Structural studies of the corneal stroma with
focus on the elastic fibre network in health
and disease

Thesis submitted to Cardiff University for the degree of Doctor of Philosophy
November 2016

CARDIFF

UNIVERSITY

PRIFYSGOL

(ARRDY®H

Tomas L. White

Structural Biophysics Research Group
School of Optometry and Vision Sciences

Cardiff University

Supervisors:

Prof. Keith Meek

Dr Philip Lewis

Prof. C. Peter Winlove



Abstract

The optical and biomechanical properties of the cornea are largely governed by the collagen-rich

stroma, a layer that represents approximately 90% of the total thickness. It has been postulated that
VIA o }EV 00C E /AEJeSe]v 8Z %}*3 E]}E *3E}u U Juu ] 8 oC

§ Eu Z%WE S[* 0o C E[X dZ this thesisjwa$ o determine if this region has

different structural properties to the overlying stroma. A second aim was to examine the elasic fi

distribution throughout the depth of the stroma in healthy and diseased corneas, with focus on pre-

Descem S[* o TechBiues used include serial block face scanning electron microscopy,

transmission electron microscopy, and X-ray diffraction, amongst various other imagimmiciaes.

Depth analysis revealed that centte-centre interfibrillar spacing was significantly lower in the first
~10uu }( *SE}u ]S o 8§} ¢ u Epmpared @owerlying regions in central cornea

Three-dimensional analysis revealed the presence of long elastic fibres running throughout the

stroma, parallel to the surface of the cornea, which were concentrated inpse- u S[« 0 C EX dZ]-

elastic material seemed to originate from the limbus as fenestrated sheets before travelling radially
into the corneaassmall fibres. This data provides evidence for pre- u S[e oc@htdhing

altered biomechanical properties that may contribute to the formation of a variable clegage
observed during pneumodissection. Additionally, the elastic fibre network is likely t@play

important role in the deformation and recovery of the cornea. Furthermore, the presence of elastic

fibres in foetal cornea suggests a potential role in development.

The distribution of elastic fibres was very different in keratoconic buttblasfibres were located
1A « u 3[+ uu E v U AZadgi fibres Zppeared concentrated below the

epithelium in thinned coned regions, potentially as a biomechanical response to prevent rupture.

Attempts were made to elucidate a functional role for elastic fibres by studying theasfnom a
mouse model for Marfan syndrome, where there was a ~50% reduction in elastic fibre quantity.
These corneas were significantly thinner and flatter than wild types suggesting that elastsciiay

a role in maintaining the shape of the cornea.

}.

Overall, this thesis has characterised pres u S[¢ 0 C EU u}veSE S]JvP §Z § «SEN Sp(

are presentlt is likely that the network of elastic fibres described in this thesis play a multi-

functional role in the cornea.
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Chapter 1- Introduction

1.1 Corneal structure and function

1.1.1 Introduction

The cornea is the outermost layer of the eye that covers the iris, pupil, aedan
chamber. It is a transparent tissue that plays a critically importaletirothe normal
functioning of the eye. Although it appears to lack substance, theesois a complex
structure where the precise organisation of components is responsibliééocrucial part it
plays in vision. Like many other tissues, the primary component of the cisroedlagen;
however, as well as providing the tissue with mechanical strength, thdyloghanized
arrangement of collagen in the cornea , along with the avascular nature dste,
enables light to pass through with minimal scattering, making thisuenigsue
transparent. The presence of any blood vessels would greatly affect the transparktine
tissue by scattering the light that is passing through, and ultimatelyaieg the clarity of
our vision. Due to the lack of blood supply, the cornea receives nutrientsftaion from
tears and aqueous humour. The intricate structure results in the corn@age&s a
structural barrier that protects the eye and prevents pathogens from enteringitiddelly,
the cornea acts as the eyeoutermost lens by refracting the light that enters, and
therefore, contributes to approximately two thirds (45 diopters out of tb&at 60 diopters
of unaccommodated ocular power) of the eyes focusing power (Rubiesdi, 2011a)
Finally, the cornea protects the lens and retina by filtering out dangeveavelengths of

light, such as ultraviolet.

1.1.2. Corneal anatomy

The cornea is curved centrally, and becomes more flattened atéhiplpery where it
merges with the sclera, making the shape aspheric. At this point, where theacoenerses
its curvature and merges with the sclera, it is termed the limBine average horizontal
diameter of the cornea is ~11.71mm in normal healthy humans (Ratfak, 2005).

Thickness varies; the central corneal thickness is around 520um, wheeepsripheral

1



regions are thicker and may reach 650(Rubertiet al, 2011b, Ehlerst al, 2010). The

cornea is the first point of contact as light enters the eye; from fieirerefracted through

the pupil onto the lens that is situated behind. A combinationhaf lens and cornea are

responsible for ensuring that light is focused onto the retina, tvisighsequently translates

the light into impulses that are sent to the brain through the opgcwe. There are

currently five distinct layers of the cornea that are arranged from antedqrosterior as
follows: the epithelium, }Au v[e 0 C EU «3CE}u U ¢ u S[*uu EvU v §
endothelium. Figurd..1 shows the structure of the human eye, along with the five layers of

the cornea. Each of these layers will now be reviewed individually in the fofjcsictions.

Structures of the Eye

.

Boaman's ey / i
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| )

\ )
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Figure 1.1. Structure of the eyd@he top image shows the gross anatomy of the eye including all the
main structures. Underneath, the magnified image shows the 5 layers of the cornea in order to

portray their locations and thickness relative to one another. Taken from (Etglg 2008).



1.1.3 Epithelium

In the cornea, the stratified, non-keratinizing squamous epitheliunsists of 5-7 layers of
cells that combined, measure approximately 3&tm (Ehlerset al, 2010, Schmokt al,
2012, Tacet al, 2011). The corneal epithelium plays an important protective role by
continuously shedding cells, and preventing pathogens and other hamdtier from
reaching the immunological deficient underlying stroma. The lifespan of thelieis
around 7-10 days, resulting in a complete turnover of the corneal epithdlyer every
week (Delmonte and Kim, 2011). Tight junctional complexes exist between thé¢he|
prevents tears from entering intercellular spaces. The first 2-3 cell layeng efpithelium
are superficial cells, which have extensive microvilli apical membranectians that
increase the contact surface area between the overlying tear film andathenembranes of
each individual epithelial cell. Beneath the superficial cdilsie are 2-3 layers of wing cells
that slightly differ in shape, being less flat than the overlyingcBlhsal cells are a single
layer of columnar cells that are present beneath the wing cells, and thetharsource of
both wing and superficial cells, due to their ability to undengitosis (Delmonte and Kim,
2011). All three cells layers are shown in Figure 1.2. The three celldyfesepithelium
are separated from the stroma by the basement membrane (F3), which is
approximately 0.05um thick and consists of type IV collagen, as well as labothrof
which are secreted by basal cells. Additionally, the basement membrane cotyjaen¥||
collagen, which is the primary structural element in anchoring fibrils (®alkéi, 1986a).
Corneal epithelium is firmly attached to the underlying layers du@égpresence of

adhesion complexes callédetmidesmosomes that connect the basal cells to the basement

membrane.
2 .‘-: : :" ."" _:'_-c ¢ Figure 1.2. Corneal epithelium stained with
i (SR VA . @w haematoxylin-eosin.The image portrays the
§ i 4 9, = ’ i‘ three layers of different cell type in the corneal
@ b epithelium. From anterior to posterior, these are
superficial cells (s), wing cells (w), and basal cells
(b). Adapted from (Ehleet al., 2010).



Figure 1.3. Corneal basement membrafgewing the basement membrane under the transmission
electron microscope reveals two adjacent layers: the dark lamina densa (arrow heads) and the

overlying lamina lucida. Adapted from (Torricetlal., 2013).

Epithelial Stem Cells

Corneal epithelial stem cells are located in the basal layer of theimilhere the cornea
and sclera merge. As they migrate to the central cornea, the stem dédieedtiate into the
progenitor cells, termed transient amplifying cells, and subsequentlytiatal cells (Fig.
1.4). These stem cells are responsible for producing a continuous saffigagal cells, which
in turn, progressively differentiate into wing cells and then supeif cells before
undergoing apoptosis; this cycle is then repeated to ensure than theweviesr a shortage of
corneal epithelial cells. This is vitally important as limbal epahstem cell deficiency leads
to numerous corneal problems such as opacification, inflammation, aschlaxisation
(Notaraet al, 2010), all of which have a devastating impact of the quality ofrvisio
Epithelial stem cells were first identified using immunostaining agaiorneal-specific
keratin (Schermeet al, 1986). One piece of evidence that suggests that these cells are in
fact stem cells was provided when the cells were shown to have a highd@epton rate

in vitro when compared to more central corneal epithelial cells (Pellegtial, 1999)
Furthermore, surgically removing the limbal epithelium in rabbits show&ditet ability of
epithelium healing following wounding (Huang and Tseng, 1991atmalg that stem cells

are present at the limbus as the epithelium fails to heal whes riémoved.



A lack of stem cell marker has made it difficult to localise these (&dldotzer-Schrehardt
and Kruse, 2005). Limbal epithelial stem cells are thought to lieeitirnbus between
papillae-like structures called the palisades of Vogt, which are thaightovide a
protective environment (Notarat al, 2010). Basic histology and immunohistochemistry has
identified an anatomically defined stem cell niche in the limithat extends out from the
palisades of Vogt and provides the micro-A]J]E}vu vE 8} u Jvd Jv Z«3 uv «o[U AZ]
MSZ}Ee* v U Zo]Ju o %uaétal] 26005@Eamekifanathaet al, 2007) For
amuch more extensive review of epithelial stem cells see: (Schlotzer-Schrehardt and Kruse,
2005, Notareet al, 2010, Castro-Munozledo, 2013). Cultured autologous epithelial stem
cells are now being widely used for regenerative purposes (ocular surface recomstyucti
(Tsaiet al, 2000), and advances in this field have recently been reviewed by Nakatraira
(2016).

- I The limbus —» Cornea

T a2 T

. . Mature corneal
| I epithelium

. Stam aadh . Transient amplifying

l. _| cells

Conjunctiva

Figure 1.4Epithelial stem cell differentiationThe schematic diagram depicts how epithelial stem
cells originate in the basal layer of the limbus and gradually travel to the anterior regions of central
cornea whilst differentiating into transient amplifying cells, and eventually mature epithelial cells.

Taken from (Notarat al., 2010).



11.4. }Au v[s 0 C E

}Au v[e oigygEally described as an acellular condensation of the anterior stroma
and is located directly posterior to the basement membrane of thehegiiim. It consists of
randomly orientated type I, Ill and V collagen fibrils that are smalldiaimeter and more
randomly orientated than those located in the stroma (Komai and Ushifi,,\Bcobsept
al., 1984) (Fig. 1.5) because of the greater type V collagen contefthu v[e o C E
(Gordonet al, 1994). The fibrils have been measured at approximately 25nm in diameter
and have been shown to interweave with stromal collagen fibrilsenptbsterior region of
the layer (Komai and Ushiki, 1991). Functionally, the role}dk u v [+ o isQundear,
although it is thought that it protects the underlying stroma foaumatic injury and helps
the cornea maintain its shape (Germundssral, 2013). There is currently no evidence to
suggest that the }Au v[e o h&s &ritical role within the cornea; this is supported by
the fact that there is a lack of adverse complications in eyes that lbate}Au v[s o C &

following excimer laser photorefractive keratecotomy (Wilson and Hong, 2000).

Various techniques have been used to measure the thicknes$} Afu v[e o irChu@Bans,
with reported values of 139um (Taoet al, 2011, Schmo#t al, 2012). However, using
vivo confocal microscopy, it has been shown that the thickness}df u v [+ o d€cr@ses
with age, losing one third of its thickness between 20 and 80 yeaxgeo{Germundssoet
al.,, 2013). The reason for this is unknown, although it has been hype#tetiat gradual
cross-linking of collagen with age could result in decreasedrtegskof }Au v[e odQe E
to the lack of collagen-producing cells, or alternatively, the collagen becomesaompact
with age due to a number of possible mechanisms (Germundstsah 2013). Shallow-
depth phototherapeutic keratectomy can be used to remove approximately half of
}Au v[e o o€fully remove itln vivoconfocal microscopy after both of these
treatments indicated that sub-basal nerve regeneration was delayed and sub-éguitted|
density increased after 10 months following total removal fAu v [+ o, @nEared to
half removal (Lagaét al, 2009). This evidence suggests thatAu v[e o n@yQay a

role in stromal wound healing and restoration of epithelial innelvatfter trauma.



Figure 1.5. }Au v[+ 0.C E
Electron microscope image
(x72,500) of }Au v[e e C
showing the randomly orientated
collagen fibrils. Bar = 1um. Image

taken from (Duanet al., 1998).

1.1.5. Stroma

The corneal stroma makes up roughly 80% of the cophegerall thickness, and therefore
plays a major role in the transparency and mechanical properties ofsbedi These
functions are achieved due to the highly organised arrangement of tbenstirextracellular
matrix (ECM). The main component of this is type | collagen fibrils, wizoadel
arrangement with uniform spacing forms the basis of collagenous stromal layers, termed
lamellae. Each lamellae is arranged between 0 and 180 degrees relativeadjfoent
layer, and there are between 200 and 300 stacked lamellae in the human cstreakl
(Meek and Boote, 2004, Radnetral, 1998a, Abahussiet al, 2009). This precise
organisation provides mechanical strength to the tissue in order to maistzape and
resist tensile forces, as well as providing destructive interference of ligttesed in all
directions other than the forward direction, subsequently enapliransparencyBesides
fibrillar collagen, the stroma contains other components, such as keratocytes,
proteoglycans, non-fibril forming collagens, and glycoproteins that@stribute to this
highly organised layer. These will be discussed in greater deptfcomipg sections, as will

the precise organisation of collagen in the stroma.



1.1.6. A novel corneal layer?

It has recently been postulated that an additional corneal layer xistween the stroma
andDes u S[* u u (E v- ~%WES[*s 0 C @&adkodioversially coined p [
0C E_  C38Z PE}u% $Z &tal,2018).CEhe alghors psed the big bubble
technique (injecting air) to sepaga S Z * U S[* u u Ethe pdsedar stroma,
and claim the presence of a new well-defined layer (Bual, 2013). This technique, first
described by Anwar and Teichmann (2002), is often used during deep anéenieltar
keratoplasty (DALK) surgery, which involves removing the anterior region of theacand
% E » EAJVP 8Z Z 08ZC =+ uS[cuu EvVv Vv Vv IZZ @G}l Jv }E
of endothelial graft rejection. However, if the patients does not have atlmeélinctioning
endothelium, the more traditional penetrating keratoplasty surgery is performed (full
thickness graft.) Using the big bubble technigDeaet al. (2013) revealed that it was
% }ee] 0 8} % 0 }(( < u S[*uu EV }u%o 5 oCOAPsSZius (o §
therefore, the authors suggests an additional well-defined, acellular layéeipite-

e u S[e }EV ~)&HEtKerdwWark by Duat al.(2014) used immuno-labelling to
show that type VI collagen is presentintheprese u S[e 0 C EU v }vS]vu ¢ JvsS} S
trabecular meshwork, indicating that the pi2ee u $[* 0 C & ]¢ }v3]vplue A]JSZ 82
trabecular meshwork at the periphery of the cornea. al. (2015a) provided further

Al v 8Z § 8Z]* 0 C E J» Zuv]<p [ C u}ve3® 3pvPVEZ 8§ C &

excising its posterior wall, further injection on air could not producetler big bubble,

suggesting that the bubble is dependent on the existence of pre- u S[¢ o C EX

These findings have been controversial as previous studies have shown simditagsin
between the posterior stroma and Desa $[* u u E v U 03Z}uPZ 8Z C Z A Vv}$§
that this is a distinct corneal layer. Jafarinasalal. (2010) examined corneal stroma and
e US[*uuEv S]eep }S]v (E}u JP pu o0 (}EuU S]}v]v il «
This tissue became availableld 3 v AES ve]A § E Jv + u S[*uu E v U (
the initially intended DALK procedure being converted to pengtgakeratoplasty.
/v E *3]vPoCU 0]PZ38 v o0 S3E}v u] E}e }%C E &2 0o ZE ]
« u 3[* u u E vcluwadszgnstant in thickness in 2 of the samples (6.4 - 12.3um)

(Fig. 1.6B). However, the residual stroma from one of the samples varied from 9.5 - 25.8um,



indicating that separation may not occur at a single plane. Similarly, Matkale(2011)

created big bubbles in 30 corneoscleral discs that were deemed unsuftabl

SE ve%o vS S]}vU v EE&] }usS Z]*S}o}P] opl w3ESUIYX dZ]-
§§ Z 8} 38z e usS[cuuEv }( ooii }YEV <UVAIEZ( u v v

7um (range 2.6 - 17.4um) which concur with the findings by Jafarinetsalb(2010)

ZZ *] L 0 *SE}IU [ ]* o0} « E] ]Jv <Ju]lo EMekegetal,C $Z <« u

2012) In earlier work, electron microscopy demonstrated a network of fibres locatedeat th

%}eS E]}E *SE}uU v e U S[*suuEv ]Jvs E&( EZ e® u pE&E i

(Binderet al, 1991). Similarly, when studying the ultrastructure of the posterior stroma,

Schlotzer-Schrehardtt al. (2015) described the presence of an anchoring zone of

Jvd EA}YA v }oo P v (] E]o sstréma ihterface. Th& game study provided

counter evident against a new distinct layer, showing that the layer isceltudar, and that

the cleavage plane is determined by the variable distance of ke@toce (E}u ¢ u S[e

membrane (Schlotzer-Schreharektal,2015). Hence, suggestions by Dua and colleagues

that a novel layer exists in the corneal stroma has been met with consgydesteet al,
2013, Mckeeet al, 2014)

Figure 1.6Big bubble techniquelmage A shows a big bubble, viewed from the endothelial side of

8Z }EvVv X e+ ud[+uuEvV J* ]JVP % o0 }(( AZ]lo*3 3Z u o E u
(magnification x400) demonstratesrgsy 0 *SE}u ~"*« §§ Z 8§} ¢ u §[*uu E v ~
following the formation of a big bubble. The endothelium (E) and a keratocyte (arrow)stabeal

seen. Image A taken from (Dagal.,, 2013), image B taken from (Jafarinasahl., 2010).



1.1.6. DescemS[* D u E v

e US[*uuEVvV ] *]Su S 3 A and &ritlothali@n}and consists
primarily of type IV collagen (Marshadt al, 1991a), as well as fibronéctSabet and
Gordon, 1989), laminin (Marshat al, 1991a), type VIII collagen, and various proteoglycans
(Joyce, 2003). The membrane consists of an anterior and posterior layer, which are both
structurally distinct (Fig. 1.7).The anterior 3um layer is secreted befoite dnti consists of
highly organised collagen that appears banded when viewed withreleaticroscope
conversely, the posterior layer is unorganised with no particular pattern octstre, and is
produced after birth. Additionally, the posterior layer gradually increaseahickness with

age, from 3um at birth to approximately 10um suggesting that the synthesis of @oenps

is higher than the degradation, or that there is no degradation occufdagce, 2003,

Johnsoret al, 1982).

Figure 1.7. Electron micrograph of « u S[e
membrane The image shows the location of
e US[*uuEvV ~DeU 3A v 3Z +3E}u
anteriorly, and the endothelium (EN) posteriorly.
Within DM, the banded anterior region (A) can be
seen, as well as the more unorganised posterior

region(P). Taken from(Delmonte and Kim, 2011).
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1.1.7. Endothelium

The corneal endothelium is the innermost layer of the cornea, formed by a mgradé

cells that act as the boundary between the stroma and anterior chanavet form an
irregular polygonal mosaic (Fig. 1.8). These cells are typically hexagonal and gaptand
tight junctions. During adulthood, the thickness is approximateiy 4jioyce, 2003). Corneal
endothelial cell density decreases throughout lifethis has been shown in a 10 year study
where cell density decreased by around 0.6% per year in adults (Beuatge1997).
Furthermore, this decrease in cell density occurs at a faster rate durindgpabddas

specular microscopy has indicated that there is a decrease from 6000 cefl$8500
cells/mn? throughout the first 5 years of life (Nuast al, 1990). However, a portion of this
decrease is due to cornea growth (Bourne, 20032 +]}v 8} §Z }A EoCJvP « u §J[e
membrane is achieved due to the presence of hemidesmosomes on one of the ehdloth
surfaces. Corneal endothelium plays an important role in transparency by théemante

of deturgescence i.e. keeping the stroma in a relatively dehydrated state, asalation of
fluid would disturb the uniform spacing of collagen fibres (see sedti@drb). A second
function of the endothelium is to transport nutrients across this barnent the aqueous

humour via facilitated diffusion as there is no blood supplyhercornea.

The endothelium is able to carry out these functions as it acts as a partiararfiuid
movement into the cornea and also a pump that actively removes water frenstttoma to
the agueous humour. The function of controlling hydration is possible asdaieof the
endothelium possess gap and tight junctions, and there is interdigitaif lateral
membranes from adjacent cells, which contain high densities of NA+TRa&s& pumps
~:}C U TiitU  ou}vs v <JuU TiiieX Vv }SZ o]Jpu % Ey]& Zo |]vl
into the cornea through the porous barrier, although the rateeal is restrained by the
tight junctions. Excess fluid is then removed down the osmotic gnadiollowing a net flux
of ions from the stroma to aqueous humour due to the active transpa@timanism of NA+,
K+-ATPase pumpsd Z]e Z -« v § @mp-leak‘péecess(Bonanno, 2012). Both
barrier and pump endothelial functions are critical in maintagncorneal transparency by

controlling corneal thickness.
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Figure 1.8. Corneal endothelium
The image was obtained by
specular microscopy from a
normal healthy endothelium,
where the irregular polygonal
array of cells is evident. Taken

from (Duaneet al., 1998).

1.2. Corneal collagen nanoscopic structutdibril organisation

}oo P v u}lo po e E u (E}lu SZE %}oC¥v %F](}EUZ |G| EZSS
handed triple helical structure that is stabilised by hydrogen Isofftaseet al, 1979). All
members of the collagen family form this structure, however, their size tifomand
distribution in the ECM varies considerably. Each alpha chain containgpéatiregy amino
acid triplet sequence Gly-X-Y, where X is often proline, and ers&fiydroxyproline; this
high glycine content plays an important role in stabilisatiotheftriple helix as it facilitates
hydrogen bonding and intermolecular cross-links. Collagens can be heterotriameki
Jveled3 }( 1(( E v8 8C%o *» }( 0%Z Z Jve |X X PABZiISZ](¢*@E+ Vv }
slightly in chemical composition, or they can be homotrimers, which atefbam three of
the same type alpha chains. The triple helix may have interruptiomaperfections,
depending on the collagen type. Additionally, collagen molecules haaadNE- terminal
domains (non-collagenous domains) and assemble in a hierarchical manner lageool
fibrils in the ECM, before further assembling into structures saschheets or bundles,

depending on the tissue type.
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The corneal stroma contains a number of different fibril-forming, FAGtTnhan-fibril

forming collagen types. Fibril-forming collagen of the corneaidectypes I, 11l (Davisast

al.,, 1979) and V (Bir&t al, 1986) as they are capable of self-assembling into striated fibrils
as the name suggests. Corneal non-fibril forming and FACIT collageds itypes VI
(Zimmermanret al, 1986) and Xll (Wessetl al, 1997). There are also various other
collagen types found throughout the cornea in minor quantitiesluding types XllilI, XIV and

XXIV.

1.2.1. Biosynthesis

Collagen fibril biosynthesis begins in the rough endoplasmic reticafigtnomal
keratocytes as three alpha chain are synthesised and assembled as longesprecalled
procollagen. Selected proline and lysine residues are then hydroxydateag post
translational modification before the three chains form a triple xeditabilised hydrogen
bonding between hydroxyproline residues. Non-collagenous domains flarfiengiple
helix also play an important structural role in initiating helix fotimaand regulating
primary fibril diameters. Moreover, the globular structure of the C-propepisdgabilised
by intrachain disulphide bonds before the triple helix is formed. Aftec@ssing and
procollagen assembly, molecules are packaged into secretory vesicles in the Gokyi be
being secreted into the extracellular space, where they are processed into aerstae by
removal of the N- and C-terminal propeptides by propeptidase enzyrhesallows the
molecules to assemble into parallel arrays to form microfibrils whichrimdoil together to
form collagen fibrils that subsequently form orthogonal lamellae indtveal stroma. It is
thought that there are about 70 microfibrils within each colladinil in the cornea
(Holmes and Kadler, 2005). Collagen fibril biosynthesis is represented schematiEajlyre
1.9.
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Figure 1.9. Collagen biosynthesiEhis schematic diagram portrays the major events in the
biosynthesis of fibrous collagen. Post-translational modifications occur in the routgiplasmic
reticulum (ER), including hydroxylation and disulphide bond formation before the triplefoehs.
Molecules are then secreted into the ECM, where they form fibrils. Adapted from (Leidish
2000).

1.2.2. Fibril-forming collagens

Fibril forming collagens are the most abundant and widespread family afjeolt as they

are responsible for providing tissues such as cornea and tendon wihdestrength, and

are capable of forming striated fibrils with a 65nm repeat (Fig. 1Ty are synthesised as
procollagens containing N- and C- propeptides at each end of thecalelevhere the

formation of fibrils requires cleavage of the C- propeptide. Stromal collegermmarily the

fibrillar type | collagen in a heterodimeric complex with type V coila@ég. 1.11), which is

§Z Ulv}E }u%elv v8X dC% [/ }oo P v ]e Z S (B}S@]UivE (}CEuU

ri Z1lvsZ S Z s v} ]Jub E( S]}veX dC% sEdCPu® I]JP Evid o] d
assembly in the cornea, ig fE u C SZ ]*}(}EuU ri~sel ri~se v ]88 ] % @E& -« \

collagen is expressed. The molecules are staggered one quarter of their length avhap
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zone and overlap zone between molecules indicates alternating regions ofogletdnsity,
resulting in the fibril appearing striated. Using electron microscopy gmssbieen

demonstrated in the cornea (Meek and Holmes, 1983).

40 nm
300 nm 1
T monomers

| L ] L 1
1 1
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collagen fibril

'(%riod\

65 - 67nm

Figure 110. Fibrillar collagen molecule packing.: the staggered arrangement of collagen

ulo pHo ¢« E & + ZP %[ Vv Z}A Eo %[ |}v-persodicityd8:Edjlagen fibdl 0O fivu
stained with sodium phosphotungstic acid, demonstrating the banding pattern. C: further staining
with uranyl acetate reveals transverse bands within the D-period. Top image adapted fromgGelse

al., 2003), bottom image (Kadlet al., 1996).

Type | and V collagen, along with type Ill, were identified in the costeha in 1982, with
type | shown to be predominant (Newsoraeal.,, 1982), before the discovery that both
type | and V collagen are co-distributed within the same fibiik (& al, 1988). The
interaction between the two collagen types was studied in embryonikaudmeas where
monoclonal antibodies where used to visualise type | and V collaggmimal fibrils (Birk
et al, 1986). Results showed that type | collagen was detected at all times, but typs V

only seen when the fibril structure was disrupted (Bitlkal, 1986). The same author
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discovered that the presence of this heterodimeric complex plays aori@aut role in
controlling fibril diameter in the cornea. Type | and V collagen intenastwere studied
using an in vitro self-assembly system where increasing amounts of typeeV wer
progressively mixed with type I, resulting in decrease in mean fibril diametergtBatk

1990) Furthermore, Marchanét al.(1996) used a dominant-negative retroviral strategy to
reduce the production of type V collagen secreted by chick corneal fibroblastgting in

the production of abnormally large collagen fibrils being depositeédermatrix. For a more
extensive review of type I/V heterotypic collagen fibrils see (Birk, 2a@pe IIl collagen is a
homotrimer of three alphal chains and has also been located in theeabstroma laid

down as striated fibrils, in a similar fashion to type | collagen (Marshall, 1991a)

RIS IS IS SIS Figure 111. Heterotypic corneal stromk

SEBBBBLLLBLLLL

collagen fibril This heterotypic fibril
(bottom image) is composed of type |
collagen (white), type 1l collagen (black),
and type V collagen (blue). The N-pro-
peptide domain of type V collagen

projects to the fibril surface where it is
thought that fibril diameter is regulated.
The middle image demonstrated the
guarter staggered arrangement of
molecules resulting in a striated fibril.
Fibrils are further stabilised by the
presence of covalent intermolecular
cross links between molecules (top

image). Taken from (Duare al., 1998).
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1.2.3. FACIT ananfibril forming collagens

Fibril associated collagens with an interrupted triple helix (FACIT) are p gircollagen
that have interruptions in the triple helical domain, as the name satgy They are normally
located on the surfaces of fibrillar collagens, as seen by immuno-electron microscopy
(Keeneet al, 1991a). Type Xll collagen is a FACIT that interacts with type | coltagas
initially identified as cDNA from chick tendon fibrobla@srdon et al, 1987).
Immunohistochemical analysis identified the presence of type Xll collagisnse
connective tissue that contain type | collagen such as tendon and ligaf8agrueet al,
1989)before it was identified in the corneal stroma using the same teclesqWesseét
al., 1997, Gordoret al, 1996)U AZ E ]3 A « u}@& o} o0]e § Z]vs E( ] o &
JAu vie 0 @ E+« u S[*uu Ev u $ 3Borddn@ hl 1996)
Furthermore, corneal type XII collagen as it is present in its long vawaeteas the short
variant is present in other tissues (Wessthl, 1997). Functionally, type XII collagen is
thought to be involved in stabilising fibril arrangement by bridgingfiiwé!s (Shaw and
Olsen, 1991, Wesset al, 1997)

Type VIl is a beaded-filament-forming collagen found in the interibnflatrix of human
corneal stroma (Zimmermanet al, 1986) and makes up 17% of the total collagen content
in the cornea. Type VI collagen molecules aggregate into repeating tetramensingsua
10-15nm diameter, beaded, non-banded filament (Michelacci, 2003) (Fig. Th&se
beaded filaments have a 100nm periodicity, they are located between striatedjenlla
fibrils in a meshwork arrangement, and control the arrangement of thesdsfibyi
interactions with proteoglycans, as well as acting as a bridging filaraedtbinding corneal
lamellae together (Nakamuret al, 1993, Nakamurat al, 1997, Hirscket al, 2001). It has
also been suggested that type VI collagen may play a role in increasing cellsasyi

demonstrated byin vivoand invitro analysis of the avian cornea (Howell and Doane, 1998).
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nla Figure 112. Type VI collagen assembly alpha
e

chains combine to form a monomer, which in turn

Monomer (—o
N combines with another monomer to form an
Dimer .H
N antiparallel dimer. Two dimers subsequently combine
Intracellular S— tgz
— { to form a tetramer. End to end aggregates of
Extracellular l

':m: tetramers result in the beaded appearance of type VI
-

collagen as seen hy electron microscopy (Scalet bar

100nm). Taken from (Kadlet al., 2007).

1.2.4. Corneal collagen fibrils

Collagen accounts for approximately 70% of the total dry mass in the cornemajbty

of this collagen is found in the corneal stroma, where individual collagen oleteheld
together by intermolecular bonds combine to form fibrils, which subsetilyéarm

lamellae sheets. Corneal transparency is highly dependent on #figpsize and spacing of
collagen fibrils, hence they are uniform in diameter and are evgpdiged in the cornea

(Meek and Quantock, 2001, Maurice, 1957) (Fig. 1.13). The collagen fibrils travel agross th
whole cornea before merging with collagen in the limbus or contintoripe sclera. In the
cornea, the axial periodicity of collagen is 65nm, compared to 67rothier collagenous
tissues such as tendon (Meek and Boote, 2004, Meel, 1981). Each individual molecule

is roughly 1.6nm apart, although it has been suggested that this spacie@ses with age

and is governed by fibril hydration (Makk al, 1992, Daxeet al, 1998, Meelet al, 1991)
Conversely, interfibrillar spacing seems to decrease with age due to changeteiogbyoan
composition (Maliket al, 1992, Kanai and Kaufman, 1973). Small-angle X-ray diffraction has
portrayed that fibril diameter is constant throughout the central mea at around 31-34nm
(Meek and Leonard, 1993, Davedral, 1998, Booteet al, 2003, Kanai and Kaufman, 1973),
until the fibrils reach the limbus, where there is a 75% increaskameter (Booteet al,

2003, Booteet al, 2011). Moreover, fibril diameter increases in the periphery where
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corneal collagen begins to merge with scleral collagen (Bebté, 2011). Fibril diameter
has also been shown to increase with age (Daxed, 1998, Meek and Leonard, 1993),
potentially due to increased amount of collagen cross-linking during ageingimgsul
molecules being pushed apart. Furthermore, collagen fibril spacing is 5-7%hother
central third of the cornea, often called the prepupillary layer, comparedhéoléss curved
peripheral regions, suggesting that it is more closely packed (Baak 2003). In
comparative studies of various species using X-ray diffraction, fibril diameter
interfibrillar spacing varies greatly between different species, wherea#lhevolume
fraction (% space occupied by the fibrils) remains constant, indicatingsthalier fibrils
pack closer together (Meek and Leonard, 1993,ebwil, 1988)

Three dimensional reconstructions of corneal collagen molecules have beemoustedy
the organisation of collagen fibrils using automated electron tomogyaftese results have
shown that collagen molecules in 36nm fibrils are organised into micisfikinat are
uniform in diameter (~4nm), and are tilted by ~15 degrees right-handdde long axis of
the fibril (Holmeset al, 2001, Baldockt al, 2002). It has been postulated that this tilting
may be the reason why the axial periodicity in decreased in the commeaared to other

tissues(Meek and Boote, 2004).

- %‘ SRASEE  Figure 113. Corneal collagen fibril
X

organisation This image, obtained by

A
,\

transmission electron microscopy, shows
small diameter collagen fibrils lying within
two transverse lamellae. Two longitudinal
lamellae can also be seen. Scale bar 1um.

Taken from (Meek and Boote, 2009).
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1.2.5. Corneal transparency

The precise organisation of collagen fibrils in the stroma providesdhreea with a unique
property, transparency, by transmitting and refracting light that paskesugh the tissue
Maurice (1957) proposed that collagen fibrils, that are uniform in di@mand regularly
spaced, are arranged parallel with one another into a defined long ratigeel It is
suggested that each fibril scatters a small amount of light due to therdifte in refractive
index between the fibril and intdibrillar matrix, where the lattice arrangement leads to
destructive interference of scattered light in all directions otkiean the forward, resulting
in a transparent cornea. However, this theory is disputed by Hart and Farredl)(1@6o
propose that only short range order in the position of collagbril§ is important for
transparency. This short range order has been demonstrated witly Xiffraction (Sayers
et al, 1982). Furthermore, Benedek (1971) indicated that scattering does not obeumr w

the distance between collagen fibrils is less than half the wavefheoiglight in the medium.

Another theory states that transparency is based on consistent refractive imderpies

of corneal components and regular fibril spacing (Smith, 1969). Téws\tisuggests that the
refractive index of collagen fibrils is similar to other matrix componae,lting in minimal
scattering of light when passing through the cornea. The theory ctsith results
discovered by Leonard and Meek (1997), where X-ray diffraction showeththegfractive

index of collagen fibrils differs to that of the surrounding matrix.

Proteoglycans also play an important role in corneal transparency duestodbility to
maintain and develop the unigue collagen organisation in the stroma i.e. maintain
interfibrillar spacing (Hassedt al, 1980). Furthermore, corneal hydration is thought to have
a profound effect on transparency as swelling leads to scattering dfisagrt quantities of
light (Meeket al, 2003). In comparison to collagen arrangement, little attention has been
paid to the role that stromal cells play in corneal transparency.tiidaght that stromal

cells contain corneal crystallins that are able to change the refractoex of the cells
cytoplasm closer to that of the ECM to eliminate scattering, althoulgbnwactivated during
wound healing, there is a mismatch in refractive indices that sigmitiic contributes to light
scattering (Jester, 2008, Jestdral, 1999a, Gardneet al, 2015)
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1.3. Corneal collagen microscopic structutdamellae orientation

As mentioned previously, the corneal stroma consists of between 200 and 30@dtack
lamellae (Fig. 1.14) at the centre, and around 500 at the limbus, @aechich is ~2pm thick
and contains collagen fibrils that are parallel to each other, antieéacbrneal surface

(Meek and Boote, 2004, Komai and Ushiki, 19Bajthermore, the fibrils that make up the
lamellae are arranged between 0 and 180 degrees relative to the adjraetla (Meek

and Boote, 2004, Radnet al, 1998a). This specific organisation of the collagen network is
responsible for giving the tissue mechanical strength, and hence tligy absist tensile

strain. Scanning electron microscopy has demonstrated that lamellae $pltiianches in

two directions; horizontally throughout the stroma, and antero-posteriorlthm anterior

third of the stroma, and these branches are interlaced with otherdllae by crossing of

fissures (Radnest al, 1998a, Komai and Ushiki, 1991).

i £ el
9

Figure 114. Transmission and scanning electron micrographs of cott@aellae Left imaget

Layers of lamellae (L) can be observed in the corneal stroma with keratocytes (K) located between
layers (x8600). Right imagdnterwoven lamellae (arrows) can be seen crossing at an angle in the
mid-stroma. Interlacing between lamellae also occurs (Small arrow head) where a lamella splits into
2 branches (Scale bar = 10um). Images taken from (Komai and Ushiki, 1991) (left) and (Meek and
Fullwood, 2001) (right).
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1.3.1. In-plane lamellae organisation

Lamellae orientation has been studied extensively in recent years using X-ray sgatteri
techniques Using powerful synchrotron sources, these techniques have been used to map
collagen fibril, and subsequent lamellar directions throughoutwimele cornea, and allows
the tissue to be studied at close to physiological hydration (Meek and Quar00k,

Meek and Boote, 2004). Results from using these techniques have shown teor@def
orientations of the orthogonal collagen fibrils in the central human cakrstoma, which

are as follows; horizontal (nasal-temporal) and vertical (inferior-superior) (Meak 1987,
Daxer and Fratzl, 1997, Boageal, 2006, Abahussiat al, 2009, Aghamohammadzadeh

al., 2004, Meek and Newton, 1999 owever, using femtosecond laser technology to study
the orientation at different depths of the stroma, these prefatrerientations have been
shown to be more prevalent in the posterior stroma; conversely, the anterior stroas
shown no preferred lamellae orientation and it is thought that @&ys a role in resisting
intraocular pressure and maintaining corneal curvature (Abahuetsah, 2009,
Aghamohammadzadeét al, 2004). These preferred orientations are depicted in Figure
1.15.

This preferred orientation occurs at the centre of the cornea and tamgthin 2mm of the
limbus; from there, the orientation gradually changes to tangentispadsition of fibrils

occurs (Aghamohammadzadehal, 2004, Meek and Newton, 1999), which probably
originate from the adjacent sclera, although this has been shown to be restriotthe
posterior stroma (Kamma-Lorget al, 2010). Further studies have discovered that collagen
is preferentially aligned outside the central 6mm of stroma, until 1-hbbefore the limbus
(Booteet al, 2011) Additionally, studies have portrayed that roughly 60-66% of the
collagen fibrils in the stroma are situated within 45 degree sectorseotiperior-inferior
direction, and one third in the nastemporal preferred direction (Daxer and Fratzl, 1997,
Newton and Meek, 1998b); however, some corneas showed significantly highdévielsls

in one of the two preferred directions (Boo#t al, 2005).
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Figure 115. Polar plot map, obtained using wide-angle X-ray scatteriife above map shows
preferred collagen fibril orientation across the human cornea, limbus and sclera at 0.4mm intervals.
The gradual change from orthogonal to a more tangential arrangement of collagen can be seen from

the centre to the limbus. Taken from (Meek and Boote, 2009).

1.3.2. Transverse lamellae organisatibdifferences between anterior and posterior stroma

Lamellae orientation is known to differ between the anterior and postargions of the
corneal stroma. As mentioned previously, the preferred lamellae orientaticer® more
prominent in the middle and posterior layers of the stroma whereas the antéayer was
more isotropic (Aghamohammadzadehal, 2004, Abahussiat al, 2009). Furthermore,
lamellae in the anterior stroma are thought to be 50% more dense wbempared to the
posterior stroma (Bergmansagt al, 2005) and also twice as thick (Komai and Ushiki, 1991,
Quantocket al, 2007). The middle and posterior regions are orthogonally arranged and
more parallel to the surface, whereas the lamellae in the anterior stransahighly

interwoven with branching of fibrils. These patterns of lamellar orgamisdiave been
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detected using both electron (Komai and Ushiki, 1991) and more recentigaain
(Morishigeet al, 2006) and second-harmonic imaging (Morishegal, 2007, Jesteet al,
2010)microscopy. Additionally, these techniques have also shown that lamellae bradch an
obliquely transverse the anterior cornea, inserting intpAu v [+ o, @doviding an
anchoring function (Morishiget al, 2006, Komai and Ushiki, 1991, Morishegeal, 2007,
Jesteret al, 2010)

Second harmonic-imaging later showed that the insertion angle ijtdu v[+* ow@asE
~19 degrees (Morishiget al, 2011). Increased interweaving in the anterior stroma is
thought to cause a bigger spread in lamellae inclination anglesnparison to the
posterior stroma (Abasst al, 2015, Winkleet al, 2013). Transverse lamellae were not
detected in rabbit corneas, indicating that this organisation imho corneas alters the
mechanical properties in the anterior stroma, and results in it beiogenstiff and resistant
to tensile forces than the posterior stroma (Morishigeal, 2006). Furthermore, in a study
analysing human corneal stroma in extreme hydration, it was found treanterior 100-
120um of anterior stroma resisted swelling and maintained the corneal cuvdMuller et
al., 2001). This provides further evidence that the interwoven and transversginised
lamellae in the anterior stroma contribute to increased rigiditynpared to the middle and
posterior regions. A high degree of interlacing between lamellae has also beeinsine
mid stroma (Radner and Mallinger, 2002). At a fibrillar level, using elentrarographs it
has been reported that in the posterior stroma, fibrils are approximatétysmaller in
radius and 1.12 times greater in number density when compared to the iantgroma
(Freundet al, 1995).

1.3.3. Corneo-limbal junction

As mentioned previously, there is a reversal in curvature as the corneal collpgeraches
the sclera at the limbus. This change is a result of a diffexagen fibril preferred
orientation. Using scanning electron microscopy to measure cross angles in thequosteri
limbus, it was discovered that 68% were less than 30 degrees; it has bggested that a

pseudocircular lamellae orientation is created at the limbus by these smaB angles

24



(Radneret al, 1998a). In a different study using X-ray diffraction to compare fibril
orientation in the cornea and sclera, a circum-corneal annulus of collggels was

discovered at the limbus that ran circumferentially; it is thoutlat this arrangement

assists in maintenance of corneal curvature (Newton and Meek, 1998a, Meek and Newton,
1999) Newton and Meek (1998b) followed up this study in order to determme the

collagen fibrils in the two preferred orientations integrate aétbircum-corneal annulus of

the limbus and found that the fibrils change direction to ircumferentially (Fig. 1.16).
These findings have been consolidated in a separate study using Xfragtioi, where it

has been postulated that this apparent bending of fibrils cdaddgpossible by lamellae

splitting and fusing with other lamellae that are running idifferent angle (Meek and

Boote, 2004)

More recent X-ray diffraction work has shown that circum-corneal arsthlat surrounds
the cornea at the limbus resides predominantly in the posterior regicthe cornea
(Kamma-Lorgeet al, 2010). Furthermore, orthogonally arranged lamellae in the central
6mm of stroma change direction 1-1.5mm before the limbus in order to integsgh
circumferential fibrils (Bootet al, 2011). As mentioned previously, as well as a circum-
corneal annulus, there are also lamellae with a tangential orientatigheaposterior limbus
(Aghamohammadzadeét al, 2004) containing larger diameter fibrils (Bo@&teal, 2011)
that are likely to originate from the adjacent sclera, and have therefoentiermed

Z v Z}E]vP d¢Meeband Knupp, 2015), as they may play a role in maintaining the

structural integrity of the cornea and sclera.
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Figure 116. Schematic diagram of fibril
orientation. The diagram portrays the preferred

orientations (black lines) of fibrils in the cornea

and the proposed orientation change to run

=~ circumferentially at the circum-corneal annulus.

— Anchoring lamellae with larger collagen fibrils

can also be seen running tangentially. The

colours represent collagen distribution, where
total X-ray scatter from fibrillar collagen remains
constant (yellow) until an increase is observed
(orange) ~1.5 mm from the limbui§aken from

(Meek and Knupp, 2015).

1.4. Proteoglycans

Corneal transparency and strength is dependent on other matrix componealsas
proteoglycans, as these molecules play a role in regulating the precise cdilaglen
organization in the cornea. Small, interstitial proteoglycans aresédu®nd major
constituents of the corneal ECM behind collagen, and by interactithgowilagen, they are
responsible for controlling the size and arrangement of collagen fibrilgeistroma.
Interactions between proteoglycans and collagen fibrils have been demadedtin three-
dimensions (Lewist al, 2010, Parfittet al, 2010). These macromolecular structures consist
of a leucine-rich protein core that has glycosaminoglycan (GAG) side cloailently

§§ Z S8} 18X " '[+ & o}vP pv E Vv Z %}0oCe Z E%Z {}EuU
disaccharide units. The negative charge that these chains carry makes theopthlidr
therefore, water is attracted which helps the tissue resist compressive foiideste are
% E }u]v v30C SZE SC% * }( " '[*]v SZ }EvV \NOEZeev E |
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dermatan sulphate/chondroitin sulphate in the same chain (Meek andeB@®09). It is
thought that proteoglycans control matrix assembly as the protein cores bindltagen

v §Z ' '[+ }vSE}o JvS & (Ha@ahd diuR00%p. Injthécornea, the main
typee }( W'[e & SZ Eu S vl Z}v E}]S]V *po%oZ P oGuist]V]VP
al.,, 1992), and the keratan sulphate containing lumican (Blochbexgat, 1992), keratocan
(Corpuzet al, 1996) and mimecan (also called osteoglycin before it was renamed
(Funderburghet al, 1997)), which differ from each other by the core protein that is pnése
(Michelacci, 2003).

It is believed that keratan sulphate assists in the maintenanceltdgen fibril spatial
conformation in the cornealn macular corneal dystrophy, a lack of keratan sulphate results
in significantly lower centrés-centre interfibrillar spacing, ultimately causing thinner
corneas (Quantocekt al., 1990). When lumican-null mice corneas were studied using X-ray
diffraction, the results indicated that the stromal collagen organiratvas in disarray and
fibril diameter varied significantly, portraying the structural importe of keratan sulphate
(Quantocket al, 2001). In a study looking at bovine corneal stroma in vitro, lumican and
decorin were shown to inhibit the rate of fibrillogenesis and subsedyazontrol matrix
assemble; additionally, the presence of lumican resulted in the fiteilsg significantly
thinner in diameter compared to fibrils without the presence of/groteoglycans the

protein core was deemed responsible for this as opposed to the GAG sites ¢Raidaet

al.,, 1993). Furthermore, homozygous knockout mice lacking derived of lumican demonstrate
corneal opacification due to the presence of thick collagenlgilteick of fibril organization,
portraying the crucial role that lumican plays in regulating fibrilkghoand assembly in the
stroma; it should be noted that these findings were more apparenéposterior stroma
(Chakravartet al, 1998, Chakravarét al., 2000). Similarly, although keratocan knockout
mice maintain transparency, they have thicker collagen fibrils and decreagadination

that is less severe than the lumican knockout mice phenotype, it is thobghkeratocan is
an important regulator of corneal shape (ldtal, 2003). Keratocan expression has been
shown to be regulated by lumican which is thought to explain thewiffce in phenotype
severity between lumican and keratocan deficient mice corneas (Caetsaln 2005).
Interestingly, mimican deficient mice, stromal architecture is normal, sugggesiat

mimican has a lesser role in corneal collagen fibril organisation (Beethkr2005).
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1.5.Cell types

1.5.1. Keratocytes

Keratocytes are the predominant cell type in the stromal ECM, where thdpeated

within the lamellae, and are responsible for sectreting the matrix componeatsgen and
proteoglycans (Fig. 1.17). The dendritic processes protruding from theokgtas enable
them to form an interconnected cellular network (Fig. 1.18) whichclés use to
communicate with each other, and various techniques have been used tordgtrate this
(Muller et al, 1995, Hahneét al, 2000, Poolest al, 1993). Keratocyte cell bodies are
compact and it has been suggested that a reduced surface area exposgit welcreases
the scattering, ultimately aiding transparancy (Hassell and Birk, 2010). Aomehti
previously, light scattering is also reduced by the presence ofdireeal crystallins
transketolase and aldehyde dehydrogenase (Jestet.U i668 « AZ] Z u § Z §Z 00°¢|
refractive index to that of the surrounding ECM (Gardeeal, 2015). Quantitative analysis

of keratocyte densityn vivoshowed that it was roughly 20,000 cells/mrhighest in the

anterior 10% of stroma, and that it decreases approximately 0.45% a year ¢Patel

2001).

Figure 117. Haematoxylin and eosin staining of mouse corn@de cross section shows the
location and morphology of keratocytes in the corneal stroma (S), situated between the corneal
epithelium (CE) and endothelium (E). Taken from (West-Mays and Dwived), 2006
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Keratocytes lie quiescent in the cornea until injury occurs, resultimgo possible
outcomes depending on the environmental signals present. Firstly, thedatats may be
stimulated to undergo apoptosis, which was discovered by microinjecting Interldukito
the mouse stroma (Wilsoat al, 1996). The extent of apoptosis is thought to differ
depending on the type of injury (West-Mays and Dwivedi, 2006). For exampdeo &gie
apoptosis following PRK is seen in the superficial stroma, whereas LASIKinegudistosis
occurring deeper in the stroma (Wilsat al, 2003). Additionally, the cells may be activated
to become repair phenotypes; this option promotes regeneration or induces fdosotar
formation due to the trans-differentiation of keratocytes into fibroblaslistal to the
wound, unlike the corneal epithelium, which is capable of hgathout scar formation
(Pinnamaneni and Funderburgh, 2012). The formation of fibrotic scars fojdwveialing has

catastrophic effects on the originally transparent cornea.

Keratocytes are activated and migrate to the site of injury following thiminvave of cell
death. At this stage, the cells begin to show morphological changes suttreassed cell
size into a fusiform shape and multiple nucleoli, which are charatits of fibroblasts
(West-Mays and Dwivedi, 2006). Myofibroblasts are an additional keratocyteopjpen
that are seen in the stroma following injury. They are larger in appearancex@rdss
alpha smooth muscle actin, which differentiates them from normal tlasts. It is thought
that myofibroblasts secret and organize the ECM during repair (West-MayBwivedi,
2006).

Various tissue culture techniques have been used to study keratocytaaweti. It has been
discovered that when culturing keratocytes in media without the presericgerum, they

display a similar phenotype to that of a quiescent keratocyte in vivo, asictendritic
morphology and keratocan secretion (Beaggsal, 1999). Conversely, when cultured in

media containing serum and various growth factors such as transforming growth factor beta
(TGFisU 8Z | E 8} C8 » «Z}A Z & § E]*8] » }( 3]A 8]}v op Z
actin expression (Jestet al, 1996), as well as the decrease in the expression of keratan
*UO0O%Z § W'[e ~&etwal, 203y BuRd&rburgbt al, 2001) and decreased

>

expression of corneal crystalins (Jestéal, 1999a). TGFB-]s « & $ C }&v o
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epithelial cells. When keratocytes are cultured without serum and expasd®GFtU SZ C
transform into myofibroblasts, and this can be inhibited by antibodies block TGR-
(Jesteret al, 1999b). However, keratocytes cultured with serum in vitro with fibest
growth factor 2 (FGF-2) added stimulated keratan sulphate PG expression as the
keratocytes maintained their characteristic phenotype, indicating Keaaitocyte fate is

dependent on the growth factors that they are exposed to (Lenhgl, 2000).

Figure 118. Electron micrograph of corneal
keratocyte network The image shows how
dendritic processes extend from the keratocyte cell
bodies are for interconnected networks throughout

the tissue. Image taken from (Knapeeal., 2011).

1.5.2. Stromal stem cells

In addition to keratocytes, it is thought that the stroma may contagmell population of
corneal stromal stem cells that display properties of mesenchymal stem(egllsamaneni

and Funderburgh, 2012, Branehal, 2012). As mentioned previously, keratocytes

proliferate during wound healing and in vitro into fibroblasts. In agtusing bovine

stromal cellsn vitro, 3% exhibited clonal growth, expressed a number of mesenchymal stem
cell markers, and were able to maintain keratocyte phenotype followmogfpration
(Funderburghet al, 2005). Yoshidat al. (2006) demonstrated multipotency in the mouse
*SE}u }( 00+ 38Z 8§ 38Z C S-EE]AZV PEVO 0@bhoE UE}E[X dZ -«
expressed various stem cell markers and had the ability to differenh&teadipocytes and
chondrocytes (Yoshidet al, 2006). A population of cells that had stem cell characteristics
such as, multipotent differentiation potential and clonal growth haso been isolated in

the human corneal stroma near the limbus; these cells were also abletmpe stromal

matrix following expansion in vitro (Det al, 2005, Wuet al, 2014, Wuet al, 2013). The

ability of these corneal stromal cells to replicate in vitro whilstrteaning the potential to
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differentiate and lay down stromal matrix could have profound potential imeaf
bioengineering. An example of this has been demonstrated in vivo, whenat corneal
stem cells were injected into opaque mouse corneas where they began tovay lluman
ECM components and corneal transparency was restorece(l2y 2009). More recently,
human limbal biopsy-derived stromal stem cells prevented scarring in numrseal
wounds (Baswt al, 2014). Stromal stem cells have recently been reviewed by
(Funderburgtet al, 2016).

1.6. Trabecular meshwork

The trabecular meshwork is a tissue located in the anterior chamber angle ey¢hén the

posterior region of the corneo-scleral limbus, where it is anchortmtite base of the

cornea anteriorlyv @& §Z 8§ Eu]v $]}v }( * u S[cuu EvVv ~~ZA o [
extending posteriorly to the ciliary body and scleral spur, and @aygtical role in aqueous

humor outflow (Fig. 1.19). Aqueous humor fills the anterior and postehiambers of the

eye and is responsible for providing nutrients to avascular structartéee eye such as the

cornea and lens, as well as maintaining intraocular pressure, both of wateatritical for

normal vision. Aqueous inflow occurs via the cilliary processes of theydibaly, whereas

aqueous humor is recycled via two different outflow pathways (Fig. 1.19):vthesaleral

pathway (non-conventional)(reviewed by Alm and Nilsson (2009)), by diffusiongh

intercellular spaces among ciliary muscles (Bill, 1975), or the trabeculavg@ath
(conventional)(reviewed by Tamm (2009)), where aqueous humor exits the eye thitweigh

$E Ho G u «ZA}YE!l v ]Jv3} A Zo uu[* Vv o (HBu(lA dboX E ]Jv
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Figure 119. Schematic diagram of aqueous humour cy@dgueous inflow occurs via the ciliary
processes and enters the anterior chamber of the eye (black arrows). The inset shows the two
outflow pathways: uveoscleral and trabecular. Most of the agueous humour exists vieatiextlar
pathway, consistingo§ Z S§ & HO E u «ZA}E! v ~ Zorom (lelobetetalX d | v (
2003).

Trabecular meshwork is divided into three distinct regions: uveal meshwanrkeascleral
meshwork, and juxtacanalicular tissue (Fig. 1.28 uveal meshwork is most posterior
layer, and is composed of one to three layers of trabecular beams or lamefibattach to
one another to form a porous structure. Large number and size of intel@meipaces in this
layer mean that it does not offer much resistance to aqueous humdtayutLlobetet al,
2003) Corneo-scleral meshwork is situated above the uveal meshwork, contdifis 8
thicker trabecular layers that originate from the scleral spur, with traksrdoeams covered
in endothelial-like cells, resting on basal lamina. Trabecular beams cortare af type |
and Il collagen (Marshadt al, 1991b), in addition to true elastic fibres, containing
abundant amounts of electron-dense amorphous material (Getreg, 1989, Lutjendrecoll
et al, 1981). Moreover, type VI collagen has also been immunolocalised between the elastic
fibre cores and basal lamina (Lutjendrealil, 1989). Juxtacanalicular tissue is the

smallest part of the trabecular meshwork, is in direct contact with enelhlining of
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dense ECM. An elastic fibre system has been identified in the juxtamsanlissue,

appearing to play a role in support and distensibility (Hann and Fa@8g&h). Increased
resistance to aqueous humor outflow subsequently leads to elevated intraoptgssure,

increasing the risk of glaucoma by excess pressure on the optic nerve head, conleying t

importance of the trabecular meshwork.

Figure 120. Trabecular meshwork anatomy W ~ Z os ganpl (SC) has two lumens separated by a
septum. Trabecular meshwork (TM) is situated below SC, bound posteriorly by the scleral spur (SS)
and ciliary muscle (CM). Below the TM is the anterior chamber (AC). B: higheficatigniimage

shows the three regions of TKuveal meshwork (UTM), corneoscleral meshwork (CTM) and

juxtacanalicular tissue (JCT). Scale bar = 5um. Taken from (Tamm, 2009).
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1.7. Serial block face scanning electron microscopy

Transmission electron microscopy (TEM) is the most common technique usedyo stud
extracellular fibres such as collagen and elastic. Although this teahisquseful to assess
the formation of the fibres/fibrils, predominantly by measuring filoiemeter and viewing
lamellae organisation, it has limitations such as being unable to meabutdength, as well
as an inability to view 3D organisation and tracking of long-range fibrilshvall determine
tissue function (Starborgt al, 2013). The use of serial-section TEM and electron
tomography (rotating the angle of the sample and taking multiple images)les @D
organisation to be viewed. Although these techniques have many advantages, they are

technically challenging and time-consuming.

Denk and Horstmann (2004) developed a more time-efficient serial block-faceirsgan
electron microscope (SBF SEM) (commercialised with the name Gatan 3view) that enables
automated serial section electron microscopy. Specimens are stained with heavy metals,
embedded into resin blocks and placed into the microscofi®e block face is imaged by
detection of back-scattered electrons before the built-in ultramictrotome res®that
section and repeats to obtain a stack of up to 1000 aligned images. Thsgeethas many
advantages, with the main one being the ability to examine tissue/strastorer

substantial spatial volume, often hundreds of microns, whereas other 3D ighagin
techniques like tomography are limited to 300nm sections. Furthermore, SBF SEM was
initially developed to study complex neuronal networks in the nervous systenk (@reh
Horstmann, 2004), making it ideal to examine fibrous networks in the cornaeksSof
images obtained from the machine are analysed and reconstructed to form 3D omidgl

imaging software.

This technique has currently been used to obtain 3D data from variesises such as
neuronal (Andret al, 2012), vascular (Rezakhangtaal, 2011) and more recently in the
chick cornea to gain insights into development (Yoangl, 2014). Using this technique to
study the cornea will enable a better understanding of the aate architecture of the
stroma as well as increasing our understanding of cell-matrix interactionedhdet!
communication. SBF SEM was the most frequently used technique thesis, obtaining

important results for chapters 4, 5 and 6.
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1.8. Aims and objectives

dZ }A € 00 ZC%}3Z *]* ]* 8Z 8 8Z }EvV o0 *SE}u Juuv] $ oC
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aims of this thesis are therefore:

1. To use X-ray scattering to examine the hydrodynamic behaviour of the collagen
within the corneal stroma in order to relate water distributiomstructural changes.

2. To use the same methods to examine the collagen structure of the cornea as a
function of depth, particularly focusing on the pre-Descemet layer.

3. To carry out an in-depth study of the elastic fibre distribution as atfan of depth
in the whole cornea, but focusing on the pre-Descemet layer.

4. To extend the above study to examine the distribution of elastic filires i
keratoconus.

5. To elucidate a functional role of the elastic fibre system using a mousdelrfar

Marfan syndrome.
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Chapter 2t General methods

2.1. SBF SEM

The following protocol was used to process samples of tissue for SBF SEM in atschapt
with the exception of chapter 5, where an additional processing protwesl developed
and will be described at a later stage. All human tissue, other thandtretdconus buttons
in chapter 5, was obtained from Bristol Eye Bdnstitutional Ethics Committee approval
was obtained for these studies and the research followed the Tengleddeclaration of

Helsinki.

2.1.1. Fixation and staining

Corneas were dissected into thin segments and immediately fixeddifimd Karnow | C [ «
fixative (2.5% glutaraldehyde and 2% paraformaldehyde (PFA) in 0.1M cacodyfateabuf
7.2 pH) for 3 hours (Morris, 1965). The use of glutaraldehyde as well as PFA ensdres rapi
and complete penetration of the fixative into the tissue. Inifizhtion is halted by washing
the tissue in sodium cacodylate buffer for 3 x10mins. Secondary fixatsrcarried out
with 1% osmium tetroxide for 1 hour, a heavy metal that primarily readts lipid moieties,
specifically oxidising unsaturated bonds of fatty acids: as well as adixative, osmium
tetroxide provides additional contrast to the tissue and acts as a mordahgrering lead
staining that occurs later in the protocol. After a wash in distieder to remove all of the
fixative, samples were stained with 0.5% tannic acid in distill@gmfor 2 hours due to
slow penetration into the tissue. Tannic acid is a polyphenol, primarily tssedhance
collagen staining contrast, in combination with uranyl acetate. Followitngtiaer wash in
distilled water for 30 mins, samples were placed into 2% aqueous uranyl acethie dark
overnight. Uranyl acetate provides images contrast as uranyl ions bind to proteiripiaisd

with sialic acid carboxyl groups.

The following day, corneal samples were dehydrated in a graded ethanes:sédi%, 90%,
100% x2 ethanol concentration for 20 minutes each. Further tissue contrast wadquovi

with the use of 2% uranyl acetate in 100% ethanol for 1 hour, beforggliboroughly
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washed with 100% ethanol for 20 minutes and placed into a 1:1 neixtiiethanol and
acetone for 30 minutes with multiple changes. The tissue was stained wettedillead
acetate* for 2 hours (Kushida, 1966), finishing with a final 30 minutes waEb0R%

acetone.

*Preparation of lead acetatd lead acetate added in excess to 25ml of 100 ethyl alcohol.
The mixture is shaken for ~10minutes and an equal volume of 100% acetthremiadded.

Mixture is shaken for another 10 minutes, filtered and used immediately.

Heavy metal staining is a vital part of the staining process as itdq@®winages contrast.
This works because scattering of electrons is dependent on the charge afcimgc

nucleus, therefore, backscattered electron signal is stronger fromtsires stained with
heavy metals, providing a clear distinction from unstained structures. Moreauvet,of
heavy metal staining is needed as SBF SEM does not allow contrast enhanagearent
cutting, a process that is carried out with TEM samples, meaningthait the staining must
occuren bloc The tannic acid-based staining method used throughout this thesis was
developed in order to stain elastic fibres as well as collagen, anthaszsl on previous TEM

protocols (Simmons and Avery, 1980, Kageyatral, 1985).

2.1.2. Embedding in resin

120ml of araldite CY 212 epoxy resin was mixed with 132ml of DDSA. 30ml ofxiuisemi
was added to 30ml of acetone and the rest was set aside. The samples wenettheftl:1
resin acetone mixture overnight. The following morning, 3.3ml of BDMA hardener was
added to the remaining resin mixture. Samples were left in thisagl] @ith 6 resin changes
spaced out throughout the day. On the final day, specimens were embedded mbuld
using fresh resin, where they were aligned before being polymerised in anat\&°C for

around 48hours.
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2.1.3. 3view SEM (data acquisition)

Once polymerised (Fig. 2.1A), a block of choice is removed from the mould alodauh a
~1-2mm cube from a region of interest, which is subsequently sgheézd onto a Gatan
specimen pin (Fig. 2.1B) for 2 hours, before being further stabilised by apatihegive
conductive silver epoxy resin that is left to set overnight. The block isttiemed using a
razor blade on the upper surface to reveal the specimen and create agstirface
(polished using a glass knife), and also trimmed around the side faces atgré@slto
reduce the size of the block. Semi-thin sections (0.25um) are often cut, pigkesing a
glass slide, and visualized under the light microscope (stained witidited blue) in order
to determine the orientation of the specimen. The specimen block is thed@mwh even
further with a razor blade, leaving the area of interest. All ofabeve procedures are

carried out on a Leica Ultracut5 ultra-microtome.

Figure 2.1. SBF SEM sample preparatiBrocessed corneal sample embedded in resin (left).
Samples are triangular in shape, where the tip represents central cornea, and the base is peripheral
cornea. A small area of interest is cut away and trimmed down using a hacksaw and a razor blade
before being super glued onto a Gatan specimen pin (right), which is further stabilised with

application of conductive resin around the edges.
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Before entering the SEM, the specimen block is given a 5nm thick gold coatEMIACE
200) to give it a conductive surface and prevent charging of electrons around gleeoéd

the block. The block is placed into the microscope (Zeiss Sigma VP FEG SEM agihippe
Gaan 3view?2 system), the diamond knife is aligned with block surface atidguanges

are set before 200 micron thick sections are cut from the imaging surface toveethe

gold. Gatan Digital Micrograph software is used to visualize the surface ofatile drid

focus on a region of interest before the system is set to scan and dat.sBt of up to

1000 images (.dm4 format) were obtained every 50nm of tissue, with each imagéyusual
acquired using ~5.16k magnification, 4k x 4k pixels, 4nm pixel resolution, 8microsecond
dwell time, and using an accelerated voltage of 3.4 keV in low vacuum variablerpressu
mode (~28 Pa), unless stated otherwise. By maintaining a low charge of gas in theecham
ions are provided to neutralise charge on the sample. It was found that 3.2 keV
accelerated voltage was optimal to provide good backscattered electron sighatovi
heating effects such as burning of the resin and shrinkage. SBF SEMisetugp a

schematic representation of how the system work is shown in Figure 2.2.

2.2.Data Analysis

2.2.1. 3D reconstruction

All 3D reconstructions were generated using Amira 6 softwaie, (Mérignac, Francd)ata
sets were first converted to .TIF format from .dm4 (Gatan digital microgravare)
before being resampled from 4k x 4k resolution (Fig. 2.3a) to 512 x 512 pixels3b)jdo
better match the resolution of the PC monitor. Further noise reduction cbalgrovided by
using a non-local means filter (Fig. 2.3c) to enhance contrast and emabie@other

rendering process.
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Beam
scanning

sample 7

Knife

Figure 2.2.SBF SEM setdhe top two images show the Gatan 3view SBF SEM setup from outside
and inside the machine. The bottom schematic diagram illustrates how the system wornksdstai
samples are embedded into a resin block with the imaging surface polished before entering the
machine. An electron beam then scans the surface, resulting in the formation of an image (blue
inset) by back scatter of electrons, before the diamond knife cuts away the surface and the process
is repeated to obtain a stack of images. Bottom image obtained from a video found at:

http://www.gatan.com/products/sem-imaging-spectroscopy/3view-systeaccessed 20/10/2016
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Elastic fibres were rendered using a mixture of automated, semi-automatednandal
segmentation threshold segmentation. Structures that back scattered metrehs when
the surface of the block was scanned with the beam are seen as darkerdsaf\n iso-
surface automated rendering tool is used on the data set to show these darkust&adn
three-dimensions, where the threshold is manually adjusted to an appropesa#d that
segments the fibres with little background noise (Fig. 2.4a). As well as seggnelatstic
fibres, the iso-surface tool segments other structures with the same asnlevels such as
e US[*ruuEv Vv |I E S} CS «X dtatefkis(tp@&edle aIabel fidk
(Fig. 2.4b), where the pixels that these structures consist of are ¢iédl and labelled with
different colours using semi-automated segmentation, as unwanted paxelsemoved. By
using the surface generator tool, the highlighted pixels are transtad into 3D structures
that are subsequently overlaid onto the original iso-surface (Fig. 2.4datdrsets that
produced poor contrast, certain structures were segmented by manually gaswound
their edges. A consistent colour theme for each structure has been awagt throughout:
P}o A o0 *S] (] & U op A ¢ uS[*uuEvV U %]WI% ue&E % 0

trabecular meshwork.
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Figure 2.3. Re-sampling and filtering of
SBF SEM dat&ll images in this figure
represent one image from a large data
set. 3view images are initially collected
at 4k x 4k pixel resolution (A) before
being re-sampled to 512 x 512
resolution, making the images a lot
clearer (B). Darkly stained structures
caused by higher backscattered electron
signal can be further highlighted by
using a non-local means filter to reduce
background noise caused by other
features such as lamellae (C). Although
image B provides better resolution,
using the filter provides a better quality
reconstruction of the dark structures of

interest.
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Figure 2.4. Automated and
semi-automated thresholding
using Amira 6 Dark features
are automatically rendered
using the iso-surface tool (A)
manually selecting an
appropriate threshold levels
(black oval). Different features
can be separately labelled
with different colours using a
label field (B) based on
automated thresholding (blue
oval) as well as manual
selection of pixels. A surface
generator (C) (green oval)
reconstructs these selected
pixels, which are subsequently
overlaid onto the original iso-

surface.



2.2.2. Elastic fibre quantification

Full thickness elastic fibres quantification was carried out on ceatr@lperipheral human
cornea in chapter 4, and central mouse cornea in chapter 6. Each coase@naged (30 x
il Ru E& + v ( A EC Aivu (E}u %]3Z oJpu 8} « u 8[«uu E
resolution, obtaining ~20,000 images for the human cornea, and ~2,600 frem t
significantly thinner mouse cornea. Human data was split into §et®@0 images, and
mouse split into sets of 250 images, before being analysed using AmitaZhitagePAQ
extension. For each set of images, elastic fibres were selected usingctitermp-hat
segmentation tool, where the selected number of voxels were subsequently cewclvirt
percentage elastic fibres using the total volume voxel count. A more detaikaati§joation
was carried out in the human cornea for the first 1000 images (50unssafd) above
e US[*uuEvVvU Cu suE]vP (] E A}lopu A EC Tiil Ju P «X
data, it was evident that the cornea samples were not being cut tijrearallel to the
surface resulting in an oblique cutting angle. Theoretically, whenlisgrdéhrough a series
}(Ju P U SZ SE& ve]S]}v (E}u ¢ u S[euu EvVv SFOeE®E}u +Z}ucC
however, this was not the case. The actual number of images taken for this tramsgien
counted and used to make a geometrical calculation of the offset gaglgendix 1), given
that slice thickness and imaging area are known parameters. This subsedadrtiya
correction of the depth measurements when plotted against percentddares, with an

uncertainty of £ 5 min each depth measurement.

2.3. TEM

As cornea samples processed for SBF SEM were en bloc stained with heavy rretals, ul
thin sections cut from these blocks could also be used for TEM. 90nm gadlthsestre cut
using on a Leica UC6 ultra-microtome with a diamond knife, floatedistiied water,
stretched out using chloroform, and picked up with copper hex grids. Seatiere left to

dry for 24 hours before being viewed with a JEOL 1010 TEM with a 80kv voltage. Images

were acquired with a Gatan Orius camera.
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2.4. X-ray diffraction analysis

Small-angle X-ray scattering (SAXS) patterns relate to the arrangement of thelyegula
spaced and uniform diameter collagen fibrils within lamellae, whevads-angle X-ray
scattering (WAXS) patterns give us information on the orientation astdllition of
individual molecules that make up the fibrils. Collection of both SANSV&XS data is
described in Chapter 3. X-ray AX&patterns were analysed using MATLAB (MathsWork,
UK) with integrated SAXS4COLL software. Firstly, the images are centred using the
diffraction pattern obtained from powdered silver behanate. This isedby manually
selecting 7 points around the circumference of one of the diffraction rings (Fig. 2t&a), af
which, the X and Y coordinates are recorded. Patterns are then calibaginst the known
67nm D-periodicity of hydrated rat tail tendon. To do this, the pe&the first order
meridional reflection is selected (Fig. 2.5B), obtaining a pixel valuehwghigput into the

calibration input box alongside the 67nm first order.

Centring

n Pick 7 points n a circle then hit ENTER Done Clear B X 107
o uL

[ SAXS intensity [a.u.]

““““ =] 2 X: 63.11
; Y: 1.27e+07

A Lap-—clad)_ .}
- 0 200 300 400 500 600 700 800
0 R [pixel]

Figure 2.5. SAXS4COLL image centring and calibrdiiffnaction rings of silver behenate are used
to find the centre point by selecting seven points around one of the rings (A). Imagesliarated

by selecting the peak arising from the first order of collagen in rat tail tendon (B).
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The software calibrates the image by converting radial distance in pitelseiciprocal
* %o Al18Z 8Z pe }( & PP[* 0 AW

J& L t@ O &udias

Where,

n = order of reflection

» = wavelength of radiation

} = half the angle between incident X-ray beam and reflection
d = Bragg spacing

In order to find Bragg spacing (d), a value Jou L« S 0O Mo § X dZ]stlye }v C (]d

determining the distance from the specimen to the detector (detectoratise) (Fig. 2.6).

For example, using the third order meridional reflection from rat tail tendba,following

parameters are known: D-peri] ]SC A 06vuU v A \which ake usédiruequation 1

§} (Jv }X dZ]e ]* §Z v pe 8} o0 po § S]B}IEX ]*38¥ p31veB Ep
]*$ v ]e vVIA IVIAvU } v 0 Ho $-ray(SEajtar pattevisfandy

subsequently used to determine Bragg spacing using equation 1.

A < >
Detector distance I

Figure 2.6. Calculation of detector distance.

46



radius of calibratedreflection (r)
tan?2

Detectordistance Equation 2

The intensity of the SAXS pattern from the cornea is the product oftaeri@rence function
(arising from the ordering of the collagen fibrils) andas@o ~(] €Jo SE& ve(}EuU _
represented by a Bessel function (which is the scatter form each umidicameter collagen

fibril), all superimposed on background scatter from non-collagenous coems of the

cornea (Meek and Quantock, 2001). The software allows removal of the background scatter
followed by separation of the interference function and the filbmdrtsform, from which the

average interfibrillar spacing and fibril diameter can be respectively esdclibs follows

After calibration, a SAXS pattern is loaded up and is automaticaibllyaidtegrated before
being presented as a double logarithmic plot (Fig. 2.7a). Residual background scatar is th
removed by interactively fitting a power function to the data as accuraslgossible

selecting 3 points (Fig 2.7a). From the background subtracted SAXS signal, the collagen
equatorial interference function peak is manually identified bgkatig close to the peak (Fig
2.7b), after which the closest peak is automatically detected by the so&wr his is then

used to calculate the lattice spacing d, which here represents teefilorillar Bragg spacing.
Following this, the fibril transform, which produces a low, broad peak tieathird order of
collagen, needs to be manually fitted with the Bessel functiongusie slider bars (Fig 2.7¢),
in order to calculate average collagen fibril diameter. Finally, selectindhtttedrder

meridional peak (Fig. 2.7c) results in calculation of D-periodicity.

The WAXS pattern from the intermolecular ordering within each fibrilogvehn Figure
2.8A. The analysis of the pattern involved calibration of the system usinggcaltinear
IPE}uv E u}lA o ~&]PX 1X0 ¢« v 8Z Vv §Z % %nd)tos]}v }( E PI

determine the lattice spacing (in this case the intermolecular Bragg spacing).
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Power fitting

Power subtraction curve

Background fitting

Ln [ SAXS intensity [a.u.]
& 2 R @R oo W@

background subtracted intensity [a.u.]

%107

x 4 1 *H

= Pawer function subtracted
— Bessel function

background subtracted intensity [a.u.]
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Interfibrillar peak
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= Power function subtracted
4 = Beggel function
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Figure 2.7. SAXS pattern analysi$iree points are manually selected to fit a power function (A).

Once background scatter is subtracted (B), interfibrillar peak is selected to calculate IFS (green circle)

before zooming in to select the peak arising from the third order of collagen for Delpety

calculation (C) (black circle). Fitting of the Bessel function (C) (red line) gives fibrilediegadings.

R = radial distance from the centre of the pattern

B . IMS

Figure 2.8. WAXS analysi. corneal WAXS pattern with collagen intermolecular peak (arrow). B:

Circumferentidly-integrated radial profile (solid line) with background function (broken line) fitted.

The shaded region represents scatter from molecular collagen within fibrils. Once calibrated, the

background-subtracted peak position (arrow) gives a measure of the average collagen IMS.
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Chapter 3- X-ray diffraction studies of the corneal stroma

3.1. Introduction

The intrinsic properties of the cornea are largely governed by thguenarchitecture of the
stroma, occupying 90% of the total corneal thickness and comprisiagpooximately 200-
300 stacked lamelladt is the precise organisation of collagen fibrils within the |Hagethat
imbues the cornea with strength and resiliency to resist external fontelst
simultaneously maintaining transparency. Electron microscopy has been invalnabl
increasing our understanding of stromal ultrastructure (Komai and U48i81,, Radneet
al., 1998a), however, this technique only provides qualitative and localisednafion. X-
ray diffraction is a non-invasive technique that can give us quantitdtia regarding the
organisation of collagen fibrils in the cornea. When X-rays pass througlrthea; the high
degree of regularity in the spatial distribution of collagen leads terfatence of scattered
waves in certain directions; the resulting scatter pattern is recoroleé detector behind
the specimen. SAXS patterns relate to the arrangement of the regularly spadaghiform
diameter collagen fibrils within lamellae, whereas WAXS patternsugiv&ormation on the
orientation and distribution of individual molecules that make up florils. Furthermore, X-
ray diffraction provides quantitative data throughout the whole thicknesthefcornea, so
numerical values obtained represent an average across the full thicknessmbstwithout
the need of any prior tissue processing (chemical fixation and dehydrdtiahjnay

ultimately disrupt the native structure of the tissue.

WAXS patterns, consisting of a single pair of equatorial reflections (pegodsudto the
collagen fibril axis), arise from the average lateral spacing between adjacegesoll
molecules within fibrils. Analysis of WAXS patterns has told us théie inyidrated cornea,
the spacing between these molecules is about 1.6 nm (Mel, 1991), and that collagen
molecules, and hence fibrils, and therefore lamellae, are predominantly aligrtbe
superior-inferior and nasal-temporal directions in the central @ogterior stroma
(Aghamohammadzadeét al, 2004, Meek and Newton, 1999, Abahussiral, 2009), with
the orientation becoming circumferential in the corneo-limbal regidiewton and Meek,
1998a, Meek and Newton, 1999, Newton and Meek, 1998b). SAXS patterns consist of
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equatorial and meridional (parallel to the fibrillar axis) reflectionsalgsis of SAXS

equatorial patterns, arising from regular lateral spacing of collageitsfilyields information

on diameter and the centre-centre separation of collagen fibrils, wherearidional

patterns consist of a series of reflections, produced from the 65 nm Dgienepeat along

the fibril axis (Meelet al, 1981). The interfibrillar spacing in human hydrated cornea is ~ 65
nm (Meeket al, 1991), whereas collagen fibril diameter is around 31-34nm in the central
cornea, varying with age (Daxetal, 1998, Meek and Leonard, 1993) and increasing at the
limbus (Booteet al, 2011). Small-angle and wide-angle X-ray scattering in the cornea is

schematically represented in Figure 3.1.

Meridional ‘\\\\\\\

peaks ~6m
,'\\
/
TR

Equatorial
peaks

SAXS detector
(fibrillar pattern)

WAXS detector
(molecular pattern)

Figure 3.1. X-ray scattering in the corne&/hen X-rays pass through the cornea, the lateral spacing
between collagen molecules within the fibril produce WAXS patterns. On the other hand, the
regularly spaced collagen fibrils produce a SAXS equatorial pattern, yielding infornratfua o
centre-centre spacing and fibril diameter, in addition to a series of meridional reflections arising
from the 65nm D-periodicity along the axis of corneal fibrils. SAXS and WAXS patters are produced
simultaneously, with the position of the detector determining which is recorded. Figure fade

(Quantocket al., 2015).
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Normal physiological and biophysical function of the cornea depends apipgte
hydration levels within the stromal extrafibrillar matrix and within the collagbnils
themselves, because as the cornea swells, transparency is lost and light sgatiereases,
subsequently impairing vision (Hodson, 1997, Elliott and Hodson, 1SAXS and neutron
diffraction has previously been used to demonstrate that when the easwells,
interfibrillar space increases, hence fibrils and molecules are moving apa#llpatend that
there is a linear relationship between the square of collagen fiteltar spacing (IFS) and
hydration, as fibrils can only move apart in a plane perpendic¢aléhe fibril axis
(Goodfellowet al, 1978, Sayerst al, 1982, Elliotiet al, 1982). Furthermore, when the
cornea swells, the D-period remains constant, indicating thatitire$ do not swell along
their axis (Huang and Meek, 1999). Using neutron diffraction on higiiated corneas,
Elliott et al. (1982) suggested that the swollen cornea is a system of mutually repelling

cylinders, expanding uniformly to fill the space made available by water.

Meeket al.(1991) carried out a more in depth X-ray diffraction study to measurefteete
of hydration on intermolecular and interfibrillar spacings of collaigeimovine cornea. Inter-
molecular spacing (IMS) (and therefore fibril diameter) increased widndtion in the dry
cornea, up to physiological hydration (H = 3.2) (hydration is ééfas the weight of water/
dry weight of the cornea), with very little change after. On the otiend, SAXS
measurements showed that IFS continued to rise with increasing hydrations above
physiological value, confirming the linear relationship between the variables. At H=0,
the IFS would have been 34nm, which is less than the diameter dditegidbovine cornea
fibrils (38nm) (Meek and Leonard, 1993), indicating that the collageisfmay reduce in
diameter during drying. Additionally, the surfaces of fibrils remained inaainintil
hydration was reduced to H=1, suggesting that initially water is distribioédadeen and
within fibrils equally, and then after that absorbed by the sunding matrix, potentially
because intermolecular bonds are fully extended when the cornea is at 50% bydrati
(Meek et al., 1991). A similar two-stage process was described by Fratzl andI9883r
where air drying of human cornea resulted in only IFS dehydratingyesiqglogical
hydration, whilst maintaining constant fibril diameter, followed by ®rabeing lost from the

fibrils themselves at H=1.
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Fullwoodet al. (1992) used X-ray diffraction to compare collagen interfibrillar and
intermolecular spacings in normal and keratoconus corneas, at a range of different
hydrations (H 1t1). It was discovered that there was no difference in IFS, but
intermolecular spacing was significantly lower in keratoconus corneasratah
physiological hydration and over a range of hydrations. Overall, eeBolin these hydration
studies has enabled the effects of swelling on refractive indices,rerdfore light

scattering, of collagen fibrils and interfibrillar matrix to be caledatMeeket al, 2003).

The primary aim of the first part of this study were¢@ vS](C v }u% & 5Z & o §]}
SA v JEV 0 *SEN SPE Vv ZC E JV}v QveZAIBSE 37 %3 E( yrE (
I((E S8]}vU Jv }E €& S} (PLESZ €& pv Eepvv}ice@d P ( }&EPIVIEAES EY
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A« 38} E£ ulv 3Z AZ}o +3E}u U AZ]o*3 }v uwi3® &P Jw FEZ % E

* % ]|Xer&y diffraction has shown that significant collagen structural changes octwe in t

corneal stroma after processing tissue for TEM (Fullwood and Meek, 1993). chaagges

primarily occur as the tissue is dehydrated, therefore, as future chajethis thesis will

involve a substantial amount of electron microscopy to study corneal ultrastryatusas

deemed important to characterise the effects of dehydration, and therefibris,was
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3.2. Methods

3.2.1. Sample preparation

Part 1

A total of 28 post-mortem human corneo-scleral discs were obtained Bastol Eye Bank,
and 50 porcine eyes from a local abattoir. The epithelium and endotheliere removed
from each human cornea before a 6mm button was taken from the centre ahterior
segment of the porcine eyes was dissected using a razor blade, followed by remtheal of
lens and iris, and 6mm corneal button taken. Each corneal button waghec before being
placed into dialysis tubing (12-14kDA molecular cut off), which had jpesgrared by
soaking in 1% acetic acid for 1 hour, rinsed ipQiF$oaked in 1% sodium carbonate
solution with 10mM EDTA for 30 minutes at 75°C, and heated 40 @it{75Cfor 30
minutes. All air bubbles were removed from the dialysis tubing contacongeal buttons
before being placed into a solution of poly-ethylene glycol (PEG) (20,000 raole®ight)
in 0.9% saline (made up using sodium chloride and HEPES (N-2-hydripiyethzine£-p-
ethanesulfonic acid) adjusted to pH 7.4 using sodium hydroxide) at wacmmcentrations
ranging from 1-30% PEG to obtain a range of different hydration IéMedssamples were
left to equilibrate for 2 days at 4°C.

Part 2

Three whole eye globes were perfusion fixed with 4% PFA for three hoursingythis
method to inflate the globes to intraocular pressure before fixatitwe, torneas should
closer to physiological hydration. Globe 1 was from an 85 year old male (left ey&) 2glob
was from an 88 year old female (right eye), and globe 3 was from a 78 year old giale (ri
eye). Corneas were dissected from each globe and cut into thin sfrifssue that were
about 1.5cm in width. All of the strips were cut simultaneously using a deeitssting of
series of razor blades, each separated by ~1.5cm intervals. The edges ofistepsit

using a Microm HM 440 E sliding microtome to obtain transverse sectiornss 8tiissue
were placed onto the cutting block, covered with distilled wated &eft to freeze.
Transverse sections 160um and 250um in thickness were cut from strips obteonedlf 3

corneas, placed into a tube containing 4% PFA and stored at 4°C.
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3.2.2. Data collection

Part 1

SAXS patterns were recorded on beamline 122 (Diamond Light Source, UK) fromtithe cen
of 26 of the porcine and 14 of the human pre-equilibrated eadrbuttons. Corneal samples
were removed from the dialysis tubing, weighed, and to prevent drying, idnabely tightly
wrapped in cling film and placed into an airtight Perspex sample heludosed between

two sheets of Mylar, before exposure to X-rays. Samples were subjected to a 2 second

exposure to an X-ray beam measuring 200 x 200 pm with a wavelength of 1A.

The remaining 24 porcine and 14 human corneas were examined with WAXS, usin
beamline 102 (Diamond Light Source, UK). These samples were prepared in th@asaase
described above for SAXS data collection. A single diffraction pattern wasaibfeam the
centre of each corneal button, with 0.5 - 1second exposure to an X-ray beasurm&a80

pm vertically by 100 um horizontally, with a wavelengtH.8f

Following the collection of scatter patterns, samples were wrappeéihfioil, placed in a
60°C oven for 72 hours to completely dry, and then weighed for a final tiydration was

specified by the parameter H, which was calculated by using the following:

egUUUc?%AI RQ)UUUQ

. RO¢
Hydration (H) =@3 %&1 POUUU¢

Part 2

SAX®atterns were recorded at the ESRF (Grenoble, France), with an X-ray eaano b
measuring 8 x 8um and a wavelength of 0.94A. Corneal strips were placklansairtight
Perspex sample holder enclosed between two sheets of Mylar (Fig. 3.2). The stigps w
orientated vertically, with the cut edge perpendicular to the imeilbeam direction,
meaning that the full thickness of the tissue (i.e. all layers) wadesigibdata collection. A

series of 8 scans were obtained through central corneal strips at 0.5 gnvais, with each
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line of the scan running anterior to posterior at 10 um sequential steffs0.03 second
exposure, traversing the entire thickness. In peripheral regions, a series of 6 sr@s w
obtained at 0.5 um intervals, starting at the limbus and ending 3mmthtacornea, at 10

pm sequential steps and 0.04 second exposure within each scan runninghfecamterior

to the posterior edge.

Figure 3.2. SAXS setup corneal strip inside the sample holder (left) where the black lines indicate
the scan direction from anterior to posterior. 6-8 scans were obtained from each strip when the

sample holder was positioned in front of the beam (right).

3.2.3. Data analysis

SAXS

SAXS patterns were obtained at the Diamond synchrotron Didcot, GkioedPart 1) or at

the ESRF synchrotron, Grenoble (Part 2). The patterns were analysed using MATLAB
(MathsWorks, UK) with an integrated software tool designed for analysing lmollagen-
based tissues (SAXS4COLL) as described in section 2.4. SAXS patterns from part 1 of the
study were calibrated against hydrated rat tail tendon (67 nm D-pegity)l, whereas

patterns from part 2 were calibrated against the 5.8nm lattice reflectrom silver

behenate. All IFS results in this study will be reported as Bragg gpatims can be
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converted to actual IFS using a multiplication factor of 1.12, based on the asenrtt

the cornea has a liquid-like packing arrangement (Worthington andyl®dlo85)
WAXS

Bragg intermolecular spacing of collagen was calculated with MATLAB software by
measuring the distance from the centre of the scattering patterrhi intermolecular

reflection and calibrating it against the 0.304nm reflection of powdered calcite.

3.3.Results

3.3.1. Part 1

The relationship between IF&nd hydration for both porcine and human cornea can be
seen in Figure 3.3FS increased linearly with hydration for both human and porcine
corneas (Fig. 3.3). The lowest hydration reached was H= 0.5 - 0.6. Usiingdinérénd line
equation displayed on the graph, the centieecentre fibril spacing when the cornea is dry
at H=0 is estimated as 37.8 nm for porcine, and 26.8nm for human cornesaas#umed
that when H = 0, all water is removed from the tissue and thereforezgdfF8sponds to the
dry fibril diameter as the fibril surfaces are in contact (Sagéeed, 1982). However, taking
into account the coating of proteoglycans surrounding fibrils (Featd|Daxer, 1993), the
true dry fibril diameter value is likely to be lower. It is necessary to extrapthe trend

line back to 0 as, when the fibrils touch (which is abovepthiat when the tissue is dry), the

interference pattern disappears, meaning it is not possible to med&i8e

In contrast, fibril diameter versus hydration, seen in Figure 3.4, showed-dinear, bi-
phasic trend, increasing up to hydration in the region of H =ith, minimal change
thereafter (Fig. 3.4). There are critical gaps in the human data fisairations 1.9t 2.5,
making it difficult to determine exactly where fibril diameter stopsreasing. Porcine
corneas reached a greater final fibril diameter compared to human. Diamieténg dry
human cornea were around 25-26nm, which is consistent with TEM measuats (Komai

and Ushiki, 1991, Akhtaat al, 2008), where the cornea is almost in a dry state.
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IMS also varied with hydration showing a similar bi phasic trend, but reaching oraxim
values at lower hydration (H = 1.5) than fibril diameter (H = 2), with mas$ieohcrease
occurring between H=0.5 and H=1.5, before remaining constant at H>1.5¢ wtoss links
between adjacent collagen molecules reach their maximum extension (Fig. 3.5). Human
corneas displayed a significantly higher IMS at all hydration levels, meagutimgn at
physiological hydration (H = 3.2) compared to 1.47nm for porcine specimejgesing

that human cornea fibril store more water between the molecules.

4500
4000 y = 383.01x + 1425|5
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2500
2000 y = 471.2x + 717.37
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%ydration4

Figure 3.3. IFas a function of hydration in human and porcine cornéldhe graph displaythe
linear relationship between hydration and & both human and porcine corneas. Dashed lines

represent linear trend lines. Equations for each line are also shown.
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Figure 3.4. Fibril diameter as a function of hydration in human and porcinenearThe graph
shows variation is fibril diameter with hydration for human and porcine corneas. Fibril diameter
increases with hydration until about H = 2 with minimal change thereafter. There is a clear gap in

human data points between hydrations 1t2.5.
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Figure 3.5. Variation of collagen IMS with hydration for human and poraneneas IMS increased
with hydration until H= 1.5, remaining constant thereafter. In humans, IMS is higher at all hydration

levels.
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3.3.2. Part 2

Using one scan from each strip, the thickness of the tissue was calculatestly detecting
the initial SAXS pattern on the anterior edge, and the finalgoatat the posterior edge in
order to discover the number of images containing scatter patterns, as eactssoéed

and finished beyond the edge of the tissue. This number was then medkip}i the space
between each shot, which was 10 um, to reveal the thickness of the coroazevdr, the
thickness measurements should be regarded as maximum values, as they depend on the
orientation and curvature of each individual strip within the samplelbol For example, in
areas with a higher degree of curvature, the X-ray beam would scandil@ue angle,

resulting in more scatter patterns and therefore higher thickness catiouis.

Three scans of data were analysed from the central region of afginpcorneas 1 and 3,
with each line containing patterns from the full thickness of tdoenea, at 10 um intervals
The central stromal thickness of cornea 1 was about 600 um, whereas c®miasa thicker
at about 750 pm. Two lines of data were analysed from the peripheral regicoroga 2,

which measured about 900 um in thickness. The known linear relatiph&tween human
central corneal thickness and hydration (Hedbys and Mishima, 1966)sedsa calculate

hydration using the following equation, where g = the thickness of traea in mm:
H=79t0.64

The centre of cornea 1 was at H = 3.6, close to physiological hydratn@reas cornea 3

was more hydrated at H =4.6

Intensity scan across the SAXS patters showed a clear interference functiog fuasi the
regular arrangement and spacing of collagen fibrils, enabling calculation of Bragg IFS.
However, the fibril transform peak was very weak, making it difficult ihé&tBessel
function in order to calculate fibril diameter. IFS and fibril diametere calculated every
50 um (5 images) in the central cornea, and every 100 um in the periphery aintemior to
posterior. The most posterior region of stroma was analysed in more detail (eveny)ln

the central region of corneas 1 and 2, and the periphery of cornea 3, in an atterdptect

any structural differences inthe pre-+ u [« 0 C EU A]38Z 8Z eepu%3]}v $Z §
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membrane does not produce a scatter pattern. Scatter patterns across the elefpth of

the central region of cornea 1 can be seen in Figure 3.6.

Figure 3.6. A series of SAXS patterns across the entire thickness ofateotnea.The images start

from the anterior edge of the cornea and end at the very edge of the posterior stroma. Each number
represents the depth in the cornea in microns (from the anterior edge). Equatorial reflections are

evident in horizontal directions, either side of the white beam stop. The last imag® amb&epth

should theoretically be thepre-+ u S[* 0 C EX E} o & ]J(( E v ]Jv e 88 E ]Jvs \

throughout the cornea.

Analysis of SAXS patterns revealed that cetdreentre IFS remained fairly constant at all
depths in the central and peripheral stroma in all corneas analyssdnpally showing a
slight increase in the posterior stroma (Fig. 3.7), with most lying &etvb0 t 55nm at all
depths. Conversely, fibril diameter appeared to decrease in size from the @miethe
posterior stroma in both central and peripheral cornea (Fig. 3.8).dnwlo central corneal
strips analysed, this change was more pronounced in cornea 3 (FigwitiBR)13%
decrease in fibril diameter in the posterior. The first two scans in #rg@peral cornea
showed a similar decrease in fibril diameter of about 12%. Moreover, fibril desetere
highest in scan 1, which was taken in a region close to the linabdsjecreased in

subsequent scans as the beam moves towards the centre.
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Figure 3.7. IFS throughout the depth of central and peripheral car€S increased very slightly

moving from the anterior to the posterior stroma in central {8ornea 1, Bt cornea 3) and
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peripheral (Ct cornea 2) cornea. The majority of centeeentre spacings measured between 50-

55nm at all depths.
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Figure 3.8. Fibril diameter throughout depth of central and peripheratea. Fibril diameter

appeared to decrease as a function of depth in the central ¢érnea 1, B, cornea 3) and peripheral

(C tcornea 2) stroma. This decrease was clearer in the peripheral cornea (C), although there was

more variation between individual scans.

Pre- < u $Jayeris thought to exist in the posterior stroma, specifically the 1i@st20
pum of corneal stroma lying immediately adjacentto Des S[¢ u u &Duwaet al,
2013) The first three scatter patterns from the posterior edge of stripsssiue from all
three corneas were analysed, equating to ~ 30 um of stroma, on the assumpé#bn th

e US[*uuEvVv } ¢ Vv}S %E} utern. IFS was CRlcMated in the pre-

e US[*+0C & (E}uodo VvSE o= ve }( S ~7 }( Z dlX}u
of data from the periphery of cornea 3. Mean values from each 10 pmadiepe

e u S[e ubrane are plotted in Figure 3.9. Very weak fibril transform peaks meant
that it was not possible to calculate fibril diameters in this areac®yg in the first 10
microns of central stroma averaged 48.7nm, which was significantly lowetthleairS

present in overlying regions, which averaged 52.3nm (p = 0.04). This differencetwas n
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observed in the peripheral cornea, where centre-centre spacing averagenmethabnstant
Jv §Z (]JE&e+S i1l u] E}ve }( *SE}u i vS S} ¢ uS[+@&wWEVv X ,}
data contained a higher standard deviation than the centre, indigathat the there is

greater variation from the mean values calculated.
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3.4. Discussion

Part 1

Part 1 of this study aimed to further understand how variations in hyaindevels in the
corneal stroma effect collagen fibril organisation, using pre-equililokat@cine and human
corneas. IFSncreased as a function of hydration in both human and porcine commkih
is consistent with findings from previous X-ray and neutron scattestingies on bovine
corneas (Sayerst al, 1982, Meelet al, 1991, Elliotiet al, 1982, Goodfellovet al, 1978).
Additionally, the current study compares the hydrodynamic behaviour between two
different species, where interesting differences in collagen organisai&ne observed.
Analysis of WAXS patterns also produced similar results to previous stlth@sng an
increase in IMS from dry cornea to ~ H = 1.5, with little chandegaer hydrations (Meek
et al, 1991, Fratzl and Daxer, 1993), corresponding with fibril diameter measuatemk
should be noted that fibril diameters measured by X-ray diffractiomudecthe collagen
fibril itself and any proteoglycan coating in the fibril surface (@hend Pinsky,@®.3) The
IMS results show that the collagen fibril itself ceases swelling close H = 1.5aiTieted
measurements suggest that the fibril coating continues to absorb wates, ithareasing the
measured diameter, up to a hydration of close to H=2. At H>2, fibril dexmets constant
at around 32nm in human, as opposed to the critical transition poitd ef1 as reported by
Fratzl and Daxer (1993), although the authors results are questionableodbe lack of
data points collected (4), which were normalised against data poinfscted from bovine
cornea by Meek et al. (1991). These results suggest that initially the waten up within
and between the collagen fibrils, and therefore their surfaces rerolaise together until
about H=1.5, where water is then absorbed preferentially into the inteH#p spaces.
Therefore, structural changes to the fibril do not occur until tterfibrillar substance has
released all of its water, suggesting that collagen fibrils have a muahgstraffinity for
water. It is interesting to examine the behaviour of the molecules wittenfibrils as this
fibrillar water is gradually removed. Figure 3.10 shows the data in Fégolicgted during
the final stages of drying (<H=2). The data are plotted ad Bé&use, just as for
interfibrillar spacings, the molecules expand or contract in two dimerssinat one, so this

plot should be linear.
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Figure 310. IMS at low hydration. The graph shows INM&t hydration values < 1.5. This was

deemed to be the critical transition point for IMS (see Fig. 3.6).

Projecting the best fit lines to H=0 allows us to estimate the spa@tweden the dry

collagen molecules in each species. This turns out to be 1.44nm (zrOM@pan and

1.32nm (£ 0.04) pig. Additionally, the inter-molecular spacing at a given tisatex wontent

is greater in human corneas during the drying process. These observations may besexplain
by the age of the tissue samples used. Whereas the porcine corneas were ddiaime
relatively young animals (<1 year of age and equivalent to 18 human years),fahu
corneas used in this study were often from older donors (mean age 68 + 10 years). IMS has
been shown to increase with age in human corneas (Deiat, 1998, Maliket al, 1992) as

a result of increased cross-linking between the molecules, pgghiem apart (Malilet al,

1992, Malik and Meek, 1994). When dry, it could be that the cross-hrtkeihuman

corneal collagen brace the molecules and limit their lateral collapse, compatiedhe less

cross-linked porcine collagen.

The swelling behaviour of porcine corneas has been reported to basimihumans
(Hatami-Marbiniet al, 2013). Although porcine cornea showed broadly similar changes in
collagen organisation compared to human cornea as a function of tissue lydrstich as

a linear relationship between IF8nd hydration, and similar critical transition points for IMS

and fibril diameter, the individual values differed between th@tsgpecies. IFS in the dry
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human cornea was 26.8nm, calculated from the IFS at H = 0, assuming dlgewcdibrils
are in contact. This value is lower than porcine (37.8nm) and previous repdstéd
diameters in dry bovine cornea (34-40nm) (Metlal, 1991, Sayerst al, 1982, Fratzl and
Daxer, 1993). IFS was higher at all hydration levels in porcine cornea. Furtagpomine
cornea contained a significantly lower (~14%) average IMS at physiological twydaaitil
larger fibril diameter compared to human cornea. Meek and Leonard (1998)Xisay
diffraction to calculate a number of different parameters for a widege of species and,
unlike the current work, reported fairly constant IMS between all speanedysed.
Diameter and interfibrillar spacing varied greatly between differermcsgs, whereas the
fibril area fraction (% space occupied by the fibrils) remained constathtaiting that
smaller fibrils pack closer together (Meek and Leonard, 1993¢tGyi 1988). Additionally,
discrepancies in intrafibrillar swelling behaviour between human andipercorneas may
reflect differences in the specific local axial and azimuthal relatipsstt collagen
molecules within their respective fibrils, as suggested by studies in otflagen-rich

connective tissues such as articular cartilage (Wachtel and Maroudas, 1998).

IFS is higher in porcine cornea than in the human (Fig. 3.4), suggesiinigete may be a
difference in the proteoglycan-rich matrix surrounding the collaglenl$ (Fratzl and Daxer,
1993) The water-Jv JvP % ]3C }( v P 3]A oC Z EP <*p0%Z 5§ PE}U’
stroma play a vital role in maintaining corneal hydration, attracting watekecules and
causing osmotic flow into the tissue, a mechanism that is counteracted by ae auti
transport pump in the endothelium to maintain hydratiamviva Keratan sulphate is
present in high quantities in the central cornea (Borcherdihgl, 1975) and contains a
large hydration capacity (Bettelheim and Plessy, 1975). Furthermore, micathdumican,
a proteoglycan with keratan sulphate side chains, develop bilaterakabopacification
(Chakravartet al, 1998) and a 40% decrease in stroma thickness (Chakravafti2000)
as a result of an alteration in stromal hydration. SAXS analysis on lumiceirrttafiice has
also shown that collagen organisation is significantly altered in theseads (Quantoclet
al., 2001). Differences in this GAG content may be responsible for the dasiep in
interfibrillar swelling that are observed between the two speciesnaeased keratan
sulphate levels in porcine cornea would result in higher hydrdaweals in the interfibrillar

space, and therefore higher centte-centre interfibrillar spacing. However, human corneas
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were stored in organ culture media before use. Keratan sulphate leakadeehstown to

occur when corneas are stored in this media (Moller-Pedersen and Mbd66, Moller-

Pederseret al, 2001) and therefore may account for the differences seen between the two

*% ] *U J( epn S5 v8] 0 u}lpvs }( " '[+Z A VoJs &J} o | P X/
subject to changes with ageing, showing an 8% decrease between 20 and 90 yearsiof age i
humans, potentially related to changes in proteoglycan composition (Mabik, 1992),

u v]JvP (LESZ & o}ee }( " "[*]v SZ }o & Zpu v }EV <X

The first part of this study adds to our current knowledge of the effectsrofral hydration
on the intra and interfibrillar organisation of collagen in therea. An in depth comparison
in these changes between human and porcine corneas suggests thatféremtial swelling
behaviour is likely due to a combination of inter-species differenceslingen molecule
organisation within the fibrils, and potentially variations in proteoglycamposition in the

extracellular space.

Part 2

The first part of this study looked at the average IFS and fibril diameterghoui the
entire depth of the cornea in relation to changes in hydration. Leadingaon this, the
second part of the study used SAXS to analyse collagen organisation in degaih atepth
in the corneal stroma, from anterior to posterior, using an X-ray microbeanme@s used
in this study were perfusion fixed with the entire globe inatempt to maintain their
physiological state. The study was designed to compare measurements of structural
parameters at different depths in the tissue, and it was assumetahy effects of fixation

would be uniform throughout the tissue.

Ultrastructural differences between the anterior and posterior stromalarewn to exist in
the cornea, with many previous studies focusing on the lamellae oriemtathe middle

and posterior regions are orthogonally arranged and more parallel to the surfaszeas

the lamellae in the anterior stroma is highly interwoven with lofaimg of fibrils (Komai and
Ushiki, 1991, Morishiget al, 2006). Furthermore, preferred lamellae orientations are more
prominent in the middle and posterior layers of the stroma whereas the antéayer was

more isotropic (Aghamohammadzadehal, 2004, Abahussiat al, 2009). Few studies
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have examined the differences in centi@centre spacing and fibril diameter as a function

of depth in the human cornea.

IFS remained fairly constant at all depths in both the central anglperal stroma. This
finding disagrees with results obtained in a similar study by Quargbak (2007), who
show that IFS decreases in the anterior stroma of human cornea. It should bethatede
corneas used in this study were highly swollen, measuring 850 andr@2&hich when
converted to hydration using the previously described equation (Hedby$/stdma,
1966) these equate to H = 5.3 and 5.8. The differences in this curreny stag be due to
these high levels of hydration that are known to alter collagen organisation as diddnsse
part 1. Earlier image analysis studies of electron micrographs have reported niovaina
IFS from anterior to posterior stroma in human cornea (Freeinal, 1995, Patet al,
1984) although a difference was observed in rabbit cornea due to a 4084aise in fibril
number density in the posterior stroma (Freuatlal, 1995). In an X-ray diffraction depth
study on bovine cornea, IFS increased until it reached the mid stromeeb#déareasing
again in the posterior, a pattern seen at all radial positigtset al, 2014). There was no
difference in IFS in this current study between the central (averagersf.=2) and
peripheral (average 52.2 nm £ 2.2) cornea, which contradicts previous SAXS reBalttdd
et al. (2003), although data was collected at 1mm radial intervals from a numloerogas,
with each pattern obtained from the entire depth of the tissue, resigjitin stronger
patterns. In porcine cornea, hydration remains relatively constant fcentral to peripheral
regions (L. Lawrence, 2014 unpublished results), and therefore suppmitstant IFS
radially across the cornea, as hydration levels are known to directly affect centrentre

spacing (Meelet al, 1991, Fratzl and Daxer, 1993).

Fibril diameter decreased with depth in the cornea in periphezglans. These changes
were not observed in the SAXS study on eye bank human corneas (Quanh&bcR007),
however, they are consistent with findings in the bovine corneal stroma, evhieril
diameter decrease as a function of depth at all radial position albagérneaHoet al,
2014) Fibril diameters were fairly constant from centre (average 31.4nm = 1.3) and
periphery (average 32nm £ 1.8), consistent with previous findings (Baate 2003, Daxer
et al, 1998). However, in the periphery, scans closer to the limbus revealed hilgtiler fi

diameters. It is known that fibrils are significantly larger at thous (Booteet al, 2003,
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Borcherdinget al, 1975, Booteet al, 2011) where corneal collagen begins to merge with
the sclera. Analysis of transmission electron micrographs in swollen human ¢@sea
shown that posterior collagen fibrils were 4% smaller than those in theramtand 1.12
times greater in fibril number density, whilst being 15% smaller in taoohea (Freuncbt
al., 1995)

Studies on rabbit and bovine cornea have demonstrated that the piostsiroma has a
larger swelling capacity and is more hydrated (Lee and Wilson, 1981, Kikka\wrayaimna,
1970) Muller et al. (2001) elaborated on these earlier findings, showing that in extreme
hydration, the anterior 100-120um of human anterior stroma resisted swelimg a
maintained the corneal curvature, a property attributed to the interwieg of lamellae in
this region. Differences in swelling behaviour may be a result of variaidB8G
composition throughout the stroma, with higher levels of keratan sulplvatbe posterior,
resulting in a greater affinity for water in the interfibrillgpace in comparison to anterior
stroma (Bettelheim and Plessy, 1975, Castetral, 1988). This swelling behaviour may
explain the discrepancies between the current results and the sistilaly carried out in
swollen eye bank corneas where the authors reported smaller IFS in teeaarstroma and
constant fibril diameter throughout the depth of the cornea (Quantetlal, 2007). With
lower hydration levels in the cornea, IFS would be expected to be decreasethparison
to the IFS reported by Quantock and colleagues as there would be less wegenpin the

interfibrillar space, however, this was not the case.

Duaet al. (2013) postulated that an additional structurally distinct layer existthe

posterior stroma, located adjacent to DeseeS [+ u u CEthat 9 variable in thickness

(~15 um), 5-8 lamellae thick, and rich in type VI collagen @Dah 2014). SAXS analysis in
this area of stroma revealed a significant difference (about 4nm) imteeage centrdo-

centre collagen fibril spacing compared to the overlying ~20 um of styafthough this
difference was only present in the central cornea. A reductiorentre-to-centre spacing in
thepre- » u §[+ & P]}v A}Jpo ep ¢ <p v30C E *puos Jv] GBPo&E %
increased biomechanical strength (Boaal, 2003), potentially contributing to the

production of the cleavage plane created during pneumodissectioighwad to Dua and
colleagues suggesting that a new layer in the cornea exists. Interestinglgt BU§2013)

described two types of big bubble; the first enlarged centrally, whenas possible to peel
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these findings, where increased biomechanical strength in the first ~I@msiof stroma

i v8 8} ¢ uSsS[*tuuEv ucC }vSE] us fdimaton. JiR%acki p o

of fibril transform peak in these patterns at the edge of thesta meant that it was not
possible to measure fibril diameter. However, in a recent ultrastructucalysof the
posterior stroma, Schlotzer-Schrehasttal. (2015) reported no change in fibril diameter or
IFS in the posterior stroma with the authors suggesting that the clegmiage is non
E % E} p] oC S Eulv C 8Z A E] ]ol8C }( | ®ESYy C3 « (E}u
(Schlotzer-Schrehardit al, 2015).

3.5. Conclusion

The first part of this study has shown that both human and porcine corneaicosimilar
critical transition points in response to variations in hydration. Howeverglare distinct
differences in collagen organisation between the two species. The secondfphig study
has demonstrated that IFS in constant as a function of depth ihdngan cornea, whereas
fibril diameter decreases from anterior to posterior in the periphery. pseg of pre-

« usS[+0C EEA o 0}A @& th&cdrivea,pbtentiallg Gierihg the

biomechanical properties due to closer packing of collagen fibrils.
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Chapter 4t Three-dimensional arrangement of elastic fibres in the human
corneal stroma

4.1. Introduction

The cornea is the main refracting lens in the eye. As part of the outér, tit must combine
transparency with toughness. In particular it must be flexible enougtttestand external
insult and intraocular pressure variation, but elastic enough to re¢mjprécise shape
afterwards, in order not to affect the focussing of light on the retifilae optical and
biomechanical properties of the human cornea are largely governed bgptbefic
arrangement of lamellae throughout the stroma (Aghamohammadzadeti, 2004,
Whitford et al, 2015). Moreover, other dynamic tissues that expand and contract in
response to variations in blood pressure, for example lungs and blood vessels, @ntain
system of elastic tissue, in addition to collagen, in order to providédéurstrength and
resiliency to withstand mechanical forces (Sherratt, 2009). Additionallysdleea contains
an elastic system that allows the eye to deform slightly and regaoriggal shape
(Alexander and Garner, 1983b, Marshall, 1995). Despite the importance ot ¢isstie in
these force bearing tissues, our knowledge of its presence and distnibuithe human

cornea is limited.

Elastic tissue was, remarkably accurately, initially observed in the cornealzck as the
mid-19" century, described as fibres that commence oneDeu S[e u u E v Vv
Jvdlvp 8} 8Z A oo }( ~ Zo uu[* Vv o Uv (ES}*3Z 83} 82 o} oC
o u vs3e }( 3Z 1}vpudgKolikes ]2880). Interestingly, this refers to the ciliary
zonules in the eye, which hold the lens in dynamic suspension, archawn to contain
elastic fibres (Ashwortlet al, 2000, Keenet al, 1991b). Almost 50 years later, M'ilroy
(1906)pue t JP ES[* v }E ]Jv o0 8] ¢S ]Jve }v o(UI@BvoW &} Zpu \
demonstrate the presence of elastic fibres, after removing the collagdnaggtic acid.
dZ + (] E « AE E %}ES Z] (0C Jv §Z % }*Ss EE® ¥®}u U v
confined to the peripheral portion of the cornea. Fullmer andeL{l958) then went on to

describe a novel connective tissue fibre in periodontal membranes that wascagillf
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were resistant to acid hydrolysis.

dz Av uvd}( o B3E}v u] E}+ }%Ied gonrettivd Gssupfibres to

be studied in more detail, leading to many new studies in this fieldp@ian (1961),

showed microfibrils with a periodicity of about 50nm in the extracellular spaceguaithit

was believed that they were collagenous in nature. Low (1962), describeddbenze of
bundles of microfibrils in the ECM that were structurally distinct faotiagen and elastic
fibres, with a varying diameter of 4-12nm. Furthermore, the microfibrils weperted near
basement membrane, and in close association with elastic fibres, wheredhaytlie

Z o SE}v ve (LowHEPGR) [Similar findings were revealed by Haust (1965), where-
as Hauset al. (1965) went on to suggest that these microfibrils participate in the

organisation of elastic units during elastogenesis in the aorta.

Further advancement in elastic fibre knowledge occurred when Greatlak (1966)
described the fibres as containing two distinct morphologic comptselOnm fibrils,
staining with uranyl acetate and lead, and an amorphous core, whilghsteins with
phosphotungstic acid. The authors also proposed that microfibrils are an umenfatrm of
elastic fibres (Greenleet al, 1966). Elastic fibre components were further characterised by
Ross and Bornstein (1969), who used selective digestion to show that the central
amorphous component was elastin, and microfibrils consist of proteins thateitieer
collagen nor elastin. Light and electron microscopy revealed thatZh £ACS o v[ (] & -
described by Fullmer and Lillie (1958), are in fact bundles of 10-12nm imidsof
(Cottapereiraet al, 1976). When these bundles of microfibrils contain a central amorphous
Ju%}v v3U 8Z C A E o0 **](] o méuBhuthpy may &lso €kisttase U o
intermediate fibres, where the central amorphous component is sparsetlzask were
termed elaunin fibres (Cottapereirt al, 1976, Gawlik, 1965), all of which are visible with
light microscopy following differential staining protocols i.e. aldehfggehin with or
without prior oxidation (Alexandeet al, 1981a). 10-12nm microfibrils were shown to
}veled }( V}IA o il % E}3 [Bakabetal, 128Gb)E]o0]V |

After the early studies by Kolliker (1860) and M'ilroy (1906), there wasilitiérest in the
presence of elastic fibres in the cornea, until it y@-CE ( ]Jv §Z id66i[+X KECS o v (]
were identified in the deep stroma of young human cornea, but none were fautite
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mature healthy adult cornea (Alexander and Garner, 1983b, Hietiab, 1991). Electron
microscopy then identified oxytalan fibres in embryonic and chick corneasing parallel
to the corneal surface (Bruret al, 1987) and increasing in density from the centre to the
periphery (Daga Gordimit al, 1990). These fibres have also been reported in various other
species (Carringtoat al, 1984, Brun®t al, 1987, Carlson and Waring, 1988), but not in
mature, healthy, human cornea. That is until 2010, when Kamma-Letger(2010)
reported a network of fibres using two photon fluorescence microscopy. These vileres
shown to run roughly parallel to the collagen lamellae in theurhcorneal annulus
(Newton and Meek, 1998a), a deep limbal structure that is supposedlporhaintain the
change in curvature between the cornea and sclera (Bebtd, 2009). The advancement in
imaging techniques, such as SBF SEM, has enabled these structures to beisttntesz;
dimensions. For example, Hanlehal.(2015) used SBF SEM to describe the presence of
JECS3 ov (] E « JvupE]v }EvVv U AZ] Zr3ZuT E}A] €@ upvZoospsd
~ & D).[Bespite this, the presence or absence of elastic fibres in the heoraea
remains unclear, highlighting the need to re-visit this area witlemaalvanced techniques.
There is no consistency in the literature in terms of nomenclaturdy wilytalan fibres often
o0 Zu] E}( E]Jo pv o ¢[U Z &B JY[UP W] (EHE]oB]v*[X &}E *]u %
§Z « (] & « Aloo E(EE 38} «Z o Bl BZ[EZEHUEZIns &
}vs Jv]vP VSE 0 U}E%Z}pue 0 *S]v }lu%EGw vso 5] ] (EEXX][ S

As discussed previousuaet al.(2013) have controversially postulated that the stroma
that lies directtyai vS S} ¢ u S[euu E v ] ]*s]lv§ }Ev oo C &E

e« u 3[*0 C EU AZ] Z }vs8 Jve J(( & v8 Jlu 2%} ( 320 E}% ES]
stroma. Dua and colleagues used the big bubble technique to demonshiatevhen
injecting airtoe % & $§ e US[*uuEv (E}u $Z 3CE}uUS3Z o A
E epos Jv SZ]Jvo C & }( *SE}u & u ]Jv]vP SqDudetak} < u S[-
2013) Although this had previously been observed (Jafarinasalh, 2010, Mckeeet al,
2011) and despite the suggestion that the cleavage plane was non-repitdguletermined

CSZ A E] o ]*8v «}( | E 8} C& » 3)Schiotzer-S¢mrahaudtt® v

al.,, 2015), Dua and colleagues insisted that it was a structurally ditier, following up
the initial study by showing that there is a concentration of type VI catlagthin the layer

of tissue (Duat al, 2014). These recent developments have highlighted the importance of
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studying the structure of the corneal stroma at all depths, wiglw techniques, paying
more attention to elastic fibres, as well as collagen lamellae, as tloesmfiluence the

biomechanical properties of the cornea.

The aims of this chapter are to examine the structure of the human corneahatusing a

range of techniques, with particular focusonpres u S[e o C CEU Jv }E €& S} s &
there are any structural differences present in comparison to the oveylsiroma. The

techniques used include SBF SEM, conventional TEM, non-linear microscopy ané-immu

fluorescence microscopy.

4.2. Methods

4.2.1. Human corneas

Five human corneas were obtained from the CTS Eye Bank, Bristol, UK. Corndéat\aas
69-yeartold female. The whole enucleated eye was fixed in 4% paraformaldehyde. The
corneawas removedd]$Z ¢ 0 E 0 EJu VvV %0 Jv u} 1(]25% EV}AIC[e
glutaraldehyde and 2% paraformaldehyde in 0.1M cacodylate buffer at pH 7.2) for 30

minutes, dissected and processed for electron microscopy (SBF SEM and TERY. 2Corn

was from a 50-year-old malev A « E JA (E}u $Z C vl Jv. Po [+ u]v]t
essential medium as a cornea with about 2 mm of the adjacent sclera. It was deeswel

with 8% dextran overnight, mounted in a Barron artificial anterttaraber to maintain a

trans-corneal pressure and was fixed using the same modified Kar@ofisative for 3

hours. It was then dissected and used for SBF SEM and TEM. Cornea 3 wag2rgaar

old female. It was fixed in 4% paraformaldehyde then wax embedded for hist@lagyea

4 from a67-year-old male was processed for non-linear microscopy as described below.

Cornea 5 was from a 63 year old male which was collected and fixed irPGA%

AE velv[e p(( & Al3Z]v 3A} C- }( S@AbeNinguCorndg GEwdsi u v }

from a 13-week old foetus obtained from the Human Developmental Biology Resource

(HDBR). The whole globe was fixed in modified Kad@y2 (]£ 3$]A  n précessgd

for SBF SEM as below.
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4.2.2. SBF SEM and TEM

The protocol for processing tissue for SBF SEM and TEM is described in chalptay 2iith

the full-thickness quantification methods and 3D rendering ugimira6.

4.2.3. Non-linear microscopy

Corneal buttons 8 mm in diameter were dissected from the centre of&odn placed into
dialysis tubing (molecular cut-off Xda), and brought to physiological hydration by
immersion in 2.5% polyethylene glycol overnight. The buttons wene theunted on
Superfrost glass slides, in 1:1 phosphate buffered saliglgcerol solution, protected by a
0.16mm thick glass coverslip. Non-linear microscopy was carried out at the Physics
department, Exeter UniversityA modified confocal microscope (FluoView IX71 and F300,
Olympus) was used to obtain two-photon fluorescence (TFP) and second harmoni
generation (SHG) images simultaneously (seeeBeall (2014) for a complete description of
the system configuration). As well as single images, stacks of aligned images at 1um
intervals were also obtained throughout the depth of the stroma. TPFSkh@ images from
the same area of cornea were overlaid using ImageJ software, resulting in caaposit

images.

4.2.4. Immunofluorescence labelling

One half of cornea 5 was transferred to PBS for 24 hours, involvingdhesmes. The tissue
was then embedded in OCT and snap frozen in isopentane codlgdiohnitrogen before

being stored at20°C. 10um thick frozen sections were cut using a cryostat (Leica CM3050 S)
and collected on lysine coated glass slides. Sections were rehydrate@B&Hor 15

minutes at room temperature before being blocked with 2% BSA (bovine sebumial) in

PBS for 30 minutes. Mouse monoclonal anti-fibrillin 1, rabbit polyclartatype VI collagen

and anti-elastin antibodies (Abcam, Cambridge) were applied at 1/100 &@®Q/dilutions
overnight in a dark humid chamber at 4°C, with PBS applied toinegaintrols. After a

wash with PBS, sections were transferred to secondary antibodies goat anti-imoreas#it

(as appropriate) conjugated with Alexafluor 488, at a 1/200 dilution.rgutie staining
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process, all slides were kept in a dark humid chamber with wet papegisowsed at the

base to prevent drying out. Finally, sections were washed with PBS (5 x 2mimgdes) a
coverslips mounted using vectashield hardset with DAPI (4',6-diamiditn@i2ypndole).

The mounting medium was allowed to air dry for 2 hours before sections were examined
using fluorescence microscopy (Leica DM6000B) with appropriate waveletgth finages
were collected using Leica application suite: Advanced fluorescendegraatysed using

ImageJ software.

4.3 Results
Central and peripheral cornea
4.3.1. TEM

Initial TEM examination of the area of stroma anteriortoo u S[* u u @ the
centre and peripheral cornea revealed the presence of elastic fibiasniere clearly
distinct from collagen fibrils (Fig. 4.1). Corneas used for TEM and SBFe&EMogessed
using the tannic-acid based staining method, which heavily seasdic fibres as well as
collagen (Simmons and Avery, 1980, Kageyanad, 1985). It was evident that these
eSEU SUE « A E Vv}S ZSEU [ 0 8] (] E « B}RRZGpSUEO ZI] VAR 0¥Z
central amorphous component. When viewed longitudinally, the fibres exddlianding
with a pseudo-periodicity of 56.5 + 4.8nm (Fig. 4.1A). Also, when viewirgy&aely
orientated elastic fibres, the 10-12nm individual microfibrils that magehe fibre could be
seen be seen (Fig. 4.1B), as well as a textured substructure in longitudinal s€Etgn
4.1C). The diameter of the elastic fibres varied, with most lying betweer2@00m. At low
magnification, the fibres appeared to be concentrated in the mostgromt 10um of stroma
(Fig. 4.1D).
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Figure 4.1. TEM images of elastic fibres from the central and periphevenea stained with tannic
acid. Fig. 4.1A: A banded fibre running longitudinally above Descemet's membrane (D

(bar = 500 nm). Fig. 4.1B: In cross-section, individual microfibrils are vibidgd =200 nm). Fig. 4.1C:
At high magnification some elastic fibres show less distinct banding and longitudinakte
suggesting a microfibrillar substructure (bar = 100 nm). Fig. 4.1D: At low magnificéties die
concentrated anteriorto ¢ u S[e u u EM) (bar = 2um). A-C taken from (Lewtsal.,
2016).

4.3.2. Non-linear microscopy

Non-linear microscopy confirmed that the structures visualised with TEM wdeed

elastic fibres. Initially, fixed corneal buttons were used, resglimthe tissue displaying high
amounts of auto-fluorescence, potentially due to the age of the specinémisxed corneal
buttons were then used as described in the methods above, producilgjalys better

image quality. TFP images, revealing elastic fibres, and SHG images, reveatieg cakre

superimposed to create composite images (Fig. 4.2). Long fibres were seemgrafong
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the plane of the cornea before branching into two, a characterisétures of elastic fibres.
By analysing stacks of images taken throughout the full depth of thenst it was evident
that the fibres were only present in the posterior stroma (particyladncentrated in the
final ~80um), in both the centre and at the edge of the button8Asn corneal buttons

were used, it was not possible to visualise fibres at the very periphmiyls of the cornea.

Figure 4.2. TPF and SHG composite imagéese images show the presence of elastic fibres (green)
amidst collagenous material (blue) in the posterior stroma at the periphery (A) and centre (B) of
8mm buttons. Elastic fibres show evidence of characteristic branching (arrows). High levels of nois
in the form of auto fluorescence made it difficult to produce composite images. Barns. 301age B

adapted from (Levgiet al., 2016).

4.3.3. SBF SEM

dZ & }( *3SE}u oC]JvP ]JE 3SoC }A o uidestigated® v A ¢ (p
using SBF SEM. A 16 x 16 x 50 um data set was obtained in this regioerigdmeral (4-

5mm from the optical axis) cornea. Individual images from the data set disphaged

darkly stained structures that appeared as black dots (Fig. 4.3A). Cogwhisrstack of

images into a 3D model using automated 3D rendering revealed thag the structures

were in fact long elastic fibres running throughout the entire lergftthe volume (Fig. 4.3B

78



and E). These fibres were concentrated in the first 8ume S E } u 1A e u S§f-
membrane, below the last keratocyte, although fibres were also visible asaeterior to
this. Furthermore, the elastic fibres ran approximately parallel eogtrface of the cornea,
along the plane of the stromal lamellae, and were seen to birfurcate anadatfe (Fig.
4.3C). Fibre orientation appeared random, with some orientated at an abkaqgle to the
direction of limbus and others arranged circumferentially around threea. Anterior to the
concentrated zone, elastic fibres generally appeared to trace within atvagles collagen
lamellae (Fig. 4.3D).

The same region of posterior stroma was examined in the central cornea. Elastscviiere

Ale] o A v «3CE}u 0 0 u 00 }A e« usd[*ruuEvUZIAAG
and sparsely distributed when compared to the same region of periplcerakea (Fig. 4.4A),

ultimately resulting in a difficult 3D reconstruction, with morenmmal rendering.

Additionally, the fibres appeared thinner than those observed inppheral cornea, with

no branching evident either. Elastic fibres were orientated radially andusdl towards

the limbus, again running parallel to the plane of the corneaywiainy appearing to lie on

§Z vVvsS E]J}E puE( }( ¢ uS[couu EvVvV ~&]PX 0Xd Vv X

4.3.4. Full-thickness quantification

After discovering the presence of an elastic fibre system in thespioststroma of both
central and peripheral cornea, the next step was to quantify the distion of fibres
throughout the entire depth of the stroma, therefore, over 20,080face images were

U] E A EC Aivu (E}u %]3Z oJpuu 8} + u $[c y@aE v ]v §Z
Due to the large amount of data collected, it was divided into grodd®60 images,
representing 50um of stroma. Within each group, the percentage volumepiedipy
elastic fibres was calculated and plotted as a function of depthimthe tissue (Fig. 4.5A).
Results indicated that elastic fibres density was highest in the posterianatreemained
uniform at a lower density in the mid-stroma, before falling to zerthe anterior stroma.
The first point on the graph (representing the first 50uri e S E } u }A e u S[-
membrane) contained almost double the density of elastic fibores comparecdetegbond

point on the graph.
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Figure 4.3. 3D reconstruction of elastic fibres in the peripheralrea. The yellow arrows indicate
the radial direction towards the limbus. Fig. 4.3A: SBF SEM image of posterior peripheral cornea
reveals the presence of numerous elastic fibres, which appear highly concentrated within a zone
containing 45 lamellae (blue arrow) next to Descemet's membrane (D). Elastic fibres are also
evident above this zone (black arrow) above a keratocyte (K). Fig. 4.3B: 3D volume geatigrin
posterior peripheral cornea reveals the distribution of elastic fibres (gold) above and below a
keratocyte (K, coloured purple) running parallel to Descemet's membrane (coloured Bigied.3C:
Fibres exhibit bifurcated and trifurcated branching (red arrows). Fig. 4.3D: The elastic fibeas app
randomly orientated. Some are orientated at an oblique angle toward the limbus athiées

appear to be orientated more circumferentially (green arrow) with respect to the cornea. Hig. 4.3
Side plane view of 3D volume reveals the elastic fibres to be concentrated just above Descemet'

membrane (blue arrow). Images taken from (Lestial., 2016).
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Figure 4.4. 3D reconstruction of elastic fibres in the central cornéig. 4.4A: SBF SEM image of
posterior central cornea. The black arrow highlights a single elastic fibre running tingity

within the stroma. (D = Descemet's membrane; K = keratocyte). Fig. 4.4B and Olifffeesional
volume rendering of the same region shown in A reveals that most fibres run radially toward the

limbus (yellow arrow). Taken from (Lewisal., 2016).

Furthermore, when analysing the first data set, it was evident thatrtfajority of these

(] €« AE }v VvSE § ]JE 30C }A - UuS[*UU]J&ER US3SZ E
data set was analysed in greater detail, with fibre percentage calculaey 00 images

(8um of tissue)(Fig. 4.5B). As expected, these results showed that elastic fibre tcati@en

A« «]PVv](] v30C Z]PZ €& Jv 8Z (]J]E+3 6RuU }( *SE}JE }A e u
falling rapidly as you move anteriorly. The same analysis was carried out oentina!

stroma (Fig. 4.5C). This showed the same density pattern as the peripheral ,ooitiea

*]PVv](] v80C Z]PZ & }v Vv3E 3]}v }( (] E » ]JE VvS30CU%}AE =+ u
to stroma outside this region. However, the density of elastic fibres szbme was almost

8 times lower (0.5%) than the same area in the peripheral cornea (4%).
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Figure 4.5. Distribution of elastic fibres as a function of depth i theripheral and central cornea.

Fig.4.5A: the percentage of the peripheral tissue volume occupied by elastic fibres from 0~ 5} %o } (
Descemet's layer) to about 800. u ~ } 8 3 pithdlium). Each point represents data from about

1000 en face serial images summed between that depth and the one before it in the graph. The

number of elastic fibres falls rapidly after about200u (E}u ¢ u §—¢ uu E v X E} (] & -
observed in the anterioly100 ...u }( §Z *3@E}u X dZ Z]*3}PE ue +Z}A+ 3Z Al}opu
elastic fibresinthe firS *AiRu }( *SE&}u VvsS EJ}E 8§} + u S[cuu EvVv JvsiszZz %
4.5B) and central (Fig. 4.5C) cornea. This shows that the majority of the fibres are located in the

y8 ...u E PJ]}v Juu ] 8 oC }A e US-cuuEv X etal,20%) v (E}u ~>
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4.3.5. Corneo-limbal region

After studying elastic fibres in the central and peripheral corrteaas important to

discover the organisation of these fibres at the posterior limbusadjecent cornea. Low
magnification SBF SEM examination of this area in transverse section revealed

the presence of numerous electron-dense elastic fibres within tetgrior limbus which
extended into the posterior cornea (Fig. 4.6). The trabecular meshwork extentbethe
posterior cornea, where it anchored via a wedggd Jve E3]}v 3A v ¢ u §[
membrane and the overlying stroma. Trabecular meshwork is often described awriagch
inthe corneoo]Ju o iuv 38]}v AZ E e uS[+uu Ev § Eu]v sV Z}A
instance the trabecular meshwork extended approximately 250um beyondegismr and
inserted into the peripheral cornea. Elastic fibres were visible abovensiegtion point as

well as anterior to the trabecular meshwork in the limbus, where they were@atnated

within a 40-50um region.

Furthermore, a 3D reconstruction of this region revealed that these fioppeared densely

packed, appeared broader than fibres observed in the peripheral corneayarel

generally found to be aligned parallel to the limbal stroma (Fig. 4.7A).Ageive same

E P]}v A]JSZ d D «Z}A 3Z § 8Z « +3CEY SPE E &) }$§ pdCPZ3E |
amorphous central component that can be distinguished from the edeatlense

microfibrils surrounding the core (Figs. 4.10B-C).

SBF SEM data further revealed that the trabecular meshwork terminates pogterior
cornea, and that the insertion is bordered by 2-4 layers of elastic sheets.@jigAdAterior
to the trabecular meshwork insertion, elastic tissue appeared tmffanestrated sheets
These elastic sheets extended just beyond the posterior corneolimbalgunethere they
appeared to transform into fibre-like extensions, which continued itie posterior corneal

stroma.

83



Figure 4.6. Low magnification montage of SEM images showing a transwastion through the corneo-limbal regiofNumerous elastic structures are
Al v3 A]8Z]v 8Z }Ev }oJu 0 E P]}v ~0 | EE}A+se% BZ BES} Zud E 0A ZR Jijthe ddpeer@Ed$ievior
cornea above Descemet's membrane (D) (blue arrow) which tapers to a terminal pointS$6me 8 ]v (E&}u §Z }Ev }oJu o }puv EGC ~ X d

fibres are visible above this insertion (red arrows). Taken from (letvals 2016).
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Figure 4.7. Elastic fibres at the limbusig. 4.7A: 3D reconstruction of the limbal area anterior to the
trabecular meshwork revealed a mass of elastic tissue, including long fibres and broadshbksettic

like material. Fig.4.7B: TEM micrograph of this region demonstrates the longitedstic sheets
(yellow arrow) and thick transverse fibres (white arrow) (Bar = 2um). Fig. 4.7C: Higher magmificati
shows that the fibres contain an amorphous central core surrounding by darkly stained bundles of

microfibrils (Bar = 500nm).



Figure 4.8. The corneo-limbal regioithe main SEM image shows the trabecular meshwork

insertion between Descemet's membrane and the posterior corneal stroma. The trabecular

meshwork insertion is separated from the stroma and Descemet's membrane by sheets of elastic-

like tissue (red arrows), which appear to terminate at a point (blue arrow) within the posterior

stroma next to Descemet's membrane. Elastic fibres and elastic sheets are evident (black arrows)

within the posterior stroma to a depth of about25.u ]88 o0 8§} ¢ u §—e uu E v X < & §}
(K) are also visible within the posterior stroma. Inset: A 3D image slice througialbleeular

meshwork insertion highlighting the presence of elastic sheets (coloured green and indicated by red
arrows) and fenestrated elastic sheets present within the posterior stroma above it (coloured gold).

Taken from (Lewist al., 2016).



4.3.6. Foetal cornea

In order to discover if elastic fibres are present in the developing hucoamea, a 13-week

old foetal cornea was examined with SBF SEM. Interestingly, elastic fibepresent,

even at this early developmental stage. The fibres were visible above thelertidot and
A 0}%]vP ¢ u S[cuu @.v ~&]PX &

Figure 4.9. 3D reconstruction from the central posterior cornea diZxweek-old human

foetus. Fig. 4.9A shows the presence of elastic fibres (gold) above a meshwork of dark filaments
which will later become Descemet's membrane. Because of the oblique imaging stame stroma
above the fibres is seen at the top left of the image. Fig. 4.9B, acquired from a differenatdent
shows elastic fibres (gold) immediately above the endothelium (light green). Taken &ais €t

al., 2016).

4.3.7. Immuno-fluorescence microscopy

Immuno-labelling revealed that type VI collagen was concentrated in theposstroma,
inathinlaye® }( 8] n }A e« U S8[*uuEv ~&]PX 8XiitheU v A »
the trabecular meshwork (Figs. 4.10B-C). No elastin was detected iortieat stroma

(Fig4.10D), although it was prominent throughout the trabecular meshwork (Fig. 4.10E).

Fibrillin failed to label in both the stroma and trabecular meshwordx. @LOF). Controls

with no primary antibody did not reveal any labelling (data not shown).



Figure 410. Immuno-fluorescence microscopyigs. 4.10A-C: Type VI collagen was concentrated in

athin layeroftiopn Jv §Z %}+S E]}E *SE}u U vsS EJ]}E& 8§} <« u S[cuu E v
into the trabecular meshwork (B, C). No elastin was present in the stroma (Fig. 4.10D), but was

ubiquitous in the trabecular meshwork (Fig. 4.10E). Fibrillin failed to label in the corneaa<fram

4.10F).



4.4, Discussion

This study has revealed the presence of a complex elastic fibre systamhnman cornea.
The tannic acid-based en bloc staining protocol is known to stain thefibrillar and
amorphous components of elastic fibres (Kageyanal, 1985, Simmons and Avery, 1980)
enabling them to be viewed using both TEM and SBF SEM. Viewing thes@asrutthe
central and peripheral cornea with TEM showed that they lack the cesmmalphous
component,andar SZ & (}& vVv}S ZSEWN o0 *S] (] E-cadtaipusg pv o <« }( (]
microfibrils (Sakagt al, 1986b), also termed oxytalan fibres (Fullmer and Lillie, 1958)
Additionally, these fibres exhibited a periodicity of ~56nm, whsdypical of elastic fibres
(Keeneet al, 1991Db, Kieltyet al, 1992). Further evidence was provided by two-photon
fluorescence microscopy, tuned close to the elastin two photon excitgtéak, highlighting
the existence of elastic fibres in the posterior stroma, as seerabyn&Lorgeret al.

(2010). Fibres identified by TFP would almost certainly be elastioceasgnal from collagen
is not fluorescent, but almost entirely SHG .This technique is ofed to visualise elastic
fibres in tissues such as articular cartilage (Manskeldl, 2009, Yetet al, 2005), arteries
(Boulesteixet al, 2006), and more recently, the trabecular meshwork (Fdr&l, 2016)
These findings contradict previous studies that failed to detect eléibties in the mature

healthy human cornea (Alexander and Garner, 1983a, Hiedab, 1991).

These structures have also been stained with orcein and Millers stains(&eal, 2016),
both of which are elastic fibre specific stains. However, the elasticsfilaiked to label with
commercially available fibrillin-1 antibodies, whereas type VI collagen labélacta

e u8[*uuEvU v }vilvp ]v8} 38z SE Ho @& u <ZA}EIU
findings from Duaet al. (2014). In the mouse cornea, elastic fibres have been immuno-gold
labelled with non-commercially available fibrillin-1 antibodies (Hawt al, 2015). An
association between type VI collagen and elastic microfibrils has previous been shown
(Finnis and Gibson, 1997, Evestsal, 1998): this close association may potentially masks
the fibrillin antigenic sites in the human cornea. The precise cortipo®f elastic fibres in
the cornea is unclear, although as in other tissues, it is likalyihdividual microfibrils that
make up the fibres contain other glycoprotein components in smaller tifies) such as
fibrillin-2 (Charbonneaet al.,, 2003), which may be involved in elastic fibre formation as

Fbn2 mRNA is predominantly expressed during the embryonic period in mice @hang



1995), and microfibril-associated glycoprotein 1 (MAGP-1), that is thoughbtade
structural integrity (Traskt al, 2000, Kieltyet al, 2002a)

SBF SEM enabled the elastic fibres to be viewed in three-dimensions, ng\aakxtensive

network in the posterior stroma of central and peripheral cornea, appedarizg

}Jv vE8E § Juu ] §o0oC }A e U S3[*uu Ev X dioeoA « }v(]EuU

thickness quantification, showing that the density of elastic fibras significantly higher in
SZ (]&e+S 6RuU }( *SCE}u }A * inlbail} central atitl perlpheral
cornea. Elastic fibres in the peripheral cornea made up 4% of the valuthes 8um layer
of tissue; it should be noted, however, that the threshold value chosengtaight the
elastic fibres was such as to avoid staining other tissue components, so ktywtaned
elastic fibres would have been included; the quantitative qatsented should therefore

be regarded as minimum values.

At the posterior corneo-limbal junction, elastic fibres are broaateiorm fenestrated
sheets anterior to the TM. It appears as though the elastic fibres setire peripheral and
central stroma are continuous with this region, the TM, and possiblydlj@cent posterior
sclera, potentially travelling throughout the entire width of thereea, limbus to limbus, as
no termination points were evident. It is likely that the presence of étéstic tissue in the
posterior limbus acts in conjunction with the anchoring lamellaeyjging further

biomechanical stability in this transition zo(#oote et al, 2011, Meek and Knupp, 2015).

Elastic fibres were concentrated inani8u] €E}v o C & }( S]eep 1A e u §f-
membrane, a region that Dugt al suggest is structurally distinct. However, the elastic fibres

were not limited to this area, as they were distributed in lower quantiteeughout the

stroma. The fibresinthepre-« u S[* 0 C &E u C %0 ¢ u Z v] o E}o ]v
surgical technique. If the cleavage plane is created by air pressutingplite posterior

stroma along the last layer of keratoct v (E ¢S « u $[e* U the dastic fibre
network would support this thin separated layer of tissue, and may everriboie to the
cleavage plane location by biomechanically strengthening the layer, makifigcitltio
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formed in the central cornea and expanding up to 8mm in diamitatr was able to

]



withstand high strains without bursting. Furthermore, the toughnesseflayer has been

shown by performing deep anterior lamellar keratoplasty and phacoefioaison at the

same time, as the layer maintains a stable anterior chamber for cataract surgewyifg|

the removal of scarred corneal stroma (Zekal, 2015). Elastic fibres would enable this by

providing extensibility, whereas collagen fibrils alone may slip or break undessxe

tension. Following stretching, the pre-e u [« 0 C E E A ES+ 5§} ]« JE]P]v o

deflation of the bubble, conveying how the elastic system provides elgséisitvell as

biomechanical strength (Duet al, 2015a)X p v }oo Py ¢ o0} = E&] NS C %
H oU_ AZ E JE SE A oo]JvP E}uv 3Z %Z EWod ELO}ERZ }

centrally (Dueet al, 2013). At the corneo-limbal region, elastic fibres became broader and

formed fenestrated sheet-like structures in the posterior stroma, resglin an elastic

annulus. These sheets may be responsible for the circumferential aisflemwduring type 2

bubble formation, by initially containing and restricting the aiflaround the corneal

perimeter.

The elastic fibre system seems to be continuous with the TM. Durinetiaeing
keratoplasty surgery, this system would be severed and the tension released. As elasti
fibres cannot be replaced during normal matrix turnover, this would permapetidr the
mechanical properties of the cornea. As well as potentially affecting theesbiaine
cornea, the release of tension could also have negative implicatidrabacular outflow,
subsequently playing a role in the development of glaucoma, which é&s &issociated
with penetrating keratoplasty surgery (Al-Mahmoetal, 2012, Dadat al, 2008)
Recently, two photon fluorescence microscopy has revealed the intricate connections
between elastic fibres in the trabecular meshwork and ciliary neuseidons (Parlet al,
2016) These connections suggests that ciliary muscle tone can therefore dirdlttgnice
the trabecular beams and alter aqueous outflow. In the other direction, ieléibres in the
posterior cornea and limbus that are continuous with the TM may play a simi&grwih
the tension in the fibres involved in keeping trabecular outflow cteds open to facilitate

agueous drainage.

This study has revealed that the TM projects about 250 um into th@lperal cornea
SA v 387 e US[*uuEV V 83Z %} E]}EEIEIUEX B+ E



observation byDuaet al.(2014) in which the TM was also identified to extend into the

peripheral cornea, although these authors did not describe the anatorttyeofM insertion

in any detail. The anatomical description of the TM in this stusgng different from the

currently accepted description of TM anatomy in terms of its anten@tibn. Hogan (1971)
describe$Z dD i}]Jv]vP 8Z o]Ju pe 8 %}]vs AZ & * U S[*uu &\
referring to this as the posterior corneolimbal junctid¥ndZ dD ] E P & e NS}v
tissue, which is required to be under tension in order to functienmally. The aqueous

outflow is regulated by the contraction and relaxation of the trabecular meshwbrugh

the action of ciliary muscles attached to the meshwork at its posteisatibn point deep

within the sclera (Llobett al, 2003, Tamm, 2009). The TM insertion would appear to be

closely associated anteriorly with the concentrated elastic fibre zdastified in this study,

which spanned the limbus and the peripheral cornea. It is possiblethis elastic system

helps maintain the tone by fixing the TM anteriorly to the periphemahea and limbus.

To maintain focus in vision, the cornea must be resistant to deformation fromreatter
forces, and when it is deformed it must regain its original shape quickiyvg and in the
absence of external forces, a force balance exists between the collagen ketmioch
resists only tension, the proteoglycan interfibrillar gel, which exantenternal swelling
pressure on the collagen network, and the I0P, which exerts an outisezd on the
cornea that acts evenly across all layers of the stroma (McBhak 1984), keeping them
taut. The response to changes in IOP, either over the cardiac cycle or as a syofiptom
disease, has been shown to be complex. Batad. (2008)showed that in bovine cornea,
when increasing the IOP from 3.6 to 8 mmHg usingxanivopressure cell, 90% of the
outward corneal distension at the optic axis was accounted for by defeomat the
peripheral cornea. The corresponding marked difference in material paramatzoss the
cornea (Elsheikh et al., 2013) enables the eye to maintain focus with micomglensation
over significant variations in IOP. Given that the IOP can change dueitalzer of factors,
it appears thathere is a need for an efficient, long range elastic structuréénperipheral

cornea/limbus.

While corneal collagen is known to be crimped @tial., 2014), it is unlikely that

straightening of this crimp alone will provide the range of deformatiotheperiphery



required to maintain central corneal shape. The collagen arrangemeheipériphery is

predominantly circumferential (Aghamohammadzadeh et al., 2004), meaning radial

deformation is likely to give rise to collagen realignment through the proteoglgean

(Lewiset al, 2010), which suggests the requirement of further mediating force to maintai

internal structure. In other collagenous tissues that incur sicguifi and repetitive strains,

such as arteries, chordae tendinae and cartilage, this mediating foeceasvork of elastic

fibres (Greeret al, 2014). The properties of high extensibiliy}puo +p]s 32 o 3] (] E |
proposed role of supporting the collagen network in deformation. It is ptestilat elastic

fibres in the peripheral cornea fulfil a similar role.

Elastic fibres were identifiedid pu v (} S o }E&v U (}E&E e U S[csuuEyv
formed, conveying that these structures are not a result of age-rdlatenges in the
stroma. Elastic microfibrils were identified in a 13-week embryonic cowitran four very
thin lamellae of the posterior stroma, forming an 8um thick regioreant to the

V }SZ oJpuX dZ J|E % E °« Vv § §Z]e EoC *3 P }( A 0}%u vsU
membrane has formed, indicates that elastic microfibrils in the corneaat¢he result of
degenerative ageelated changes, but presumably fulfil instead some basic funatitmel
presumptive stroma. Calcium binding by the elastic fibres of msstiéis makes them
resistant to proteolysis (Reinhardt et al., 1997), so it is also unlikely tegtithdergo any
significant breakdown and remodelling as a function of age. Secretdukbsarliest
invading mesenchymal cells, it is tempting to speculate that they migivigle mechanical
stability (Shawky and Davidson, 2015) and elasticity (Wingfedig, 2012) to the expanding
%}e8 E]}E 0 u oo % E]}E S} %}e]S]}v }( ¢ u S[cuu EvU
functional role by the maturing stroma. In a mechanism akin to thathich the primary
stroma is believed to form a template for cell migration and matrix synthesieein
embryonic chick cornea, elastic microfibrils may additionally serve somadaoni
guidance of inwardly migrating cells, and so have an influence ppsierior lamellar
organisation. Microfibrils would become separated spatially from one anathéhe
lamellae expand with further collagen synthesis during development.cohis explain why
microfibrils situated at sites increasingly anterior to their greatest cotreéion distal to

e u S[e & ]J*SE] pus SA v o u a0 out towarts te lidibas }

region. If this hypothesis is correct, the elastic microfibrils woetdlesent a residual



primary structure of the developing cornea, with no function in the atissiue. However,
based on the important role fulfilled by elastic microfibrils in othiestes, their presence in

the cornea and limbus does suggest other possible functions.

4.5. Conclusion

In conclusion, this study describes a complex elastic system in the posteman cornea
and limbus. This takes the form of elastic sheets in the limbus frbichwprotrude elastic
fibres into the peripheral cornea. As these fibres extend into tr@ea they bifurcate and
trifurcate, forming a layer of thin elastic fibres that is concentratetthiwithe posterior

8 ... u X d&s}ie system may have a number of developmental and structural roles. Its
presence is likely to influence the biomechanical behaviour of the corngéanay provide

explanations for the effects of a number of surgical interventions.



Chapter 5- Elastic fibres in the cornea: differences between normal and
keratoconic stroma

5.1. Introduction

The transparency and strength of the cornea arise from the highly orgaarsadgement of
the stromal ECM. The main component of this matrix is type | collagels titei are
arranged parallel to each other within lamellae. Corneal transparencgiistamed by the
uniform diameter and quasi-regular spacing between these collagersf(M#urice, 1957),
which itself is controlled by the presence of interfibrillar praggaans (Kao and Liu, 2003,
Lewiset al, 2010). Lamellae are highly interlaced (Radeteal, 1998a) and randomly
orientated (Komai and Ushiki, 1991) in the anterior stroma when vieavefhce whereas
they are more organised in the posterior stroma, showing two preferred cateants
(Abahussiret al, 2009, Meelket al, 1987, Aghamohammadzadeh al, 2004), and form a
circum-corneal annulus at the limbus (Newton and Meek, 1998a). Thiffisggrangement
of collagenous lamellae throughout the stroma provides the cornea waméchanical

strength and the ability to resist tensile strain (Abahusgial, 2009)

Keratoconus is a pathological condition that is characterised by bilatergigssive stromal
thinning and ectasia of the cornea that results in irregular astiggnmaind eventual conical
shaped cornea as the tissue bows under the influence of intraopuéssure. In more
advanced forms of the disease, axial corneal scarring may develop which fiatouees

the quality of vision. However, the aetiology of keratoconus is curremityear, as it is likely
to involve many different factors including biochemical, genetic andrenwiental. In
advanced stages of keratoconus, the organisation of the collagen lamellae is severely
disrupted, resulting in a loss of tensile strength and the progressiontasiagDaxer and
Fratzl, 1997, Radnet al, 1998b, Meelet al, 2005).

As well as collagen, elastic tissue plays a vitally important biomeethaoie in many
dynamic tissues, for example lungs and blood vessels, allowing them to expdwdraract
in response to variations in blood pressure (Sherratt, 2009). In similabfgaghe sclera
contains an elastic fibre system (Marshall, 1995, Alexander and Garner,all@8dhg the

eye to deform slightly and regain its original shape following thegiwgkternal extraocular



muscle and changes in intraocular pressure. Despite the cornea beingf plagt outer tunic

of the eye, along with the sclera, the presence of elastic tissugeitdrneal stroma has

been overlooked in recent years. Elastic fibres are often grouped into tlategaries:

ZAdEU [ o +S] (] E » ~u}jE%Z}ps }E }( o0 ST}l oY G
elaunin (intermediate fibres with less amorphous component), and caytédundles of

elastin-free microfibrils) (Alexander and Garner, 1983, Fullmer and L968).1Previous

studies using histological stains for elastic fibres have concludedtbiet was no form of

elastic tissue present in mature human corneas (Alexander and Garner, H®88oet al,

1991) with the exception being Kamma-Lorgsral. (2010), who reported a network of

elastic fibres using two-photon fluorescence microscopy.

The development of more advanced imaging techniques, such as SBF SEM, has eisabled th

area to be re-visited. Hanlogt al. (2015) used this technique to demonstrate the presence

}( Z o-¢&v u] &}(] €]J]o uv o [ SZE}UPZ}pus §Z upuE]v }EvV o

microfibrils were shown to contain fibrillin, a major component of etaBbres (Sakagt al,
198@). Furthermore, we have recently characterised a complex network ofiefastes in
human cornea using SBF SEM (chapter 4) (letwais 2016). These appear as elastic sheet
at the limbus before becoming narrower fibres in the peripheral amtral stroma that run
parallel to the surface of the cornea, and are highly concentrated immalgliabove

* u S[* u u Elastx fibres have previously been reported in various corneal
pathologies including bullous keratopathy and Fuchs endotheliatapfsy (Ljubimovet al,
1998b, Akhtaet al, 2001, Alexandeet al, 1981b). In the only study of elastic fibres in
keratoconus, elastic fibres have been reported below the epithelium im#d central
regions of the conical cornea (Jefferies and Alexander, 1995). The loss of bamicath
strength and the progression of ectasia in the stroma of keratoconic corneasllessvthe
demonstration of an extensive elastic network in normal corneal stroma,igigklthe
importance of further investigating the presence and distribution of etasisue in this

disease.

The aims of this study were to use SBF SEM, conventional TEM, and inuoresci#nce
microscopy to examine elastic tissue throughout the stroma of keratoconic corneal buttons
Jv }Ju% @EJ]e}v 8} VIEU 0 }EV U (} pee]vP Jv $A ES} pw F-}v E

membrane, and below the epithelium.



5.2. Methods
5.2.1. Tissue specimens

Three human keratoconic buttons (7mm diameter) were obtained from the Departofent
Ophthalmology, Kyoto Prefectural University, Japan, following penetrating keratpplast
surgery. Button 1, from the right eye of a 47 year old female, had a mincalagmar inferior
to the pupil (Fig. 5.1B). Button 2, obtained from the right eye of a 57oldanale was

more severely scarred in the same region, and was at the most advanced stage o
keratoconus out of the three samples used (Fig. 5.1D). Button 3, from the right ey&8of a
year old female, was scarred superiorly (no imagé)hinned cone regions were located
para-centrally. Following surgery, buttons were immediately fixed in 4% parafdemale
before being transported to Cardiff on dry ice. Normal human corneassgltral rim were

obtained from Bristol Eye bank and stored in 4% paraformaldehyde until use.

5.2.2. SBF SEM

dZ]v » Pu v3e A E Jee & (E}u Z « u%o0 v (]1A]AESIW 1(]
(2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M cacodylate buffer at pH 7.2) at

room temperature before being stored in buffer at 4°C overnight. Button lpsasessed

en blocusing a tannic-acid based protocol, whereas button 2 and 3 were procesised w
novelen blocorcein staining protocol. Normal corneas were processed using both protocols.

Sclera control was processed with the orcein protocol only.



Figure 5.1. OCT corneal shape analysis and images of keratoconic cofnesges show cornea 1
(A,B) and 2 (C,D) before surgery. Cornea 1 has mild scarring inferior to the pupil (B) whilst the
scarring in cornea 2 is more severe (D). Elevation and pachymetry measurements reveal that both

cone regions are located para-centrally.

Tannic acid-uranyl acetate based protodoltially, the standard protocol described in
chapter 2 was used to process button 1. This method resulted in darkrggahmoughout

the tissue, with little contrast. Therefore, additional tissue was processety a modified
version of this protocol, where 1% uranyl acetate was used instead of 2%aoroét uranyl
acetate was removed. Specimens stained with the modified protocols also appeared very

dark with little contrast, compared to normal controls.

Orcein based protocoDrcein staining has been used to visualise elastic fibres irotinea
using TEM (Lewis et al., 2016), with a protocol based on earlier work (Nakanalra et
1977). A novel en bloc orcein staining protocol was developed in an attengmhance
contrast of keratoconic samples using SBF SEM. Samples were fixed wimii¥
tetroxide before washed in di® for 20 mins and transferred to 70% ethanol for 10 mins.
Samples were stained with 0.3% orcein in 70% ethanol for 2 hours. A3temanute wash

with 70% ethanol, specimens were dehydrated in 90% ethanol for 20 mins, éollbyv



100% ethanol x 2 for 20 mins. Following dehydration, the tissue wascted to the same

remaining steps described in the tannic acid based protocol (chapter 2).

5.2.3. Transmission electron microscopy

All 3 buttons and the normal cornea that weza blocstained for SBF SEM were also used
for TEM. 90nm gold sections were cut using a Leica UC6 ultramicrotome, ftoatastilled

water and collected on copper grids. All section were visualised using a JEDOLEN).

5.2.4. Immunofluorescence labelling

One half of the normal cornea and one quarter of button 2 were tramstl to PBS for 24
hours, with multiple changes during this time. As the specimeng feed, it is thought
that washing in PBS enhances labelling. The tissue was then embedd&I (optimal
cutting temperature) compound and snap frozen in isopentane cooleduidligtrogen,
before being stored at20°C. 10um thick frozen sections were cut using with a cryostat
(Leica CM3050 S) and collected on lysine coated glass slides. Sections wereeadwitnat
PBS for 15 minutes at room temperature before being blocked with 2% BSA in P8S for 3
minutes. Mouse monoclonal anti-fibrillin 1, rabbit polyclonal anti-tyfiecollagen and anti-
elastin antibodies (Abcam, Cambridge) were applied at 1/100 and 1/10G@®dgu
overnight in a dark humid chamber at 4°C, with PBS applied toinegaintrols. After a
wash with PBS, sections were transferred to secondary antibodies goat anti-moragebit
(as appropriate) conjugated with Alexafluor 488, at a 1/200 dilution. ligjredctions were
washed with PBS (5 x 2minutes) and coverslips mounted using vectashield ettset
DAPI. Sections were examined using fluorescence microscopy (Leica DM6000B) with
appropriate wavelength filters. Images were collected using Leica applicatits

Advanced fluorescence, and analysed using ImageJ software.



5.3. Results

5.3.1. Tannic acid stain

Normal cornea stained with tannic acid displayed an extensive elasticsffstem in the
centralandperiZ E o }Ev U }v vS8E 8§ Juu ]38 oC }A e u S[ewu
(Figs. 5.2 A-C). These fibres ran transversely and longitudinally, parallelgiatie of the
cornea, from limbus to limbus, and were seen to bifurcate and trifurcate SEBFdata sets
obt Jv. (E}u }A e US[cruuEvVv JvI & S8} }v] HSSIV i %o%o I
with little contrast, so it appeared that no elastic fibres weregamet, and therefore, it was
difficult to produce 3D reconstructions. However, one data set produced visligtic
fibres that were segmented out to produce a 3D reconstruction (Figs. 5)2 The lack of
JVEE 8 ]« A] v3 <« 15 ]+ J((] po8 8} JefdwPu]leE v SA v + u 3
posterior stroma, something which is clear in normal cornea usingénee staining
protocol. Image reconstruction of the keratoconic data set produced 4 eldstesflaying
above the last keratocyte, running in the same direction, parallel ¢ostirface of the
cornea and towards the limbus. No fibres are visible in the stromal dpeteeeen the
| E s} CS v * U S[*uu Ev X dz filjrec@centrajion betwsdn
normal and keratoconic cornea is clearly evident. Virtually no elasti $ilain is present in
the ~10 micron region of stroma directly abovee u S[* u u G v Jv | E S} }v]
cornea, compared to the extensive network of fibres normal cornea. In the SEMselt
obtained below the epithelium, a ~5micron band of dark staining waemed. The fibres
appeared very small, so they were difficult to clearly distinguish withdwer resolution
imaging of SEM. This, in combination with poor contrast made it extrenfélyutt to
transform the data set into a 3D reconstruction. A single image from thesgdthas been

incorporated into Figure 5.4(E).



Figure 5.2. Distribution of elastic fibore ~ } A e U S[e u u(@)n normal (A-C) and
keratoconic button 1 (D-F) cornea using tannic acid stainiBlye = DM, Gold = elastic fibres,
Pink/Purple = Keratocyté& mass of darkly stained fibres (black arrow) are present in a region
between the DM and keratocyte (blue arrow) (A). 3D reconstruction of this data portrayed an
extensive elastic fibre network concentrated above DM, running towards the limbus (yellow arrow),
parallel to the surface of the cornea (B,C); these fibres were seen to bifurcate (red arrovig). Elas
fibres were visible in one keratoconic data set in the same region (D-F). In a singidrionaghe

data set, a small number of elastic fibres are visible above the cell (white arrows), withimagt
directly above DM (D). The rendered data set shows fibres running longitudinally towardslbe |

(yellow arrows) (E,F¥cale bar = 5um. Images A-C taken from (Letnds, 2016).

TEM provided clearer images of keratoconic cornea with better contraspaced to SEM.

tZ v A] AJvP §Z & }( *$E}u }A e u 3[*uu &vsU ]88 A « ]
many elastic fibres in the centre or periphery of the button (Fig), £ompared to the

concentration of elastic fibres seen in the same area of normal cornga5@#A) (also refer

back to Fig. 4.1D for a control image showing a concentration of eldsts fibove

* u S[* u u EViewiig these structures in the normal cornea at high



magnification revealed a periodic banding pattern repeating every 50-60nm. A vetly smal
number of fibres could be seen after an extensive search of the area irkbodtoconic

buttons 2 and 3; these fibres were orientated transversely, with a diana ~250nm (Fig
5.4B). Many vacuoles were seen protruding from some areas of epithelium ito&ensc
cornea, with the absence of basal lamina arjdAu v [+ o (g 84C). Furthermore, an
abundance of electron dense elastic fibres were discovered betweebasal epithelium

and stroma (Fig$.4D-F). These fibres were orientated both transversely and longitudinally,

running along the plane of the cornea. In the same area, breaks in raatwere evident.

Figure5.3X d D u}v38 P }( + u 8[+uu E v v }Ah«HBIZ noRtagsd E }u
displays the absence of darkly stained elastic fibres in a ~20micron region above DM in the $troma o

keratoconic button 1, stained with tannic acid.



Figure 5.4. TEM images of normal (A) and KC (B-F) cornea using tannic agidgstdiormal cornea contains a concentration of elastic fibres above DM
(A), with transversely orientated fibres having a ~60nm periodicity (ihseale bar 200nm). A small number of elastic fibres were located in the posterior
and middle stroma of keratoconic buttonl after extensive searching (black arrows) (B) visleunles were discovered at the border between basal
epithelium (Epi) and stroma (C) with the absence of basal lamina pAdu v [+ o. lar@elastic fibres were seen directly below the basal epithelium

(white arrows) (D-F), concentrated in a 5Smicron region (blue arrow). These fibres serd longitudinally and transversely (insescale bar 0.5um).



5.3.2. Orcein stain

The orcein based staining protocol was implemented in an attemphpwave image
contrast by removing uranyl acetate, which predominately stains collagehreplacing it
with a well-known elastic fibre stain, orcein. Despite this changtg dets obtained from
keratoconic buttons 2 and 3 still appeared to lack contrast, makinfitudt to produce 3D
reconstructions. A single image from the normal cornea stained withimtata set shows
P}} Jv83E «8 3A v s+ usS[cuu Ev v }AE)adrksE}u
fibres can easily be identified in this region. Reconstructingdiditia set portrayed a
concentration of electron dense elastic fibres lying directly addesceu S[e u u E v
(Figs. 5.5 B-C). These fibres were very similar in concentration and orientatimsaséen
using the tannic acid stain, providing evidence that both protocols aiaigg the same
structures. The majority of these fibres ran longitudinally towards thedisn with some
travelling transversely. No elastic fibres were identified in the 3Drrsttoctions above

* U S[*uu EvVv ]Jv < g&5%D-F)atBugh this may have been due to the

poor contrast and image quality, as mentioned previously. Throughout many KC tiata se
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something rarely observed in normal cornea.



Figure 5.5 ]*3@E] u3]}v }( o 8] (] & « }A e U S[*uu-®and~ D Jv V}E
keratoconic button 2 (D-F) cornea using orcein stainiBfue = DM, Gold = elastic fibres,

Pink/Purple = Keratocyte. Dark elastic fibres (white arrow) seen above DM in normal comeagA)
reconstructed, resulting in a 3D model where the elastic fibres were similar in number and

orientation to those we have previously described in tannic acid stained cornea (BRGewi

majority travelling towards the limbus (yellow arrow). No fibres were identifietiénkieratoconic

cornea data set, with poor contrast between DM and stroma (D). A keratocyte (blue arrow) was seen

lying directly on top of DM (E-F), a finding that was seen frequently in other keratscata sets.



As with SEM, TEM results from keratoconic buttons 2 and 3 stainbadvaein were
consistent with those from the tannic acid staining protocol. Fibres wpagsely populated
1A * u S[* u u E.5.6A)&jtR the occasional fibre seen, portraying the

characteristic 50-60nm periodicity of elastic fibres (Fi§Bpb.Similarly to the tannic acid
stained keratoconic button 1, electron dense fibres were visualisathimdance below the
epithelium, with diameters ranging from 100-200nm (FigCh. These structures were seen
both between the basal lamina and the intaciAu v [+ o, @d@so directly below

}Au v[e o. By WEwing these structures at a high magnification, the individual
microfibrils making up the bundles could be seen (F&D5.The diameter of these

individual microfibrils appeared to be between the range of 7-13nm.

The scar tissue seen in keratoconic button 2 was also examined using TEM. Eleosen-d
material surrounded fibroblasts throughout the entire stroma of the sedtissue (Fig
5.6E). In some areas of scar tissue, vast amounts of densely-stained elastic filresearer
with diameters ranging from 70-300nm (Fig6B. Normal cornea and sclera were used as
controls for the orcein stain, with both demonstrating the presencelastic fibres (Figs.
5.6GH).

5.3.3. Immunofluorescence microscopy

Normal cornea labelling for type VI collagen showed a clear concentiatitve posterior

«SE}u U }A e US[*uuEv 3Z 35 A }vilvplpe (E}u Vv3E
into the trabecular meshwork at the limbus (Fig.&)With no stain present throughout the

rest of the stroma. This differed in keratoconic cornea, with sgrype VI collagen labelling
throughout the whole thickness of the stroma (Fig. 5.7B). No labealfiefastin was seen in

normal cornea (Fig. 5.7C), whereas the epithelium of KC cornea positively staie&bstior,

which appeared to be present inside the epithelial cells (Fig. SHbllin (Figs. 5.7E-F)

labelling failed in both normal and KC corneas, and no fluorescgas®bserved in

negative controls.



Figure 5.6. TEM images of orcein stained cornia.fibres seen above DM (A). Fibres were
occasionally seen in the posterior and mid stroma, Wattgitudinally orientated fibres displaying a

faint ~50-60nm periodicity that was difficult to measure (B). More elastic fibres (white arrows) were
located in the anterior stroma, below the epithelium (C). High magnification images sf/&ee

fibres portrayed the presence of individual microfibrils within the bundle, althahgse were

difficult to visualisgD). Scarred areas of stroma contained a mass of electron dense material (E) and
an abundance of elastic fibres (F). Elastic fibres were seen in normal control tissugea (G) and

sclera (H).



Figure 5.7. Immuno- fluorescence labelling of normal and KC buttomy®e VI collagen was
concentrated directly above DM in normal cornea and was continuous with the trabecular
meshwork (A), whereas type VI collagen was present throughout the whole keratoconic Button
stroma (B). No elastin labelling was present in normal cornea (C), whilst the epithelium (whitg arrow
of KC produced a clear positive stain. @mmercial fibrillin antibodies showed no staining in

normal or KC cornea (E,F).
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5.4. Discussion

Using two different elastic specific staining protocols, this studyshas/n that the

presence of elastic fibres in the stroma of keratoconic cornea is Viéeyaht to the normal
healthy cornea. Both the tannic acid-uranyl acetate (Simmons and Avery, 1980, Kagdyama
al., 1985) and orcein based (Nakamwtaal, 1977) protocols are known to stain the
microfibrillar and amorphous components of elastic fibres. When appideratoconic
corneas, the techniques revealed poor contrast in the images, althowgdsistill possible

to identify elastic fibres where present. It is not clear why processed keraitobottons
produced poor contrast, as the same protocol worked very well for human (led\als

2016) porcine, and murine cornea (see chapter 6).

SBF* D A}lopu E }ve3Ep 8]}ve Jv 3Z E }( *SE}u Juu ] & oC
membrane showed a significant difference in elastic fibre conceotrah keratoconic

cornea compared to normal cornea. Both staining protocols clearly demonsttia¢ed

presence of an extensive network of elastic fibreg A e US[*uuEv Jvv}Euo
cornea, as we have previously described (Lewsl, 2016). Many data sets were obtained

from the same area, in thinned coned regions, from both tannic aadoacein stained

keratoconic buttons, with fibres present in only one reconstructidre lack of fibres in this

region was confirmed with TEM, where an extensive search was required tifydsmy

fibres in this area. Transversely orientated fibres displayed a bgrmuditiern with

periodicity of 50-60nm, characteristic of fibrillin containingrofibrils (Sherratet al, 2003,
Jenseret al, 2012). Frequently] E 8} CS « A E + v oC]JvP ]JE 30C }v 8}%
uuEvU]v Zo C E[Duaetal®2013)s&scsibed as acellular in normal

cornea, although this has been disputed (Jesteal, 2013, Schlotzer-Schreharelt al,

2015) As the samples are 7mm corneal buttons, it is unknown if there is alatéstic

tissue at the very periphery and limbus of the keratoconic cornea.

Elastic fibres are present in foetal cornea (Lestial, 2016) and the posterior stroma of

young infants (Alexander and Garner, 1983), therefore, patients withd@waic corneas

are either born with a lack of fibres in this region, or they are degplatiroughout life.

&] EJoo]v u] E}(] EJos E Ju%}ES v3 Jv §Z ZHE}Powo veS[( §]ee

fibres, as they provide a scaffold for the deposition of elastin duelastogenesis (Jones
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al., 1980, Kewlegt al, 1978, Kieltyet al, 2002a). They also link elastic fibres to each other
and to other components of the ECkihd thus play a role in tissue homeostasis by engaging
in various cell-matrix interactions (Kielty and Shuttleworth, 1995, Jensen amdfdtd,

2016) However, the normal cornea only contains these true elastic fibresedirtibus,
therefore, the role of these elastin-free microfibril bundles in mogatcal areas of the

cornea remains unclear, so it is unknown if their absence througheuwvbuld cause any
structural or functional issues. In other tissues, the importance oflfibrilicrofibrils in
maintaining tissue functionig]PZo]PzZsS ]Jv D E( v[*s *Cv E}u U v usS}e}lu c
disease caused by defects in the fibrillin-1 gene, leading to afatikorganised fibrillin
microfibrils in the ECM, resulting in cardiovascular, skeletal, and oculares@tibns. This
disease often leads to features that overlap with keratoconus includingnagtism and

corneal thinning (Konradseet al, 2012, Heuet al, 2008), as well as a flattened cornea
(Sultanet al, 2002)X  *% ]S SZ]*U | E S} }vpue ]« E E oCQomes S |Jv D &
corneas (Maumenee, 1981). In terms of degradation, it is thought that coliageoken

down by proteolytic enzymes in keratoconus, resulting in corneal thinningg@alamanian

et al,, 2010). Fibrillin domain structure is dominated by cbEGF domains (calecidmdpi
epidermal growth factor) (Jenseat al, 2012), where calcium binding to these domains is
thought to rigidify the microfibrils and protect them from proteolysigiffhardtet al.,

1997). Lysyl oxidase activity, an enzyme involved in cross linking, is decreasedirotma

of keratoconus corneas (Dudakogtal, 2012). Furthermore, lower levels of
lysinonorleucine, a lysl oxidase-derived crosslink found in collagérlastic fibres, are
reported in the stroma of keratoconus cornea (Takaekal, 2016), meaning a loss of
strength and stability of elastic fibres, which could make themmensusceptible to

degradation.

Iv }VEE 3 8} §Z % }+3 E]}E -3 Elhstic fibjes were sean Epmdéntrated
in a ~5 micron band in the anterior stroma below the epitheliurthinned central regions
of keratoconus buttons, as seen by Jefferies and Alexander (1995) with ligbsoapy.

This is a finding that was not seen in full thickness quantificanalysis of normal cornea,
where no fibres were detected below the epithelium (Lewatisl, 2016). These fibres were
smaller (130nm average) in diameter compared to fibres seen in the middlecstelrior

stroma; this, along with poor contrast, made it difficult to creatélareconstruction from
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the data set that they were observed in. TEM confirmed that thésediconsisted of 10-
12nm microfibrils, characteristic of fibrillin-containing microfibiiakaet al, 1986b)
Whereas the elastin component of elastic fibres provides tissue ldsticity, fibrillin
microfibrils primarily provide rigidity and act to reinforce the elasted, as they have been
shown to be two orders of magnitude stiffer than elastin (Sherratt, 2009, Shetat,
2003) However, tensile testing has demonstrated that elastic fibres in hydraliadyc
zonules are reversibly extensible, and therefore have an element of elagii¢gsset al,
1998) The importance of this biomechanical strength is evident in citianyles, where an
abundance of fibrillin microfibrils are responsible for holding lens in dynamic

epe% Ve]}vU A]JEZ 0}ee }( 8Z]e *SEU SPE 0 v Z)EPPS}]v D%E( V[
lentis (Ashworthet al, 2000). The central anterior cornea is a weak area in keratoconus,
forming the apex of the cone, and likely in need of additional bioraridal strength to that
provided by collagen. Furthermore, abnormalities ihAu v [« o wgredbserved, along
with the presence of vacuoles, suggesting that proteases are being relrased
degenerating basal epithelium. In an early electron microscopy study, Tseng (1963)
suggested that one of the earliest microscopical changes observed in keratoconus is
degeneration of epithelial cells, with simultaneous release of unspeafieggmes,
disrupting }Au v[e o0 a@d @kimately resulting in anterior stroma scarring. This may
occurring in button 1, although scarring did not reach the severity as thatisdautton 2,

which was at a more advanced stage of the disease.

It is thought that the corneal thinning observed in keratoconus is a re$atloss of stromal
tissue (Morishigest al., 2007, Mathewet al., 2011), although the precise mechanisms
leading to this are currently unknown. In the normal cornea, antetr@nsa is thought to

be biomechanically stronger than the posterior stroma due to a high degrkavailar
interweaving (Komai and Ushiki, 1991, Morishegel., 2006), however, numerous studies
have shown that lamellar interweaving is significantly reduced iratiterior stroma of
keratoconus corneas, as well as a loss of collagen lamellae inserting}iAto v[e o C E
(Morishigeet al., 2007, Morishiget al.,, 2014, Radneet al., 1998b, Meelet al., 2005).
Further electron microscopy studies have postulated that ectasia and daimaaing in
keratoconus is associated with the loss of and splitting anterior lameiltimately as a

result of weakened anterior stroma (Mathest al., 2011, Mathewet al., 2015).
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Furthermore, a loss of lamellae interweaving and insertion infd\ u v [layer may

( ]o]S § 0 u oo E "-et]dh Z00B). An+oreadsed concentration of elastic fibres
below the epithelium/ }Au v[e o irCke@&toconus corneas may be a biomechanical
response to strengthen this weakened area to prevent rupture. If traenct, the

presence of fibres in this area, which were not observed in normal cornea (&ealis

2016), may also have an effect on the shape of the cornea and couldtiaditenontribute

to cone formation.

The areas of stroma with scarring present were very different, with the mityajoonsisting
of disorganised collagen and an abundance of electron dense matemakasusly
observed in the stroma of keratoconus tissue (Pouliquen, 1987) In addatitnst a
concentration of structures with a very similar appearance to elaisties were identified
throughout the scarred stroma. The diameter of individual fibres was varlaldi most
were found to be between 130-230nm. Newly synthesised elastic fibres temrereported
in scar tissue of skin (Rotex al, 1996, Tsuji and Sawabe, 1987), but little work has been
carried out in the cornea. Kenney al. (1997) discovered fibrillin-1 in fibrotic regions of
keratoconic corneas, whereas Ljubimeival. (1998a) described abnormal deposits of
fibrillin-1 in stromal scars after radial keratotomy. Fibrilliraltdlling in these scars is likely
to be caused from the elastic fibres we describe in this studylikely that these fibres are
laid down by fibroblasts, along with collagen and other extracellular nedieni order to

strengthen the repairing stroma.

Immuno-labelling of type VI collagen showed strong staining in normal carree2d-20um
v }( *3E}u }A e UuS[ruu Ev 3$Z 38 A« }vslvplue Al3Z 52
meshwork, consistent with findings Buaet al. (2014), who termed the layer pre-
* u S[* o T@ed@s3Ue used to label type VI collagen in keratoconus was likely scarred
and showed staining throughout the stroma. The distribution of typeoWagen in normal
and scarred keratoconic corneas correlates with the distributibalastic fibres, suggesting
an association between the two, a finding that has been previously observedious
other tissues (Evertst al, 1998). Further support for a close physical relationship between
fibrillin containing microfibrils and type VI collagen microfibrils wamvided by Finnis and
Gibson (1997), where microfibril associated glycoprotein-1, an ECM compoeguéntly

co-localised with microfibrils, interacts with type VI collagen microfibrils, potdmntial
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providing indirect anchorage of the two microfibrils. Similarly, Jefferies andrlexa
(1995) propose that elastic fibres express a type VI collagen epitope, vaulthexplain

why it is difficult to see fibrillin-1 staining with commercial iaodies in both normal and
keratoconic corneas. This makes it difficult to determine the true exteetastic microfibril
concentration, as type VI collagen antibodies are potentially labedliastic fibres, but not

all positively labelled fibres are elastic (Jefferies and Alexander, 1995) ingbaiIfibrillin-1
was unsuccessful with several commercially available antibodies; however, thesébmicr
bundles have been successfully immunogold labelled with non-commemiatlyced anti-
fibrillin antibodies in murine cornea (Hanla al, 2015). Anti-elastin antibodies produced a
strange result by distinctively labelling the entire epithelium, a figdhat was not

observed in the normal control.

5.5. Conclusion

In conclusion, the distribution of elastic fibres in the stromaearBkoconus is very different

to normal cornea. The stroma of normal cornea contains an extensive networ&sticel

fiores }A e ud[+uuEvU JUJVP % E}PE ++]A oQith e« pv v
none detected below the epithelium. This finding is reversed in non-scarred eegfon

keratoconus, with a concentration of fibres below the basal epitheliuthinned central

E P]}veU v A EC (A }A e U S[*uu EvVv \heSHaBAUPZ}ps §:
It is likely that these fibres are produced to provide additional l@ohanical strength to the

anterior stroma in order to prevent tissue rupture at the apex of to@e. A lack of elastic

(] & «C+3 u }A e U S[* u u E v wouldlretes thi} area

biomechanically weaker than normal cornea, with a loss of other gelaling mechanics

involved in tissue homeostasis, potentially contributing to the pgémesis of the disease.
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Chapter 6t Corneal elastic fibres in a mouse model for Marfan syndrome

6.1. Introduction

Marfan syndrome is an autosomal dominant disease of connective tissue caused by
mutations in the FBN1 gene encoding the fibrillin-1 protein (Dae&l, 1991), the main
component of elastic microfibrils, discovered by the detection of imohistologic
abnormalities of elastic fibres in the skin and cultured fibaskd in patients with the

disease (Hollisteet al, 1990). The prevalence of the disease is approximately 1 in 10,000
(Grayet al, 1998), and results in primarily ocular, skeletal, and cardiovascular
manifestations, with the leading cause of premature death caused by aactenpetence.
Elastic fibres are responsible for providing elasticity and tensile stietiggrefore,

abnormal production/reduction in quantity affects the functalrability of force bearing
tissues. The most common symptom seen in the eye is ectopia lentis (dislocati@n of th
lens), occurring in around 60% of patients with the disease (Maumenee, 1982) due t
biomechanically weak ciliary zonules (fibrillin rich strands of tissneestiing the lens to

the ciliary body), and is almost always bilateral (Robinson and Godfi@g).20ther ocular
symptoms include abnormally flat cornea and increased axial lengtreajlobe, although
this is not used as part of the diagnostic criteria (Judge and Dietz, 2005). Theynudijori
Marfan syndrome research has been carried out on the cardiovascular system ad afresul

the severe and life threatening symptoms it produces, with little famushe cornea.

The FBN1 gene contains 65 exons spanning 235kb of genomic DNA @aisd®93,
Bieryet al, 1999). This is translated to form the 350 kDa multidomain glycoprdtsiillin-

1, a major component of 10-12nm microfibrils (Saé@al, 1986b). These fibrillin rich
microfibrils forms sheaths around the central amorphous components of tastielfibres,
playing a key role in the production of the fibres by acting as#idd for the deposition of
tropoelastin, an elastin precursor, whilst also occurring independentigany tissues, such
as the cornea and periodontal ligament, as elastin-free bundles, praovidisue with
additional strength and resiliency. A schematic representation ddrdlifi-1 monomer can
be seen in Figure 6.1. There is a repetition of two disulphictedomains; 47 epidermal
growth factor-o]l ~ '&e }u JveU v 06 SE ve(}EuU]VvP P E}AKZ (
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(TB) domains. 43 of the 47 EGF domains are calcium binding (cbEGR3ldimaithought

that the presence of calcium ions protects fibrillin-1 from proteayHandford, 2000,
Reinhardtet al, 1997). Other minor domains present are two hybrid domains and a proline-
rich region. Elastic microfibrils also contain smaller quantities of otheogigteins such as
fibrillin-2, MAGP-1, and MAGP-2. Fibrillin-2 has a similar domain organisdiere the
proline-rich region is replaced by a glycine-rich sequence (Zbiasg 1994). Mutations in

the FBN-2 gene lead to the connective tissue disease congenital contraatacahodactyly
(Putnamet al, 1995), a disease phenotypically similar to Marfan syndrome, although ocular
manifestations are rare. It is thought that elastic microfibrils may formlifiorl

homopolymers, or fibrillin-1/2 heteropolymers (Charbonnestal, 2003).

The cysteine-rich fibrillin-1 monomer is approximately 148nm longaasembles into
microfibrils with a heade-tail orientation, resulting in a beads on a string-like appearance
(Sakaket al, 1991, Keenet al, 1991b). The method in which these 148nm molecules are
packaged into fibrils with an average, but variable, bead to bead pefypdicb6nm

remains unclear, with two proposed models: 1) a pleated model, where bribii

monomer is folded per interbead distance (Baldetlkal, 2006, Kieltyet al, 2002b), or 2)

the extended model, where fibrillin monomers are extended and $penor more

interbead distances, with overlaps occurring at the beads @wd, 2007). This
arrangement results in 1/3 staggering of the microfibril that can subsequéetiextended
2-3 fold (Baldoclet al, 2001, Keenet al, 1991b). X-ray diffraction and tensile testing have
demonstrated that the elastic microfibrils in hydrated ciliary zonules are revrsib
extensible (Wrighet al, 1999, Wesegt al, 1998). Although fibrillin microfibrils provide an
element of elasticity to elastin-free tissues such as ciliary zonthieg have been shown to
be 2 orders of magnitude stiffer than elastin (Sherettal, 2003), with calcium binding to
cEGF domains thought to produce microfibril rigidity (Erilesteal, 2001).
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Figure 6.1. The structure of fibrillin-1 monomeThis schematic representation of a fibrillin-
monomer portrays the various domains that are present. cbEGF domains 32-36 are represented in
three dimensions, where the red balls indicate calcium binding to the domains. Image taken from

Handford (2000).

The pathogenic mechanisms underlying Marfan syndrome have been studiedifgilthe
development of mouse models. Peregtal.(1997) developed a mouse model to mimic the
dominant-negative effect of fibrillin-1 mutations seen in Marimdrome patients, where
mutant fibrillin-1 production adversely affects normal production andction of normal
fibrillin-1. The u P mouse model was created by deleting exons 19-24 of the FBN1 gene and
replacing them with a neomycin-resistance expression cassette. Homozygeusice
produced 10 times less of the fibrillin-1 protein compared to wylgkts (WT), however, they
suddenly died after severe cardiovascular problems 3 weeks after birth. Heteroz{gT)

mice producing very low levels of mutant product were histologically indisshgble from

WT mice. A second model was generated by Pestied. (1999), called mgR, where the
neomycin-casette was inserted between exon 18 and 19. Homozygous mgR mice produce
around 25% of the normal amount of fibrillin-1 and display sinplenotypic features in

the aorta and skeleton as Marfan syndrome patients, however, the mice diwahd 4

months of age from pulmonary and vascular insufficiency. Finally, étiga(2010)

generated a novel variant of tha P 4nouse model by replacing the deleted exons with a
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neomycin-resistance expression cassette flanked by lox-P sequem&g{"®9, resulting in
HT mice that present some aspects of Marfan syndrome as a result of defective
microfibrillar deposition, including skeletal and cardiovascular manifestativhereas
homozygous mice die during gestation. The level of expression by the mutdatvehs
shown to be 47% less than the WT. HT mice also live a normal lifespan, nakimguse

model the closest to mimicking Marfan syndrome.

A collaboration was formed with the Pereira laboratory in Sao PaulajlBAs their group
use the mouse models to study the skeletal and cardiovascular manifestatiorerfaiM
syndrome, they kindly agreed to send us the eyes from uhe'2P"¢°mice for corneal
studies. Having shown the 3D organisation of elastic fibres in human corneaeichaphe
aim of this study is to attempt to further elucidate the functionalkrtthat elastic fibres are
playing in the cornea. An obvious way to discover what role a protgiaysg in a tissue is
to take it out. Therefore, corneas from HTP '2P"¢°mice containing defective/reduced
levels of fibrillin-1 were studied and compared to WT corneas. A range of te@sniqu
including SBF SEM, optical coherence tomography (OCT), TEM, and X-raydiffrei

used to compare mutant cornea to normal controls.

6.2. Methods
6.2.1. Mouse eyes

Heterozygousu P'&P"¢°mouse eyes were obtained from Professor Lygia Pereira at the
Department of Genetics, Sao Paulo University, Brazil. Mice were sacrificedd3 an

months of age. Whole eye globes were removed and fixed in 0.5% PFA immediataky, bef
being transported to the UK in a box cooled with ice packs. A @M&&ewctration of PFA was

used, as opposed the standard 4% solution, as it is thought thdfixbsthe tissue whilst

better preserving the shape of the globe (S. Campbell, J. Ferguson, personal
communication). 20 pairs of eyes were sdrit2 male (8 heterozygotes, 4 wild types) and 8
female (4 heterozygotes, 4 wild types). Following arrival, the eyes werenspl® groups

that either: remained in 0.5% PFA, were transferred to 4% PFA, or were]fixed Ev}A«IC[

fixative for 3 hours and transferred to 0.1M cacodylate buffer.
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6.2.2. SBF SEM and TEM

JEV ¢« AE Jee § (E}u C 825§ Z v (]J£ I8 < [®P}AIC].
processed using the standard protocol described in chapter 2.1. Full thicknassfication
was carried out on the central stroma of HT and WT corneas, and is descritiepter 2.2,
with the only difference being that the images were split into gre@of 250, as opposed to
groups of 1000 in the human cornea, due to differences in corneziribss between the
two species. Full thickness data sets were also used to create 3D recoistsucti
Additionally, higher resolution (4k x 4k) data sets were obtained from ametpove

e« u 38[*uu E v X o0 iasocarged olit uding Amira6 software (chapter 2.2).

Blocks of tissue processed for SBF SEM were used to obtain 90nm sectiansréha

observed using a JEOL 1010 TEM (chapter 2.3).

6.2.3. Cupromeronic blue stain

Corneas were dissected from eye globes fixv < EV}A«IC[s (]£ $]A v (HPESZ E
into small segments. Tissue was washed in 25mM sodium acetate buffer ¢ogt@itM
MgCht (pH 5.7) for 3 hours at room temperature on a rotator. Segments then staithd

the 25mM sodium acetate buffer containing 0.1M Mgé&id 0.05% cupromeronic blue at
room temperature overnight. Tissue was rinsed (3 x 5 mins) with the sodium ateiifte
(without cupromeronic blue) before being exposed to 0.5% aqueous sodingstate (3 x

10 mins) and 50% etOH + 0.5% sodium tungstate for 15 minutes; this enhbhacdsdtron
density of the PG-cupromeronic blue complex (Scott and Haigh, 1985, Sd¢d&baworth,
1990). This was followed by dehydration:, 70% etOH, 90% etOH, 100% etQidpy&ne
oxide x 2t each step for 15 minutes. 1:1 mixture of propylene oxide and araldite resi
mixture (araldite monomer CY212, DDSA hardener, BDMA accelerator) used for 1 hour
before 100% araldite resin infiltration for 1.5 days (6 changes). Cornea segwenme

placed into plastic moulds with fresh araldite resin and polymerisé&D&C for 36hours.

90nm gold section were cut, collected on copper grids and allowed to dry overnight.
Sections were counter stained with 1% aqueous uranyl acetate for 15 minutes, waghed

distilled water for 5 minutes and visualised using a JEOL 1010 TEM.
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6.2.4. OCT

Mouse eyes fixed in 0.5% PFA were used for OCT imaging; a low concentration of PFA was
used in an attempt to preserve the true shape of the globes (i.e. no shrinkageall well

made from Blue Tack was created on a glass slides in order to hold the pysition (Fig.

6.2). Each eye was placed into the well (cornea facing upwards) antydated with

drops of 0.5% PFA before being imaged. Data sets of 1000 images at 1k x 1k resolation (axi
scaling of 2.66 um, lateral scaling 3.09 um per pixel in air) were obtainedieaxial

plane of the eye globe, focused on the cornea and anterior chamber. Data set were

reconstructed into 3D models using Amira6 software.

Figure 6.2. OCT setuprom left to right: OCT setup, mouse eye (white arrow) sitting in Blue Tak well

on glass slide, mouse eye inside the machine ready for imaging.

Central corneal thickness was calculated by firstly taking the avémntagesity of ~10 images
from the centre of each data set. The images have an axial scaling of 2.66um péar gixel
therefore, for any part of the image that is in the tissue, the scaling iscesti by the
refractive index of the material. The number of pixels from the antewo the posterior
surface at the centre of the cornea was measured and converted to actuallpéisEkising

the following formula:

. Isk>cpmdigvcjqg H _vg_j: @& : pgke
Actual thickn m)=
ctua ckness (um) Vcdp_argtcvgldhfc amplc7;:54a
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The radius of curvature was measured from the arc formed at the anteritacai(see

schematic diagram below) of the cornea using the following equation:

* 96
N |- E—
t zZ*

The height (H) of the arc being measured for each sample was consiste@0gint3o
ensure that similar size arcs were being measured, with the width (W) ga#ihthickness

and radius of curvature measurements were carried out using ImageJ software.

6.2.5. Statistical analysis

Tests for normality and equal variance were carried out before an Independest was

used in order to determine any differences between HT and WT corneasritial corneal

thickness, radius of curvature, and interfibrillar spacing. Correlation betwlee two

A E] 0« A e3¢5 pe]JvP W E+}v[e }EE 0 3]}V 8 *3X % D iXif

statistically significant. All statistical testing was carried out using SP@&are.

6.2.6. X-ray diffraction

4 WT and 4 HT corneas were dissected from whole globes that hadikedrahd stored in
4% PFA. Dissected corneas were transferred to beamline 122 (Diamond Light source,
Oxfordshire) in small tubes containing 4 % PFA, cooled with ice patks. #gamline, each
cornea was prepared for X-ray exposure by being wrapped in cling filnevent
dehydration, and placed inside an airtight Perspex sample holder camgatio two
transparent Mylar sheet windows. Samples were exposed to an X-ray beam mea20i x

200um for 0.4s per point to obtain SAXS patterns. For each cornea, a scan adoxguitis
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was carried out in order to locate the edges of the sample, followed by &&kscan along

the y-axis at centre of the specimen, from edge to edge, at 0.2 or 0.3mm intervals.

SAXS patterns were analysed using SAXCOLL4 software described in chafftactibrDi
patterns were centred using the pattern of powdered silver behanatd,calibrated
against the 67nm meridional spacing of hydrated rat tail tendon. Vertieaissran beyond
each edge of the samples, therefore, each edge was found by detecting the firgtsand
SAXS patterns containing an interference function, which arise dmmea and not sclera.
IFS was calculated from each pattern along the vertical axis of the cavheae the middle
point of the scan was deemed to be the centre of the sample. Weak!/ lafiBribtransform

peak meant that is was not possible to measure fibril diameter.

6.3. Results

6.3.1. Full thickness quantification

The first experiment carried out was elastic fibre quantification tiglwout the entire
central stroma of both HT and WT mouse corneas, as done with normal hwrmeradn
chapter 4. The reasons for this were: 1) to determine the amouetadtic tissue in normal
mouse cornea, and 2) discover the extent of elastic fibre reductionerilbrillin-1 knock
out corneas. Additionally, obtaining this data provided three-dimeraiarformation
throughout the entire depth of the cornea. Approximately 2300 imagesevobtained from
%]SZ o]Jpu 8§} ¢ u S[cuu E v ]v Z }EvV o S¥Euilh Rw S]JvP
(before geometrical corrections). The percentage of volume that elastic fibrepiectcfor
each group of 250 images (12.5 um) of data was calculated for HT and WT corneas, and
plotted in Figure 6.3. Elastic fibre density was highest in the postefiaorhea before
gradually decreasing to very low levels in the anterior stroma. Density of elasés in the
WT cornea show a similar trend, but reach their highest point in tltestnoma before
gradually decreasing towards the anterior. When comparing the two groups, the overall
levels of elastic fibres are ~50% lower in HT cornea (HT mean 0.33% (= 0.16), WT mean

0.64% (x 0.27), with the most dramatic difference seen in the mid stromagwhi@rcornea
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had about 5 times more fibres. Moreover, in comparison to the human datained in

chapter 4, mouse cornea on average contains significantly higher levalsstit fibres.
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Figure 6.3. Quantification of elastic fibres as a function of depth in the nouasrneal stromaThe

graph conveys the difference in elastic fibre density throughout the stroma of WT ana@tsE m

cornea, starting at Descens[* u u E v U v v JvP Jv §Z vs8 E]}E& *SE}u X ,d }
on average ~50% less elastic fibres, although this varied from at different regions of tha,stribim

a 5 fold difference seen in the mid-stroma.

6.3.2. TEM

Elastic fibres in the mouse cornea were clearly visible in TEM micragadigh using the
standard tannic acid based staining protocol (Fig. 6.4). Similarly to tharhaornea, fibres
were orientated both transversely and longitudinally, with individual 10m 2nicrofibrils
visible within transverse fibres, however, the pseudo-periodicity sedniman elastic fibres
was not visible in the mouse elastic fibres. Fibre diameter varieddsetvi00-270nm; the
average diameter was ~187nm in WT, and slightly lower in HT corneas at ~Id&nm.
differences were apparent when comparing the anterior, middle amstgrior stroma of
WT and HT corneas (Fig. 6.5). The stroma of the knock-out mouse cornea wasatyuct
organised, with comparable lamellae thickness, collagen fibril dianagtercollagen

]Jvs E(] E]Joo E *% |JvP 8§} §Z v}Eu o u}lpue }EV X ¢ u S[eu
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2.5-2.9 pum in thickness in the WT corneas, and slightly thinner imti&a measuring 2.1-

2.5 pm.

Figure 6.4. Longitudinal (A) and transverse (B) elastic fibnesiouse cornea stained with tannic
acid. Individual 10-12nm microfibrils can be seen in transversely orientated fibres, whereas the

pseudo-periodicity seen in human fibres is not visible in mouse longitudinal fibres

6.3.3. Cupromeronic blue stain

Cupromeronic blue staining was carried out to compare proteoglycan leNsishution
between the two groups (Fig. 6.6). Comparing the two sets of micrographs byayede
to suggest that there were no obvious differences in the quantitgpatial arrangement of
proteoglycans between the two groups. Proteoglycan filaments were observée in t
interfibrillar spaces, in association with collagen fibrils. These filamentsefbbridges
between both transversely and longitudinally arranged collagen fibrils. Transvessie ela
fibres were observed as circular blank spaces in the micrographs due to theconagsi
tannic acid from the staining protocol (Fig. 6.7). This assumption is basi fact that
both the size and shape of the spaces closely match those of elastis. fibbserving the
fibre spaces at high magnification indicated that there is a poteasiabciation between

proteoglycan filaments and fibrillin, as long CS/DS chains seetealel into the fibre.
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Figure 6.5. TEM images at various depths of stroir@amparing anterior, middle and posterior
stroma of WT (left) and HT (right) shows no obvious differences in ultrastructure. Both cornea
appear well organised with comparable lamellae thickness and collagen interfibrillar spacing. Elastic

fibres are visible in each image (white arrows).

124



Figure 6.6. Cupromeronic blue staining of proteoglycaWsr (top panel) and HT (bottom panel)
cornea, at 10, 20 and 25k magnification, showing both transversely and longitudinafi{edri

}oo P v (] EJos AJE8Z ¢} 18 ' '"[*XE} J((EV «AE %% E v 3A
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Figure 6.7. Proteoglycan-elastic fibre interactiofn elastic fibre space in the stroma viewed at high
magnification (inset) appeared to show proteoglycan filaments (white arrows) traveitmghie

space and associating with fibrillin microfibrils.

6.3.4. 3D reconstructions

The data obtained from the full thickness fibre quantification wssd to create 3D
reconstructions of WT and HT cornea stroma (Fig. 6.8). These models rephesérst ~50
pum of strou }A e US[*uuEv XdZ & }veSEQU S]}ve 0°} %} ES
was not cut perfectly parallel to the surface, resulting in stronat tiins obliquely from
e US[*+uuEv X v puv v }(P}o o0 3] (] B2ENPZ}pYy E
the stroma of both groups. At first glance, there does not seem to behrdifterence
between WT and HT corneas, however, zooming into a ~12.5 pm region of stron@§Fig.
insets), and viewing from above, shows a clear difference in the camatemt of elastic
fibres, with WT cornea being more densely populated (as seen from tetifjoation

results). Fibres from both groups run in all directions, parallel to thiasa of the cornea.
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&UESZ E § <« 5« AE } §]vl]vP }A « gheresolution @k x
4k) than the full-thickness data sets (2k x 2k) (Fig. 6.9). Moreoverjghertresolution data
sets were collected by cutting the cornea in a radial direction, assgbto being cut en
face for the full thickness data sets. Elastic fibres in the normat&fiea were structurally
organised, running in straight lines with uniform thickness, and oaeally bifurcating, with
the two new fibres continuing to run in the same direction foliogvthe division. Fibres in
the HT knock-out cornea appeared disorganised, running in randomidmsatvhen
compared to the preferred orientation seen in WT cornea fibres. 5individual fibres
were seen to originate from a broader region of elastic material at thereesftthe data set
before travelling in several different directions. Furthermore, the eldgire in HT cornea
formed more extensive connections, with ~10 individual fibres seerusipgpfrom a thicker
fibre.
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Figure 6.8. 3D reconstruction of WT and HT cornéle 3D arrangement of elastic fibres (gold) in
the first ~50Ru }( «S&E}u 1A e US[*UuUEV ~O0oHe]vitd ~e v ,d~ e
Some of the keratocytes have been segmented out (purple). About 12.5 um of stromadicim

group was focused on and viewed from above (insets) portraying the difference in fibre density
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Figure 6.9. High resolution 3D reconstructic ~ } A e U S[* u uV®E (%-C) cornea

shows an organised elastic fibre network (gold) running in a preferred direction (green arrows), and
occasionally bifurcating (red arrow). In contrast, fibres from HT cornea (D-F) appear disorganised,
originating from a thickened area of tissue (yellow arrow) before travelling in manyidimecFibres

were seen to divide into many branches (white arrows).

6.3.53D OCT

OCT data sets containing 1000 images were then used to create 3Dtracbass of one
eye from each group (Fig. 6.10). Individual images taken from the centre of eackeatat
clearly portray the difference in central corneal thickness between WdTHAI corneas.
Additionally, HT cornea appeared to be flatter compared to the mareed WT. Th
centre-mid corneas were segmented, along with the iris and pupil.rAsudt of poor
contrast, the peripheral cornea was omitted from the 3D reconstructionseCitian

corneal thickness, no obvious differences were apparent betweenwbe3D eyes.
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Figure 610. 3D reconstruction of OCT data sefhe top two images portray differences in central
corneal thickness between WT and HT. Data sets were reconstructed to form a 3D modefshowin
the cornea (transparent purple), iris (pink) and lens (yellow). No differences were detected between

the two groups.

6.3.6. OCT measurements

Central corneal thickness and radius of curvature were measured for WTTaodrkkas

using the OCT images (Fig. 6.11). Independent t-tests showed that WT corneas wer
significantly thicker than HT corneas (p < 0.001), with an averagedsislof 188 um
(x15.5), compared to 158.6 um (x£9.4) in HT. This is evident in the graph, where \&al corn
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thickness reached >200 pum, whereas HT corneas were often <160 um, meadlifiegesce
of ~40um (almost 1/3 of the stromal thickness in mice). Radius of curva@sealso
significantly different between the two groups (p = 0.035), with an averagasad
1.460mm (x£0.035) in WT, and @Znm (x0.039) in HT corneas. This was less convincing,
with many radii lying between 1.46 and 1.49mm. Additionally, the method of mewagari
small segment of the corneal arc to obtain radius of curvature may producdgésat are
notent] E oC HE 8§ X W E-+}v[e }EE o0 3]}v } ((]] valaA -
if there is any correlation, and if so, how strong this is, between theisaol curvature and
corneal thickness variables. The coefficient indicated a weak negatikedation between
the two variables (r = -0.321), indicating that as radius of curvatunetieased, central
corneal thickness decreases, although this correlation was not statissagtificant (p =
0.209). However, p value for this test is affected by sample size, and due to the small

number of corneas sampled, moderate correlations may not reach significance.
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Figure 611. Central corneal thickness plotted against radius of curvatureom the graph, a
significant difference in thickness between WT and HT corneas is evident, as is the lessngpnvinci

difference in radius of curvature. A weak negative correlation exists between the two variables.
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6.3.7. X-ray diffraction

Average centre-centre fibril spacings for WT and HT corneas are shown in Figuta @lL2
specimens, IFS in the centre of the cornea was clearly reduced in comparigenytheral
regions, where IFS increased by about 25-40%.]« Zh[ *Z %o ]*SE&] pus]}tv e
when measuring mouse corneal fibril diameters (Boetal., 2012). Most corneal samples
measured ~3mm in diameter, indicating that each vertical scan was thkeangh the
centre, with the only exception being the one vertical scan that @edmpatterns at 0.3mm
intervals, as opposed to 0.2mm intervals, meaning that each edge of the sarapleawve
been missed. However, the technical difficulties involved in this study rinedit is not
possible to know for certain if the vertical transect is perfectly tlgiothe centre of each
specimen, with any deviation likely to affect IFS measurements. As the samplesxedre fi
with 4% PFA before being analysed, it is unlikely that hydration wauidbetween each
cornea. D-periodicity at the centre of each sample was consistent at Bd-ahterestingly,
the IFS at the centre of HT corneas was higher (average 71.9 nm * 5.8) Thequivalents
(average 63.7 nm £ 5.8) (Figure 6.13), although an independent sample t-test dcethesile
this difference was not statistically significant (p = 0.09), potentiallabse of the low

sample number (n = 4 for each group).
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Figure 612. Radial plots of IFS in WT and HT mouse corfidgeese graphs portray the centre-centre
av E P /&"™ v §Z VEE 0 V % E]%Z E o }Ev }(td v ,d }Ev <X
distribution, with higher IFS at the periphery.

133



Figure 613. Boxplot comparing IFS at the centre of WT and HT corn&as. boxplot visually
demonstrates how IFS was higher in the centre of HT corneas, compared to WT equivalents. The lin

inside each box represents the median value.

6.4. Discussion

This preliminary study has provided evidence that usinguHe'#""*°mouse model for
Marfan syndrome is a valuable way of studying the ocular pathogenesis didbase and
the functional role of fibrillin-1 in the cornea. Importantly, qu#ication of elastic fibres in
knock-out corneas showed a significant reduction (~50%) in overall ehv@sillin-1
containing elastic fibres throughout the entire thickness of the sssamcomparison to WT
controls. These findings are consistent with studies from latred. (2010), who showed
that the expression of the mutant FBNL1 allele is ~50% less compatled WT allele in
cultured foetal fibroblasts. Similar findings were observed in human Mayadrome
patients, where decreased extracellular deposition of fibrillin by fitasts has been
reported (Raghunattet al, 1993, Milewiczt al, 1992, Hollisteet al, 1990). By using SBF
SEM to quantify elastic fibres, we are limited to analysing a ~3Qun3érea of tissue

throughout the stroma, with only 1 cornea from each group beinglgsed due to the
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technical difficulty and time consuming nature of the techniqués likely that the elastic
fibre content varies slightly between each HT cornea given the eatuthe disease, where
gene mutations are dominant-negative, ultimately resulting in a variable ddtelastic fibre
loss and fibre disorganisation. The issue is complicated further biadh¢hat fibrillin2
microfibrils may be produced to replace the mutated fibrillin-1 proteasshown in mouse
ciliary zonule (Beenet al., 2013). In comparison to human, elastic fibres are more densely
populated in the mouse cornea, where they may be responsible for accommgadagn

increase in curvature.

Elastic fibres in the mouse cornea are highly concentrated througheustroma, in
comparison to elastic fibres in human cornea, which are highlyesdrated in the first ~10
Ru }( *S@E}u Juu ] 8§ oC }A e uLséWrsetialy 2@6) 3D volume
rendering revealed that the elastic fibres are also similar in appeartanitt®se in human
cornea, and to those demonstrated in mouse cornea by Haetai. (2015), running in
many directions parallel to the surface of the cornea, often bifurcatiogngarisons of 3D
E }veSEpP 3]}ve }A e US[suuEvV ]Jv] S8§8Z5ZdS }EEVS]
were structurally different, appearing less organised than the WT. Fiblesrk-out
cornea had a meshwork-like appearance, with many connections originatingaftmeader
region of material, whereas normal fibres travelled in relatively straight linaspireferred
direction, occasionally bifurcating. Lireaal. (2010) reported qualitative differences in
fibres produced by cultured foetal fibroblasts between WT and muganinals, whilst also
observing the deposition of mutant protein in fibroblasts of HT animals. Fumibes,
histological examination of the lens capsule in human Marfan patientsated both
qualitative and quantitative differences, with significantly lebsilfin-containing microfibrils
as well as the presence of misshapen, irregular and fragmented bundles(Biadt al.,
2000. Similar finding have been observed in the skin of different mousestadar Marfan
syndrome, where non-invasive multiphoton microscopy demonstrated elastic fibre
fragmentation, disorganisation and reduction in density (@al, 2014), as well as in
lumbosacral dura tissue using light microscopy (Ja&ted, 2005). Rotary shadowing
electron microscopy has shown disorganization in individual fibrillin micsfiioom
Marfan dermal fibroblasts (Kielty and Shuttleworth, 1994, Kiettgl, 1994, Handford,

2000) This is the first study to present reduction in elastic fibre dgrasid microfibril
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disorganisation in the cornea. In Marfan syndrome, it is thought thatmhutant protein
that is produced has a dominant-negative effect, where it causesrad activity on the
deposition, stability or function of the protein encoded by the noreaby of the FBN1
gene (Judge and Dietz, 2005). Therefore, it is likely that the disorgarnastit &bres that
are laid down in the mutant mouse cornea are either mutant protein heirtdeposition
has been affected as the mutant protein has attempted to assemblemnaitinal fibrillin
monomers, resulting in a structurally altered elastic system. A reductioanrber and
disorganisation of elastic fibres would ultimately result in a @ohanically weaker cornea,
as the tissue relies more heavily on the collagen to deform reversiblgrsicess following

the pull of extraocular muscles and changes in intraocular pressure.

The reduced number/disorganisation of fibres did not seem to have an adeHes® on
overall structure of the cornea when comparing TEM micrographs of the two groupss Fib
were similar in appearance to those previously reported in mouse cornela,saihe fibres
seen in close association with keratocytes (data not shown), suggesting a possible
mechanotransduction role in the stroma (Hanlenhal, 2015). The slight reduction in mean
fibre diameter in HT cornea may be caused by less individual microfilakisghup the
bundles. Reviewing the literature revealed that ultrastructural changesartornea in
Marfan eyes has received little attention, with the majority of studiegg based on
discovering new diagnostic techniques. One structural study usinigoconfocal
microscopy reported no difference in epithelium or keratocyte morphology/dgnsit

D E(v }Ev U A]3Z ZZ]PZoC & (0o 3]A ]Jv3 @& YEVE}3ICH]v [ %o
(lordanidouet al, 2007). The lack of publications, together with the results fromgtudy,

imply that no structural differences are present.

OCT image measurements revealed that central corneal thickness was siglyifiedoted
in HT mice compared to normal WT, with a difference of ~30 um in meles. Radius of
curvature was also significantly different between the two groups, witleak negative
correlation between the two variables (increase in thickness causing decreaseatuce).
A significant reduction in central corneal thickness has beparted in human patients
with Marfan syndrome (Sultaet al, 2002, Heuet al, 2008, Konradseat al, 2012). The
difference in mean thickness between Marfan patients and costwas ~50 um; taking into

account the difference in human and mouse corneal thickness, itdemvihat the ~30 um
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mean difference between mouse HT and WT groups is more profound codhizatiee
human studies. A significant difference in keratometry readings has alsorbperted,
suggesting a flattened cornea in Marfan syndrome (Drolstiad, 2015, Sultaret al, 2002,
Maumenee, 1982, Konradset al, 2012). The weak negative correlation between
thickness and curvature in this study may be caused by variable phenatftpasseen in
Marfan syndrome, or due to the eyes being fixed in PFA, despite usimga |
concentration (0.5%) of PFA than is normally used to fix tissue in an dtterppeserve
topography. Increased radius of curvature and increase in axial globe liengtrfan
syndrome cornea has been observed in previous studies (Maumenee, 1982, Deblaim
2015, Konradsen and Zetterstrom, 2013). Therefore, it seems that the diasticystem
plays an important role in maintaining the curvature of the cornea. A
reduction/malformation of elastic fibres in Marfan syndrome would reguthe cornea
being pulled outwards at the periphery by an expanding globe followingagase in
intraocular pressure, leading to a thin and flattened cornea. However, Beieale(2016)
have recently reported significant difference in corneal curvatarglarfan patients, with
no significant difference in axial length, which again portrays theaptypic variability in

Marfan syndrome.

Glycosaminoglycan side chains of the protein core provide hydratios\aating pressure

to tissues, enabling them to withstand compressional forces, in addit mediating

collagen diameter and interfibrillar spacing. Therefore, it was thoulgt differences in

proteoglycan levels/distribution may contribute to the differences in cortieekness. No

differences in proteoglycans were evident throughout the stroma of WTHihdornea.

,JPZ o A oe }( Al A~ [+ v 0}A o Aoe}(<”M"'[*+Z A %E Al}ueoc
mouse cornea (Scott and Bosworth, 1990), where the synthesis is thougatitdllence by

higher levels of oxygen in the thin mouse cornea (Scott and Haigh, 1988jok&ldense

(Jo u v8e %o s¢]JvP Jv8} v 0 8] (] E <% sUPP A& 'Jo e} ] §]}vV
and fibrillin. Baccaranicontgt al. (1990) used antipeptide antibodies to demonstrate that

the CSproteoglycan decorin was localised to fibrillin-microfibrils in tha.dkihas been

suggested thaCScontaining proteoglycans associate with fibrillin and contribute to

microfibril organisation, as treatment of microfibrils with chondroitinase ABQlted in

disruption of the beaded filament architecture (Kieéiyyal, 1996). Furthermore, fibrillii-
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and MAGP-1 (another protein component of elastic microfibrils) were shovimteract

with decorin in cultured foetal bovine chondrocytes (Traslal, 2000). In the rat eye, CS

"'[e E e} ] 8 A]3Z ]¢gh&E gnd Pheiol995). This is the first study to
ulveSE S tolpeating with fibrillin in the cornea. Further work coldd carried out

with the use of GAG specific degrading enzymes to enable clear distibetiwaen

different GAs XPX <~ v | 136 likely @at potdodlycans play an important

role in the assembly and maintenance of elastic fibres.

X-ray diffraction revealed that IFS was lowest at the central region ofealinspns,
increasing at the periphery, as previously observed in human corneas (Bdiraher al,
1975, Booteet al, 2003). IFS was on average ~8nm higher in the central region of HT
corneas, an unexpected result given that these corneas were significamthet than the

t d [ « hese results should be interpreted with caution, given thatghistieviation away
from the central of each sample would subsequently effect IFS measurements,artddh
corneas were fixed, meaning that the specific arrangement of collagers fibay have been
altered (Quantock et al 2001), and that a low sample number were analysed. @entre
centre fibril spacing in the cornea is governed by several factors, méioyed hydration
(Meeket al., 1991), proteoglycan composition and abundance (Chakrastaati, 2000), and
composition of collagen types within the fibril (Bekal., 1998). Thinner corneas
accompanied by higher average IFS in the centre indicates that HT samplasing

E u o0 A oe}( (] €Eloo]lv }v3]v (A E o v @oe «]mi%Bo CE]S]3) [+
keratoconic cornea, where X-ray diffraction showed normal fibril spacingsegony that
the thin cornea in keratoconus is a result of reduced collagen Iévalbvoodet al., 1992).
On the other hand, thin corneas are a result of lower IFS in maculaeaodystrophy
(Quantocket al., 199Q. Interestingly, earlier work by Patey al. (1984) discovered a
significant increase in collagen diameter and IFS in keratoconus as the gisegiEsses in
severity, particularly in the middle and central stroma, leading to Poeh1987) stating
that this is the reason for stromal thinning and ectasia, since thexdeaver lamellae.
Therefore, findings from this current study showing increased IFS antethtorneas in
fibrillin knock-out animals are consistent with findings observekleratoconus. As well as
having a structural role, microfibrils forming elastic fibres are knowmatee a regulatory

roleinthe ECMC ]Jv JvP CS}I]v ¢« ~ XPX }v U}E%Z}P v St %o E}S v
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al., 2008). It may be possible that elastic fibres play a role in collagen biosytivegth

could be negatively impacted when fibrillin-1 levels are reduced.

Overall, it is likely that elastic fibres have a multi-functional nolthe cornea. The
difference in corneal thickness and radius of curvature in the moasgea containing ~50%
less fibrillin suggests that the fibres play an important role in maimgithe shape of the
cornea. These findings are often reported in studies on human Marfan patemishave
previously been proposed to be due to increased dimensions of the eye gtobevhole,
resulting in the cornea stretching outwards. Furthermore, true etaffires, as well as
fibrillin-containing microfibrils are located in the sclera (Wheatéwl, 1995, Marshall,
1995) This would imply a reduction in biomechanical properties endtiera, as well in the
cornea, in Marfan patientfeyes. With one of the main functions of the sclera being to
maintain fixed axial dimensions in order to ensure a stable retinal ifidgbrien and
Gentle, 2003), and with quantities of elastic tissue in the sclekmown, it is unclear
whether the increased globe dimensions and subsequent flattenedea are a result of
biomechanically weaker cornea or sclera, or a combination of both. Biomechanical
behaviours of Marfan syndrome corneas have recently been asseassedusing an ocular
response analyser, revealing a greater maximal deformation of the Maofarea
compared to control, indicating decreased resistance to bending (Beeale 2016). This
evidence supports the proposal of elastic fibres playing a pivotal roleinding the cornea

with mechanical strength/elastic recoil, and maintaining corneal cureat

Weak negative correlation between radius of curvature changes and the ddistnges in
central corneal thickness between HT and WT mice indicates thag&lostretching alone is
not responsible changes in thickness. However, with no apparent differehamallae
organisation and proteoglycan levels between the two groups, it appears as théwigjmfi
1 mutation does not affect the normal ultrastructure of the stroma ottlean reducing
thickness. Given that IFS is higher in HT corneas, it is likely thanthisra result of a
reduced number of lamellae, as seen in keratoconus, potentially indicduatdibrillin plays
a role in collagen biosynthesis. It is probable that the elastic fitmey out functions that
are not apparent from ultrastructural observation, such as cell signalling and
mechanotransduction in the ECM. Fibrillin is thought to play an importaetin controlling

TGF+ 3$]A 8]}v v «]Pv BEQM wRth]studigs showing dysregulation of TIGF-
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activity contributing to the pathogenesis of Marfan syndrome, with excessive leve&lset
in the matrix (Neptuneet al, 2003, Chaudhregt al, 2007, Benket al, 2013). TGR- ]«
involved in many processes in the cornea, including keratocyte activation,brofafist
transformation and proliferation, and wound healing (Tandkral, 2010). Hanloret al.
(2015) have stated that microfibrils are associated with arteries and lymphegiels,
implying a mechanotransductional role whereby microfibrils detect mechafocce caused
by stroma swelling that is in turn transferred to lymphatics pgllinem open to facilitate
tissue oedema clearance. With the conformation that elastic fifwe® an extensive
network in the normal human cornea (chapter 4) (Lewis et al., 2016), andtisat
organisation is very different in keratoconus (chapter 5), further work irdadédo discover
their precise role/roles in the cornea, as this is relevant for corneashéchanics, surgery,

Marfan syndrome pathogenesis, and potentially other area such as ECM h@sigost

6.5. Conclusion

Central corneal thickness, radius of curvature, fibre disorganisatiomnanebised IFS were
the differences detected between HT and WT corneas. This prelinshady demonstrates
that this knock-out mouse is a good model for studying elasticgibréhe cornea. Future
studies should focus on testing differences in mechanical strengthdsgtwhe two groups.
Furthermore, Pereira and colleagues also have the MgR models, where therodce® a
more severe phenotype. Studying this model would give us further insigiotshie

functional roles of elastic fibres in the cornea. There is a ¢tdek of research carried out on
the cornea in Marfan syndrome as it is widely believed that tleeesvery few/no elastic
fibres in the human cornea. Our published findings from the huo@nea should

encourage more interest in studying the tissue.
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7. Concluding discussion

The general aim of this thesis was to examine the three-dimensional organisétios
corneal stroma using SBF SEM, focusingonpse- u [+ 0 C EX WE A]}pu*oCU o0 3
tomography, an extension of traditional TEM, has been used to examine thaastro
three-dimensions, with particular focus of collagen-proteoglycan intevast(Lewi®t al.,
2010, Parfittet al., 2010). Despite the advantages of electron tomography, it is technically
challenging and time consuming, requiring a lot of manual labol S&E®1 was developed

to enable more time-efficient automated serial section electron microscopy (Denk and
Horstmann, 2004), allowing the collection of large sets of data through a va@itissue

that is subsequently rendered into a 3D model. This providesehrhigger picture than
two-dimensional techniques, as the interactions between various stromapoaents can

be examined, which is particularly important during development, asvahio embryonic

chick cornea (Yourgf al.,, 2014), in addition to viewing the 3D structure of fibrous material.

Coincidentally, back in 2013, Dua and colleagues described the presesmo@wél corneal

o C & % 1V SZ %o}*S EJ}E *SE}u U JE 3S0C i v& 3} « u §
initially terme  Z p [» o C &E4l, 2013). This discovery was based on a cleavage plane
created by injection of air (big bubble technique) into the stroma to seathe layer from

§Z pv EoOC]JvP ¢ u S[cuu EV U %E} e+ SZ S§ e ue MHE]JVP
surgery. Duat al (2013) claimed that an acellular layer of stroma that varied in thickness (7-
fiRue E u ]v 88 Z 8} e« usS[*uu EvVv (}oo}A]VP 8Z -+ % &E
authors described as a novel structurally distinct layer of the cornea. dised an adverse

reaction in the scientific community (McKeeal., 2014, Jesteet al., 20134) as a result of

§Z v u]JvP }(8Z Zo C E[ ~*M4 * ¢cpvSWG[EEovQ EPLREY SZ o0 | }{
evidence to support these claims. As a result of this controversy, theddiths project

were orientated towards characterising this area of stroma, in an attemptdcoder if any

structural differences are present in comparison to the overlying tissue.

The first experimental chapter (3) of this thesis involved X-ray diffradbiefore electron
microscopy based chapters 4-6. X-ray diffraction provides quantitative datallagen
organisation in the stroma, as an average throughout the bulk of tissue in iteahatate,

with no prior processing required. Electron microscopy involves chemical fixation and
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dehydration of the tissue before it can be visualised. The first Xifmgiadion study in
chapter 3 provides further information of the effects of varying hydratarthe human
corneal stroma by comparing it to porcine cornea, building on pre/studies (Meekt al.,
1991, Fratzl and Daxer, 1993), as the original aim of the thesis was to examirteubwh
and porcine stroma. Inter-species differences, as well as similarities, inahéwhich
water is distributed within corneas were discovered, potentially duehi@nges in the
proteoglycan gel surrounding collagen fibrils, affecting the fixextge density.
Furthermore, this information tells us how the structure of the stromahanged following
dehydration during electron microscopy processing, which should be considesd wh

interpreting electron micrographs.

Following on from this, the second X-ray diffraction study aimed to examitegeal

organisation at each depth in the physiologically hydrated human strénoa, anterior to

posterior, with detailed analysis onthe pre-= u 5[« o C U 8} ] }JA & & ]( vC

differences are detectable in the final 30pum of stroma. Despite gofinical difficulties,

average centrde-centre fibril spacing was lower in the first ~10um of stroma, compaved t

the overlying ~20pmJ Jv ] S]vP §Z § }oo P v ]J]e u}@& o}* oC [% | ]v §.

layer, potentially resulting in increased biomechanical strength. Interegtitigk difference

wasonly § § v §Z VSE o }EvV vV }Ho SZ & (}@&SCAJo0O0 |V S

T u o} EA C U Vv }oo Pp U u l]vP 8T} «UEYE SU}E ]
u

(E}u - S[*uu EvVv ]Jv §Z vVSE X

Pre- « u 8[* 0 C & }( *3E}u Ksed (gidgSBFEGEMiIn chapter 4, with

human corneas processed using a tannic acid based protocol, known to sistic &bres as

well as collagen (Simmons and Avery, 1980, Kageghamaia 1985). Three-dimensional
reconstructions revealed an extensive elastic fibre system concentratie ifirst ~8um of

*SE}u i v8 8} ¢ uS[*uuEvVv U EuUVV]VP % E oX 0 §} §Z
TPF and orcein staining confirmed their presence in the stroma, ase tiibres were

discovered in human foetal cornea, proving that they are not a prodiuageing or disease.

Important quantitative data was provided by imaging the entire deptthefcorneal

eSE}u U (E}u %]3Z o]Jpu 8} <« u S[*uu Ev UEA o]JvP 87 §
abundant in the posterior stroma, whereas their levels are significaatiyced in the

middle and anterior stroma. Furthermore, the fibres were highly conegatl immediately
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Figure 7.1. Given that these structures are known to be stiff reinfordingsfiSherratet
al., 2003) in addition to providing resiliency (Wesal., 1998), this region of stroma would
be biomechanically strengthened, and in combination with closergckllagen fibrils,
could be responsible for the variable cleavage plane created whes iajected.
Furthermore, these bubbles required high pressure to cause them to buratgiCal,

2013), demonstrating the biomechanical strength that is likely provided byltdmtic fibres.

Figure 7.1. Proposed elastic fibre organisation at the limblgastic sheets (solid gold lines) seem to
originate from the limbus where they are concentrated (gold), before forming fibres in as they
extend into the peripheral cornea (dashed gold lines). Green: trabecular meshwork. Blue:

e uS[cuu Ev X /uP 3| vel(& R016)origihelly adapted from (Hogenal.,
1971).
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These elastic fibres which lack an elastin core, provide a scaffold fone@laposition

during development in many tissues (Haasgal, 1965). It is likely that the elastic fibres

play a similar role in the development cornea, guiding keratocytes and agsistine

deposition of collagen fibrils. Moreover, the elastic fibres are iomaus with the trabecular

meshwork at the limbus, where they form fenestrated sheets, indicating enpiat role in

trabecular outflow and glaucoma (Deé&al., 2015b), in addition to providing increased

resiliency at the corneo-scleral interface. In terms of the pre-Das [« o C EU SZ & ]+ v}

enough evidence to deem it as a structurally distinct novel layer icoheea, although

there are intra-stromal structural variations, as seen, for example, betwleemnterior and

posterior stroma in terms of collagen organisation. Moreover, the cleavage planieeca

explained by the final ~8micons of stroma being biomechanically stronger, inircatmob

Al§Z 8Z A E&] o ]*8v }(8Z o0 8 E}A}( I & 8} C8 « (E}u -

(Schlotzer-Schrehardt al.,, 2015). Elastic fibres are present and uniformly distributed

throughout the stroma in murine (chapter 6) and porcine (unpublistestilts) cornea.

Giventhatpre- « u S[* 0 C E J*e v}S ¢ % E S (E}u SZ & S }( SZ -8

bubble technique in porcine cornea X Dulz &Ei v X K[ E& ESU % E-}v o

Juupv] 8]}veeU EZ]e cuPP 8¢ §Z § 37 (JVvE VWS BE]]vE}bCo +FA
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Moving forward in chapters 5 and 6, the thesis focused primarily on eltistes in the
cornea. Theories were put forward in chapter 4 regarding a potential fumatirole of the
fibres in human cornea. Chapter 6 aimed to further elucidateftimetion of elastic fibres by
studying eyes from a mouse model of Marfan syndrome, in which the animalhawef
the alleles that produce fibrillin-1, a glycoprotein that is ireanary component in the
individual microfibrils in elastic fibsgknocked out. In contrast to humans, elastic fibres are
present uniformly throughout the mouse corneal stroma. Full-thickness dficatton
analysis revealed that fibrillin-1 knock out corneas contained about 50% &estic dibres
compared to wild types and furthermore, the fibres that were laid dowthe mutant
stroma were disorganised. Additionally, fibrillin-1 knock out corneas wgrgfisiantly
thinner with a higher radius of curvature, telling us that they #ia&tened. This data

suggests that elastic fibres play an important role in maintainiegctirvature of the
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cornea, in which they are continuous with the sclera, keeping the camaneght whilst
enabling slight deformation with variations in intraocular pressure #ue pull of
extraocular muscles. Centre-centre spacing in the thinner knock-out cowesakigher in
comparison to wild types, suggesting that the reduction in stromal ti@sk is caused by

less collagen/lamellae.

A reduction in elastic fibres subsequently affecting corneal curedtaplies that the
system may play some role in keratoconus, a disease where the cornea losesi#is prec
shaped and becomes conical. Human keratoconic buttons were examicadpter 5 in an
attempt to distinguish any differences to normal healthy cornea. ddreentration of

0 *3] (] & « A« v} % @E » v3 }A e U S[*uu EowSZgMPEE 3§} }n
an abundance of fibres were located below the epithelium, the egppbsite of what was
observed in normal cornea. These fibres are potentially being laid dothsiweakened
coned area to boost mechanical stability. Interestingly, collagen énilre-to-centre
spacing in keratoconic stroma has been reported to be either the same asnrahcornea
(Fullwoodet al., 1992), or higher (Patest al., 1984), yet the corneas are significantly
thinner, indicating that less collagen is present. These findingsvithikresults from chapter
6, where a similar observation was made on thin mouse corneas containing &argnif
reduction in elastic fibres. Given that keratoconic corneas similarly coloaitevels of
elastic material in the mid/posterior stroma, this data implies ttie fibres potentially play

a role in collagen biosynthesis, or even the inhibition of collagen degoad

Overall, the presence of elastic material in the cornea has been largalpoked in recent
years. Results from this thesis show that the elastic system must play an important,
multifunctional, role in the human cornea, with further researchuiggd to elucidate these
properties. Eyes obtained from the P'2""¢°mouse model for Marfan syndrome has
provided important insights into the role of elastic fibres in tugnea. Another mouse
model exists in which mice are homozygous for the mutant allele, regutiia more severe
phenotype than the one observed in chapter 6, caused by a further teduin elastic fibre
production. Biomechanical testing should be carried out on these csrteedetermine how
much of an impact the lack of fibres has on the strength otigsie. As the whole
genetically modified eye is available, inflation testing could be used tmiexahe

mechanical stiffness of corneas lacking elastic fibores compared to normai/pdsl.
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Furthermore, due to the high elastic content in the trabecular mesthiwwhich plays an
important role in aqueous outflow resistance, and with the continuation etthelastic
fibres into the cornea, this region should be further examined in th@ck-out corneas to
determine if the fibres play a role in aqueous outflow. Another intergstrea to explore
would be the role of elastic fibres in corneal development. FurBF SEM data collection
from developing cornea could tell us how the fibres are interacting vétatocytes and
collagen fibrils. It is likely that elastic fibres play some rol@liagen production, where it
may be a signalling mechanism, or being involved in the spatial organisatioe of

fibrils/lamellae.

Overall, the potential multi-functional role of the elastic filagstem in the cornea means
that further research in this area could provide additionally knagkein corneal
development, biomechanics, and diseases such as keratoconus, Marfan syndrome and

glaucoma, as well as having surgical implications.
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Appendix 1. Depth correction
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When scrolling through full-thickness data sets, it was evidenttthaen face sections
were not being cut directly parallel to the surface of the corneal sag)pheaning that
depth measurements were inaccurate. To correct for this, the number of S#&utions

A v Az E e u 8[* uu E v An<hercoed bf theimage (which
would be position A in the diagram), down to a depth where there stroras jwst not
visible (position B) was used to make a geometrical calculation of the offgkt and hence
correct the depth measurements. The number of sections between positions & aould

theoretically be 1 if the block was being cut perfectly parallehtosurface.

The diagram represents the geometrical calculation used for the human dekteapter 4,
with the same method being used for the mouse cornea in chapter 6. Thene 280

sections between positions A and B, therefore x = 280x50/1000 = 14punvalleswas used
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