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ABSTRACT

The overall objective thisvork is to contribute to theinderstanding of how the precise
structure of the corneal stroma is achieved during development, and to appglyothlsdge
to the latest attempts at engineering effective stromal constructs for use in transplantation.

The cornea is the major refractive elemehthe human eye, accounting for twhirds of
total focusingpower. Represenihg around 85% of cornéthickness, the strom@ossessethe
mechanical strengtheeded tgrotect ifraocular tissues, whilst Btachieving the tgh level
of transparency ecessary for light transmission. This is chiefly due to the smaifprm
diameter collagen fibrils arrangeadto a precisely orderederies oforthogonallamellae
Proteoglycansn the stromaare thoughtto regulatethe arrangement andiameter ofthe
collagen fibrils, although the mechanism by whikis occurs is not fully understood.

The deceptively compkeorganisation of the stroma may be responsible for the relatively
little progresghat has been madke engineeringconstructs thatanreproduce the structair
andfunctionalcharacteristics of the cornea. Further study into the embryonic development of
the cornea may aid attempts to recapitulateivo mechanisms for corneal construction. Of
particular relevance would be the method of collagen organisation and depositioa in t
developing avian corneal stroma and the interactions that occur within the collagen fibril
bundles as development progresses.

Initially, en face sections were used to study the organisation and arrangement of collagen
fibrils in the developing stromalt is hypothesizedhat in tendon, the formationf parallel

arrays of collagen fibriloccursvia fibroblast surface recesses and invaginations. It was
evident throughtransmission electron microscopy thiitis process also occurs in the
developing corndatroma via surface recesses on stromal keratocytes.

Analysis of the interactions between the collagen and proteoglycans within fibril bundles
demonstrated that the developing cornea is less well structured than often considered and is
possibly a much nre fluid and dynamic system than originally thought. Proteoglycan size
and orientation show a degree of variety and disorder and appear to follow no set
organisation or positioning. The data suggests that proteoglycans were seen forming
aggregates that weicapable of bridging the gap between more distant neighbouring fibrils.

Following the study of the developing corneal stroma, collagen gel based constructs were
engineered and their structural and functiocl@racteristics were analysed to assess their
potential asstromal equivalentfor use in tissue engineering. Manipulating the assembly of
collagen fibrils by varying the pH and crelgsker concentration had a dramatic effect on the
structure and functionality of the final gel construct. A range atflagen gels were then
implanted into intrastromal pockets to determine their biocompatibility aimd vivo
properties.
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1. INTRODUCTION

1.1.Background

Although there are similarities between the mammalian and avian eye, it could be argued that
the avian eye is in many ways more evolved than the mammalian eye, resulting from the
avian sensory world being largely visual. Thare also remnants of the reptilian eye that
remain present in ghstructures of the avian eye, such asstiieral ossicles that support the

shape of the eye

The avian eye is considerably flatter than the spherical mammaligfrigyee 1.1) Relative
to body size, the avian eye is also larger, permitting increased depth of focus and a lager
retinal image. Whilst an adult human eye has a 25approximatediameter, a mature hen

eye has an 11.86mm diameter across its equator (Gaitladh1987).

1.1.1. Ocular structures

i LU“.'““
343 2} Jo 5oy

Vitreous gel

Oiptie nerve L0 i Fovea ceniralis

Figure 1.1: Cross sectiorof a mammalian eye (left) and gian eye (right).

(Taken fromhttp://www.nei.nih.gov/@betes/content/english/faq.adgft) and
http://www.birdsnways.com/wisdom/ww31eii.htfnight)).



Chapterl - Introduction

The sclera is a tough fibrous layer that covers most of the eyeball. The surface of the sclera is
covered by the conjunctiva a mucous membrane cosisng of cells and a basement
membrane. However, anteriorly the cornea and staface epithelial cellsform

the tunic of the eyeTogether the sclera and cornea protect the ocular tissues from trauma
and infection. Both are composed of a dense networtolidgen fibrils, although scleral

collagen fibrils are larger and more varied in diameter.

Six extraocular muscles insert into the sclera, to control eye movement. Focusing of avian
eyes utilizes corneal and/or lenticlar accommodation (Glasser and mth\Wia96). In chicks,
corneal accommodation occurs as the anterior ciliary muscles to pull backwards on the inner
lamella of the cornea (Glasssral.,1994).

In avian eyes, small bones known as the scleral ossicles are arranged around the cornea
within the sclera. They support the eye and provide an attachment site for the ciliary muscles
(Murphy et al.,1995), which in turn help control lens tension via thomuar fibres attached

to the lens capsule. The consequence of this arrangement is that lens shape, dioptric power

and focal point can be accurately controlled.

The cornea is the major refractive element of the human eye, responsible for abthrtdsvo

of the total focusing of the human ey Helmholtz 1962) equal to around 42.4 Dioptres.

The lens is responsible for the remaining third of focusing power. In the mature avian eye,
Schaeffeland Howland (1987) observed thatchick accommodatigrup to 9 Dioptres could

be accountedof by corneal curvature changeguivalent to around 40% of the full range of
artificially stimulated accommodation (Troilo and Wallma®87).Corneal accomodation in
chicks occurs becaue the cornea is able to change.shh ability is not present in the

human cornea.

The tear film is formed from the continuous fluid seiomd of the lachrymagland. Spread
across the eye by blinking, this fluid nouestthe front of the eye, lubricadghe eyelids,
keers the cornehsurface wet and free from irritating particles, and cieaesmooth
refracting surfaceln addition, meibomian glands found at the rim of the eyelids produce an

oily substance that helps prevent the evaporation of the tear film.
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1.1.2. Thecornea

The majorty of the corneal tissue is composed dafifiorm collagenfibrils tightly packed
together into arentirely avasculamatrix, which gains innervation frorhin nerve fibres.
The highly organised lamellae structure of the collagen fibrils conveys transpamedcy
strength to the tissudaintenance of corneaurvature and transparency is integral to its

continued function. Any disruption to this arrangement often results in reduced visual acuity.

The cornea is composed of five layers (Hay and Ra@@€9)i epi t hel i um, Bowman

stroma, Descemet 6s m@Eguperldne, and endotheliun

Bowmanos
Layer

e e s s - - Desceme

_ : o : - : ¥ RS ~_~ Membrane
Endothellum\\— e R S s /

Figure 1.2: Cross section of the human cornea

(Adaptedfrom http://www.vetmed.ucdavis.edu/courses/vet_eyes/images/archive/s_401b_a.jpg

1.1.2.1.Epithelium

The epithelium constitutes around 10% of th
layers of three diffemt cell types. The superficialost layers are made up of Ron
keratinized, squamous cells. Tight junctions form between these cells, producing a protective
barrier against chemical and bacterial damage. The middle layers of cells are polygonal
daughter cells produced by a single subjaabviding layer of cells. These daughter cells

migrate superficially to replace the surface cells that degrade and are washed away by the tear

3



Chapterl - Introduction

film. The deepest layer of the epithelium contains the basal cells that undergo mitotic

divisions, serving asreindefinite supply of replacement cells.

Beneath these cellular layers lies the basal lamina. As the epithelium serves to protect the
cornea from abrasive forces, it requires strong anchorage to the underlying stroma. The basal
lamina anchors into therai na densa of the subjacent stron
epithelial attachm®& complexes. The basal surfaskthe deepest layer of epithelial cells

possess adhesion complexes called hemidesmosomes, which along with anchoring filaments

of typelV and type VIl collagen form these stroegithelial attachment complexes

1.1.22. Bowmands Layer

Subjacent to thecorneal epithelium, this uniquely organised acellular layer of compact

striated collagen fibrils is around&e m t hi ck i n t hhdonetdl.,il9¥% cor ne
Marchantetal.,2 002) , constituting to around 2% of t
fibrils that make up tlsi layer are deposited as avedtk, and have smaller diameteof 18-

22nm compared tdhe 24nm fibrils found withi the stromgHay and Revel 1969. The

coll agen fibrils o f Bowmanos | om yofe epitheliah v e a
anchorage viaattachment complexes, thus making this layer particularly aes$iso

mechanical strainl N man Bowmanods -12aynert hii £ al.(l98B;sdl a 8 e
Komai and Ushiki1991),howeverin some species such as rabbits, this layer is not apparent

at any developmental stage, nor in the mature tissue.

1.1.2.3. Stroma

The stroma represerssr ound 85 % of t he .lItivapreesely gartised; a | t |
multi-layered structure arising from a tightly controlled sequence of developmental events. It
possessethe mechanical strength neededptotect of the intraocular structures, whisill

maintaining the high degree of transparency necessary for light transmission. This ability is

the result of small uniform diameter collagen fibrils (approx. 24ander electron
microscopy arranged into an alternating orthogonal array of sepanakteliatinct layersThe

human cornea contains approximatel02amellae through theentral region Naurice,
1957;Bergmanson et al2005).These lamellae are synthesised by the residenstdcytes,

and are orientateglrallel to the corneal surface.
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In addition to collagen fibrils, the stronadso contains a large amount of water, as well as
various glycoproteins and proteoglycans that serve to aid collagen spacing and organisation,
andcontribue to stromal hydration via their hydrostatigyggbsaminofycanside chains.

1.124Descemet 6s Membr ane

Descemet 6s membrane occupies around 1% of t
specialized basement membrdike structure for the corneal endothelium, serving as a
barrierto substances ithe anteior chamber of the eye. As with all basement membranes, it
contains fibronectin and laminiglycoproteins, as well as various collagen types that may be

involved in stromal attachment.

However its similarities to a basement membrane have previouslyduestioned. Fitch
(1990) showed that the nodal matrix of Desce
a feature inherent to mature basement membranes. This collagen type was however seen
penetrating the membrane, forming irregular plaques inthedoar y bet ween Des

membrane and the stroma, enhancing endothelial adhesion.

1.1.2.5.Endothelium

The endotheli al cel | | ayers constitute arou
pattern of hexagonal cells, this single cellular layer hamla in maintaining corneal
transparency by regulating corneal hydration via a complex geakpomechanism (Hodson

and Miller, 1976): bicarbonate ions leak across the endothelium into the stroma of the cornea,
the ionpump then transports the ions bactoithe aqueous humour via a continuous pump.

It keeps stromal hydration at an equilibrial state, preventing stromal swelling that would then
lead to a loss in transparency. Cell population density in this layer decreases naturally with
age; as a result deshape and size adjust to retain the integrity of the layer. When the
endothelial cell density decreases @ critical point of around800 cells/mm, stromal
swelling resuls in the disruption of the organized collagen asrélyorresteret al., 2002;
Edehauser 2006, which leads to corneal opacity.
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1.2.Collagen

1.2.1.Collagen superfamily

The collagen supdamily represent around 25% of the total body prote mammals

(Horton et al., 2002. Present in most connective tissues (bone, blood vessels, cornea,
cartilage and skin), there are currently 29 genetically unique collagen subtypes in the
vertebrate system (Soderhadt al., 2007). However, all collagen molecules are still
structurally onnected on some level. For example, they all contain a characteristic triple
helix domai n, and ar e c¢omp alwies Thesé chains hawee p ol
particular amino acid sequences and individual gene loci. There are a total of forgntliffe
U-chains from which colgen molecules can be composedllagen type | for example

containg wolchhinsa nd €ghain. U

Dependant on their particular function and anatomical location, the collagen molecules can
then either assemble into filwjl or into norfibrillar formations. Whereas fibril forming
collagens will possess a trighelix domain often around 95% of their length, +idmillar
collagen molecules possess only short trfpix segments. These molecules may then form

globular stuctures that interact with other matrix components.

1.2.2.Biosynthesis

The collagen biosynthesis pathway is a complex series of biochemical processes that varies
between collagen subtypes. Often the precise structural engineering of these molecules
depends on their particular functions. For example collagen type XIl is frequently spliced into
long and short forms; consequently these different forms have different spatial and temporal
locations, presumably reflectirdifferent functional rolesWesselet al., 1997 Younget al.,

2002.

The t fthaiaseare Bynthesised on the roughiogtasmic reticulum withinstromal
keratocytes, thy are then assembled into anmature collagerfibril form, known as
procollagen (Comperl996). Postranslational modifiation of the procollagen molecules
determine the structure (artlus function) of the collagen fibrilsThis initially occuis

intracellularly,whereproline residues are hydroxylatedd¢nabé hydrogen bonding between

6
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hydroxyproline residueghis then emances the stability of the triple helix (Ha991). In
addition, in some collagen typebssine residues also undergo enzymatic hydroxylation.

Hydroxylysine then has a role in the formationcobsslinks within and between collagen

molecules (Compefd996).
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2. HYDROXYLATION OF
SELECTED PROLINES /
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200 nm

H}N .
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H;N ~.~ COOH
collagen fiber

oH
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¥ ] =)
0.5-3 ;nm )
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OH OH
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ER/Golgi
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4

OH OH
_—— —_— 10-300
y 7. CLEAVAGE OH  P0H OH OH 8. SELF-ASSEMBLY nm |
OH FOHOHOH OF PROPEPTIDES collagen INTO FIBRIL
molecule g collagen fibril

Figure 1.3: Collagen type | biosynthesis

Steps 15 occur within the cytoplasmiendoplasmic reticulufolgi compartmentTransportation in

a secretory vesicle to the cell surface membisrieen followed i the extracellular assembly of the
procollagenmolecules into mature fibrils (Steps8}. Step 9 shows one example of how collagen
fibrils are arranged into #hreedimensionalarray i these collagen fibres are found within the
extracellular matrixof tendon and muscle tissul the cornea, collagen fibrils do not form fibres,

procollagen molecule

instead they assemble into orthogonally orientated laméllaken fom Alberts et al.2002.

Extracellular modifications process the procollageolecule into a maturgate (Figure 1.3).
Propeptidase enzymes cleave the terminal sequences from the ends of the molecule, allowing

the molecules to associate into parallel arrays of fibFiese mayhen in turn assemble with
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other fibrils into a collagen fibre, or in the sea of the corneal stroma, into orthogonal

lamellae.

The coll agen mol e c u-thainsithat foanoartriple tsekcal stracture.tTher e e
Uchains are left handed polypeptide molecules contain a repeatin¥-%lamino acid

motif, where X and Y ar frequently proline and hydroxyproline. This repeating araicid

motif is essential for the formation of the helical rdjge structure. Xray diffraction has
confirmed the triple helical structure of collagen molecules (Ramachari@@n). The three

le f t h achathe aksodiate to form the right handed triple helix stru¢gigare 1.4)

which is then stabilized by hydrogen bonding between the proline carbonyl groups and

gl ycine amino echans assvellad intea ahd intransotedwiarsslinks.

Figure 1.4: Collagentriple helix structure.

A singl e {chaihtcomposedaf@@)-YU ami no aci d mohninsfassqcibte f t ) .
to form a right handed triple helix structure (right) which is stabilized by hydrogen bonding,
intermolecular and intramolecular crdssks (Adaptedfrom Lehninger et al., 2005)

The precise pr i mehains vasigs beiweenwollagendypes.tSméarlyUthe
collagen molecule can be hetgqmic or homotypic, depending on whether they are
composed of di f fchaing rCollagenrpe | isl @ heterotypicl molétule,

(
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containing two ideerthiadal, J2Ualin)d])on@o ldliddem etny
is homotypic. Cont-ah aii mgs Thé in@dedlayi ¢dnponentsoa | U
these collagen molecules affect tbeerall structure and thus the functional role that the
collagen fibril will have in the tissue.

1.2.3.Different classes of Collagens

Within each family of collagen molecules there is a shared genomic ancestry, having derived
from a common parental gefiButtice et al.,1990). The classification of collagen molecules
into these different families is dependent on the particulaleculestructure, organisation,

and size.

1.2.3.1Fibrillar Collagens

There is now considerable evidence that suggests that the fibrillar collagens of the avian
cornea(type 1, Il, V) frequently form heterotypic structures, containing multiple collagen
types (Linsenmayest al.,1983 1984 Fitch et al.,1984 1988;Birk etal., 1988;Mendleret

al., 1989. Antibody masking (Linsenmayaat al.,1983; Birk et al, 1988), and enzymatic
digestion of selective components of the heterotypic fibrils (Fatcil.,1984 1988) revealed

that collagen type V and type | are assembled together into heterotypic fibrils in the stroma of
the matureaviancornea. The triple helix domain of type | collagen can be seen within and at
the surface of the heterotypic fibrils. Conversely, humerous Ymollagen molecules run
strictly within the fibril, only the large Nkterminal domain of the molecules can be seen
protruding through gap zhypothesizetthat this Hoemation b r i | 0
would then serve to inhibit the addition fofther collagen molecules to the fibt sérfacei

thus mediating fibril diameter (Linsenmaygdral.,1998).

Type | collagen is primarily responsible for the tensile mechanical strength of the cornea. It is
the predominant c ol | amgana thet syrgma. Itiisninte@ral vontteen 6 s
development of stromal organisation. In the Mov1l3 mutant mouse model, where no type |
collagen forms, the corneal stroma contained thin collagen fibrils with no structural
orthogonality(Bard and Kratochwil, 1987pynthesised by keratocytes in the corneal stroma,
type | collagerforms heterotypic fibrils with collagen type Il in the developing avian corneal

stroma, and with type V in the mature avian strokben@drixet al.,1982 Birk et al.,1988.
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Type Il collagen is present only in the primary stromal stage of avian corneal development,
reaching undetectable levels by the stage of corneal condensatioat @ail994). It has
been observed in the primary stroma forming heterotypic fibrils wiple tycollagen, and

forming covalent links to type IX collagen (Fitelhal.,1994).

Type V collagenis prolific throughout theviancorneal stroma (Hay991). Its appearance
coincides with mesenchymal cell invasion (Linsenmagteal.,1984), as it is ythesised by

the differentiated stromal keratocytes (Ruggietral.,1996). Forming heterotypic fibrils with
type | collagen l(insenmayetret al.,1983 Birk et al.,1988, it may serve to regulate fibril
diameter within the stromand play a role in anchning of basement membranes to the
subjacent stromal matrix (Birkt al, 1990). Aound 20% of collagen in the mature cornea is
type V, resulting in the synthesis of thin heterotypic fibrils with a uniform diameter
(Linsenmayeret al., 1983). In vitro fibrillogenesis studies (Birket al, 1990) have
demonstrated that by altering the relative proportions of type | and type V fibrillogenesis,
fibril diameter can be controlledl the greater the proportion of type fibrillogenesis,the
thinner the diameter of the resultant heterotypic fibril. This heterotypic collagen arrangement
is also found in the human cornea (Ruggietral.,1996;White et al.,1997). In addition, in
humans, naturally occurring mutations that affect the wedgvels of these collagen types
produce a similar effect on collagen fibril diameter (Bonaverguget.,1989; Wenstrugt al.,
1996).

1.2.3.1.1. Fibrillogenesis

Collagen fibrillogenesis is the process of asdergtand packing the collagen moleculato
fibrillar structures. It has beemypothesizedfrom studies on chick and murine tendon that
initiation of procollagen processing and collagen fibrillogenesis occurs within intracellular
membrane bound vesicles. Transported from the Golgi apparatbhe fasma membrane,

the collagen fibrils are then excreted into the extracellular matrix by plasma membrane
protrusions (fibripositors) antthe adjacent extracellular channéfey formaligned along the

cel | 6s eixal.,2004f(t@amgurg 1.3)The nucleation stage of fibrillogenesis occurs

at the base of these channels (several microns within the cell); whilst towards the ese of th
processeshe fibrils are then deposition into the extracellular matrix. This suggestthéhat

parallel arrangment of collagen fibres in tendon is established by the late secretory pathway

10
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and interactios of adjacent fibripositors and the extracellular channels they form (@anty

al., 2004). However the fibripositor theory has yet to be proved conclusivehhefumore,

whilst this theory is conceptually easy to visualize for simple uniaxial tissues such as tendon,
wether is can also relate to the production of a complex-thneensional matrix such as ther

corneal stroma remains largely unknown.

o EH E =
Fibril i] H |l
Packing of -
molecules
. A I“' v .
- - .
- & .
-|l"‘ - -"r ‘l-L
+” 65nm .
Collagen = - —— “x
malecule * — !
- b =
FEJ‘H -\-.\- = ~-"I.
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Figure 1.5: Corneal type | collagenmolecule packirg.

Collagen molecules pack together to form a collagen fibril. The staggered arrangement of collagen
molecules creates overlap and gap zones that produce the chara@&égristice’, 'd' and 'ebanding

pattern of collagen fibrils seemder electron microscop$cale bar = 250nn{Diagram aapted from

Ross et al., 1989nicrograph adapted from Young, 1985
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The collagen molecules within tendon fibrils are arranged with a longitudinal staggering
equal to 67nnor 234 amino acidéMeek etal., 1979),occurring through a process of axial
translation called the {periodicity (Hodge and Petruska, 1963). Consequently there is a 0.6D
gap between the amino end terminal of one collagen moleculghanstart of the next
molecule(Figure 1.5) This creates overlagonesand gap zones within each-g2riod that
correspond respectively to the 'a’ and 'c' bands, and the 'd' and 'e' bands of the collagen fibiril
Thesezonesappear undetransmission electron microsco@g alternating dark and light
bards.In skin and corneal collagen fibrils, the axial periodicity is closer to 65nm (Mamhini

al., 1986). The different banding patterns observed in these tissues are the result of corneal
(C-type) collagen molecules possessing an angular orientatiob°ofwith respect to the

fibril axis) as they run helicoidally throughout the length of the collagen fibril (Hobhes,

2001). Conversely in tendon -ype) fibrils, the highly tensile nature of the tissue results in
only a 5° angular displacement ogthollagen molecules from the fibril axis (Marchétial.,

1986).

There are several models that describe the firaensional assembly of collagen molecules

into mature fibrils, often dependant on the technique in use (suthrasnission electron
microscopyor X-r ay di ffraction) . Smithés microfibril
model based on the lateral aggregation of five tropocollagen molecules to form a
microfibrillar collagen filament. Hulmes and Miller (1979) suggested a model of-quasi
hexagonal collagen molecule packiat occurs without the need for microfibrillar
substructures, where the molecules within the fibril create sheet structures that have a
molecularparacrystaline formation. This model also indicated that the collagesiecules

were angularly displaced from the fibril axis, either by tilting of the straight molecules, or by
super coiling of the molecule as first suggested by Miller and Wray (1971). @rgléR006)
demonstrated a similar organisation within type | collagen microfibrils. They purposed that
adjacent collagen molecules twist into a swupmled righthanded microfibril. In this
arrangement, quabiexagonally molecular packing creates tparacrystalline lattice

structure.

Holmes et al @001) reported that in bovine corneaach collagerfibril may in factbe
composed of sniier 4nm diameter microfibrils The microfibril lateral packing also
demonstrated structural regions of botider and disa@er, commonlyat the N terminal and

C terminal telopeptides, as well as thdahd of the gap zone. The regions of ordered

12
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structure alsocoincided with binding regions for extracellular macromolecules such as
proteoglycansFibril stability is enhanced interfibrillar and intermolecular crodmks that

grant a tensile strength to the structure. It is bigmthesizedhat theserosslinks aid in the
transmission of force across the entire structural array, dissipating stress and enhancing

structuralintegrity (Orgelet al.,2006).

In the cornea, collagen fibrilhen assemble into flat lamellaevherefibril diameter and
interfibrillar spacing may be mediated in part through proteoglycan interactions (Scott 1985;
1988).Electron microscopy techniques have repotted thecollagen fibril diametewithin

these lamellae appears te & relatively constant 24nm throughout a large proportion of the
vertebrate kingdom (Craig and Parry 1981). Howeveray)diffraction studiehiave shown

that this measurement may in fact vary dependant on the technique used to study the tissue,
as it affects the hydration levels of the stronSayerset al., 1982 Meek et al., 1991).
Standard electron microscopy, that shows fibril diameteret@iound 24nm, requires the
chemical dehydration of the tissue being processed. However, Sayeas (1982)
demonstratedising Xray diffraction thatair dried bovine corneal samplshowa markedly
increased fibril diameter of 40nm. Furtherray diffradion studies untaken by Meend
Leonard(1990) using analternativemethod, gave a reading 88.2nmin bovine corneaat
physiological hydration Similarly Worthington and Inouye (1985), also using-rgy
diffraction on untreated (hydrated) bovine cornea, showed a fibril diameter of 39nm. Low
temperature electron microscopy studiedicatefibril diameter to be around 38nm (Cragg

al., 1986). This figure correlates adely with the resudtfrom X-ray diffraction studies
(Sayerset al.,1982; Worthington and Inouy&985 Meek and Leonard 1993demonstrating

that the conventional dehydration and embedding used in standard electron microscopy

dramatically affects thelfril diameter observed.

1.2.3.2.FACIT collagens

Characterised as OFibril associated col |l ager
members in tb FACIT family including collagen types IX, Xll, XIV, XVI, XIX, ,XX, and

XXI (Gordonet al.,1989; Comperet al.,1996; Fitzergeralet al.,2001). They universally

possess several triple helical domains that alternate withtripbe helical domains.
Functionally, they interact with other matrix components and the surface of fibrillar collagen

moleales.ConsequentlyFACIT molecules have severstiructuraldomains. Some lie along

13



Chapterl - Introduction

the fibril surface and often anchor the molecule to the underlying fibrillar collagen by
covalent cros$inks (Vaugharet al.,1988. Other domains extend outwards from fhil,
interacting with adjacent fibrils and other matrix components (Comper, 1996). However, the

exact supramolecular organisation of these molecules is currently unknown.

Type IX is the major FACIT collagen involved in avian corneal development (Seatal.,

1988). Ths collagenmolecule associates with the surface of type Il collagen fibrils in the
primary corneal stroma. Absent during the period of stromal swelling, it is implicated as a
stabilizing factor, whose presence maintains the primaoynstras a compact matrix (Cai et

al., 1994). In the developing avian corneal stroma, two different isoforms have been detected.
One of which possesses noollagenous domains that may function as a bridge between
fibrils or to other matrix components (Fitehal.,1995).

Types Xl and XIV are structurally similamolecules and arealso present during
developmen of the avian corneal strom&enerally associated with the surface of type |
collagen fibrils (Keenet al.,1991), these FACIT collagens mayVea role in stabilizing the
fibrillar architecture within the stroma through interactions with adjacent cells and

extracellular matrix components (Gordetal.,1996).

The mRNA for both molecules can be ¢&mfferen
polypeptides. Both forms of type XlI collagen are expressed in several tissues during avian
embryogenesis, localised in the developing primary and secondary corneal stroma at variable

temporal and spatial locations (Youeigal.,2002).

Type XIV collagen has been observed progressing posteriorly fhemubepithelial region
during mesenchymal cell invasion. Consequently, it is distributed throughout the stroma just
before stromal compaction (Gordehal.,1996). Synthesis of type XIV collagen acsdbe
secondary strom#hen increaseas compaction begins, peaking between days 10 to 14, at
which point production declines (Youmyg al.,2002). It is therefore possible that interactions
between this collagen type and the surface of fibrillar collagemgs stabilize the movement

of fibrils and stromal compaction.

Type Xll collagen is synthesized ke corneal epithelium, and is presemtthe primary

stroma bydevelopmentatlay 5. During synthesis of the secondary stroma, type XIlI collagen

14
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is localise@l in the subepithelial and subendothelial regions (Akinedtal.,2002)7 such as

the interface between the anterior stroma ar
posteriorsto ma and Descemet 6s membrane. Tthess sugg
regions (Gordoret al.,1996).

As type Xll and type XIV collagen molecules are expressed at different developmental stages,
they may interact with different matrix components, and hence may have slightly different
roles. Type Xll is implicated inilbril organisation and matrix stability (Gordet al.,1996),
whilsttype XIV may assist in fibrillogenesis (Yourg al.,2002).

In the mature avian corneal stroma tlung form of type Xll collagen is no longer present.
Whilst in the mature human comdat can be seen in the stroma, epithelial basement

membr ane and Bownehah©997).]l ayer ( Wessel

Type XX FACIT collagen was discovered in the embryonic chick relatively recently. Found
only in minor quantities, it is weakly expressed in several connective tissues including tendon,
skin, and to a greater extent in corneal epithelium (Kaai.,2001) Here it is expressed at a

constant level between days 7 and 13 in a simé#ternto type Xll collagen.

1.2.3.3.0ther nonfibril forming collagens

Type IV collagen is aubiquitous component of basement membranes. Along with other
matrix componentst iforms mesHike networks that are situated beneath all epithelial and
endothelial cell layerdn the developing avian cornégpe 1V collagen is also found in the
interface regi on bet ween De s ceme tObservedne mbr a
extendinginto both structures, it promotes endothelial adhesion by forming contacts with
endothelial cell processes (Linsenmagtral., 1998). Type IV collagen is also found in

unique structures within the developing avian corneal str@omeh asstromal strings rad

plaques of basement membrdike material (Fitchet al.,1991).

Type VI collagen molecules are organised into beddadentsthat become detectable at
the time of mesenchymal cell invasion (Linsenmayr al., 1986). Synthesised by
mesenchymal cells the developing cornea, type VI collagen associates with striated fibrils

in the loose stroma to form an interlocking matrix (Linsenmayexl.,1986). In the mature
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cornea, synthesised Hbiproblasts, tlese beaded filamentsin between lamellae andbfil

bundles.

Type VIl collagen is present at the epithebtdomal interface. It forms anchoring fibrils that
help stabilize the attachment of the basement membrane to the underlying stromal matrix

(Keeneet al.,1987), through interactions with collaggype IV anchoring plagues.

Type VIII coll agen is a component of Desceme
to a class of small collagens half the size of fibrillar collagens (Yamagtiehi, 1991), type

VIII collagen molecules likely form a lkagonal lattice arrangement (Jakl856).

Type XVII collagen is thought to have a role in epithelial attachment complexes and is a
component of transmembrane hemidesmosomes in the avian cornea. The intracellular
globular domais of the collagen moleculedorm the hemidesmosome, whilst the
extracellular collagenous domaiprovide basement membrane attachnsgi@ordonet al.,

1997 Linsenmayeket al.,1998).

Type XXIIl is a member of MACIT (membrane associated collagens with interrupted triple
helices) collagen types. Collagen type XXIII is related to types VIII and XV, and is
associated with the epithelium and endothelium of the developing avian corneaefkach
2006). It is thought to have a stabilizing role in regions of matitrix interface such as

Bowmandéds | ayer and Descemetds membrane.
1.2.4.Collagen organisation
The collagen lamellaef the avian stromare stacked so that adjacent layers arentated

orthogonally(Figure 1.6) Transparency is brought abduy this highly organised collagen

structure, combined with the avascular nature of the cornea.
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Although striated collagen fibrils within the cornea appear uniform, increased fibril stability
in certain areas of the cornea suggest possible structural and functional differencagySimil
organisation of the lamellae varies depending on location within the stroma. The collagen
lamellae cross the apex of the corneal dome as they run from limbus to limbus. In the anterior
of the stroma, collagen lamellae appear as thin, narrow bundieselg interwoven.
Consequently, the tighter packing and denser interweaving causes the layers run at an oblique
angle to the corneal surfac®gdneret al., 1998). Conversely in the posterior stroma,
lamellae are thicker and wider and run parallel tocthrmeal surface, with a lesser degree of
interlacing McTigue 1967). Throughout the stroma, interconnectdretween lamellae are
Proteoglycans are found throughout most tisseiéserwithin intracellular vesiclespna cell
surface, or in the extracellular matrix. They are watduble molecules composed a

protein core around which isovalently bound one or more polysaccharide carbohydrate
chains called glycosaminoglycari®roteoglycans ardistinguishal# from glycoproteins by

interlacing ofthedivided sublayersf adjacent lamellae (Radner and Malindg€02).

Figure 1.6: Orthogonal collagen lamellae imuman corneal stroma
Scale bar = 500nrfCourtesy of Dr Rob Younainpublished daja

formed by interweaving of adjacent layers
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the structure of their protein cor€hey are more acidic in nature due ttee high negative
charge generated by the long, unbranching, highly sulphated sugar chains attached to their

protein cores.

Proteoglycans can be categorized according to funct@nexamplebasement membrane
proteoglycans, large ext@llular proteoglycans, andcell-associated proteoglycans.
However due to their prolific nature and diverse structures, some proteoglycans belong to
more than one grouphaving multiple biological functions. When categorized by
glycosaminoglycarstructure, the two predominant progigcan families within the corneal
stroma are thosewith keratan sulphate side chains, and those wgtiondroitin

sulphatedermatan sulphatadechains.

1.3.1.Glycosaminoglycans

Glycosaminoglycans are sulphated carbohydrate polymers containii®04@peating
disaccharide units. These units contain aaddtylated hexosaminsuch asD-glucosamine

or D-galactosamine) and a second sugar residue of eitheorlic acid or Bgalactose
(Figure 1.7) Consequently, one of the two sugars in the repedisagcharide is always an
amino sugarwherethe nitrogen of the amino group has an acetyl group attachather N
acetylglucosamine or Jfdcetylgalactosaminé hence the name glycosaminoglycdme
specific glycosaminoglycan type is determined by tHegikages, the various sugar residues
present in the disaccharide units, and the location and number of sulphation sites. The two
major glycosaminoglycan types in the cornea are keratan sulphate a@hdndroitin
sulphatedermatan sulphateybrid. Other tygsinclude hyaluronic acid and heparan sulphate.
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Core protein
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Figure 1.7: Glycosaminoglycarchain structure.

Glycosaminoglycans are composed of repeating disaccharide units composed afcatylated
hexosamine and a second sugar residue of eitineortic acid or BgalactosgAdapted from Bomsel
and Alfsen 2003)

The region of sulphation on the-&tetylgalacdssamine unit often shows a high degree of
variability. This may reflect the diverse biological functions of these molecules. For example,
moreimmature articular cartilagenowsa greater degree of sulphatigrseen at position four
relative to that seeat position six (Saamanet al.,1989). It ishypothesizedhat sulphation

at position six results in a more spdtidtee orientationThis then supports a greater degree

of interaction with other componenin the extracellular matrigGaamaneet al.,1989).

Glycosaminoglycans are covalently linked to the proteoglycan protein core by specific
oligosaccharide structures (with the exception of hyaluronic acid which exists as a free chain)
(Figure 1.8) Keratan sulphate is either-Idked to Asn residuesor Olinked to Ser or Thr
residues in mature skeletal tissues (Bagtyal., 1995). Chondroitin sulphate, dermatan
sulphate and heparan sulphate aréined to the protein core by Ser residues (Comper
1996).
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Figure 1.8: Glycosaminoglycan linkage mechanism to proteoglycan protein core

Covalentlinkage to the proteoglycan protein core occurs through specific oligosaccharide structures.
SerSerine;  Asp-Asparagine; XyiXylose; GalNAcN-acteylgalactosamine; GIcNAc-N-
acetylgucosamineGalGalactoseNeuNAcN-acetytD-neuraminic acidMan-Mannose;GluA-b-D-
glucuronic acid Yellow arrowheads indicate sulphate groypslapted fromGarrett and Grisham
2009.

Under physiological conditions, the charged anionic groups on theosgiganoglycan
molecules are fully ionized. Thetherefore show a high negative charge, often varying
between disaccharide units dependant on the particular sulphate content (Comper and Laurent
1978). The resulting electrostatic interactions allow proteagis to interact with other
macromolecules. This negative charge also results in an osmotic draw, causing matrix
swelling andthe formation of a compression resistant structure (Comper and Lal®&8).

In addition, the glycosaminoglycan charge is also thought to contribute to corneal
transparency through the maintenance of fibril spachnidy, the electrostatic forces examny

a repulsive force on adjacent fibrildédblom 1961; Scott1988)
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Recent studies in reconstruction thokmensional corneal proteoglycans have observed large
proteoglycan complexes spanning across the width of several collagen fibrils. It is thought
that these larger proteoglycans are the result selifassembly or aggegation of
glycosaminoglycarchains from individual proteoglycans to form apdrallel multimers.
Whilst it is possible to determine the structure of the bond from these reconstructions, several
models have beesuggested as to how these aggregations lmeagrganisedKnupp et al.,

2009; Lewis et al., 201Q Parfitt et al., 2010 The mechanism by which these lateral
associations form ialsonot clear. The ionic balance of the stroim&nown to bamportant

for proteoglycan interactions. It is possiblatithe negative charge of tigdycosaminoglycan
chains is cancelled out Ippsitively charged ions within the stroma’(Kla’), allowing them

to associate throudtydrophobic attractioandhydrogen bonding (Scott, 2001).

1.3.1.1.Chondroitin sulphate

The precise structure of chondroitin sulphate varies depending on its anatomical location,
with both chain length and sulphation patterns fluctuating between individual molecules
(Roughley and Leel994). However he standard structure of this glycosamigogn is a
repeating disaccharide unit is composed ohdétylgalactosamine and glucuronic acid
(Chenget al.,1992; Roughley and Le&994). In the cornea, chondroitin sulphate is present

in both sulphated forms chondroidhsulphate and chondroitié-suphate (Handley and
Phelps 1972). Initially synthesised by the epithelial cells of the developing cornea, this
glycosaminoglycan may have a morphogenetic role in conjunction with other matrix

molecules (Trelstadt al.,1974).

1.3.1.2.Dermatan sulphate

The repating disaccharide units aflermatan sulphafesgglycosaminoglycan chasnare
composed of Macetylgalactosamine and iduronic acid (Rosenlstrgl., 1985). Dermain
sulphate could be consideradmodified form of chondroitin sulphate, as the idizcacid
residues are formed simply from the action of an epimesaggmeon a glucuronic acid
residue (Malmstrom and Aberg, 1982). Sulphation of the iduronic acid residues occurs at the
second position, whilst sulphation at positionf4hee N-acetylgalatbsamine residues &so

common in the cornea (Roughley and L&894). The resulting dermatdrsulphateform
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constitutes around a fifth of the glycosaminoglycan content in the adult mammalian corneal
stroma (Scott Bosworti990).

1.3.1.3.Keratan sulpate

Unlike chondroitin sulphate and dermatan sulphgiygcosaminoglycan chains, keratan
sulphate does not contain uronic acid residues. Rather the repeating disaccharide units are
composed of Macetylglucosamine and galactose (Roughley and 18@4). Inaddition it

also possesses two fosrof linkage toa protein core The type | isoform, present in the
cornea, inks via the amino group of ansA amino acid in small proteoglycan protein core
(Greiling and Scoft1989). This isoform is th@redominateglycosaminoglycarfound in
mammalian and avian corneal stroma, constituting to around half of the total
glycosaminoglycan content of the mature tissue (Scott Boswi#80). The type Il isoform

is found in skeletal tissues, and links via the hydroxyl grotiSer or Thr residues of large
proteoglycan protein cores (Nilsseh al.,1983). Sulphation of these isoforms can occur at

position 6 of both the hexosamine and the galactose residues (Roughley at@buge

1.3.1.3.1Keratan sulphate biosynthesis

The keratan sulphate polymer is elongated by the alternating addition of galactose and N
acetylglucosamine by a glycosyltransferase enzyme (Funderletirgh, 2000). Caiet al
(1996) observed that during avian development, increased keratan sulphgtehbiis in

the corneal stroma coincides with increagbatosyltransferasactivity. The enzyme activity

is thenalso sustained within adult cells (Gsial.,1996).

After assembly of the polymer, keratan sulphate undergoes sulphation by multiple
sulphdransferase enzymes (KuseBellberg and Kjellén2003).In corneakeratan sulphate

most Nacetylglucosamine residues are sulphated, as are around theDafactose residues.
However unlike galactose sulphation,-&tetylglucosamine sulphation is céegh with chain
elongation (Funderburgh2002). Mutations in the CHST6 gene that encodes the N
acetylglucosaminé-sulphotransferase enzyme are thought to lead to the inactivation or loss
of this enzyme, and are responsible for type | and type Il maculaeaadystrophy (Akama

et al., 2000). A second enzyme is involved in the sulphation of galactose, and has been

observed preferentially targeting internal galactose residues if they lie adjacent to sulphated
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N-acetylglucosamine residues (Tomt al., 2000) In addition, sulphation of terminal

galactose residues appears to inhibit polymer elongation (Akaaig2002).

1.3.2.Small leucinerich proteoglycans

Stromal proteoglycans belong to a twelve member superfamily of small leictine
proteoglycans (SLRP). The predominate SLRPs of the cornea are decorin @iah¢t®90;

Li et al., 1992, biglycan Bianco et al, 1990 Funderburghet al., 1998, lumican

(Blochbergetret al.,1992), mimecan (Funderburgt al.,1997) and keratocan (Corpetal.,

1996).

This superfamily i s <charracctherr espaatbdy cao ntsemt
motif that runs through the COGHerminal cysteine cluster, as well as throughout the

protein core sequence (Hockirgg al, 1998). Amongst the different members difist
superfamily, this consensus sequence is repeated between 6 and 11 times between the
cysteine clusters and varies in length betwee22@mino acid residues, the most common

being 24 (Hocking, 1998). Although the leucineh repeat sequences are ofteighly

conserved between SLRPs, there is no common aatiitbsequence amongst every protein

core. Whilst considerable similarities have been observed in ttern@hal domain
sequences, there are several regions along the molecules that show a higihvianwability

(lozzo, 1998).

Figure 1.9: Thethree-dimensional organisation of a leucine rich repeat motif.
Red arrowsstrangspt e s e ni b b o-hdices(Takenfrenskometand Deisenhofer
1993)
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Thethreedimensionabrganisation within these proteoglycans has been likened to that of the
intracellular ribonuclease inhibitgrotein (Kobe and Deisenhofel993). The leucine rich
regions form a horsshoe shaped coil of parallel alternatidgelices and-sheets stabited

by H-bonding between the concave surfaces of parallel chains ,(%688&) (Figure 1.9)
Consequently the horseshoe shape is able to accommodate a single collagen triple helix
(Dunlevyet al.,1998).

1.3.3.Corneal proteoglycans

In the corneal stroma, decorin is the predominant proteoglycan possessindroitin
sulphatedermatan sulphatde chains (Biancet al.,1990;Li et al.,1992, whilst keratocan
(Corpuzet al.,1996),lumican (Blochbergeet al.,1992) and mimecan (Funderburghal.,

1997) all possess keratan sulphate glycosaminoglycan side chains. These proteoglycans
interact with the cellular and extracellularatrix components of the corneal stroma via
particular binding site In the corneal stromdifferent proteoglycan binding sites have been
obseved along the collagen fibrilorrespondingtd he &6 a 6 aohtlde ovedap zobhea n d s
and tahde dandof the gap zon&cott and Haigh, 1985; Meek et al., 1986has also

been identified that particular proteoglycans will associate with different binding sites on the
collagen fibril. Of the two different classes of proteoglycans, keratan sulplé®glycans
bind to the d&ftihe filain ahilstohandrolira sulphate/dermatan sulphate
proteogl ycans bi (Bdott dndoHaighhl e85 Yodng,e1085 Merket a .,
1986;Scott and Bosworth, 1990)

1.3.3.1.Decorin

Decorin is amember of the SLRP family, and may have a role in interacting with collagen
fibrils, helping to stabilize and orientate them during fibrillogenesis (S&6®6). First
discovered in bone and cartilage (Rosenbetr@l., 1985; Fisheret al., 1989), decon is
namedafterits appearance under electron microgcop 6 decor ati ngdé t he col

specifically at t btal,1881)6 and 6éed6 bands (Scott

During decorin biosynthesis the core protein is glycosylated by a single glycosaminoglycan

chan at the Nterminal SetGly site. The chain is constructed from repeating disaccharide
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units of Nacetylgalactosamine and either iduronic acid or glucuronic acid. Consequently,
decorin can haveithera chondroitin sulphate or dermatan sulphate side chrathe cornea

(as in articular cartilage) decorin is present with either of these glycosamincghytashed.

In addition, studies by Midurat al (L989) have also identified the presence of several
oligosaccharides Nand Olinked to the protein corefadecorin in the embryonic chick
cornea. Conversely, in the mature avian cornea denmainexistsasone of two isoform$

either possessing the standatabndroitin sulphateermatan sulphate side chawor as a
hybrid isoform that contains botnchondoitin sulphde/dermatan sulphate side chaimda

keratan sulphate side chgBlochbergeret al.,1992).

Decorin is also able to undergo dimerisatiofScott et al., 2004). This molecular seilf
recognition allows decorinoreproteinmolecules to bindogether intadimers In the corneal
stroma long multimeglycosaminogycaaggregationfiave also been observéthuppet al.,
2009; Lewis et al.,201Q Parfitt et al.,2010). FPevious studiehave identified thesknger
aggregationso bechondroitin sybhate/dermatan sulphate proteoglyca®soft, 1992Liles
et al.,2010).

1.3.3.2 Keratocan

Keratocan is abundant throughout the cornea. Synthesised by keratocytes, it is named due to
the keratan sulphate glycosaminoglycan chains bound to its protein core. It is also present to a
lesser extent in skin, ligament, cartilage, artery, and striatestlesuas a glycoprotein
containing short nosulphated keratan sulphate chains (Corpual., 1996). Only in the

cornea is the 38kDa core protein linked to highly sulphated keratan sulphate chains (Corpuz
et al.,1996), indeed three keratan sulphlin&age sites have been observed on the protein
core (Funderburght al.,1991).

1.3.3.3.Mimecan

Mimecan is aothermember of the SLRP familghathas recently been shown to be present
in the developing chick cornea (Dunlegial.,2000), having first beediscovered in bovine
bone (Madiseret al.,1990). As with keratocan, mimecan is also present to a lesser extent in
other tissues as a naunlphated glycoprotein. The 25kDa sulphated form of mimecan found

in the cornea contains keratan sulphate glycosaryicagside chais and is synthesised by
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stromal keratocytes (Funderburghal.,1997). It is expressed in much lower quantities than
either keratocan odilumican; consequently in the mat chick cornea its levelall to the

extentthatit is virtually urdetectable (Dunlevgt al.,2000).

Mimecan does not show the high degree of amino acid sequence identity shared between the
other two corne&eratan sulphatproteoglycansg lumican and keratocan. Nonetheless there

is evidence that suggests certain mdcicharacteristics remain conserved within the
particular structural domains of all the members ofkiatan sulphatproteoglycan family.

For example in the Xerminal region, a minimum of one tyrosine amino acid is universally
located adjacent to amgcidic amino acids such ghitamate or aspartate, forming then the

consensus site for tyrosine sulphation (Funderbatgth.,1997)

1.3.3.4.Lumican

Lumican is a keratan sulphate proteoglycan found in several connective tissues, including
cornea, skinand cartilage (Compgerl996). Its name is derived from itsle in corneal
transparency.ln the cornea, the keratan sulphate glycosaminoglycan chains are highly
sulphated, whereas in other tissues such as skin or cartilage, it exists in either poorly
sulphated or nossulphated forms. It is sggsted that the sulphation oérneal lumican, is
directly involved in the development of corneal transparency (Blochbetgat., 1992).
Indeed, the onset of corneal transparency in developing chick coincidese&vipnoduction

of the sulphated form of lumican (Cornettal.,1994).

Lumican in the cornea is usually expressed by stromal keratocytes; but is also expressed
transiently by corneal epithelial cells during the initial stages of the wound healing process
(Saikaet al., 2000). The 37kDa protein core of the molecule is highly sulphated. In the
bovine cornea one keratan sulphate chain is bound to the protein core (Fundetbairgh
1991). Whilst in the chick cornea, five potential keratan sulphate bindieg) lsave been
identified i four N-linked glycosylation sites within the leucingch region, and one site
outside of it (Blochbergest al.,1992). However in the mature chick, only two to three of the
five potential binding sites are thought to be asdged with keratan sulphate chains
(Dunlevyet al.,1998; Miduraet al.,1989).
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Lumican and keratocan arkought to be structurally alikend possess many of the three
dimensional characteristics of thetracellular ribonuclease inhibitor protein (Kobe and
Deisenhofer1993). The leucine rich regions of the protein cores of these molecules coil into
a spira) thisthen forms a horsshoe shape that is thought to accommodate a single collagen
triple helix. The leucine residues are thought to be involved in interacting and binding the
collagen fibril (Scott 1996). The glycosaminoglycan chains of these proteoglycans then
protrude from the convex surface of the heseee shape, to play a role in collagéorif
spacing (Webeet al.,1996).

1.3.4.The role of corneal proteoglycans

The interactions between proteoglycans and collagens are bothamigiag and complex. It

is thought that through these interactions, the organisation of the corneal structure is
controlled. Cellular and extracellular components of the stromal matricachtextensively

with proteoglycans. For example spatial and temporal variations in proteoglycans may, along
with other extracellular matrix components, mediate cell migration, proliferation,
differentiation and adhesion (Doaee¢ al., 1996; Davieset al., 1999; Ameye and Young
2000).

It is also thought that interactions between proteoglycans and fibrillar collagens of the
extracellular matrix may mediate collagen fibril size, spacing and organization in the stroma
(Scott 1985; Scott 1988). The core ptein domain of the proteoglycan interacts with
collagen fibrils whilst the glycosaminoglycan side chains occupy the interfibrillar space,
assisting irthe spatial organisation of collagen fibrils (Dunleatyal.,1998), and causing an

osmotic pressure thaterves to expand the stromal matrideflblom 1961). As such,
proteoglycans and their associated gl ycosami

compressive and swellirdhangegComper and Laureni978).

Previously studies have suggested a symmetricatf@ict arrangement of proteoglycans
around a central collagen fibrilMuller et al., 2004). However, recerdgtudiesof mature
bovine and mouse corneabat utilized threedimensional reconstructions of stromal
extracdular matrix (Knupp et al.,2009; Lewis et al.,2010; Paitt et al.,2010)suggest that
the proteoglycans have msymmetrical organisation aet azimuthal positioning. With no

regular proteoglycan organisation eviderdlternative theoriehave emergeds to how

27



Chapterl - Introduction

proteoglycans are able moodulateinterfibrillar spacingOne current theory is thawo equal
but opposing forces are exerted simultaneouslyttmn fibrils due to the presence of
proteoglycansThermal motion of thelycosaminoglycarchains arnsing from the constant
molecular collisions of the proteoglycans and othdracellular matrixnoleculescreates an
attractive force that pulls the two terminal ends of the chain, and subsequerdtiatieed
collagen fibrils togetherSimultaneouslythe negatively chargedlycosaminoglycarchains
attract positively charged ions within the stroma resulting in an osmotic pullciidates a
repulsive force as thmflux of water molecules into the interfibrillar spaces increae
pressure betweethe collagen fibrils(Knupp et al., 2009Lewis et al., 2010. This force
counteracts thattractiveforce caused bthermal motion of thglycosaminoglycarchains,
resulting in a balanced systermogether thesdorces, resulting from the presence of
proteoglycans, stabilize fibril architecture aedulate interfibrillar distances.

Studies have confirmed the regulatory role of lumican in collddeillogenesis and the
development of corneal transparencRada et al., 1993; Chakravarti et al., 1999.
Associating with newly synthesized collagen fibrils at the keratocyte surface, lumican was
found to regulate fibril diameter by mediating lateral fibril associatihasnicarrnull mice
haveincreased stromal lightcattering and corneal opacification (Chakravattial., 1998;
2000). This supports the theory of keratan sulphate having role in development of
transparency. In addition, lumicanull mice show increased collagéibril diameter as a
result of fibri fusion. There is abnormal fibril architecture in the posterior stroma that
contains the mature collagens, an area where lumican has been shown to have a greater
concentration in normal mic€onverselythe anterior stroma, containing newly synthesized
collagen fibrils, maintained normal collagen architectur€hékravartiet al., 2000) In
addition, lumican null miceshow decreased keratan sulphate content throughout the whole
eye,demonstratingignificantly lower sulphation level® those in other mammaliapecies
(Younget al.,2005).

In contrast, keratocanull mice demonstrate normal corneal transparency, although stromal
collagen fibril organisation is still disrupted to an extent. They have a thinner stroma in cross
section, and a narrower cortiges angle of the anterior segment, as well as increased
collagen fibril diameter and less organized fibril pack{Mgek et al., 2008 Whilst these
changes are not seen in mimeecautl mice, a slight reduction in collagen fibril diameter has

been observed ithe cornea and skin (Tasheed al., 2002). However, similar studies
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undertaken by Beecheat al 005) have shown no significant changes in corneal fibril

diameter or local order within mimecaull mice.

Lumican and keratocamull mice both show decrsad stromal thickness (Chakravatial.,

2000; Meek et al., 2008 This thinning may be due to stromal dehydration resulting from
reduced keratan sulphate proteoglycan levels. The strong negative charge on stromal
proteoglycans causes an osimdlow into the tissue, as water molecules are attracted to the
sulphated glycosaminoglycaside chais. Keratan sulphate has a greater ability to attract
water thanchondratin sulphate/dermatan sulphagé/cosaminoglycas) therefore causing a
dehydrating effecdnce removed (Bettelheim and Plesky75).

Chondroitin sulphate/dermatan sulphgbeoteoglycans, in particular decorin, may aid
collagen fibril movement during developmental deformation of the stroma éBaild 1988;

Pinset al.,1997). Dermatan sulplte proteoglycans may have a morphogenetic role in the
developing chick Klart, 1976;Hahn 1992, as specific disruption oflermatan sulphate
proteoglycan synthesis leads to abnormalities in lamellar organization and packing of the
collagen fibrils (Hah, 1992). Fibril diameter remainsinaffected. Thereforalermatan
sulphateproteoglycans may control fibsibril spacingandlamellar organizatiorbut notthe

regulation of fibril diameterHahn, 1992Danielsoret al, 1997)
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Figure 1.10:Collagen fibril morphology in Decorin and Biglycannull corneal stroma.
Altered collagen fibril diameters can be seen in the corseama of P60 decroin and biglycan

knockout miceBlack arrow indicates an abnormal collagen filifldapted from Zhang et al., 2009).

Whilst decorinnull mice do show skin and tendon abnormalities, no corneal phenotype is
present (Danielsoat al.,1997). In vitro studies have demonstrated the effect of decarih a
lumican on fibrillogenesis ofype | collagenThey can delay fibril formatioy inhibiting

the rate of collagen fibrillogenesis. They also prevent fibril diameter growth, resulting in the
formation of thinner collagen fibrils. This inhibitory role is thought to be a function of the
core proteins of these proteoglycans, rather than the glycosaminoglycan sidgRbheaet

al., 1993). These findings were contradicted in another study, vahmictved decorin has no

role in mediating collagen fibril diameter (et al.,1992). Alternatively, decorin may have a
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role in preventing lateral association of procollagen molec{iegire 1.10) Decorin was
seen tdoe secreted along procollagen moleculgthin vesicles, supporting the proposed role
in fibril formation (Birk et al.,1995).

Mice deficient in both decorin and biglycan show significantly disrupted stromal organization
and fibril packing, with larger and more abnormal fibril structure prteparticularly in the
posterior stroma. These double deficient mice demonstrate that decorin does have a role in
stromal fibril assembly; its importance is however masked in deootinmice by the
compensatoryup regulation of biglycan that consequently prevents any fibrillogenesis
disruption (Zhanggt al.,2006).

Current research suggests that only lumicath mice produce a clinical corneal phenotype,
whilst corneal transparency remains unaffected with keratocan, deandnmimecan
deficiencies (Chakravargt al.,2000). This suggests that keratan sulphate has the defining
role in corneal transparency. Whilst mimecan carkesatan sulphatan bovine and human
corneas, in the murine cornea it does not. However, kematmed lumicanin the murine
cornea does possess highly sulphatedatan sulphatehains. Whilst decreasekeratan
sulphatelevels are noted in keratocamll mice, corneal transparency remains unaffected,
suggesting that lumican and keratocan may bindliti@rent regions on collagen fibrils,

altering their function.

Keratan sulphate biosynthesis, if disrupted, can have a dramatic impact on corneal clarity.
Macular corneal dystrophy type | (MCD is a rare inherited disorder resulting in the
productionof immature keratan sulphate molecul&$irtworth and Smith 1977 Hassellet

al., 1980. Consequently there is disruption to the organisation oke#tecellular matrix
including collagen interfibrillar spacing and reduced corneal thickness. Thisctheses
clouding and reduced corneal transparency (Hastell., 1980). However, whilst this
phenotype is attributed to disruption okeratan sulphate biosynthesis, other
glycosaminoglycan irregularities occur that may contributdéalisease charactstics.For
examplein MCD-I, larger over sulphated chondroitin sulphate proteoglycans and increased
levels of chondroitirb-sulphate are found in the stroma (Klintworth and Spii#iv7; Meek

et al.,1989;Plaaset al.,2001). In addition hyaluronic acid, usually absent in normal cornea,

is present in MCH corneas and may affect hydration levels in the stroma (Btaas2001).
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Corneal scars also show similarly abnormal proteoglycan composition and distribution
(Furderburghet al., 1990). In corneal scar tissue there is a reductiokematan sulphate
levels, increased quantities of highly sulphatgndroitin sulphate/dermatan sulphate
proteoglycans (Wollensak and Buddeck890), and initiation of hyaluronic acgynthesis
(Hassell et al., 1983 Fitzsimmonset al., 1992. The altered expression profile of the
keratocytes is also consistent with the observed transdifferentiation of these cells into
fibroblasts and myofibroblast&@nderburghet al.,2003). These chages then contribute to

the formation of scar tissue that is structurally disorganised and opaque. Furthermore, in
Al zhei mer 6s di sease afHKedatanctiphateynthesrs s hssomidtedt i s s u
with inflammation (Lindahlet al., 1996). Down regulation of corneakeratan sulphate
proteoglycan biosynthesisnay thenalso be initiated by the influx of proiflammatory
cytokines associated withflammation.

1.4.Corneal Transparency

The tansparency of the corneadependenon the minimal absorption and deflection of the
light passing through the tissue (Goldmetnal., 1968; Coxet al.,1970). Several theories

have arisen that attempt to explain how the structure of the cornea is tailored to this function.

One theory suggts thattransparency in the stroma is the result of the organised lattice
arrangement of the collagen fibril§ransparency occurs wheiibrils are parallel and
organised into a precise lattice, resulting individual scattered waveslestructively
interfering in all directions except in the d¢rdent direction (Mauricel957) This theory
suggests that it is the regular long range organisation of the fibril lattice that confers
transparency to the tissue. However, other studies have since disproved ethig, th
demonstrating theoretically and experimentally that short range collagen order is more

essential for corneal transparency (Hart and Fa@r@9; Goodfellowet al.,1978)

Smith (1970 proposed another theory, claiming that transparency dependedudar fibril
spacing and a uniform refractive index across a homogenous stromal matrix. Here, the
refractive index of the collagen fibrils was considered similar to that of the other matrix
components, thus resulting in light passing through the tisstheminimal light scattering.

However, studies using-Ky diffraction techniques have since revealed that collagen fibrils
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in the stroma show a higher refractive index than the other components of the surrounding
matrix (Leonard and Meelk997).

The X-ray diffraction results concur with the most widely accepted model of corneal
transparency, proposed by Farrell (1994). Tthisory states that theaction of undeviated

light transmitted through the corné@) is a function ofthe scattering crossectionper unit

length( G ) , the density of fibril packing (1}), a
the light path t). The formula can be expressedras el (Farrell, 1994). The scattering of

light is a function of the wavelength of lighthe collagen fibril mode of packing, fibril

diameter, and the ratio of the refractive index of the hydrated fibrils to the refractive index of

the interfibrillar matrix.

Keratan sulphat@roteoglycans may also have a role in corneal transparency. Theyahav
critical role in the maintenance and development of the unique collagen organikaticm
integral to corneal transparency, for example maintaining interfibrillar spacing (Heissk|l
1980). It has also been noted thkatratan sulphat@roteoglyan levels are lower and the
molecularsulphation patternare structurally altered, in opaque sclera and new corneal scar
tissue, when compared to transparent cornea tissue (Fundediuaghl988). In addition,
older scar tissues show increaskegatan sulphateproteoglycarievels that accompanied the
return of transparencyd@ssellet al.,1983 Cintronet al.,1990.

In addition, it is also thought that tissue hydration has a profound effect on corneal
transparency. Until day 14 of avian corneddvelopment, collagen fibril bundles are
separated by large collagéee lakes (Hay and Revell969; Hirschet al., 1999).
Compaction of the corneal stroma occurs due to progressive dehydration, occurring most
prominently between days 13 and 14. Thistfetage of dehydration occurs largely through

the absorption ofthese collagen free lakes within the stroma. At this stage, collagen
interfibrillar spacing remains fairly constant. Not until the second major phase of stromal
dehydration between days 16 atf8l does collagen interfibrillar spacing redy&segler and
Quantock 2002). It is suggested that if these collagen free spaces remhand exceesdl

hal f the incident l i ght 6 s waeaulde®dcw argltcdrneal n s i :
transparencyvould then be affected (Goldmaet al., 1968). However tansparency of the

developing avian cornea does not improve until dayQd&ulombre and Coulombr&958),
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suggesting that the reducing size of these lakes between days 13 and 14 has little impact on

the development of corneal transparency.

1.5.Development of the chick cornea

The developmental stages that the avian cornea undergoes are tightly controlled. Both
proteoglycans and uniform collagen fibrils are implicated in the formation of a transparent
and structurally organised tissue matrix. The expression and organisation of both these
components alters during development, consequently affecting both the ultra structure and

optical properties of the cornea as development progresses.

1.5.1. The Pimary Stroma

LIP OF

A — MESENGHYME—
QPTIC CUP e

CORMEAL
EFITHELIUM

STAGE 19 STAGE 22

Figure 1.11 Early development of the eye at stages 148 and 1922.
(Taken from Hay and Revel969)

Development begins with the formation of a @l@ped structure in the optic vesi@ifegure

1.11) This then induces the development of the lens placode from the overlying ectoderm.
Following detachment of the primitive lens, the overlying ectoderm differentiates into corneal
epithelium. Atarounddevelopmental day 3 the epithelium is a two cell layat thegins to
synthesise an underlying precursor to seeondarystroma known as the primary stroma.
Similar in structure to theecondarytroma, this acellular matrix begins as a thin collagenous

layer (Hay and Revel969).
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Figure 1.12: Development of the primary stroma at stages 24 and 25
(Taken from Hay and Revel969)
From early to mid day5 t h e stroma Il ncreases i n t hickn

approxi mately 60em. The pr i meaotypic®ltageofiods at t h
with uniform diametes. Structurallythey do not form continuous sheets of thin, regularly

spaced collagen fibrils; rather they are present as collections of laterally associated fibril
bundles (Trelstad and CoulombrE971). Tle corneal endothelium forms from cells that

have migrated between the primary stroma and the lens at around day 4, having originated in

the vascular mesenchyme at the edge of the opti¢Figpre 1.12)

This primary stroma is considered to act as a tetagdbr the arrangement of tsecondary
stroma,which issynthesized by differentiated mesenchymal cells. Characteristic swelling of

the primary stroma is closely followed by an influx of undifferentiated mesenchymal cells

from the surrounding area. Thesells begin invading the primary stroma (initially
posteriorly) at day 5 (Hay and Revel, 1969; Linsenmaggeal., 1998). This population of

cells resemble ciliated fibroblasts at the time of invasion at day 6. At this point the primary
stroma is around110 ethmck; howevert he anteri or 10em region ad

remains cell free.
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It is thought that the invading mesenchymal cells use the primary stroma as a scaffold to
guide migration (Bard and Hay, 1975). However, the precise mechanishisfguidance is
unknown. The primary stroma may acts as a template for alignment of the invading cells, or it
mayactas a scaffold for collagen assembly (irrespective of cell alignment). Alternatively, the
invading keratocytes may possess spatial knoveleddependent of any guidance structure
(Doane and Birk1991)

1.5.2. TheSecondary Stroma
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Figure 1.13: Development of the secondary stroma from stage 27 t0.30
(Taken from Hay and Revel969)

Synthesis of the secondary stramsnatrix components occurs over tbhalagenouscaffold

of the primary stroma, following the differentiation of the precursor cell populations into
stromal fibroblastsraundday 7 ([Trelstad and Coulombyd 971, Linsenmayeret al.,1998

(Figure 1.13)Descemet 6s membrane is synthesised by
and 9, at which point stromal swelling is at its greatest. Furthermore, at the same
developmental time point, corneal curvature develops as a result of increased intraocular
pressure, leered stromal composition, and interactions between the cornea and the sclera
(Coulombre and Coulombr&958).
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At day 9, the stroma is at It s t hl9¢lkand t , be
2 2 0 gHay and Revel, 1969Between days 12 to 14,0Bwnmanédés | ayer f or ms
ant er i or ofltkestromeetigat remaindbe from the migrating mesenchymal cells
Progressive dehydtion of the developing stroma then occuascompanied by structural
reorganisation and compaction. Consequently tterma t hi ns to around 15
(Hay and Revel, 1969). The secondary stroma compresses to 50% its thickness as the
collagenous layers compaect,te duci ng the coll agen free 01 ak
(Hay and Revel, 1969; Connat al.,2003). h addition,the resident cells take on a more

rounded morphology typical of mature stromal keratocytes. As a consequence of this matrix
dehydration and compaction, tissue transparency increases resulting in light transmission
improving from 40% to 95% byal 19(Coulombre and Coulombr&958; Hay and Revel,

1969).

Connonet al 004) report an increase in fibril number density between days 14 and 18. This
supports studies that observedm dayl4 onwards, the dry weight of the stroma continued
to increasevhilst the wetweight of the tissue did not (Coulombre and Coulomb®&8).

1.5.3.Collagen in the developing corneal stroma

Type | and type Il collagen angresent in the developing stroma from embryonic day 3,
expressed by epithelial cells (Trelstadd Coulombre1971; Linsenmayeet al., 1977).
However studies by Hayasét al (L988) also suggest endothelial cells may also have a role
in collagen synthesis from day 5 onwards. In the developing stroma, these two collagen types
associate to form unifon diameter heterotypic fibrils that then assemble into orthogonal
lamellae. Following stromal swelling, type d6llagen can also be seen forming heterotypic
fibrils with type | collagen (Linsenmayeat al., 1983; Fitch et al.,1984 1988; Birk et al,

1983). Type Il collagen in the primary stroma may function in a similar vayype V
collagenin the mature stroma. Structurally similar, the ari@aninal domain of collagen

type Il may like type V collagen, protrude out from within theterotypicfibril, serving to
regulate lateral associations and thus control collagen fibril diameter @itdh1995). As
development progresses, type Il collagen is localised to increasingly anterior regions of the
stroma.lts synthesis decreases progressively unigl no longer expressed in the secondary
stroma by day 8, mature molecules ltmwveverremain present until stromal condensation
(Fitchet al.,1995).
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The primary stroma may also contain type IX FACIT collagérnils (Fitch et al., 1988,
1995). Studies usingnonoclonal antibodies localised immature type Il &k 1X collagen
molecules to the subepithelial region of the primary strdfital{ et al.,1994).Two isoforms

of collagen type IX have been identifiedthe developing stroma. Oneoform observed on
the surface of type Il fibrilpossesses a namwllagenous domain that forms covalent links
with the underlying fibrillar collagen (Fitckt al.,1994 1995). It was therefore suggested
that type IX collagen may stabilize the stromadtrix by crosslinking adjacent collagen

fibrils to other fibrillar and notiibrillar matrix components such as hyaluronic acid.

In addition, collagen type IX could also be classified as part of a functional class of collagen
molecules (Fitchet al., 1995 Linsenmayeret al., 1990) that assist and stabilize the
morphogenetic changes that occur in the matrix, namely stromal swelling and compaction. It
was initially thought that the high concentration of hyaluronic acid present in the primary
stroma causednaosmotic draw (as a result of the negatively charged glycosaminoglycan side
chains) that would then produce the characteristic swollen, hydrated primary stroma (Toole
and Trelstad, 1971). However, as hyaluronic acid synthesis occurs several developmental
stages prior to stromal swelling, another regulatory mechanism must also be involved
addition to hyaluronic acidNamely, collagen type IX and tleeosslinks it forms between
adjacent collagen fibrils and with hyaluronic acid (consequently bindingtbisoglycan in

a compact state) (Fitcht al., 1995; Linsenmayeet al.,1998). Cleavage of this collagen
molecule would release both adjacent collagen fibrils and the hyaluronic acid molecules. The
resulting osmotic draw from the released proteoglycemsid then force adjacent collagen
fibrils apart, expanding the stroma and allowing the invasion of mesenchymal cells. Several
studies have confirmed the proposed transitory existence of this collagen molecule: detected a
few days after type Il collagertsiexpression falls dramatically just prior to stromal swelling,
and by day 11t is undetectable (Svobodsd al.,1988; Fitchet al.,1988; Caiet al.,1994). In
addition, inhibiting the cleavage of type IX collagen from the surface of the fibrils prdduce
compact and acellular matrix (Cat al., 1994), confirming its role in assisting matrix
swelling and thesubsequent cellular invasion. This waldkmonstrates that mesenchymal cell
influx is triggered not by a molecular cue, but rather by developnieetattrolledcleavage

of collagencrosslinks.
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Fitch et al 1991) observed another mechanism that may be involved in stabilization of
swelling in the secondary stroriiee | ongat ed, radi at i mgcoliagen r o ma |
type IV, fibronectin and allagen type VI. Following initiation of stromal swelling and

cellular invasion, these strings can be seen spanning radially across the corneal stroma. In
addition, they were commonly observed inserting into the epithelial basement membrane and
exerting atensile force, suggesting a role in resisting and stabilizing matrix swelling. They
were also observed running between keratocytes, connecting adjacent cell surfaces. It is
hypothesizedhat these structures may assist in preserving cellular spacing and subsequently
the width of the stromal lamellae, as well as stabilizing the expansion of the stroma, as they

disappear at around day 15 following matrix compaction (F&tci.,1991).

Types Xll and XIV FACIT collagens are structurally similar, lshbw different expression
profiles. They may also function differently, interacting with different matrix components.
However both collagen types are thought to have wider roles in matrix catien and the
development of stromal transparency. Specifically, type XIV may be involved in
fibrillogenesis (Younget al.,2002) whikt type XII may aid fibril organisation and matrix
stability (Gordoret al.,1996).

Type XII collagen is initially sythesized by the epithelial cells, and is detectable throughout
the primary stroma prior to the influx of mesenchymal cells. However by day 7, following
stromad swelling, it is located solely in the subepithelial and subendothelial regions of-matrix
matrix interface (Akimotoet al., 2002). It is thought that type Xll collagen may assist in
stabilizing these regions as it has been observed localizing with the surface of fibrillar
collagens (Linsenmayaest al.,1986; Keeneet al.,1991;, Gordonet al.,1996). This collagen

type is present in either a long or short form, with each form shodiffegent temporal and
spatial localisation in the developing stroma (Akimetaal.,2002 Young et al.,2002). For
example, the mRNA of the long forntocalised to the ntax-matrix interface regions,
maintains a constant level from day 10 until hatch, at which point its level declines. The
MRNA of the short form however peaks at day 42dthen also declines (Younet al.,
2002).

Type XIV collagen is initially expresseby epithelial cells and is consequently primarily
located in the subepithelial region at the early stages of development (around day 7).

Epithelial expression increase up to day 9 at which point it can be detected throughout the
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stroma. By day 11, epithal synthesis of this collagen ¢i@s to decline. However, typéelV
continues to be present throughout the stroma from day 9 as expression by stromal fibroblasts
increases. Levels in the secondary stroma continue to rise particularly as compaction begins
peakng between days 10 to 1&ordonet al.,1996). After this stage production begins to
decline. @llagen type XIV ighenundetectable by hatch (Yourgal.,2002). It is suggested

that interactions between this collagen type and the surface dafilmallagens may stabilize

the movement of fibrils and ay have a role in stromal compaction.

1.5.4.Collagen assembly in the developing corneal stroma

From studies using embryonic tendon, it has begrothesizedhatfibrillogenesis occurs in
recessesand invaginations on the surface of stromal keratocyteslagen fibrils are
transferred to the extracellular matrix by plasma membrane protrusions called fibripositors
and the adjacent extracellular channels that form betwesaftaesses (Canst d., 2004

Canty andKadler, 2005. In tendon, studies have shown that deposition into the matrix
occurs at the tip of the fibripositor, whilst it is at the base of the fibripositor lumen (several
microns within the cell) where the nucleation stage of Ifdgéenesis occurs (Canigt al.,

2004). Similarly, n the developing corneal stroma small bundles of between 5 and 12
collagen fibrils have been seen protruding from small recesses on the keratocyte surface.
These small bundles then coalesce on the céd&eiinto larger bundles which then form the
lamellae Birk and Trelstad1984). In addition, this study also observed that tipeseesses

and cellular recesses aligned along the two major axes of the cell, thus conferring the
orthogonalityof the collagnous lamellaeBirk and Trelstad1984). However, these cell
associated lamellae have also been seen in developing chick cornea, running in multiple

directions, particularly around day 14 when the stroma is loose (Yaialg2007).

Collagen depositiormay occur during migration of the stromal cells, with the fibrillar
extrusion occurring in a direction determined by the migratory path. However, the
simultaneous production of collagen fibrils in many different orientatjassseen irYoung

et al.,2007)suggests there may be soogdular control over the formation of basic lamellae.
Coordinating the production of fibrils for several lamellae of different orientations, would be
a complex process requiring tight cellular control and the use gbdsitors on the surface

of migrating stromal cells.
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To assess whether the migrating cell populations possess inherent spatial information, Doane
and Birket al(1991) cultured fibroblasts intareedimensionakollagen gel. Collagen fibrils
expressed byhe tendon fibroblasts grew in parallel bundles along a primary axis. Dermal
fibroblasts produced collagen fibrils with no particular orientation. After three days, corneal
fibroblasts produced collagen fibrils orientated perpendicular to each otheruadiyent
forming orthogonal sheets by day seven (Doane and Birk 1991). This work suggests that the
cells may possess ppgogrammed, tissue specific spatial information that may assist in the
formation of correctly orientated collagen fibrils.

Adjacentlamellae are arranged orthogonally in both the primary and secondary stroma. In the
primary stroma the orthogonal axes of fibril orientation are fixed, one parallel and one
perpendicular to the choroid fissure axis (Trelstad and Coulgribid). In the ssondary

stroma however, the orthogonal orientation of the stromal lamellae is accompanied by an
additional small degree of angular displacement clockwd$e5° per micron of corneal
thickness (Trelstad and Coulombre, 1971). The direction of this raahtisplacement is the

same in both the left and the right eye, suggesting that corneal development may be a self
assembly process where the tissue dictates its own architecture. Interestingly, the posterior of
the stroma shows no rotational displacemant it is in this region that compaction of the

collagenous matrix is believed to occur first (Trelstad and Coulgrh®7d).

Until developmental day 14 in the avian corneal stroma, collagen fibrils are arranged into
groups separated by large collageze lakes (Hay and Revel969;Hirschet al.,1999. It is
hypothesized hat i f these coll agen free Ol akesb6 e
light, corneal transparency would be affected (Goldmegal., 1968). Studies using Xray
diffraction haverevealed after day 12, collagen fibrils pack closer togethwmas collagen

fibril synthesis continues (Quantockt al., 1998). From day 14 onwards, lamellar
organisation increases as tatrix compacts and collagen fibrils within the groups become
better orientated and structured (Hay and Rel269).More recent studies havecorded the
change in interfibrillar spacing across development by measwafiggen fibril Bragg
spacing (Lileset al.,2010). Interfibrillar spacing was recorded at day 45@.8nm(+0.6), at

day 14 as 63.9nr(t: 0.99), and at day 16 as 59.81i#0.87). Further readings confirm that
compaction is initiated after day 14, within the bundles of collagen fibrils (etle$,2010).

From electron microscopic study of this developmental period, it is clear that the compaction

of fibrils within these bundles occurs simultaneously with the progressive coalescing of the
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bundles eventually forming lamellaeoldgen synthesis is beved to continue within the
lamellae even after hatch (Hay and Reu#€l69). Interestingly, whilst fibrillar and lamellar
organisation increases as development progresses, it has been suggested that the mean
diameter of the collagen fibrils remains camtthroughout development, between 8én3

and 31.2nnas measured by quidkeeze, deegtch electron microscofdirsh et al.,1999).

1.5.5.Proteoglycans in the developing corneal stroma

Keratan sulphate andhondroitin sulphateermatan sulphate pratglycans are known to

have important functions in corneal development; their exact roles however still remain
unclear. With respect to these proteoglycans, it has been suggested that two critical stages
exist within corneal developmentmatrix dehydratiorand compaction between days 9 and

14, and the onset on corneal transparency between days 15 and 18 (D2a08)y Prior to

day 9 however, the primary glycosaminoglycan synthesised in the developing stroma is an
unsulphated form of hyaluronic acid (Toa@ed Trelstad1971). Thought to be expressed by
epithelial and endothelial cells in the primary stroma (Toole and Trel$8), and by
keratocytes in the secondary stroma (Coni&0), it is believed to have a role in corneal
swelling and mesenchymalell influx (Toole and Trelstad1971; Fitchet al., 1995;

Linsenmayeket al.,1998)

It has been well established that the distribution of glycosaminogydaring corneal
development is not uniform (Coulombre and CoulomihBh8). Keratan sulphate synthesis
begins around day 6 (Hart, 1976; Funderbueghal., 1986), expressed by the invading
mesenchymal cells in an unemilphated form until day 14, at which point it become more
highly sulphated (Hart, 1976). However the wmtitées produced do begin to decline from
days 9 to 18. Using antibodies selective for minimally sulphated keratan sulphate
glycosaminoglycansrounget al 007) demonstrated that prior to dbd/keratan sulphate is
located primarily in anterior stromakgions, later spreading posteriorly throughout the

stroma as corneal transparency increases.

Keratocan, lumican, and mimecan are the major keratan sulphate containing proteoglycans in
the developing cornea. Expression of keratocan mRNA begins around, day i6 is
synthesised by the invading and differentiating cell populations (Conrad and Conrad, 2003).

Expression of keratocan declines from day 9 to 18, during which time it is located in the
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anterior stroma. However, its distributionrbéas not homogemais. From day 10 to 14 it
moves from beingnainly cell-associated, tdargely extracellular in nature (Gealgt al.,
2007). During the final week of development, the naturekefatan sulphatantigenicity
changes. Synthesis of a more highly sulphated fofrkeratan sulphatéakes precedence
over the lesser sulphated form. Accumulation of this more sulphated form first occurs at

around day 15, after the initialisation of stromal compaction (ketes.,2010).

Lumican follows a similar expression patteéonthat of keratocan, present in equal quantities
until day 9. At which point lumican expression although also in decline, remains several fold
higher than either keratocan or mimecan (Dunletvgl.,2000). Similarly Funderburgét al
(1991) demonstratethat throughout development the relative levels of lumican, keratocan
and mimecan in the corae&an be expressed in the raifd:3:2.

Chondroitin  sulphatedermatan sulphateglycosaminoglycans are also present in the
developing stroma during mesenchyneall invasion (Doaneet al., 1996). Decorin, the
predominantchondroitin sulphatelermatan sulphateroteoglycan in the avian cornea, is

increasingly expressed from days 9 to(D8nlevyet al.,2000).

Tenascin is an exteallular glycoprotein that haseen found in the primary and secondary
stroma, the endothel i um, ,d99d). ltODsetlwugkt wehavéd me ml
role in cell adhesion, and migration. Fibronectin also has a similar function; whether it is also
expressed in the primary stn@ is not currently cleakK(rkinen et al.,1979 Doaneet al.,

1996.

1.5.6.The mature corneal stroma

The mature avian corneal stroma consists of orthogonally arranged collagenous lamellae
around 25 fibrils thick, running parallel to the corneal swféldnsenmayeet al., 1998).

Each collagen fibril is a heterotypic association of type V collagen with the predominant type

| collagen moleculesType V collagen therefore constitutes arold0% of total stromal
collagen(Linsenmayer1988). Type VI cdhgen is also prevalent, and may associate tivigh
various proteglycans (Takahaslet al.,1993)present with it between the collagen fibrils and

thelamellae (Linsenmayeat al.,1986).
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Numerous proteoglycans have been observed in the mature corneal stroma, including
keratocan, lumican, mimecan, and decorin (Dunletvgl.,2000). Whilst mimecan is thought

only to have a minor role in mature corneal tissue, lumican is considered thenpratio
keratan sulphatproteoglycan, present at 38 times the level of mimecan, and five times the
level of keratocan (Dunlevyet al., 2000). Thechondroitin sulphatelermatan sulphate
proteoglycan decorin may undergo ptrsinslational modifications as corneal development
progresses, as two different isoforms have been observed in the mature stroma. One
containing the standarcdhondroitin sulphateéermatan sulphatside chais, and a ssnd

hybrid form containing akeratan sulphateside chainsubstituted onto its core protein
(Blochbergetet al.,1992).

1.6.Tissue engineering

Whilst the cornea may appear to be a reasonably simple avascular tissue, its matrix
organization is deceptivelcomplex and highly ordered at a molecular level. In addition, the
cornea possesses three phenotypically different cell typepithelial, keratocyte, and
endothelial. For these reasons, no clinically viable examples of tissue engineered corneal
construts are currently available. However, the importance of developing a successful

treatment for corneal defects cannot be understated.

Firstly, corneal disease and injury continues to affect over 10 million people worldwide, and
is currently the second laggt cause of vision loss (Whitchet al., 2001). Secondly, the
increasing use of LASIK techniques for treatment of sight defects currently disqualifies the
corneal tissue for use in donor transplantatidastly, graft failure occurs in approximately

10%of corneal graft surgeriedter a five year periofThompsoret al.,2003).

1.6.1.Corneal structure and function

Engineering corneal constructs requires the consideration of three principle design
requirements that reflect the function andnmeorganization of the cornea. Firstly, it ensures

the protection of the intraocular structuréshis is achievethrough the formation of a barrier

by the epithelial cells and the tight junctions that link themd through the mehanical
strength of the stromhrought about by the ordered collagenous lamellae that allow it to

withstand trauma and intraocular pressures without ruptusegondly the highly organized,
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avascular nature of the corneal matrix allows it to be transparent to visible light. In mdditio
both the relative hydration of the stroma (Goldnedral., 1968), and the phenotype of the
cells within it (Jesteet al.,1999) also play a role in corneal transparency. For example,
dedifferentiation of keratocytes to a fibroblastic phenotype during wound healing induces
corneal opacity (Jestaat al., 1999). Thirdly, in conjunction with the tear film, the cornea

forms a nar perfect optical interface that serves to focus and refracts light onto the retina.

Considerable advances have been made culturing and expanding both epithelial and
endothelial cells sheets often for use on stromal scaffolds or as grafts (Pedegkirio97;
Griffith et al.,1999; Liet al.,2003; Ideet al.,2006 Koizumi et al., 200).

Nishidaet al 004) developed an alternative strategy for the replacement of damaged corneal
epithelium, using tissuengineered muHliayered epithelial cell skés cultured from
autologous oral mucosal epithelial cells. Cultured on amniotic membrane, theeltell
junctions and extracellular matrix on the basal side of the cell sheets remained structurally
and functionally intact. Furthermore, transplantation natbbit showed successful integration

and reepithelialisation of the damaged corneal surface (Nakaptuak,2003).

Comparatively, iere has been little progress in producing effective stromal constructs that
accurately reproduceéhe structual and functional characteristicsof the corneal stroma
(Orwin et al., 2003; Hu et al., 2005 Torbet et al.,, 2007 Consequentlythe difficulties
associated with stromal engineering have held back the production of effective whole corneal

constructs.

The formatim of hydrated ged from monomeric type | collagen solutiomas firstreported

over 30 years ag(Bell et al.,1979).Following this discoveryskin equivalentgBell et al.,
1981)and corneal equivalent&riffith et al.,1999) were also proposed. HoweveGurrent
research effortaiming at engineering functionally suitable aalkihically useable cornea are

in their infancy, and research worldwide into the establishment of a mechanically robust and

optically transparent corneal matrs active.
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1.6.2. Approaches tammal tissueengineering

Classically, stromal constructs are often created by seeding corneal stromal cells into
degradable collagebased scaffolds which can then be remodelled eitheitro or in vivo
(Griffith et al., 1999 Orwin et al., 2000; Li et al.,2003; Ohet al., 2003). Collagen gel
scaffolds constructed from long collagen type | fibrils have also been used to create stromal
constructs (Minamet al.,1993; Schneideet al.,1999; Germairet al, 1999; Tegtmeyeet al.,

2001 Tanakaet al.,2011b). However, though highly biocompatible, collaggel constructs

occasionally show contractions, mechanical instability and reduced transparency.

Introducing glycosaminoglycans andther additives intdhe collagen constructs has also
been studieqMatsuda et al., 1990; Chen et al., 1995; Zhong et al., 200&)are however,

still a long way off being able to produce fibrillar arrangemestag proteoglycan additions.

In 2003, Liet aldeveloped an omally clear collagercopolymer hydrogel matrix, containing

cell adhesion factors such as the laminin pentapeptide motif YIGSR to promote cellular
invasion and epithelialisation of the construct surface. After implantation into pigs, the
matrices integrate effectively with the host tissue, and demonstrated successful growth of

stratified epithelium and stromal fibroblasts.

Collagen gels are often improved by inducioigsslinking systems between the collagen
fibrils. Crosslinkers such as-géthyl3-(3 dimethyl aminopropyl) carbodiimide (EDC) and
poly (ethylene glycol) dibutraldehyde (PHEBA) used in collagen hydrogel constructs have
resulted in good hogjraft integration, enhanced mechanical strength and elasticity, high
optical transparency (Rafat d., 2008), as well as extensive repopulation with corneal
epithelial and stromal cells 12 months psplantation (Liuet al., 2009). Thesecross
linking agents exhibitess toxicity andetter biocompatibility than otherosslinkerssuch as

glutaraldelyde.

Similarly, Griffith et al L999) demonstrated that by exposing a collagfendroitin sulphate
substrate to 0.08.04% glutaraldehyde, the stromal scaffold could be sufficiently stabilized
and consequently seeded with fibroblasts. In addition thidysconstructed epithelial and

endothelial cell layers for attachment onto the stromal construct. Consequently they reported
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the production of a three layered, morphologically and physiologically accurate corneal
equivalent (Griffithset al.,1999).

Fibrillar alignments froma solution of monomeric collagen moleculesas alsobeen
engineeredhrough the application dfow manipulationgKosteret al.,2007 Lanferet al.,
2008),electron spinningZhonget al.,2006 Chewet al.,2007), strong magneti@ields (Guo
et al.,2007 Torbetet al.,2007),anddip pen nanolithograph{Vilson et al.,2001) It may be
possible through these methodgptodu@ a biomimetic corndaconstruct that demonstrates
structural andmechanical propertiesimilar to that of native corneal tissueHowever,

currently this stillremains a challenge.

The most common methaaf flow manipulationuses ashearing flowto align the collagen

onto a substrate in an orgasuls uniform mannegFigure 1.14) Howeverfibrillar loops are
frequently formed resulting from collagen fills attempting to grow upstreaonly to be

swept back downstream. Consequently, producing uniform collagen alignment using shear
force alonehas been shown to Ipeoblematic. Furthermore, éhcollagen fibris produced did

not exhibit classic Eband morphologyRubertiand Zieske2008) A similar method known

as spin-coatirg, utilizes acover slipto confine the collagen fibrils. Consequently, this not
only improved the fibrillar alignment,ubp also permitted multiple collagenous layers to be
produced at varying orientations by rotating the cover disk through a particular angle between
coating runs (Ruberti and Ziesk2008. Processing thesalternating collagen layelisto
threedimensionaktromatlike structuregemains a challenge that has yet to yield reslnits.
addition, fibrillar loops although lower in number, still rermedran issuewith regards tdhe
produdion of a uniformly aligned layer of collagen fibrils. Nevertheless, théagen
structures produced so far may be aligned well enough for use as a contact guide for the

migration and orientation of introduced fibroblasts populations.
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Figure 1.14: Spin coating method of collagen depositian

(Left) An aligned collagen layer on a glass substrate produced by spin coating. The black arrows
indicate the direction of flow, whilst the white arrow demonstrates an example of unwanted upstream
fibril growth. (Right) The effect of utilizing an offset glass sulagér, producing a radial spread of
collagen flow over thsubstrate surface. The 3ternating arrays of collagen fibrils are produced by
rotating the glass substrate between coating (ddaptedfrom Ruberti and Ziesk2008

Alternatively, de novomethod utilize a biomimetic approach to collagen organization. The
theory of collagen fibril deposition occurring through a fibripositor mechanism (@araly,

2004 Canty andKadler, 20095 hasresulted inthe development of techniques designed to
imitate this process. The nanoloom is a device currently under US patent that attempts to
recreate the environmental conditions favourable for the fibripositor mechanism of collagen
fibril deposition(Rubertiet al.,2007). By controlling temperature, pH, presre, and collagen
concentrationsthisdevice is structured to recreate the propasdddmembrane extrusiorsf

the fibripositor theory. Howeveso far, onlylimited resultshave been obtained usirigis
method(Ruberti and Zieske2008.

An alternative method involves seedingoldagen sponges with primary corneal cell
populationsin vitro. Keratocytes within these scaffolds have been observed aligning along
the axes of the fibrils, and synthesising collagen and proteoglycans (@tveih, 2000).
Additional induing of crosslinking within thesespongesnd the introduction of chondroitin

sulphateglycosaminoglycas and hyaluronic acid produced a construct that was better both
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optically andmechanically than the collageyel based stromal constructs (@mwet al.,2000;
Orwin et al.,2003. However, these collagen sponges still lacked the mechanical stability and

transparency of natural corneal tissue.

Some of the celbased dvelopmental methods of tissue engineering attempt to recapitulate
the developrantal conditions of the stroman vitro, stimulating the production of a

functioning stromal matrix from fibroblast cell populations, prior to implanting the construct.

Whilst accurately reproducing every developmental stage wprddent a considerable
challenge particular processes have been observed and duplicatgtto. For example,
human corneal stem celtsiltured in large numbers will subsequently orientate themselves
into multilayered structured’he long axis of the cells would also alternaten orthogonal
pattern between the adjacent layers (Newsemmal., 1974). Similarly, addition of ascorbic

acid into human corneal stem cell cultures induces collagen production of the correct type,
and in the quantities found naturally in the corneabrsa (Stoesseet al., 1978). The
mutability of the keratocyte phenotype also provides a potential avenue of interest. The
ability in culture, to direct the dedifferentiation areedifferentiation of these cell populations
may also provide a method of reducing the developmental stromal environment (Jester

al., 1999; Berryhillet al.,2002).

1.6.3.Future engineeringtechniques

De novotechniques are attractive in that they permit total control over the formation and
morphology of the construct. However, currdetnovaechniques fall short of producing the
desired corneal constructs and significant advances need to be made. Colyséttieat

near future, tissue engineering stromal constructs will remain ladgggndenbn cellular
support. However, further study is required to accurately control the phenotype of the cell
populations and the organization of the matrix componenyspiteluce. Indeed the ability of
primary corneal stromal cells to synthesise strdik®& constructs given the correct
environment, does suggest that by establishing the optimum environment of chemical,
mechanical, spatial and structural stimuli it will pessible to induce the synthesis of a
functioning stromal matrixAlternatively, further study into the embryonic development of

the cornea may aid attempts to recapitulateivo mechanismgor corneal construction. Of
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particular relevance would like methods of collagenitrillogenesis and organisation within

the corneal stroma during development.

1.7.Transmission electron microscopy

The first transmission electron microscope prototype was built by Ernst Ruska and Max
Knoll in 1931. However, thdirst practical transmission electron microscope was not built
until 1938 by Eli Franklin BurtonCecil Hall, James Hillier and Albert Prebus at the

University of Toronto

Historically, transmission electron microscopy was developed to overcome thedimmage
resolution available in light microscopy. The resolution of an image directly relates to the
wavelength of the electron or photon beam used. Consequently as the wavelengths of visible
light, at around 40000nm, are often larger than many of tigects under investigation,

light microscopy resolution is limited to approximately 300nm. Fisgiothesizedy Louis

de Broglie in 1925, electrons have wdike characteristics and a wavelength considerably
less than visible light. De Broglie also ddtshed that the particular wavelength of the
electron beam directly relates to the electron energy, which in electron microscopy can be
adjusted through the accelerating fields. Additional staining with heavy metals such as lead or
uranium is often carrgk out prior to the samples being introduced into the electron
microscope. This additional step improves the structural detail and contrast of the final image,

as the dense electron clouds of the heavy metal atoms interact with the electron beam.

Transmis®n electron microscopy has become a widespread technique applied to a broad
range of disciplines such as anatomy, biochemistry, and tissue engineering. This study will
use transmission electron microscopy to study the method of collagen depositioohitkhe
cornea at around day b4 embryonic development. It will also be used to study the structure

of novel tissue engineered corneal constructs.

1.8. Three-dimensionalelectrontomography

In 1968 DeRosier and Klug published details on the principles of using electron tomography
to construct high resolutiorthreedimensional reconstructions from twimensional

transmission electron micrograph®e( Rosier and Klug, 1968)At present electron
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tomograhy is able to analy® the structure of macromoleculés a resolution of 2nm
(Baumeisteret al., 1999) Imaging at such highresolutiors allows extracellular matrix
components, such as collagen fibrils and proteoglycan complexes to be accurately analysed
and reconstructed in three dimensions.reconstruct an object atectronbeam is passed
through thesamplewhilst the specimen holder is tilted through 120° around a smgée

double axis. Digital images areobtainedat degree increments, and thift series' is then
processed andsed to reconstruct the desired obj@rank, 2006) Continued technological
advancement will result in unprecedentesight into the structural organisation of biological

systems, revealing molecular structures aterattions with increasing accuracy and clarity.

1.9. Aims and objectives of the study

The aim of this project is to investigate how the fibril bundles of the developing avian corneal
stroma are laid down into precisely organised orthogonal lamellaetoamyestigate the
interactions that occur within thefibril bundles- specifically, the relationship between the
collagen fibrils and proteoglycans. This project is also aimed at using natural materials to
engineering effective corneal stromal condsutor use in grafts and transplantation. The
goal is to onstruct a stromal equivaletitat has structural and functional characteristics that

make it applicable for clinical use.
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2. GENERAL METHODS

2.1 TransmissionElectron microscopy

2.1.1.Fixation and gaining

Corneal amples(approximately 2x 1mm in size)that were to undergo routine processing
were immediately placed in a primary fixative thatilized both glutaraldehyde and
paraformaldehyde to ensure m@@ind complete penetration of the fixative into the tissue. For

3 hours, these samples were immersed in a room temperature solution of 2.5% glutaraldehyde
and 2% paraformaldehyde in a 0.1M sodium cacodylate buffer (pH 7.2). Forthsy

linking was then &lted by washing twice in sodium cacodylate buffer for 10 minutes each.
The samples were then stained in 1%n@um tetroxide solution for 1 hour, followed by three
rinses in distilled water, for 5 minutes each time. 0.5% aqueous uranyl acetate wasdhen use

as a further contrasting agent; the samples were immersed in this solution for 30 minutes.

Alternatively, some samples underwent processing for specific proteoglycan staining.
Cuprolinic blue is a cationic stain that binds to the negatively chargedsglygnoglycan

side chais of proteoglycangScott and Haigh, 1988 he presence of copper atoms in the
stain creates a favourable eleatrensity that is then further enhanced through the addition
of tungstate ions. Magnesium chloride is a iegly charged salt that results in greater
amounts of theCuprolinic dye moleculesttaching to the glycosaminoglycan chains, due to

competitive binding.

Immediately after dissection, tlirnealsamples undergoing processing @uprolinic blue
staining were fixed overnight in a solution of 2.5% glutaraldehyde, 0.05% Cuprolinic blue,
0.1M magnesium chloride, and 25mM sodium acetate buffer (pH J.fe samples were

then rinsed three times in 25mM sodium acetate buffer (pH 5.7) to halt the fixation process.
This was followed by three stages of washing for 5 minuteagumeous 0.5% sodium
tungstateand 15 minutes in a 50% ethanolic 0.5% sodium tiagsolutionwhich serves to

increase the electron density of the stain.
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2.1.2.Dehydration and resin embedding

All samples then underwent the same dehydration process in a series of graded ethanol
changeswvhich consisted ol5 minutes in 70%, 90%, and twice in 100% ethanol. This was
followed by two 15 minute stages in propylene oxide, then 1 hour in a 1:1 propylene
oxide:araldite resin mixture. The Araldite resin is made by mixing tfeddAe nonomer
CY212, DDSA hardener, ath BDMA acceleratorin a ratio of 23.3:26.6:1. The raldite
monomer and hardener were fwarmed to reduce their viscosity and facilitate their
measurement and pouringollowing six changes of Araldite resin infiltration over 24 hours,

the samples werg¢hen inserted into mouldsvith further resin Resin infiltration and

hardening then occurred over a 48 hour period in a 60°C oven.

2.1.3. Sectioning and posttaining

Glass knives were madm a Leica EMKMR2 glass cutter (Leica, Austria). Tape, placed
around the top sides of the knife and sealed with wax, creates a small well that can be used as
a water bath. D@nised water was pippetted into the bath, and the knife was set at an angle
of 6°. Semithin sections approximately 500nm thick were either on a Reicharflung

Ultracut Microtomeor a Leica EM UC6 Microtome. These sections were transferred to a
microscope slide, and after staining with toluidine blue the sections were observed under light
microscopy. Desirable regionserepolished by reducinthe thickness of the sections cut by
glass knife, then a diamond knifeas used to obtain the ultrathin sections. Initially, the
diamond knife water bath was filled with-genised water then sections approximately 90nm
thick with gold interference coloumseresectioned, stretched using chloroform vapour, and

lifted onto copper grids.

Poststaining of the sections was carried out in order to enhance the contrast and detail in the
final electron microscope images. The solutions used ingtasting were lh centrifuged
and filtered through Millipore syringes before use, in order to minimize the occurrence of

stain precipitate remaining on the samples.

Routinely prepared samples were psistined at room temperature in 2% aqueous uranyl
acetate for 12 mirtas, and then Reynolds lead citrate for 5 minuReynolds lead citrate

was made following thestandard published protocol (Reynolds 196Bhe grids were
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positioned face down onto the surface of 25
parafilm overmoistened filter paper. A cover was then placed over this area to prevent any

light from reacting with the stainand NaOH pellets were placed around the drops to ensure
minimal CQ reacted with the lead citrate. Thernealsamples were washed betweésirs

by floatingonaseriesso f our 100 ¢ m diltereddstilleal tvatek] fol 2lminptesr e

at a time. After lead citrate staining the grids were washed using the same method, with the
addition of dip washing and jet washing with Millipore filtered distilled water. The grids

were then blotted dry on lisitee filter paper, and allowed to air dry.

The Cuprolinic blue stainedamples were postained at room temperature in 1% aqueous
phosphototungstic acid for 2 minutes and then 2% aqueous uranyl acetate for 12 minutes. As
with the routine samples, these grids walgo positioned face down onto the surface of
25em drops of the stain, which were placed
samples were washed between stains by fl oa
Millipore-filtered distilled water, for2 minutes at a time. After uranyl acetate staining the

grids were washed using the same method, with the addition of dip washing and jet washing
with Millipore-filtered distilled water. The grids were then blotted dry onflieé filter paper,

and allowedo air dry.
2.1.4. Observation and Imaging
Electron microscopy was carried out at 80kV orH#achi H7600 anda JEOL 1010

transmission electron microscope. Images were taken on a Gatan ORIUS SC1000 CCD

camera.
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3. AVIAN CORNEAL STROMA

3.1 Introduction

The corneal stroma is composed predominantly of heterotypic type I/V collagen fibrils
organised into orthogonally orientated lamellae. Within these lamellae, the collagen fibrils
demonstrate highly ordered packing, with regular fibril diameters and briltafi spacing.

This organisation is key to the corneas ability to be optically transparent and still remain
mechanically strongMaurice, 1957 Farrell and Hart, 196®Benedek, 1971)

Proteoglycas in the corneal stroma interact with these collagen fibrils, and ateghihdo
regulate their diameter and psetltgxagonal arrayBorcherdinget al.,1975 Chakravartiet

al., 2000 Quantocket al., 2001 Meek et al., 2003) As discussed previously, corneal
proteoglycans are composed of one or more glycosaminoglycan side chains covalently linked
to a small leucine rich repeat protein core. These glycosaminoglycan side chains are linear
polymers of negatively charged disaceties. In the corneal stroma, the two predominant
side chains are keratan sulphate or a hybrid of chondroitin sulphate and dermatan sulphate. In
the chick corneal stroma, the former binds to the protein core of keratocan, lumican and
mimecan proteoglycansshilst the latter binds to decorin and biglycan proteogly¢izo,

1997) The core protein of the proteoglycan binds with collagen fibrils at distinct banded
regions along the fibriaxis-6aé and 6éc6 for keratan sul phat
for chondroitin sulphatelermatan sulphate proteoglycaf®&cott and Haigh, 1985young,

1985 Meek et al.,1986; Scott and Haigh, 1988The glycosaminoglycan side chains then
project into the interfibrillar gap and, via their negative charge resulting from sulphated
amino sugars, interact with other collagen fibritseatracellular matrix componengtozzo,

1997)

Several models have been put forward to explain how colpg#roglycan interactions
regulate interfibrillar spacingMaurice, 1962;Farrell and Hart, 1969Mdller et al., 2004

The predominant theory is based on afeld arrangement of glycosaminoglycan side chains
radiating from a collagen fibril to connect to six adjacent fibrils. More recent studies have
modifiedthis theory to account for the length of some proteoglycabgiag longer than the
interfibrillar gap. It is now suggested that rather than associatitigadjacent fibrils, the
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glycosaminoglycan side chains formed bridggethe next nearest fibrfMuller et al.,2004)
However electron tomographsgtudies have suggested a new theory of collggeteoglycan
interaction(Knupp et al.,2009; Lewis et al.,2010; Parfittet al.,2010) Threedimensional
reconstructiorof murine and bovineorneal strom&ave shown thatather than being bound

to a sixfold arrangement, therganisation of proteoglycans is a more fluid and dynamic
system, with no set azimuthal positioning. The side chains are able to form complexes with
the side chains of adjacent protBmgns, and thus may influence fibril architecture by self
associating to form multimer bridges that span across several fibrils, and through the presence
of equal but opposing forces created by their charged glycosaminoglycan side(Khams

et al.,2009 Lewis et al.,201Q Parfitt et al.,2010) allow a latticelike organisation of the
collagen fibrils.

This studyuses threglimensionaklectron tomography to study the developing chick cornea
across developmental days 12, 14 and 16. Specifidaltlwestigatedthe relationship and
interactions between type | collagen fibrils and pogtgcans in the chick corneal stroma
These reconstructions gaveviaw of the spatial orientation of proteoglycan side chains in
three dimensions revealing the complex collagesteoglycan interactions that regulate the

architecture of the developing stma

3.2. Methods

3.2.1. Sample collection

Fertilized white leghorn chicken eggs were obtained from the Henry Stuart & Co. Hatchery
(Lincolnshire, UK).

For thelow magnificationstudy, fertile chicken eggs were collected at early day 14 (at
9:00am), mid day 14 (at 1:00pm), and late day 14 (at 5:00pm). The corneas were then
dissected immediately from the decapitated chick embryos and placed in fixative solutions

ready for routingorocessing.

For thehigh magnificationstudy, fertile chicken eggs were collected at day 12, day 14, and
day 16.0ne series was cut into quarters and fixed overnight in 2.5% glutaraldehyde in 25mM
sadium acetate buffer with 0.05%u@rolinic blue (pH 5.70.1M MgCL).
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The use of animals in this work was carried out in accordance with ARVO (the Association
for Research in Vision and Ophthalmology, Bethesda, MD, USA) statement for the use of

animals for ophthalmological and vision research and ketbatal rules.

All samplesfor the low magnificationstudy underwentroutine processin@s described in
Chapter 2 0 G eandevera dbserived withardnsndission electron microscopy

Sample sections were collected on copper 300 mesh grids.

All samges for the high magnificationstudy underwent Cuprolinic blue processing as

described in Chapter 2 6éGeneral Met hods o

3.2.2. Samplepreparation

3.22.1. Polyetherimide Support films

0.76g of polyetherimide granules were dissolved in 200ml of ethyledelodde for
approximately 72 hours. Coated microscope slides were dipped into this 0.38%
polyetherimide/ethylene dichloride solution for 20 seconds and then left to dry. These coated
slides were then scored along each edge with a razor blade, and dgplgdrgo a water

bath. The polyetherimide film liéd off, and floaed on the surface of the water. Slot grids
were placed onto the floating film, which was then attached to another polyetherimide coated
slide. This was then left to dry, before the grdsre carefully lifted off the slide using a

razor blade and forceps.

3.2.2.2 Sectioning

As described in Chapter 2 'General Metho@stneal ample sections were collected on the

Polyetherimide coated slot grids.

3.2.2.3. Section staining

As described in Chapter 2 'General Methods'. Following phosphotungstic acid and uranyl

acetate staining, the sections were also coated with 10nm diameter gold fiducial markers.
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Gold fiducialsfunctionas points of reference to enable tracking of the disegion whilst
the tilt series is being acquired. In addition, they allow the computer software to correctly

align the series of micrographs with each other during computer analysis of the tilt series.
The gold fiducial solution was pippetted into 10pioplets on a parafilm sheet. Both sides of
the coated slot grids containing sample sections were placed onto the droplets for 20 seconds

each side, then removed and left to dry.

3.2.3. Electron Microscopy and Electron tomography

3.2.3.1. Tilt Series

Figure 3.1 JEOL 1010 Transmission electrommicroscope

Electron microscopy was carried out at 80kV orH#achi H7600 anda JEOL 1010
transmission electron microscoffégure 3.1) The sample watiltedusing the goniometemn

the JEOLmicroscoperom i 60° to + 6. Due to obstruction by the sample holder, images
cannot be taken over a full 360he axis of the sample waentred andligned before the
tilt series wa obtained.The image was returned to the sameomtinates at each degree

increment, to ensure that each image was aligned with the previous one. This was achieved
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by selecting one centrally located fiducial marker and tracking its position to the same point
in eachmicrographlmages were taken on a Gatan ORIUS SC1000 CCD camera.

3.2.3.2. Alignment of TilBeries

IMOD is an open source computer software package used for analzing, modelling and
displaying 3D image data. lwvas developed by the Boulder Laboratooy 8D electron
microscopy of cells at Colorado Universifikremer et al., 1996)Using the tif2mrc and
newstack programs within the IMOD software package, the tiff images that make up the tilt
series are then converted into a .mrc file and a .st imaderstguectively. This .st file is then

used by the eTOMO alignment software, also amoigram of IMOD(Figure 3.2)
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Figure 3.2: Screensho showing the fine alignment stage in eTOMO
Using the0° micrograph from the tilt series, contours (green circles) are drawn around multiple
fiducial markers for computer aided tracking.

In eTOMO the stack of images is then taken through a series of coarse and fine alignment

stages, to generate a final tomograph. This alignment is achieved through an iterative process
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of tracking of gold fiducial markers that were previosuly coated ontb bmles of the
sample. After alignment, eTOMO uses bgwhjection to generate a thrdenensional
reconstruction of the initial twdimensional micrographs. This final tomograph is created by
the smearing of the aligned images to create an image trsgses depth, allowing the user

to now pass through the thickness of the image stack.

3.2.3.3.Segmentation of Thrd@imensional Reconstruction

Using EM3D software, developed at Stanford University, USA (Ress.,2004),the final
tomogram undergoeggmetation to make the image easier to interpret and an(@&iggee

3.3). Contours are manually drawn round each object of interest, and segmented in each
individual image in the image stack. The image is then rendered, and alitheesional

model of eah segmented object of interest is produddds nodel can be manipulated and

rotated, giving a mucletlearerand more meaningful image than is possible from a two

dimensional greyscale micrografffigure 3.3)

jects Surface Effects
Disable Hide Home

cts | Groups

Figure 3.3: Screenshotshowing the segmentation and rendering stage in EM3D
Segmentation of the aligned tilt series (left) is then followed by rendering to prduudealthree

dimensiomal reconstruction (right)
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3.3. Results

3.3.1. Low magnification stdy

It can behypothesised that there ageveral different categories of membrane compartments
formed by stromal keratocyte¥his membrane compartmentalisation was discoverdoke

the predominant method of collagen production in embryonic teridlasma membrane
protrusions called fibripositorsand the adjacent extracellular channels that form between
these processes transfer collagen fibrils into the extracellular matrixhese narrow
membrane bound tunnels were found emerging from deep within keratdsii@sn in
Figure 3.4) throughout developmental day 14. These fibripositors contained approximately
9-12 fine filamenbus structures, thought to leellagenin the process of condensing into
fibrils. In Figure 34B this collagen can be seen running in a uniforirection out of the
fibripositors. The morphology of these tunnels may then facilifatdlogenesisand impart a

degree of orientation to the newly synthesised collagen.

Small cell surface recessegere observed, containirgpproximately7-15 collagen fibrils.
Figure 35 shows that within these recesses, the fibrils were observed closely associating with
the keratocyte cell surface. The small fibril bundles, and the recesses from which they emerge,

were found to a greater extent during early day ldewElopment (Figurd.5A).

Larger cell surface recesses were also observed, containing fibril bundles of a greater size,
approximately 2640 fibrils. As Figures A and 36B show, thesdibril bundlesand larger
recesses were present throughout dayHbdveverby late day 14, in addition to these large
recesses, the thickeibril bundles werealso commonlyorientated between thin cell

processes that formed wide membrane bound chatiiglge 36C).
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Figure 3.4: En facesection of fibripositors andcollagen
(A) Mid day 14 corneattroma at x6000 magnificatiofiB) Mid day 14 corneastroma at x10000
magnification Arrows indicates fibripositor with emergingollagen.Scale bar 9.5um.
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Figure 35: En face section of small fibril bundles and keratocyte surface recesses
(A) Early day 14 corneattroma at x3000 magnificatioB) Mid day 14 corneastroma at x4000
magnification Arrows indicates keratocyte surface recess and fibril buSdige bar = 1um
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Figure 3.6: En face section of fibril bundles and keratocyte surface recesses
(A) Mid day 14 corneal stromat x3000 magnification(B) Late day 14 corneal stroma %3000
magnification (C) Late day 14 corneal stroma at xX5000 magatibn Arrows indicates keratocyte

surface recesses and membrane bound compasti8eate bar = Am.
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Figure 3.7: En face section of large fibril bundles and keratocyte compartments
(A) Late day 14 corneatroma at x2500 magnificatiofB) Late day 14 corneal stroma x2000
magnification Arrow indicates keratocyte bound compartm@&uale bar = 1um
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Finally, as evident in Figure B.regions were observed where large fibril bundles coalesced
into broader bundles and lamellddesebundles would frequently contain well in access of

50 fibrils. Occasionally it was evident that these bundles passed through spaces created
between cell surfaces (FigurerB). In Figure 37B orthogonally aligned sheets of collagen
fibrils can be easily identifiedOften these large sheets of fibrils wereeatated atight

angles, reminiscent of the orthognally stacked lamellae of the mature corneal stroma.

Observed across day 14 at three different time points, the relative proportions of these
different sized fibril bundles and recesses appeared to changeg early day 14collagen

fibril bundles largely contained around 10 fibrils, bundles of 25 fibrils were also present, as
were occasional bundles of around 30 fibrils. By mid day 14 the relative proportions of these
three bundle sizes were approxiniatequal. However, by late day 14 few of the smaller

fibril bundles remained, with the predominant bundle size being around 30 fibrils. In addition
at this developmental stage, the membrane compartments formed by the keratocytes were

more commonly channetseated between cell processes (see Fig6(®) 3.

3.3.2 High magnification Study

Electron micrographs (Fige 3.8) show that throughout theéevelopmental stages studied,
Cuprolinic bluestained proteoglycans are present. They can be observed asioeiating

with, or in the interfibrillar space between collagen fibgiggure 3.9. The fibrils themselves

are seen initially in small bundles that progressively combine as development continues to
form larger bundles, eventually coalescing into laaeellThroughout development, even
within these early bundles, a level of organisation in the collagen fibril packing can be seen.

Threedimensional reconstructions of collagen fibrils and associated proteoglycans at
developmental day 12, 14 and 16 welsained in both longitudinal and transverse planes

(Figure 3.10). Closer examination of the collagen fibrils within these reconstructions

confirmed the regularity of fibril packing observed in the electron micrographs. At day 12,
fibril packing is consigint with that of a loose hydrated stroma populated by independent
bundles of collagen fibrils. At developmental day 14, interfibrillar spacing showed a
temporary increase. However by day 16 interfibrillar spacing had decreased, and fibrillar

packing was dser than at day 12.
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Figure 3.8: Transmission electron micrographs of the developing chick corneal stroma
Embryonic day 12 (A), day 14 (Band day 16(B) showing the pogressive dehydration and
compactionof the stromaat x3000 magnificationCollagen fibrils can be seen coalescing into larger

bundles as development progresses. Scale bar = 1um.
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Figure 39: Transmission electron micrograph of collagen and proteoglycans inday 14
developing chick corneal stroma

Collagen fibrils (red arrows) can be seen in a longitudinal and transverse atlax20000
magnification.Proteoglycans (green arrow heads) can be seen spannning the gaps between fibrils, and
binding to the longitudinallyorientated collagen fibrils at regular spacings. Treteoglycans
interacting with the transversely orientated fibrils shows no regularity or order in their arrangement.
Scale bar 250nm

68



Chapter 3 Avian cornealstroma

¥
%
%
3y
F
5

Figure 3.10: Stereo pairs of threedimensional reconstructions

Collagen (blue) and proteoglycan (yellow) interactions in the developing chick cornea at embryonic
day 12 (A, B), day 14 (C, D), and day 16 (E, F). A, C and E show a longitwittmglwhilst B, Dand

F show a transverse viewh@&st proteoglycansare indicated by green arrowhesadwhilst long
proteoglycansreindicated by red arrosv Scale bar = 50nm
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Figure 3.11: Proteoglycan size scatter graph
Proteoglycan length versus width at embryonic days 12, 14 ar@dnly proteoglycans whose entire
structure was present in a reconstruction were measured. Proteoglycans range from 12.2nm to 71.7nm

in length, and from 3.8nm to 11.1nm in width.

Figure 3.12: Models of collagen fibriland proteoglycaninteractions in the chick cornea
Collagen (blue) and proteoglycans (red and yellow) ongitudinal view (A, and transversaew
(B). Yellow arrowheads indicate short antiparallel keratan sulpfdgechains. Red arrows indicate
long antiparallel chondroitin sulphate/dermatan sulpbakechains
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Proteoglycan number increasesl @eelopment progressed (Figure 316 scattergraph
comparing proteoglycan length and width revedtezirange of sizes thatoteoglycans can
exhibit (Figure 3.11). Tables of proteoglycan dimensions across the developmental stages
studied can be found in Appendix 3mall and medium sized proteogyrs ranging from
approximately 12nm to 50nm in length, were prevalerdughout the developmental days
studied. However during the later stages, larger proteoglycans up to 75nm in length were also
present. The ratio of smaller to larger proteoglycans appeto shift as development
progressed, with the larger proteoglycans present in greater numbers at day 14 and greater
still at day 16 (Figres 3.10 and 311). However, the smaller and intermediate sized
proteoglycans still remain more common. An ovetiahd can be seen in the scatter graph,
showing that the width of the proteoglycan corresponds approximately to its length, in that
the shorter proteoglycans were often thinner in width alsGonversely, the longer
proteoglycans were present in a rangemidths. The smaller proteoglycans can be seen
projecting from the surface of collagen fibrils and spanning the interfibrillar gaps. The length
of these proteoglycans was approximately equal to the distance between adjacent fibril
surfaces. The larger prawglycans were often observed passing around adjacent fibrils to
interconnect a more dant neighbouring fibril (ure 3.12). The threedimensional
reconstructions also make it possible to observe the orientation and positioning of the
proteoglycans onthe collagen fibrils. By observing the longitudinally sectioned
reconstructions at day 12 and day 14, the orientation of the proteoglycans appears to be more
orthogonal with respect to the long axis of the collagen fibril to which it is associated. By day
16, their orientation has taken on the characteristic appearance of more mature tissue, with
proteoglycans pointing at more oblique angles from the collagen axis. These reconstructions
also show distinct binding regions along the length of the fibril. rOti®0 or more
proteoglycans can be seen associating with the fibril at the same coipdiimt along its

length (Figure 3.10). In the transverse sectioned reconstructions, no distinefolsix
arrangement of the proteoglycans around a central fibril coeldsden, nor did the
proteoglycans appear to follow any set arrangement or azimuthal positioning.
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34. Discussion

34.1. Low magnification Study

Whilst the synthesis and post translational modification of extracellular matrix components is
well doawmented in fibroblasts, what is less well studied is the role these cells also have in

the assembly and depasit of these matrix components.

Trelstad and Coulombre (1971) observed that in the primary stroma, thin bundles of collagen
fibrils are secretednto an orthogonal array by similarly orientated vacuoles in epithelial
basal cells. Equally, in the secondary strdditk and Trelstad (1984%uggested that collagen
production and organisatiamccurs in close association with the surface ofkisatocyte

Often the lateral fusion of cell surface recesses and the process of cell surface folding can
create membrane bound compartments that tbhetain the fibrilizing collagenThis process

would then facilitate the direct connection and regulatetween the intracellular and

extracellular mechanisms of collagen fibril production.

More recentlythis membrane compartmentalisation methabs®also discovered to be the
predominant method of collagen production in embryonic ten@amty and<adler, 2005)
During embryonic development, tendon fibroblasts synthesise collagen throughidhctin
fibripositors (Cantyet al.,2004). A recent study investigated the role that tension has on the
formation of fibripositors in embryonic tendon cells cultureditimin gel. The production of
thin, axially aligned collagen fibrils from newly formed fibripositors was dependant on the
receipt of a tension stimulus from the fibril gel mafii®apaceeet al.,2008).This behaviour

has also ben simulated in adult human tendon fibroblasts, when cultured under tension in
fibrin gels (Bayeret al.,2010). Howeverin vivo, the fibripositor mechanism appears to be
active only during the short developmental period dedicated to the establishmentef tiss
architecture.

This study utilized en face sections through the corneal stroma. This technique facilitates the
observation of collagen fibril bundles running in multiple directions across the same plane.
Sections could be taken through cell membranenbccompartments that are orientated in
different directions, and orthonally aligned sheets of collagen fibrils can be seen

longitudinally.
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In the corneal stromahé keratocytecell surface was partitioned into at least three major
compartments within hich collagen fibrillogenesis, bundle formation, ahd deposition of

fibril bundles into orthogonalamellae are all regulate(Birk and Trelstad 1984) The
diameter of the collagen fibrils often corresponded directly to the size of the compartments

tha contain them, an observation also reported by &tk Trelstad1984).

The smallest cell surface recess usually contained 7 to 15 collagen fibrils. These small
compartments may be the result of intracellular secretary vacuoles fusing with ea@ndther
the cell surface membrar{Birk and Trelstad1984) In these recesses, newly synthesised
collagen undergoes extracellular modificatiofre{stad and Hayashil979). The clear
presence of rough endoplasmic reticulum within the keratocytes is an iodioatheir high

level of anabolic activityKigure 35B).

Medium sized compartmentdermed open fibripositorswere wide membrane bound
channels (Figure 8C) that may have facilitated the formation of small fibril bundles of
approximately 20 to 40 fifls. These recegsmay have formed through the fusion of smaller

cell surface recesses.

Finally, large membrane bound channels were also observed, containing large fibril bundles
coalescing into lamellae. These channels were often formed from flaidgein the cell
surface membrane and the spaces between adjacent cell procbssesllagen fibrils that

could be seen running within these channels ran in a uniform direction, dictated by the long
axis of the cell processes.

The fibripositor model mplies that the production and deposition of collagen fibrils is
controlled by individual cellsAn important feature of fibripositors is that they are always
orientated along the main axis of the cell and tissue. Subsequently, intracellular transport and
the extracellular matrixorganisation are connecte@orneal fibroblasts migrate into the
stroma using the collagenous template of the primary stroma. Positional information gained
from this scaffold may then help orientate the cells in the correct axisequently, collagen
extruded by these cells with also posses the correct spatial orientation. By examifang
sections of the corneal stroma it was possible to observe keratocytes, and the cell membrane

bound channels they produce, aligning with tmajor orthogonally orientated axes. The
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fibril bundlesbeing synthesisethaythengain a degree of orientatioffom the directon of

these cellular compartments.

The compartmentalization of the intercellular space is well documented. Collagen
fibrillogenesis, postranslational modification, and packing are all initiated within the cell
cytoplasm, Golgi complex, and secretary vesicles (Proekap,1979; Olsen1981; Trelstad

and Silver 1981, Trelstackt al.,1982). The compartmentalization of the extracellular space
then allows a direct connection and continuatainthis intracellular processdlowing
cellular control over every aspect of collagen architecture, from fibril to lam#il@eigh the
managemen of these unique micrenvironments. These extracellular compartments
facilitate both the spatial orientation and structural cohesion of the developing collagen
lamellae that are so integral to proper corneal function.

3.4.2 High maginifaction Study

The reconstructions of collageproteoglycan interactiongequire careful analysis, as each
developmental time point is only represented by one reconstructionefdilggrany theories

drawn fromthese results must take this into account. However, each teadim was taken

from approximately the same region in the corneas. In addition, numerous micrographs were
taken and compared, to ensure each reconstruction was representative and characteristic of

stromal morphology at that particular point in developtme

The reconstructionsf developing corneas at embryouniays 12, 14 and lake it clear that

whilst the collagen bundles possess increasingly regular and ordered packing throughout
development, their relationship with proteoglycans appears much owrplex and
unsystematic. The diverse thrdenensional orientation of the proteoglycans, and their
ability to interconnect adjacent and neighbouring fibrils seemingly without any set pattern or
predisposed arrangement, points to a more mutable and dymeatnix environment.

Previous studies have reported the interfibrillar spacing within collagen bundles decreases
during development as the stroma progressively dehydrates and compacts. It is clear from the
transverse sectioned reconstructions ,that the three developmental stages studied,
interfibrillar spacing is greatest at day 14, followed by day 12, with day 16 showing the most

compact fibril packing. This agrees with data from a recent study that usgdkfraction
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Figure 3.13; Stereo pairs of threedimensional reconstructionsfollowing trreatment with

chondroitinase ABC.

Collagen (blue) and proteoglycan (yellow) in the developing chick cornea at embryonic day 14 (A, B),
and day 16 (C, D). A and §how a longitudinal view, whilst B and D show a transverse view. After
enzyme digestion of chondroitin sulphate/dermatan sulphate proteoglycans using chondroitinase ABC,
only short proteolgycans remain (indicated byegrarrowheads). Scale bar = 10nm.&Dalbtained in
collaboration with Dr Satoshi Nakajima and Dr Barbara Palka.

to measure collagen fibril Bragg spacif@pmpaction within the bundles of collagen fibrils
was initiatedafter developemental day 1d.iles et al.,2010). From electron microscopic
study of this developmental period, it is clear that the compaction of fibrils within these

bundles occurs simultaneously with the progressive coalescing of the bundles eventually
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forming lamellae.Proteolgycan number waseen to increase as development progressed.
Similarly the number of large proteoglycans was considerably increased at the later
developmental stages. This increased proteoglycan presence may have a key role in the
condensing of collagen fibril bundles, atite reduction in collagen interfibrillar spacing

The large proteoglycans are thought to bkondroitin sulphate/dermatan sulphate
proteoglycans as enzyme digestion using chondroitinase ABC left only small keratan
sulphate proteoglycans (Figure 3)13hese short proteoglycans can be seen bridging the
interfibrillar gap. After enzyme treaent, no protoelgycans were observed with sufficient
length to pass around adjacent collagen fibrils to interconnect with more distanceThmils.
protoal for this enzyme treatmeniethod is detailed in Liles et al., 2010Dhe increased
presence olargeproteoglycans following day 14 may correlate with the initiation of reduced
interfibrillar spacing, as e@matan sulphate proteoglycarmse consideredto have a
morphaenetic role in the developing chick (Hat976 Hahn 1992. For example,
disruption ofdermatan sulphate proteoglycan synthesis leads to abnormaliteedlagen

fibrils packing andlamellar organizationThereforedermatan sulphate proteoglycans may
control fibril-fibril spacing but notthe regulation of fibril diameter (Hahri992 Danielson

et al.,1997)

The large range in proteoglycan lengtidavidth that was observed (Figu8d1) may be de

to the varying intensity of @prolinic blue staining resulting from different proteoglycan
sulphation levels. However, individual glycan chains have a smaller width (<0.5nm) than
what is observed (Scott, 1992), ame tCu and WQ? ions used to stain fguroteoglycans

are small enougto bemeasurd in picometersThe proteoglycan chains are recorded in the
reconstructions at much greater widthsisltherefore likely that these larger proteoglycans
are the result of selissemblyor aggregation oflycosaminoglycarchains from indiidual
proteoglycans to form angiarallel multimers. It i1ot possible to determine the structure of
the bond from these reconstructions, however several models have been proposec{Knupp
al., 2009; Lewis et al.,2010). In addition, the mediating rolé other extracellular matrix
componentgannot be ruled out (Coopet al.,2006). The mechanism by which these lateral
associations form is not clear. The ionic balance of the stroma may be important for
proteoglycan interactions. The formation of protgogn multimers in nasal cartilage have
been reported previously, and have been shown to be sensitive to changes in the ionic balance

in vitro (Roughleyet al.,1995). It is possible that positively charged ions within the stroma
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(K*, Na) cancel out the negative charge of tigcosaminoglycarchains, allowing them to

associate through hydrogen bonding and hydrophobic attraction (Scott, 2001).

Linear aggregation ofjylycosaminoglycanchains allow the proteoglycans to form large
multimersthat are able pass around adjacent fibrils and interconnect a third more distant
neighbouring fibril. From previous studies, these longer proteoglycans have been identified
as chondroitin sulphate/dermatan sulphat®teoglycans §cott, 1992;Liles et al., 2010).
Decorin, the predominant chondroitin sulphate/dermatan sulphate proteoglycan of the
developing avian cornea, is known to have the ability of molecularesmfynition. The
protein core of one decorin molecule can recognise and bind to the proteiof another,

and so undergo dimerisatig®cottet al.,2004). However, some studies have rejected the
theory that decorin exist as naturally occurring dimers in solution (Goéd@hi,2004).

It has been previously reported that the arrangemergrateoglycans around a central
collagen fibril follows a symmetrical sifold organisation Kitller et al.,2004). However,
concurrent with recent findings (Knuggt al.,2009; Lewis et al.,2010; Parfittet al.,2010),

the presentreconstructions suggestat the proteoglycans have no set azimuthal positioning.
However, some regularity was observed in the proteoglycan binding sites along the length of
the collagen fibrils. The concept of proteoglycan specific binding sites is now widely
accepted. Proteoglgos  possessing chondroitin sulphate/dermatan  sulphate
glycosaminoglycamrhains will bind to the'd' and 'e' bands of the collagen fibril, whilst those
containingkeratan sulphatglycosaminoglycarchains bind to the 'a' and 'c' bands (Scott and
Haigh, 198; Young, 1985 Meeket al.,1986 Scott and Bosworth, 1990).

With no regular or symmetrical organisation, alternative theories for how proteoglycans are
able to regulate intébrillar spacing have emerged. This matisordered local arrangement

of proteycans may suggest thi@ing range regulation ointerfibrillar spacing is more
important. It has been suggested in recent studies that two equal but opposing forces are
exerted simultaneously on collagen fibrils due tt® presence of proteoglycans. The
negatively charged proteoglycajlycosaminoglycarchains attract positively charged ions
within the stroma resulting in an osmotic pull. This influx of water molecules into the
interfibrillar spaces creates a repulsivect due to increased pressure between fibrils.
Simultaneously, thermal motion of tiggycosaminoglycarhain complexesarising from the

constant molecular collisions of the proteoglycand otherextracellular matrixnolecules,
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creates an attractive fag¢Lewiset al.,201Q Knuppet al.,2009). This force counteracts the
repulsive force caused by increased osmotic pressure resulting in a balanced system.
Together, these two proteoglycan subtype are able to regulate interfibrillar distances, and

stabilize fibril architecture.

Chondroitin sulphate proteoglycans can achieve a much greater level of sulphation than
keratan sulphate proteoglycans, due to a larger number of disaccharide motife{Rlaas
2001). Chondroitin sulphate/dermatan sulphgbeote@lycans are able to form large
complexes capable of interconnecting multiple fibrils. The increased osmotic pressure
between fibrils caused by the large number of sulphglgtbsaminoglycarchains would

then act as a repulsive forcpushingfibrils apart Conversely, undesulphated keratan
sulphate proteoglycans form short bridges that span the interfibrillar gap, connecting
neighbouring fibrils. Thermal motion within these bridges would act as an attractive force,
pulling the ends of thglycosaminoglyan chains, and consequently the attached fibrils,
closer together. Sulphation levels keratan sulphat@roteoglycans are subject to change
during development. Previous studies have reported that as development progresses, highly
sulphatedkeratan sulphatproteoglycans accumulate preferentially over the lesser sulphated
isoform (Lileset al.,2010). Heretheincrease in sulphatdderatan sulphatproteoglycans is

not considered to be the driving force behind stromal dehydration and compaction of
interfibrillar spacing. Instegadhis may occur through the action of the developing endothelial
pump. These ovesulphatedkeratan sulphatproteoglycans may then share a common role
with chondroitin sulphatédermatan sulphateroteoglycans, in controllgy interfibrillar

spacing through the maintenance of local hydration levels.

35. Conclusiors

In summary, these thrabmensional reconstructions show that proteoglycans in the
developing chick cornea possess no symmetrical arrangement, or system isatinyarself
aggregation of these proteoglycans may result in the formation of multimers that are able to
extend around adjacent collagens, interconnecting multiple fibrils. The pbexedgonal
arrangement of collagen fibrils is likely held in place tlgb the combined attractive and
repulsive forces exerted by the resident proteoglycans. This network of proteoglycans has a

key role in the formation of the transparency and mechanical strong corneal tissue.
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4.IN VITRO SYNTHESIS OF COLLAGEN GEL STROMAL
EQUIVALENTS

4.1 Introduction

Having examinedhe radical structurathangesthat occurin the corneal stromauring
developmentatlays 1216, this knowledge can then be appliedhe production of a stromal
equivalentfor use in grafting or the production of a full thickness cornealbstitute.
Following thestudy of collagen organmtion and itsinteractions with proteoglycana the
stroma,attempts were made to utilize similgredominarly natural, biological matrials in

the construction of an artificial corneal stroma.

The transparency of the cornea is thought to be dependent oegthiar shorrange spatial
orderof the collagen fibril array within each lamellslaurice 1957; Hart and Farrelll969;
Benedé, 1971).Interactions betweeproteoglycan macromolecules which associate with the
collagen and occupy the extrafibrillar spgZbanget al.,2009 Quantocket al.,201Q Lewis

et al.,2010), and between different collagen subtypes (Birlal.,1990), are thought to
mediate the characteristic collagen fibril arrangement in the cornea. The biomechanical
properties of the cornea are also largely due to the precisely ordered collagen fibrils and the
orientation and architecture of the lamellae they farrthe stroma (Meek and Boo®@009).

High concentrations ofthe water soluble proteins transkeletolase and aldehyde
dehydrogenas type | within the keratocytelselp minimize any light scattering that may
occur due to their presence (Jesteal.,1999; Jester 2008).

The organization of collagen within the stroma plays a key role in the formation of a
transparent and mechanically robust corneal stroma. However, the inherent complexity of the
tissueds architectur e ngmade ie producing an effectivel i t t |
construct that mimi corneal structure and functioRrecise regulation of collagen fibril

diameter, spacing and alignment would all be necessary in order to successfully engineer a
construct thaeffectively resembleshe stromal matrix and which has potential applications

as a tissue substitute. At present this is difficult to achieve at the scale required for usable
tissue construct size, although progress is being nad#ith et al., 1999; Li et al., 2003

Orwin etal., 2003;Hu et al., 2005Torbet et al., 2007
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Over the last decade, collagen gels have been investigated as scaffolds for use as potential
stromal constructs (Germaet al., 1999; Schneideet al., 1999; Tgtmeyeret al., 2001

Griffith et al., 2002. However, whilst highly biocompatible, these collagen gels often have
reduced transparency and show mechaniaadiyabilities.Gelsthat can effectively mimic the
highly organized collagen architecture of tleereal stroma are essential to achieve proper
optical and biomechanical function. Collagen gels have been deveispéigned sheets of
collagenfibrils, in an attempt to recapitulate the structure of the corneal stroma. These
aligned collagen gels have beemgineered from omomeric collagen molecules bilizing
electron spinningZhonget al.,2006 Chewet al.,2007) strong magnetic field¢Guoet al.,

2007 Torbet et al., 2007) dip pen nanolithographyWilson et al., 2001) and flow
manipulationgKosteret al.,2007 Lanferet al.,2008) Recently, anechanical improvement
wasachieved usinglectron spinningo produce a bilamaxr, mesenchymal stem cell seeded
collagen gel Nerurkar et al., 2009). Whilst this construct fails to accurately reproduce
stromal morphology or the cornea's optical and mechanical properties, it does highlight the
importance of the fationship between tissue strucuture and function. Producing biomimetic
multi-laminated collagen gels that accurately mirror stromal architecture mayealdo in

improvead mechanincal propertiessuitable foluse as a tissue substitute in corneal grgftin

The addition of glycosaminoglycans and crbsking agents haalso been examined to
determine their affect on thstructural and functional properties of collagen constructs
(Matsuda et al., 1990Chen et al., 1995; Zhong et al., 2006 dthough fabricating and
modulating a fibrillar arrangement using proteoglycan additions still remains a long way off.
Comparativelyless research has been carried out on the structural and mechanical properties

of type | collagen constructs formed at lower pHelsy

Type | collagen molecules, at high concentrations, will self assemble into a liquid crystalline
array. By altering the environmental conditions under which this process takes place, it may
be possible to produce a construct that is not dmbcompatible, but can accurately
reproduce the structural and functional characteristics of the corneal strothe. studyl

worked with a team of bioengineers in Tohoku Universitgpan, producingels from a
telopeptidefree collagen molecule soloti known as atelocollagen
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Although atelocollagen will naturally form a weakly crdsked gel, for the purpose of
constructing a mechanical stable stromal equivalent, covalent intermoleculatirdtivgs
must be induced between collagen molecules. a@idehyde, whilst one of the most
effective crossinkers of biological tissue (Leet al.,2001), has amundesirable level of
cytotoxicity. For tke currentstudy, 'zerdength' crosdinkers were used which, unlike
glutaraldehyde and other bridge building crtiskers, do not become incorporated into the
crosslinking bonds. Instead, they induce covalent ciloggng to occur between collagen
molecules diectly, the crosg¢inking agent is then washed out of the tisstecrosslink the
gels, a mixture of ethyl (dimethylaminopropyl) carbodiimide(EDC) and N
hydroxysuccimide (NHS) was appliedlsing EDC in conjunction with an aminieh
compound such as NHifacreases the efficiency by which EDC can induce eliokshg
between collagen moleculdy manipulating the molecular assembly of highly concentrated
atelocollagen solutions and optimizing the chemical environment, we were able to produce a
transparentand mechanically stablerosslinked collagen gel using flow manipulation
(Tanakaet al.,2011b). This study carried out by the author in the laboratory of Professor
Kohji Nishida (Tohoku University, Japan)reports the structural and functional

characteistics of these constructs.
4.2 Methods

4.2.1. Collagen solution preparation
Acid freezedried typel porcine atelocollagen powder containing 5% type Il collagen
(Nippon MeatPackers) was dissolved at 4°C damstilled waterusing a syringe mixing
technique(Liu et al.,2006, 20060; Rafat et al., 2008 Centrifugation overnight at 3500rpm
was used to remove any air bubbles. The pH of the collagen solution waslfhstedoy the
addition,of a1.0M NaOH (ag) solution using the same syringe miximgethod.

4.2.2. Crosslinking of collagen gels
To create the gels, the collagen solution was syringe mixed vatbsalinking solution of

EDC/NHS (EDC:NHS = 2:1) until an homogeneous mixture was achieved. The final

concentration of collagen wasljusted to 10 % wet weight.
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4.2.3. Collagen fibril alignment within the gel

Within 3 minutes of mixing therosslinking agentwith the collagen solution, 0n8l of the

mixture was spread onto a glass slid@i30mm oval configuration. An elasfitn was then

placed on top, and a roller was used to spread the mixture in a unilateral di(Eajime

4.2). Silicon rubber spacers placed between the glass slide and the elastic film regulated the
thickness of the gel to 500um. Incubation for 12 hours a2and for 12 hours at 37 °C was
followed byphosphate buffered saliieBS)washing at 4 °C.

4.2.4. Collagenlaminategel preparation

The atellocollagen solution was extruded in a line onto a tilted glass slide.sliles was
placedon a hanetrafted stage attached to a swing type centrifugation ma¢higere 4.6).
After centrifugation at 3500 rpm, the wet collagen layer was then incuba8s’@tfor 30
min and dehydrated at-&C until a dry rigid film is produced Incubationbefore drying
createdthicker microfibe-like structureswithin the geland asmoothersurfacetexture The
reduction in thickness achieved lhlgis methodimproved the visible light transmission
through thecollagen constructsTékezava et al., 2004). Subsequent collagen layengere
added by rotating theollagen coated slidey 90° or 187 (Figures1D, E), before extruding a
new line of the collagen solutioon topof the dried layer ad repeating the centrifugation,
incubaton and drying processeghe final thickness othe laminatel gelwas proportional to
the number otollagen layers it contained. Gels containing up to 20 layers were constructed.

The thickness of each layer was consiste?itlye n{Figure 1F).

4.2.4.10ptical clearing and crosginking of collagen laminate gels

Oncedry, the collagen laminate gelgere crossinked at room temperature for 2 howrsing

a 2:1 mixture of EDC (Wako pure chemicals, Osaka, Japang NHS(Thermo science,
Rockford, IL, USA) solutiors. Washing with distilled water was then followed by drying at
4°C. This process of low temperature dryirgpsslinking, and washingin distilled water

was then repeated until a desirable level of transparency was achieved.
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4.2.5. Polarized Light Microscope imaging

Constructs were placed on a glass sliltencovered with a glass clover slip. These were
then inserted between an LCD monitor and a polarized filter set in an orthogonal direction.

The transmitted light was then recordeith a digital camera (Canon, Japan).

4.2.6. Mechanical testing

Themechanical characteristics of the collagen gels were tested in directions paralleato and
right angles to the direction of flow manipulation. The 506fhink gels were formed into
dumbbell shapes to prevent rupture at the point of attachment andvidgeolarger area on
which to attach the apparatus. A Universal Testing Instrument (EZ Test, SHIMADZU, Japan)
was used at eate of 200mm/min to measuaelOmm by8mmregion of the gels. The stress
was measured as a function of strain, and by analyziadirikar (elastic) region of the

resulting stresstrain curve th&oung's modulusvas calculated.

4.2.7. Transparency testing

500um thick oollagen gels,and samples of non crodmked atelocollagenyere placed
between two glass slides, separated byus®thick silicon rubber spacers and held together
with Parafilm. At room temperature, the transparency of the gels was measured using
UV vis-spectroscopy (U\2550/2450, SHIMAZU, Japan) for narrow sgettregionscentred

at 400, 450, 500, 550, 600, 650, and 700nm.

4.2.8. Transmission electron microscopy
All samples underwent routine processing as
4.3. Results
From Figure4.l it is clear that byncreasing the amount of NaOH used in the formation of
the collagen solutionkad the effect ofncreasng the pH but reduced their transparency.

However, he effect on transparency was not linear, witharked decrease in transparency

atNaOH levels abovdOmM. Below 40mM of NaOH, transparency remained approximately
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Figure 4.1: Deacidification of a 10% (w/w) collagen solutia through the addition of NaOH.

(A) pH changesn the collagen solution upon NaOH addition. (B) Transparency changes in the
collagen solution upon NaOH addition. (C) Photo images of collagen solutions at with different
NaOH levels. (D) Transmission electron micrographs of collagen solutions using (1) 20mM, (2)

40mM, and (3) 60mM of NaOHI he thickness of specimens in (A), (B) and (C) i§150. Scale bar
=500nm
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constant at above 80% light transmissad®50nm An increasen NaOH concentration from
40mM to 50mMwas accompanied by ancreaseof pH from 4.05 to 4.29However, the
effect on transparency wasnaore profound, dropping from 82% to 6% light transmission
(Figure 4.1B). At 60mM of NaOH the highest used in thesepeximent$ transparency
measured less than 1%elow 40mM of NaOH, the collagensolutions showed some
aggregation or coalescing of the collagemlyOat 60mM of NaOHwere anyfibril like
structures formeddemonstratingcharacteristic Ebanding These resabled large tactoid
structures that have begmeviouslyreportedin other studiesRard and Chapman 1968;
LeibovichandWeiss 1970),(Figure4.1D).

4.3.1. Single layer gels

Gels were formed by adding crelésking agents to the collagen solution and spreading the
mixture over a flat platePolarized light microscopy revealed birefringence of the collagen
gel constructgFigure 4.2) Dark areas indicate collagen fibrils orientated in the same axes as
the polarizer o analyzer (+4%to the horizontal axis)Light areas denote collagen fibrils
orientated horizontally @ or vertically (96). Light and dark areas were observed in
irregularly, nonuniform patterns in the thicker collagen gels, whilst the thinnest gels
produced clear and regular birefringence patterns. Whilst the tweratied samples
demonstrated more than one axis of symmetry with both dark and light regions, the thinnest

unilaterally rolled gel (Figure 4.2) showed a light region over its entire surfac

The transparency of thgels reduced as NaOH levels were increased (Figure 4.3). This
mirrors the results shown in Figure 4.1 for the collagen solutions. In addition it was found
that increasing the levels of creagsking also reduced the transparenmythe gels. As a
result, as NaOH levels were increased in the gels, the amount oliokisg needed to be

reduced accordingly in order to keep desirable levels of transparency (Figure 4.3).

Only those gels whose transparency was above 70%testesl for mechanical stability. As
expected, increasing the crdsking of the collagen gels improved their mechanical
properties, enhancing their tensile strength and decreasing the strain at rupture (Figure 4.4).
Concurrent with the transparency dat@sented in Figure 4.3, at higher NaOH levels less
crosslinking was required to produce a mechanically stable gel. Similar stress levels at

rupture were seen in gels made with 30mM NaOH and 0.5% EDC concentration, compared
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Manipulation of collagen Flow direction Polarized light
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Spacer O Final position of C-mix  ¢— Flow direction

Figure 4.2 Flow-manipulation of collagen mixture to form aligned collagen gels
(A) Collagen mixture was expanded radially from a droplet, resulting in a p@aséar shape. (B)
Collagen mixture was expanded radially from a rod shape, resulting in an ellipsoidal shape. (C)

Collagen mixture was spread unidirectionally from a rod shape in an orthogonal direction.
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Figure 4.3 Crosslinked collagen geldransparency data

(A) Photo imageof collagen gels made using differena@®@H and crossnker levels. * denotes
inadequate gel formation. (B)ya@nsparencyf collagen gels with lines of best fit, and uncrosslinked
collagen solutions (sol)All samples are 500um thick, with a final collagen concentration of 10%

(w/w), and a 2:1 weight ratio of EDGd NHS crossinking agents.
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Figure 4 4: Mechanical properties of collagen gels

(A) Stresqtensile stengthineasured in a direction parallel to and perpendicular to collagen alignment.
(B) Strain(deformation)measured in a direction parallel to and perpendicular to collagen alignment.
Samples had transparency levels above 70%. All samples 5%@&um thick, with a final collagen

concentration of 10% (w/w), and a 2:1 weight ratio of EDCMHKI& crosdinking agents.
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to gels made with 40mM NaOH but with only 0.15% EDC. As NaOH levels were increased
in the gels, the improvement in mechaniseiength that accompanied crdsgker addition
responded to smaller increases in ciigdeer percentage. For example, in a OmM NaOH gel,
when the crostinker concentration was increased by 0.2% (from 1.2% to 1.4%), the tensile
strength of the gel almosibubled (from 0.75N/mfto 1.32N/mnd). However, in a 40mM
NaOH gel, a similar magnitude rise in tensile strength (from 0.57NAmrh.22N/mnj) was
achieved through just a 0.05% increase (from 0.1% to 0.15%) in-lankes concentration
(Figure 4.4). Mecanical testing also confirmed that uniaxial alignment of the collagen using
flow manipulation affects the mechanical behaviour of the constructs. When tested in a
direction parallel to the long axis of the collagen, the tensile strength of gels was
approximately three fold higher than in the perpendicular direction. Strain levels were
approximately doubled when tensile loading was applied in a direction perpendicular to the
collagen long axis compared to the parallel direction. Increasing the amount slfirdtivgy

or NaOHreduced the level of strain mtpture(Figure 4.4).

Transmission electron micrographs of the gels were taken at each different NaOH condition
used: OmM, 10mM, 20mM, 30mM, 40mM, 50mM and 60mM (Figure 4.5). This clearly
shows that increasy NaOH levels were accompanied by a progressive condensation of the
collagen into filamentous structures. With no NaOH added, the gels contained a loose matrix
of collagen with no overall structure. Using 10mM of NaOH resulted in the formation of
aggregtes or bundles of collagen. These showed a degree of directionality due to the flow
manipulation used in the gel manufacture, which manifests itself in the preferential strength
of the gel along the long axis of the collagen. Repeated addition of 10mM KesDked in
increased levels of collagen aggregation (Figure 4.5). The gel made using 50mM of NaOH
demonstrated more compact bundled structures than seen in the 30mM or 40mM NaOH gels.
However, as with the uncrofisked collagen solutiom(Figure 4.1D),only in the gels made

with 60mM of NaOH were more mature fibrils present, with characteristpeiiddicity
banding (Figure 4.5).
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Figure 4.5: Transmission electron micrographs ofcollagen gels at x3500 magnification
Gel conditions arshown as mM of NAOH, and % of creksker usedBlack arrows inmicrograph
indicate tactoid structureA\ll samples were 500um thic&cale bar = 500nm.
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4.3.2. Laminated gels

The laminated gels were crelgsked in order to inhibit the collagen layers from swelling
during rehydration which would negatively affdight transmission, and to increase their
mechanical stability by promoting chemical bonding between collagen molecules. However,

a single cros#inking treatment resulted in only 55% transparency to visible light at 550nm.

Therefore repeat cycles of chigad crosslinking, washing andow temperature dryingvere
performed(Figure 4.6) Repeated cycles of thigrocess increased the transparency of the
laminated gels t@5% (in the 8 layer geland 68%(in the 20 layer gel). Light transmission

was independd of the orientation ofthe collagen layersLaminated gels containing 20
collagen layers orientated in bgplarallel and orthogonalirections underwent six cycles of

the cross linking, washing and drying procedsder transmigen electron microscopy a
clear difference in morphology can be seen between the orthogonal and parallel laminated
gels (Figure 4.7) Furthermore, in thdoundary zong of theorthogonally laminated gels
some interlacing and fusion between adjacent orthogonal collagen \egergen (Figure

4.7D).
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Figure 4.6: Formation of laminated gels by centrifugation.

(A) Centrifugal force causes the stage to tilt upwards, orientating the glass slide into a horizontal
position. (B) The collagen solution spreads across the surface of the glass slide due to centrifugal
force. (C) Parallel aligned laminated collagen sheetsraagle by repeating the process of collagen
spreading and drying without changing the axis of collagen orientation. Orthogonally aligned
laminated collagen sheets are made by repeating the process of collagen spreading and drying, whilst
changing the axisfdhe collagen oriegttion by 90° for each new layfhdaptedfrom Tanaka et al.,

2011a)
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@

Figure 4.7: Transmission electron micrographs ofmulti layer collagen gels.
Parallel(A and C) anddrthogonal(B and D)aligned gelsat x4000(A and B and x1200 (C and D)

Arrow indicates boundary zones between collagen lageale bar = 500nm
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