requires that destructive interference
of scattered light takes place. The collective light scattering of collagen fibrils
significantly increases the destructive interference effects of non-forward
scattered light waves. If fibrils scattered light independently of one another,

constructive interference effects would be greater (Freund er al, 1995).

3) The cornea is thin. Corneal thickness dictates the amount of light scattering,
which is proportional to the number of scattering centres encountered by the
incident wave passing through the cornea. Thus, as the mouse cornea is thin at
approximately 80 to 90 um (Haustein, 1983; Scott and Bosworth, 1990) light

scattering is minimal.
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As light scattering from the corneal stroma is based on the combined scattering from
all fibrils in the path of the radiation, the fraction of incident light transmitted through

a cornea without scattering (FA) may be expressed by the formula:

FN) = € e, Equation 1

F(A) falls off exponentially with the product of the total scattering cross-section (o),
the collagen fibril number density (p), and the thickness of the tissue (f) (Farrell,
1994). Detailed calculations of corneal transparency are not trivial, particularly
because o is itself a complex function of the wavelength of light, the diameters of the
collagen fibrils, their mode of packing, and the ratio of the RI of the hydrated fibrils to
the RI of the ECM (Farrell, 1994).

The degree to which the cornea is hydrated has a bearing on corneal transparency.
Corneal collagen fibril spacing increases on swelling in a unidirectional manner
(Goodfellow et al, 1978), and if severe enough, this will often result in the formation
of water pockets termed ‘lakes’ (Benedek, 1971). However, increases in hydration
do not appear to affect collagen fibril diameter to any great extent (Muller et al, 2001;
Meek et al, 2003a). KSPGs have been implicated in the regulation of collagen fibril
spacing and collagen fibril diameter in corneal stroma, and therefore its transparency.
The exact nature of KSPGs has not been entirely ascertained, but with the application

of transgenic technology these aspects are being explored.

1.5  Transgenic technology

Transgenic technology (or genetic engineering) is a powerful tool in biological
research, as the development of transgenic animals gives new insights into
physiological functioning and provides models of human disease. Transgenic animals
are defined as having a stable, experimentally induced modification to the genome,
involving either the addition of exogenous sequences (a transgene) or the alteration of
sequences of an endogenous gene. The main aim of transgenesis is to introduce the

transgene into the germline so that it is inherited by offspring.
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In recent years, the development of genetically engineered mice has aided in the
investigation of protein structure/function. In particular, to ascertain the roles of
KSPGs in cornea, two types of genetically engineered mice have been investigated;
transgenic mice (Carlson et al, 2005), and gene-targeted (knockout) mice (Chakravarti
et al, 1998; Tasheva et al, 2002; Liu et al, 2003). Transgenesis is a broad field of
biology, and so a detailed discussion is beyond the scope of this thesis. However, the
key principles of the techniques used to generate these mice are briefly summarised as

follows.

1.5.1 Transgenic mice

Transgenic mice were first produced by a technique called pronuclear microinjection
(Gordon et al, 1980; Gordon and Ruddle, 1981). As the name suggests, this technique
involves the physical microinjection of the transgene (DNA construct) directly into
the male pronucleus of a fertilised egg, which generally results in stable germline
transmission of the microinjected DNA (Gordon and Ruddle, 1981). Essentially, the
transgene does not replace an endogenous gene, but is simply an addition to the
genome (consequently, the transgene is accompanied by a promoter sequence to
ensure its transcription in the genome). Transgene integration occurs randomly, not
necessarily as single copies, and with unpredictable levels of expression (Gordon and
Ruddle, 1981). A major use for transgenic mice created in this way is to examine the

effects of gene over-expression.

1.5.2 Gene-targeted (knockout) mice

One of the best ways to ascertain the role of a protein in a biological system is to
ablate its expression by interfering with the gene that encodes it. Gene targeting in
mouse embryonic stem (ES) cells allows for particular genes of interest to be
disrupted by effectively replacing the endogenous gene of interest with a DNA
construct that contains a selectable marker gene (ideally one conferring antibiotic
resistance) in place of target sequences (Doetschman et al, 1987, Thomas and
Capecchi, 1987). In this way, the integrated gene cannot be transcribed, and the

marker gene allows for the positive selection of transfected ES cells.

Gene targeting differs from pronuclear microinjection on two counts. Firstly, whereas

DNA is physically introduced in pronuclear microinjection, gene targeting typically
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involves the introduction of DNA into ES cells by subjecting them briefly to an
electrical potential that partially disrupts the cell membrane, allowing some exchange
between the contents of the cell and the surrounding culture. Secondly, in gene
targeting the replacement of a gene requires homologous recombination, so the DNA
construct is flanked by sequences that are identical to target sequences of the

endogenous gene.

Despite the different approach of these techniques, both procedures involve the
introduction of the transfected cells into the uterus of a pseudopregnant foster mother
to be carried to term. Heterozygous offspring (i.e. mice containing one copy of the
transgene) are identified using the DNA from a tail snip. Any heterozygous mice
found will be mated together and, according to the Mendalian ratio, 25% of the

resulting offspring will be homozygous for the transgene.

1.5.3 Collagen fibrillogenesis and corneal transparency of SLRP gene-targeted
mice

Since its discovery in chick cornea (Blochberger et al, 1992), the role of lumican in
collagen fibrillogenesis and transparency has received much attention. In particular, it
has been determined that transparency of embryonic chick corneas starts to increase
only when the PG form of lumican begins to accumulate (Cornuet et al/, 1994) and
that lumican operates during the early stages of fibrillogenesis (Ezura et al, 2000),
thereby pointing to an important role for lumican during the development of the

cornea.

The generation of SLRP gene-targeted mice has enabled researchers to develop a
better understanding of their in vivo structure/function, not just in cornea but a range
of connective tissues. To date, six SLRP genes have been disrupted; the corneal
SLRPs decorin (Danielson et al, 1997), lumican (Chakravarti et al, 1998), mimecan
(Tasheva et al, 2002), and keratocan (Liu et al, 2003), as well as the non-corneal
SLRPs biglycan (Xu et al, 1998) and fibromodulin (Svensson et al, 1999). The
evidence collected from these investigations is persuasive in pointing to key
regulatory roles for SLRPs in the development of mature collagen fibrils. Using
animal models, our understanding of the influence of SLRPs within the corneal

stroma will give insight into the development and, ultimately, treatment of corneal
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diseases in man. The examination of decorin-null mice provided the first in vivo
demonstration that these macromolecules are important for collagen fibrillogenesis
(Danielson et al, 1997). This CS/DS carrying SLRP is fairly ubiquitously expressed,
and decorin-null mice exhibit abnormal fibril morphology in skin that compromises
the tensile strength of this tissue, yet there is no apparent corneal phenotype
(Danielson et al, 1997). However, evidence gathered from mice lacking expression of
the KSPGs lumican, keratocan, and mimecan is fairly compelling in highlighting the

important role they play in the governance of corneal collagen fibril architecture.

The mimecan-null mouse presents a moderate reduction in skin tensile strength
resulting from abnormal collagen fibril morphology whereby the fibrils are thick and
irregularly contoured (Tasheva et al, 2002). However, examination of the cornea
reveals normal tissue thickness, with only very subtle changes at the ultrastructural
level; specifically, slightly more loosely packed, thicker fibrils in the posterior stroma
(Tasheva et al, 2002). The ablation of keratocan expression via gene targeting is not
expected to affect connective tissues other than cornea, as this KSPG is expressed
exclusively in cornea of mature mice. Unlike the mimecan-null cornea, the
keratocan-null cornea suffers a decrease in thickness (Liu et al, 2003) with slight
increases in fibril spacing and diameter in the posterior stroma (Meek et al, 2003b).
Interestingly, however, the disruption to fibril architecture in mimecan-null (Tasheva
et al, 2002) and keratocan-null (Liu ez al, 2003; Meek et al, 2003b) corneas is not
extensive enough to compromise corneal transparency. Conversely, a null
homozygous mutation for lumican is severe, with extensive disruption to fibril
morphology in skin and cornea (Chakravarti et al, 1998). The cornea is significantly
thin with abnormal stromal matrix architecture (Chakravarti et al, 1998; 2000; Saika
et al, 2000; Quantock et al, 2001). Lumican-null mice develop bilateral corneal
opacification by the fifth week of age, and light scattering in mutant corneas hails
predominantly from the posterior stroma (Chakravarti et al, 1998) likely the result of
the abnormally thick, irregularly contoured fibrils in deeper tissue regions. This
phenomenon has since been confirmed (Chakravarti et al, 2000; Saika et al, 2000;
Jester et al, 2001).

These research efforts have disclosed that lumican, keratocan, and mimecan ensure

the correct development of corneal stromal collagen fibrils, and also the maintenance
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of interfibrillar spacing and proper tissue hydration. Although it has been purported
that corneal KSPGs of mouse are less extensively sulphated than those of higher
vertebrates such as rabbit, cow, and man (Young et al, 2005), the manifestation of
abnormal fibril architecture in their absence supports the necessity for their expression

in the mouse to control collagen fibrillogenesis.

Information about the structure and arrangement of collagen fibrils in KSPG-null
corneas has been successfully collected using X-ray diffraction (Meek et al, 2003b;
Quantock et al, 2001), a non-invasive technique which allows the study of hydrated,

and usually unprocessed tissues (Huang and Meek, 1999).

1.6 Synchrotron X-ray diffraction

Synchrotron X-ray diffraction (XRD) enables the investigation of the arrangement of
a variety of fibrous biological tissues at the ultrastructural level. The first published
report detailing the use of synchrotron XRD to study the cornea was by Meek et al
(1981). XRD works on the principle that the scattering elements of a tissue (i.e.
collagen fibrils) are of reasonably regular spatial distribution in order for the X-rays to

interfere.

At the Synchrotron Radiation Source (SRS) Daresbury Laboratory in the North West
of England, there are more than 30 different stations each set up for particular
experimentation. Each station relies upon the production of synchrotron radiation. A
synchrotron is a machine that accelerates electrons (or other charged particles) with a
velocity close to that of the speed of light, causing them to emit an intense beam of
light known as synchrotron radiation. This light radiation covers the infrared to
gamma-ray spectrum, with the X-rays produced being far more powerful than
conventional X-rays produced by lab-based generators. Meek and Quantock (2001)
have outlined the principles of synchrotron radiation production as applied to fibre
diffraction studies of cornea. The synchrotron comprises 3 main components; 1) a

linear accelerator (or electron gun), 2) a booster synchrotron, and 3) a storage ring.

The linear accelerator is responsible for firing high-energy electrons into the booster
synchrotron, where the energy and velocity of these particles is greatly increased.

The electrons are then transferred to a 2GeV storage ring of 96 m circumference. The
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stainless steel high-vacuum tubes within the storage ring store the injected electrons.
A form of polygun, comprising a series of dipole electromagnets, produces a dipole
magnetic field that deflects and steers the path of the particles into an almost circular
shape. This motion causes the particles to emit electromagnetic waves (for up to 20
hours at a time) tangential to the source, and this is the synchrotron radiation.
Synchrotron light in the SRS is emitted from 16 dipole bending magnets and 4 special
types of magnets for narrower and brighter light, called insertion devices. While
emitting light, the electron beam loses a lot of energy, replenished by radio frequency
waves that push along the electron beam in 4 different places around the storage ring
circumference. The synchrotron radiation is supplied to each station, some of which

utilise the X-ray part of the spectrum.

1.6.1 SRS Station 2.1

Two SRS stations that use the X-ray spectrum for the study of tissue ultrastructure are
Station 2.1 (low-angle XRD) and Station 14.1 (high-angle XRD). Information
obtained for the interpretation of average collagen fibril spacing and collagen fibril

diameter of each experimental corneal sample was obtained on Station 2.1 (Figure
1.11).

At Station 2.1, the experimental hutch contains a gas proportional area X-ray detector
and the specimen stage, the position of which can be adjusted with respect to the
incoming synchrotron light. In the data collection room the experimental parameters
are adjusted in order to optimise the results of the data collected. Each sample is, in
turn, placed in a specimen holder between two sheets of Mylar to limit evaporation.
The specimen holder is then inserted into the path of the X-ray beam by placing it in
the specimen stage in the sample area (Figure 1.12a). The focused beam of
monochromatic X-rays is passed through the whole thickness of the corneal sample
for a usual exposure time of 2 minutes. X-rays are scattered by corneal collagen
fibrils in much the same way as light, and when the X-ray detector captures these
reflections they can be analysed to gain information about scattering elements in the
tissue. Between the X-ray detector and specimen holder is an evacuated tube
typically of 8.25 m length, which is responsible for reducing air scatter (Figure
1.12b). All data is stored on a local computer within the data collection room to later

be downloaded onto the departmental system for further analysis.
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1.6.2 Low-angle X-ray scattering of cornea

When an X-ray beam interacts with a fibrous biological tissue with a lattice-like
structure, such as cornea, the X-rays are scattered through different angles. The
interference of the scattered rays produces an X-ray reflection, which gives

information about the degree of collagen fibril ordering in the cornea (Figure 1.13).

CIRCULAR DIFFRACTION PATTERN WITK
EQUATORIAL AND MERID!ONAL RINGS

4
vrrPVQSF

/ TYPICAL FIBRE
I &7 DIFFRACTION PATTERN

A\ am
\
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3
\
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INCIDENT X-RAYS
PARALLEL TO THE
OPTICAL AXIS

INCIDENT X-RAYS

PERPENDICULAR TO
THE OPTICAL AXIS COLLAGEN FIBRILS IN
THREE ADJACENT LAMELLAE
(ENLARGED)

Figure 1.13. A schematic diagram showing how X-rays may be passed either through the front of
the cornea (parallel direction i.e. parallel to the optical axis if the cornea were in situ), or through
the edge of a corneal strip (perpendicular direction). In both cases, the resulting diffraction
pattern is an average from all the fibrils in the different lamellae encountered by the X-ray beam
in its passage through the specimen. If X-rays in the parallel direction encounter equal numbers
of fibrils in all directions within the plane of the cornea, the resultant meridional and equatorial

reflections appear as rings (from Meek and Quantock, 2001).
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As Figure 1.13 shows, low-angle meridional reflections arise from the axial ordering
of the collagen molecules within fibrils, known as the D-periodicity. A unique feature
of cornea is its additional production of low-angle equatorial reflections that arise due
to the uniformity of collagen fibril diameters and degree of lateral order in the packing
of the fibrils within the lamellae. Through analysis, these low-angle equatorial
reflections provide average values for the fibril Bragg spacing within the corneal
stroma (Meek and Quantock, 2001).

Collagen fibrils run parallel to each other within a single lamella, and if there is no
preferential orientation of lamellae the net effect throughout the specimen is to have
no preferred fibrillar orientation. Where this occurs the intensity is spread over 360°
and the pattern is circular (Figure 1.13). Although the low-angle diffraction pattern of
a number of species is thus a series of concentric rings (i.e. the meridional
reflections), Meek et al (1987) found that the human cornea displays an equatorial
diffraction pattern consisting of 2 sets of lobes, indicating an overall orthogonal

arrangement of lamellae in the inferior-superior and nasal-temporal directions.

1.6.3 The use of X-ray diffraction and transmission electron microscopy

Low-angle XRD and transmission electron microscopy (TEM) are techniques that can
be used to observe tissue structure on a small scale and are complimentary in the
degree of detail they can reveal. XRD covers the range 0.1 nm to approximately 100
nm, and electron microscopy from about 3 nm to 1 um in tissues. Both methods rely
on the scattering power of the electrons within the atoms of the specimen (Woodhead-
Galloway, 1982). XRD is a useful technique as tissue processing is not required prior
to analysis, unlike TEM, which involves staining, fixation, and embedding of tissue
(Fullwood and Meek, 1993). Additionally, XRD can be used to study tissue that is
close to physiological hydration. Nevertheless, the nature of XRD means that an X-
ray beam passes through the whole tissue thickness and, although it samples many
thousands of fibrils at a time, it will give only average data measurements. This
means that small variations in collagen fibril spacing and diameter cannot be detected.
TEM is by necessity a highly selective procedure which, when used in combination
with XRD, can yield information on localised tissue differences. It is for this reason

that XRD and TEM are complimentary techniques.
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1.7  Thesis aims

The primary aims of this thesis are to better understand the role of the corneal KSPGs,
lumican and mimecan, within corneal stroma, using XRD to gain quantitative
information about stromal collagen architecture, and TEM to obtain information about
collagen morphology. The role of lumican will be studied during neonatal
development in the wild-type and lumican-null mouse cornea (Chapter 3), and a wider
appreciation for this macromolecule will be developed through mutation of its N-
terminal region and also via its over-expression in the mouse cornea (Chapter 4). The
implications of a mimecan deficiency will be explored in order to learn more about
the nature of this KSPG in the mouse cornea (Chapter 5). Additionally, the impact of
KPSG undersulphation will be investigated within the corneal stroma of the mouse to
appreciate which functional motifs of KSPGs are important for the control of matrix

morphogenesis in the mouse cornea (Chapter 6).
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Chapter 2. General Materials and Methods

2.1  Introduction

The procedures described within this section were used throughout, unless stated
otherwise in the following chapters. Sample analysis was undertaken using low-angle
XRD on Station 2.1 at the Synchrotron Radiation Source (SRS), Daresbury
Laboratory, Cheshire, UK.

2.1.1 Tissue samples
Mouse corneas were excised from the eye, with or without sclera attached. Fresh
corneal tissue can be analysed by XRD. However, the overseas shipment of corneas

and scheduled beam times required corneas to be treated in one of the following ways.

e Fixed with 4% paraformaldehyde (in 0.1M phosphate buffer) and stored at 4°C for
one week (Chapter 3)

e Wrapped in clingfilm, frozen in isopentane cooled in liquid nitrogen, and stored at
-80°C (Chapter 4)

e Wrapped in clingfilm, frozen in liquid nitrogen, and stored at -80°C (Chapters 5
and 6).

Freezing is an accepted way of storing corneas for investigation of extracellular
matrix structure by synchrotron XRD, and although it is known that fixation for
electron microscopy causes shrinkage within tissue, the degree of shrinkage via the
use of paraformaldehyde is though to be minimal (Fullwood and Meek, 1994).
Unfortunately, it was not possible to measure tissue hydration as these small corneas
would rapidly lose water on exposure to the air which would thereby render the

calculated values inaccurate.

2.2 Low-angle XRD

2.2.1 Determining the position of the X-ray beam

Sample preparation involved placing each cornea in an airtight sample cell (specimen
holder) constructed from 2 sheets of Mylar that limit tissue dehydration. Prior to data
collection the position of the X-ray beam was determined by mounting a piece of

green X-ray sensitive paper onto graph paper which was the same size and shape as
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the airtight cell. The graph paper was then placed into the cell and exposed to the X-
ray beam for approximately 10 seconds. A small red mark was burnt onto the paper
at the point where the X-ray beam made contact. Thus, each tissue sample was
positioned according to the red mark to ensure that the X-ray beam passed through the

centre of the cornea.

2.2.2 Collection of low-angle XRD data

Low-angle XRD patterns were obtained using an evacuated camera of 8.25 m length
and a focused monochromatic X-ray beam of 0.154 nm fixed wavelength of
dimensions 1 mm (horizontal) x 0.5 mm (vertical), with the beam direction parallel to

the corneas’ optical axis.

Corneas stored in paraformaldehyde solution were gently dabbed on tissue paper to
remove excess fixative. Those samples that were frozen remained wrapped in
clingfilm to prevent dehydration and were kept frozen on dry ice before data were
recorded. Accurate positioning of the cornea in the airtight cell was determined by
placing the transparent cell on top of the exposed graph paper, and using a pair of
tweezers to place the centre of the cornea within the cell directly over the red mark.
The cell was sealed, put into the specimen stage, and the shutters were opened to
allow a 2 minute X-ray exposure of the cornea. Patterns were recorded on a 512 x
512 pixel multiwire gas-proportional area detector. A lead beamstop was positioned

between the cornea and detector to absorb any undeviated X-rays.

Prior to data collection of corneas stored in clingfilm, it was necessary to ensure that
this material did not contribute to the XRD pattern. A folded piece of clingfilm was
placed in the sample holder and exposed to the beam for 2 minutes. The clingfilm
was found to produce a weak isotropic background scatter (this scattering would later
be removed when the overall background scatter is subtracted). In order to calibrate
patterns collected, each experiment involved the collection of an XRD pattern from a

vertically positioned piece of hydrated rat tail tendon.

Following data collection on Station 2.1, the low-angle XRD patterns were
downloaded to a SUN Microsystems computer at Cardiff. The XRD patterns were
analysed using Unix based image analysis software (BSL, produced by Dr. G. Mant,
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Chapter 2

The intensity distribution I(K), consists of three elements; the interference function,
G(K) (which describes the short-range order of fibrils), the scattering amplitude for a
single cylinder, F? (i.e. collagen fibril), and also the background scatter from non-
fibrillar stromal components such as cells and sometimes clingfilm, B(K), where K is
the scattering vector. The relationship between these components is described in

Equation 2:
1K) = GRK)F2 4 BK) e, Equation 2

The aim of XRD pattern analysis is to obtain the interference function value, G(K),
which contains information about the Bragg spacing of the collagen fibrils.

Therefore, Equation 2 can be rearranged and the sequence outlined below followed:

G(K) = (K) - ]23(K1 .................................................................. Equation 3
F

The first step is to subtract B(K) to isolate the scattering produced by the collagen
fibrils, G(K)F2.. G(K) (created by regularly arranged collagen) consists of a fairly
sharp first-order peak and a weak second-order peak, and levels off to a constant
value at higher reciprocal distances (Worthington and Inouye, 1985); whereas F2
represents scattering from the collagen fibrils themselves (Worthington and Inouye,
1985) and takes the form of a 1** order Bessel function. Collagen fibrils of uniform
diameter produce a fibril transform with a relatively strong 1* subsidiary maximum,
the position of which is determined by the average fibril diameter. Fitting a Bessel
function to G(K)F? and subsequent division produces G(K). Figure 2.2 shows that
fitting a Bessel function with a strong 1% subsidiary maximum will have a significant
effect on I(K) upon division (BESSELT1).

However, weaker 1* subsidiary maxima formed by the scattering of collagen fibrils of
less uniform diameter associate with Bessel functions that are broader and flatter
(BESSEL?2 to BESSEL4). This thesis involved the study of mouse collagen fibrils
that generally produce a very weak 1% subsidiary maximum. Figure 2.2 shows that a
Bessel function fitted to a wide distribution is rendered very broad and flat

(BESSELS), therefore revealing that F? contributes very little at low K.
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Chapter 2

Step 4: Calculating average fibril Bragg spacing using rat tail tendon calibration
The low-angle X-ray patterns were calibrated using the position of the sharp
meridional 3" order X-ray reflection and known 67 nm D-period of hydrated rat tail
tendon. The scattering angle (20) of the rat tail tendon was calculated by entering the
relevant values into the Bragg equation (Equation 7) and used to calibrate the radial

position, R.

DA = 2.d.SIN0. .ot e Equation 7

where,

n (order of meridional peak) = 3

A (fixed low-angle wavelength) = 0.154 nm
d (D-period of rat tail tendon) = 67 nm

To calculate corneal collagen fibril Bragg spacing, the calibrated position of the 1%
order equatorial reflection of each image was measured in terms of the scattering
angle value (20). This value was then halved to produce the Bragg angle (6), and
entered into Equation 7. However, when calculating the Bragg spacing of corneal

collagen using Equation 7, n = 1% order equatorial reflection.

To convert Bragg spacing to actual interfibrillar spacing a multiplication factor of
1.12 is used, which assumes a liquid-like packing of collagen (Worthington and
Inoye, 1985). However, the Bragg values are quoted within this thesis for consistency

with other biophysical investigations.

Step S: Determining the H/W ratio

The shape of the interfibrillar peak derived from the X-ray data gives an indication of
the degree of nearest neighbour fibril packing. This shape, when measured in real
space, may be quantified in terms of peak height (H) divided by peak width at half-
height (W), and gives a measure of the degree of fibrillar order. The higher the H/'W

ratio value, the more local order in the array of collagen fibrils (Meek et al, 2003b).
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Step 6: Determining the coherence distance (t) of collagen

As well as providing a measure of collagen fibril Bragg spacing, the 1** order
equatorial peak allows an estimate of the degree of local order in the arrangement of
the collagen fibrils in the cornea. The angular width of an interfibrillar reflection ()
is related to a parameter (t) that gives a measure of the degree of order in the lattice by

the approximation:

B a2 e e Equation 8

where 0 is the Bragg angle. Termed the coherence distance (t) by Regini et al (2004),
Stokes (1955) described this parameter as “the order of the average distance over
which the exact periodicity [of collagen arrangement] begins to fail”. In order to
obtain (t) the Bragg equation (Equation 7) may be combined with Equation 8.
Beforehand, the numerical constant 2 in Equation 8 is replaced by 1 as Stokes (1955)

stated that “more exact treatments give a value closer to unity”.

BtcosO = 2dSIN0.......o.eieiiiiiii e Equation 9
q
Bt =2d SIN0. ...ttt e e Equation 10
cosf
Bt=2dtan0.........oiuiiiiiiii e Equation 11

Bt =200, . et Equation 12
= 200 i s Equation 13
B

2.3.2 Statistical analysis
The collagen fibril Bragg spacing, collagen fibril diameter, and H/W ratio data
collected in each chapter underwent statistical analysis using SPSS 11 for Windows.

The General Statistics section (Appendix 1) outlines the statistical parameters
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considered before comparing data sets, and also the most appropriate way that data
sets should be displayed. Data sets that followed a normal Gaussian distribution were
presented in terms of mean value + standard error (SE). Alternatively, when at least
one data set was not normally distributed, the most appropriate presentation took the
form of a Box-and-Whiskers plot. Also, creating a Box-and-Whiskers plot in SPSS
11 allowed for the detection of values that deviate from the mean of a data set, called
outliers and extremes. Appendix 1 describes in more detail the criteria that SPSS 11
uses to detect and classify these values, but essentially any point that lies more than
1.5 interquartile ranges beyond the quartiles is a “mild” outlier, while a point that lies
beyond three interquartile ranges is an “extreme” outlier. These values can arise from
measurement errors or natural variability in a population etc, and it was therefore
important to determine whether such values should be included in statistical analysis,
largely because the presence of a rogue value could have a strong effect on the
average standard deviation of the data set and therefore the statistical outcome. All
values that were found to be unusual were included in statistical analysis as I was

satisfied that natural variability was the only cause.

As the coherence distance values are purely approximations, only descriptive statistics

(i.e. mean, standard deviation etc) were calculated.

2.4  Transmission electron microscopy (TEM)
The complete process of tissue preparation for TEM leads to the transformation of a
biological hydrated tissue into a dehydrated tissue preserved in a static state within a

plastic resin matrix.

2.4.1 PG localisation with Cupromeronic Blue (CuBlue)

Corneal samples were fixed overnight on a rotator at room temperature in 0.05%
(w/v) CuBlue in 2.5% (v/v) glutaraldehyde in 25mM sodium acetate buffer,
containing 0.1M magnesium chloride (pH 5.7) to achieve a critical electrolyte
concentration for staining of proteoglycans (Scott and Haigh, 1985). Remaining on
the rotator throughout, they were then washed with 2.5% (v/v) glutaraldehyde in
sodium acetate and magnesium chloride (3 x 15 min), and stained with aqueous 0.5%
sodium tungstate solution (3 x 15 min) followed by washing with a 0.5% sodium

tungstate: 50% ethanol (EtOH) solution (3 x 15 min). The samples were then
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gradually dehydrated using a series of alcohol solutions: 15 min 50% (v/v) EtOH, 15
min 70% (v/v) EtOH, 15 min 90% (v/v) EtOH, then 2 x 15 min 100% EtOH. Prior to
the infiltration of the tissue with Agar 100 resin, the samples were immersed in
propylene oxide for 2 x 15 minutes. The rationale is that EtOH and resin are
immiscible, so the propylene oxide acts as an intermediate to ensure that the resin can

properly penetrate the tissue for more effective sectioning.

The following resin solution series was used: 1:1 (v/v) Agar 100 resin:propylene
oxide for 1 hour, 100% Agar 100 resin for 1 hour, and then 100% Agar 100 resin
overnight, during which time the tops of the vials were left off to allow any remaining
propylene oxide to evaporate. This was then followed by 100% Agar 100 resin for 3
hours, after which the samples were placed in moulds and 100% Agar 100 resin was
added to them. The samples were put in the oven (60°C) to polymerise for at least 48
hours according to the manufacturers recommendation (Agar Scientific) that this

period is sufficient to achieve optimal polymerisation.

2.4.2 Block trimming and sectioning

Once the samples were embedded in resin, the polymerised blocks were placed into
an Ultracut E Ultramicrotome (Reichert-Jung, Germany) (Figure 2.7C) and trimmed
into a trapezoid cutting face (Figure 2.7A) using a stainless steel razor blade. Glass
knives were made using a Leica EMKMR2 knifemaker (Wein-Austria) and plastic
troughs (TRUFs) or silver tape were attached to some of the knives using dental wax
(Figure 2.7B). This was necessary to hold water onto which the sections, cut with the
glass knife, could float. All sections were cut to a 90 nm thickness and exhibited gold
interference colour. These gold sections are recommended for a clear visualisation of
collagen fibrils without compromising contrast (Melcher and Chan, 1978). To
remove compression wrinkles, sections were flattened by exposure to chloroform
vapour. A thin piece of filter paper was dipped into chloroform and immediately held
above the sections for a few seconds. The sections were then collected on uncoated
300-size hexagonal mesh copper or nickel grids (Figure 2.7D). Upon removal from
the water the sections adhered to the grids and were dried on a sheet of velin, a special

lint-free tissue. Once completely dried, the grids were stained.
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Block Trimming Obtaining Knife Trough
({metal)
Gem quality diamond

PLAIN BLOCK TRIMMED BLOCK
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Figure 2.7. The four steps involved in ultramicrotomy process are (A) cutting the resin block
using a razor blade to expose the underlying tissue and to form a trapezoid cutting face, (B)
making glass knives with which to cut ultrathin sections, (C) placing the trimmed block in the
ultramicrotome, and (D) cutting the ultrathin sections using a knife edge followed by picking up

the floating sections with a copper grid (from Bozzola and Russell, 1992).

2.4.3 Staining grids

(A) Staining with saturated aqueous uranyl acetate (UA) and Pb citrate
Staining of sections was achieved by placing each grid, section-side-down, onto a 30
pl drop of saturated aqueous uranyl acetate, covered to avoid evaporation, and placed
in an oven at 40°C for 40 minutes. Following this, each grid was washed by dipping
(20 times) into three successive containers of filtered, distilled water, after which
grids were placed onto velin paper to dry. Each grid was then lowered section-side-
down onto a 30 ul drop of aqueous Reynolds lead citrate for 7 minutes to stain,
followed by dipping (20 times) in three successive containers of fresh filtered distilled
water. Again, each grid was then carefully picked up using forceps and transferred,
section-side-up, onto velin paper to dry. To ensure that drying was complete, the
grids were placed, section-side-up, onto a circular rubber grid holder and into a

desiccator for at least 24 hours.
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(B) Staining with saturated ethanolic uranyl acetate (UA) and Pb citrate
Each grid was placed, section-side-down, onto a 30 pl drop of saturated ethanolic UA,
covered to avoid evaporation, and left for 50 minutes at room temperature to stain.

Next, each grid was washed, by dipping (20 times) into four successive dilutions of
EtOH:

e 100% EtOH

e  90% (v/v) EtOH
e 50% (v/v) EtOH
o 25% (v/v) EtOH

The remaining two washes consisted of dipping in filtered distilled water, after which
each grid was placed onto velin paper to dry. Each grid was then lowered section-
side-down onto a 30 pl drop of aqueous Reynolds lead citrate for 7 minutes to stain,
followed by dipping (20 times) in three successive containers of fresh filtered distilled
water. Again, each grid was then carefully picked up using forceps and transferred
section-side-up onto velin paper to dry. To ensure that drying was complete, the grids
were transferred section-side-up onto a circular rubber grid holder and placed in a

desiccator for at least 24 hours.

2.4.4 Observing the tissue in the microscope
Observation of sections was undertaken using a Philips EM208 transmission electron
microscope. Image magnification was calibrated with reference to the 8.75 nm lattice

spacing of beef liver catalase crystals (Agar Scientific).
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Chapter 3. Neonatal development of wild-type and lumican-null

corneal stroma

3.1 Introduction

One of the most distinguishing properties of the cornea is its ability to transmit most
of the incident light in the visible spectrum. This is accomplished because the
collagen lamellae, which lie at different degrees to each other in the plane of the
corneal surface, consist of collagen fibrils of approximately uniform diameter and
regular arrangement (Maurice, 1957). Research suggests that this intricate stromal
structure is largely governed by the KSPGs, particularly the major corneal KSPG,
lumican (Blochberger et al, 1992). Several lines of evidence to support this concept

come from the generation of KSPG-deficient mice.

3.1.1 Lumican knockout mouse corneas

The corneas of keratocan-deficient (Liu et al, 2003; Meek ef al, 2003b) and mimecan-
deficient (Tasheva et al, 2002) mice do not display obvious signs of corneal opacity.
On the other hand, mice homozygous for a null mutation in lumican (Chakravarti et
al, 1998; 2000) present a severe phenotype, having thin, cloudy corneas. Figure 3.1
illustrates that a lumican deficiency in mice affects corneal transparency during
postnatal development. It is also age-dependent, as more and more corneas develop

opacity over time (Chakravarti et al, 1998).

At the ultrastructural level in the mature lumican-null mouse, disruption of corneal
stromal architecture is evident (Chakravarti ef al, 1998). Electron microscopy has
shown that in the anterior stroma, both wild-type (Figure 3.2A) and lumican-null
(Figure 3.2B) corneas are similarly well-ordered. However, the posterior regions of
wild-type and lumican-null corneas are markedly different, in that collagen fibrils of
the wild-type posterior stroma are well-ordered and consistently thin throughout
(Figure 3.2C), whereas the lumican-null posterior stroma (Figure 3.2D) consists of
irregularly packed fibrils, a minor population of which are large and irregularly
shaped, thought to be the result of fibril fusion (Chakravarti et al, 1998). This stromal
region also suffers a 40% reduction in thickness. Increased backscattering of light
originates from deeper tissue regions of mutant corneas, indicating that this

disorganised area is the likely cause of corneal opacity (Chakravarti et al, 2000).
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