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**The eye is the window of the human body through which it feels its way 
and enjoys the beauty of the world. Owing to the eye the soul is content to 

stay in Us bodily prison, for without it such bodily prison is torture.”

Leonardo da V inci, 1452-1519.



A bstract

This thesis describes results and observations from an ultrastructural 
study of the strom a of various human corneo-scleral tissues. The m ajor 
components of the strom al extracellular m atrix are collagen fibrils and 
proteoglycan macromolecules. Their character and distribution in normal 
human cornea and sclera are first studied. The main thrust of the 
research then progressed to elucidating the ultrastructure in two 
pathologic conditions where proteoglycan anomalies were known to occur; 
macular corneal dystrophy and corneal oedema.

Transmission electron microscopical studies, employing the 
proteoglycan-specific stain Cuprolinic blue, dem onstrated th a t the 
arrangement of proteoglycans, with respect to the collagen fibrils, in 
normal human cornea differs from other mammals in that there is more 
^b’ band association.

Meridional X -ray diffraction showed tha t the axial electron density of 
human scleral collagen was similar to ra t tail tendon collagen. When used 
in conjunction with Cupromeronic blue-staining, it verified as 
non-artifactual the electron microscopical observation that proteoglycans 
associate with collagen near the ‘d /e ’ staining bands in the gap zone.

Transmission electron microscopy revealed th a t macular dystrophy 
comeal strom as contain numerous collagen-free lacunae. Cuprolinic 
blue-staining further revealed tha t some of these lacunae contain 
congregations of various sized proteoglycan filaments. Enzyme digests 
identified these filaments as belonging to the chondroitin/ derm atan 
sulphate population of proteoglycans. It was concluded tha t aggregation 
of chondroitin/derm atan sulphate proteoglycans often occurs in the 
m acu la  dystrophy stroma. X -ray diffraction data  supported the electron 
microscopical observation of normal collagen fibrils in the macular
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dystrophy cornea. However, meridional X -ray data, from Cuprolinic 
blue-stained specimens, pointed to an abnormal distribution of 
proteoglycans along the collagen fibrils. Equatorial X -ray diffraction 
results indicated heterogeneous close packing of normal diameter collagen 
fibrils throughout the macular dystrophy stroma, this effect was deemed 
responsible for the central corneal thinning in vivo; a clinical feature of 
macular dystrophy. By using fresh tissue in the X -ray experiments, it was 
shown that tha t cryostorage of excised corneal buttons had no effect on 
the fibril dimensions. A collaboration was set up to analyse serum and 
corneal tissue immunochemically from the macular dystrophy patients, to 
characterise the type of macular dystrophy under investigation. There 
were no specific ultrastructural differences between type I and type II 
macular dystrophy stromas; an overall structural heterogeneity exists 
which indicates that the classification system is not, as yet, complete. 
High-angle X -ray patterns from macular dystrophy corneas contained 
two “extra reflections” not obtained from other human corneas, normal or 
pathologic. The reflections arise from 4.61Â and 9.62Â periodic structures 
which are considered to be glycosaminoglycan in origin.

Electron microscopy revealed the presence of “wavy” lamellae and various 
sized collagen free “lakes” in the strom a of the oedematous human cornea, 
with the posterior portion containing by far the largest “lakes” . The 
existence of strom al “lakes” was further supported by the equatorial. 
X -ray diffraction data. Cuprolinic blue-stained transmission electron 
micrographs demonstrated a D-periodic association of proteoglycans with 
collagen, which suggested a depletion of keratan sulphate in the 
oedematous stroma; this was backed-up by immunochemiced evidence. 
Large proteoglycan filaments (possibly chondroitin/derm atan sulphate) 
were observed in some parts of the extracellular matrix. Scheie’s 
syndrome corneal stromas, which contain no a-L-iduronidase, also 
contained dense Cuprolinic blue-stained deposits. The possibifity exists 
th a t aggregation of corneal chondroitin/derm atan sulphate is a common 
factor of several corneal pathologies.
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Chapter 1
'  '  ' /

Introduction

Comeal transparency is of vital importance to the function of the eye. 
This transparency, unique to the comea amongst all other bodily 
connective tissues, is occasionally affected by injury or disease processes 
which alter the comeal ultrastructure. Preservation of the stromal 
architecture therefore seems to be essential to the maintenance of comeal 
transparency. In this thesis hum an sclera, normal human comeas and 
pathological hum an comeas will be studied in order to elucidate their 
stm ctures, observe the differences and contemplate implications for 
transparency.

1.1 A natom y of th e  Eye

The eyeball, whose diameter is on average 24mm, has three main layers 
each of which is further divided (figure 1.1). The outer supporting coat 
consists of the transparent comea, the opaque sclera and the junction of 
the two^ the comeo-scleral limbus. It is constmcted principally from 
collagen, a fibrous protein with high tensile strength 2tnd low extensibihty. 
This outer coat is inflated by the compressed intraocular fluid into a shape 
resembling the segments of two spheres. The radius of curvature is about 
13mm for the sclera and about 7.5mm for the comea. The white sclera
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Fig. 1.2 Diagram of a longitudinal icction of the eyeball: a, angle of anterior chamber; ac, anterior chamber; aCV, anterior 
ciliary vessel; C, comea; CB, dliaiy body;.Ch, choroid; CO, ocular conjunctiva; CS, canal of Schlemm; DS, durai sheath; I, iris; L, 
lens; ON, optic nerve; OS, ora serrata; r ë ,  posterior chamber; PCV, posterior ciliary vessel; PP, pars plana; R, retina; RM, rectus 
muscle; S, sdera; SCT, tub-conjunctival tissue; V, vitreous; VS, vaginal sheath; W , vortex vein; Z, zonule

F ig u re  1.1 Anatomy of th e  eye. Reproduced from Miller, 1990.

constitutes the posterior five sixths of the eyebadl with the transparent 
comea contributing the anterior one sixth. The sclera has a particularly 
firm consistency at the limbus emd is capable of determining the shape of 
the eye without the help of the cornea (Newell, 1982; Maurice, 1988).

1.2 A natom y of th e Cornea and Sclera

The comea, a transparent, avasculéir, membrzmous tissue, is the main 
refracting stm cture of the eye. Its central area supports the a ir/tea r film 
interface which contributes four fifths of the eye’s refracting power. The
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comea in hum ans measures 10.8mm.vertically and 11.7mm horizontally at 
its anterior surface; its posterior surface is circular with a diameter of
11.7mm. The central area in humans is about 0.52mm thick, gradually 
increasing up to  about 0.65mm at the periphery (Buckley, 1987; Newell, 
1982). The hum an comea has five layers as shown in figure 1.2.

E pilhd iiiin—— '

Basem eni.
m em brane

'T ear film 

■ Surface ccll.s

-Wln% cells

“ Basal cells

■Basement
m em brane

Bow m an's
laver  ; ■ . ^

Strrima———

D esccm et's 
m em brane -

E ndothelium '
Txwwsrr

F ig u re  1.2 Anatomy of the comea. Reproduced from Kanski, 1984.

The epithelium accounts for 10% of the comeal thickness and is made up 

of three typ es o f cell. A single layer o f basal Cells are attached to the 
basement membrane by hemidesmosomes, a lack of which may be 
responsible for recurrent comeal erosions. Adjacent to the basal cell layer

12



are two or three rows of wing-shaped cells, then two layers of surface cells. 
Both these types of cell derive from the baaal cells. The outermost surface 
cells have their siirface area increased by the presence of microvilli and 
microplicae in order to facilitate interaction with the tear film. After a 
lifespan of a few days the surface cells zu-e shed into the tezirs, giving zm 
epithelizd. turnover tim e of about 7 days. Because of the epithelium’s 
excellent ability to regenerate (surrounding cells spread within hours to 
fill a defect in a traum atised basement membrane) the epithelium itself 
does not scar. However sczirring czm develop immediately below the 
epithelium (Buckley, 1987; Kzmski, 1984).

Bowman’s layer constitutes about 2% of the corneal thickness zmd is an 
acellular condensation of collagen, a superficial layer of the stroma. It is 
mechanically very resistant to tensile deformation but does not regenerate 
when dzimaged. Its mechzmiczd resilience restrains the cornea zmteriorly, 
ensuring tha t stromal swelling proceeds in a posterior direction (Buckley, 
1987; Kzmski, 1984).

The strom a is bounded posteriorly by Descemet’s membrane which, in an 
adult, represents about 3% of the total comeal thickness. It is the 
bzLsement membrzme secreted by the endothelium through life, and from 
birth to old age it increzises in thickness from about 20/zm to 200/Ltm. 
Descemet’s’ membrzme consists of amorphously zurzmged collagen zmd 
glycoproteins including fibronectin. It is very resistant to traum a zmd 
pathologiczd processes (Buckley, 1987; Kanski, 1984).

The endothelium, which forms the posterior 1% of the comea, consists of 
a single layer of hexagonal cells. It plays a vital role in madntaining the 
state of hydration of the strom a by acting as a metabolic pump which 
opposes the osmotic properties of the hydrophilic stromzd proteoglyczms 
(Mishima & Kudo, 1967). The endothelial cells are not regenerated so 
there is a graduzd decrease in their numbers w ith age. Neighbouring cells 
spread in order to fill zmy vaczmt gaps. The endothelium hzLs a 
considerable functional reserve zmd it is likely that up to 80% of the cells
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may be lost before comeal stability is affected (Buckley, 1987; Kanski, 
1984).

The strom a constitutes the bulk of the comeal thickness, about 84% 
(Buckley, 1987). It consists of collagen, fibrils, regularly arranged and of 
uniform diameter, which lie parallel to the surface of the comea in wide 
thin lamellae (figure 1.2). The thickness of the strom a is made up from 
about 200 of these lamellae, each one of which seems to run uninterrupted 
from limbus to limbus (Maurice, 1988). The fibrils within adjacent 
stromal lamellae run at angles to each another and in the hum an comea it 
has been dem onstrated tha t they are preferentially oriented at right 
angles to one another, tending to a m edial-lateral, inferior-superior 
organisation (Meek et al., 1987a,b). A basic zmalogy can be drawn with 
the structure of plywood. Comeal fibrils extend to the limbus where they 
tend to curve around and run circumferentially, either forming a belt 
around the limbus or following a circular course from one point on the 
limbus to zmother (Maurice, 1988; Meek et al., 1987a,b). The m ajor 
stromal component is collagen; its contribution to the dry weight of the 
comea has been variously reported as 65% in bovine cornea (Maurice, , 
1969), as 71% (Newsome et al., 1981) and 90-95% in normal human 
comea (W interhalter et al., 1988), although this last figure may be an 
over-estimate. The fibrils are embedded in a m atrix which consists 
mainly of proteoglycans. The strom a is populated by keratocytes, lying in 
and between the lamellae, which have long, slender, branching 
communication processes. These keratocytes are involved in proteoglycan 
synthesis and secondary collagen fibrillogenesis (Birk & Trelstad, 1984), 
the prim ary strom a seemingly being laid down by the epithelium (Hay & 
Revel, 1969). The keratocytes are not static but are free to move through 
the strom a in response to a num ber of stimuli (Buckley, 1987).

The fibrous bands seen in microscopical images of the scleral stroma are a 
continuation of the comeal lamellae which run uninterrupted across the 
limbus (Maurice, 1969). The scleral lamellae contain collagen fibrils with 
a diameter range from 30nm to 300nm (Schwartz, 1953). The m atrix of

14



predominantly proteoglycans is also different to tha t found in the 
adjacent comea.

1.2.1 M olecular Collagen Structure

The most prevzdent collagen in the humzm comea is type I collagen, one of 
the fzimily of fibril forming collagens. Each type I collagen molecule 
consists of three left-handed heliczil polypeptides, mutuzdly staggered by . 
one residue, which form into a triple helix. Each type I polypeptide 
contains about 1000 residues, there are 3.27 residues per tu m  and the 
molecule itself is about SOOnm long. Due to steric restrictions every third 
residue hzis to be glycine, the polypeptide czm therefore be represented by 
[Glycine-X-Yjn where X zmd Y are commonly proline zmd hydroxyproline 
respectively. This Glycine-proline-hydroxyproline triplet forms about 
10% of the polypeptide.- Each polypeptide is stabilized by the steric 
repulsion of the pyrrolodine rings of the proline residues. The triple helix 
is cross-linked by hydrogen bonds between the three polypeptides which 
involve the lysine and hydroxylysine residues (Nimni & Harkness, 1988). 
The triple helical molecule is bounded by small non-helical N - and G - 
domzdns called telopeptides. The intrzimolecular cross-links occur mzdnly 
via the telopeptides due to their high content of hydroxylysine residues 
(Bmley, 1975). The molecule is zilso stabilised by ionic interactions 
between charged residues on adjacent polypeptides (Parry, 1988).

Along with type I collagen, the humzm comezd strom a also contzdns lesser 
proportions of other collagen types, in particular types III zmd V, both of 
which are of the the fibril forming variety (Newsome ct al., 1982). The 
collagen types zure distinguished by differences in the zrniino acid sequence 
of the polypeptide helices. Type I collagen consists of two a  1(1) chzdns 
zmd one oc2{l) chain with the triplet region extending for 1014 residues in 
each case (Pzirry, 1988). Type ITT collagen is made up of three a l(III)  
chains zmd type V collagen contzdns three chzdns classified as a l(V ), . 
a2(V) zmd a3(V). The zunino acid sequence of the a l( I) , a2(I) zmd
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a l(II I)  chains has revealed the presence o f four repeat units of 234 
residues in each of the chains (Miller, 1988); this is an im portant 
condition for collagen fibril formation. Immunolocalisation studies on 
chick comea found that, type I and type V collagens could be 
co-distributed within the same fibril (Birk et al., 1986). Nakayasu et al. 
(1986) concluded that type V collagen is located on or close to the 
stromal fibrils in hum an comea and tha t type III collagen may well form 
hybrid fibrils with type I collagen. The proportion of type III collagen 
included with type I collagen effects the diameter of the hybrid fibrils 
formed in vitro (Lapiere et al., 1977). This could bear some relation in 
vivo to the occurrence of large heterogeneous fibril diameters in hum an 
sclera where the proportion of type III collagen rises to 35% compared to 
about 10% in the humzm comea (Newsome et al., 1981). The zodal 
distribution of chzurged amino acid residues in type V collagen molecules 
hzis been shown to be similar to tha t of type I molecules. Furthermore the 
electron microscopical D-periodic bzmding pa ttem  of type I/type V 
hybrid fibrils is identicztl to th a t of pure type I fibrils (Adachi & Hayzishi, 
1987). Type VI collagen is present in the bovine comeal stroma (M urata 
et zd., 1989) and has zdso been located in the humzm comea where it is 
considered to be one of the m ajor extracellular components (Zimmerman 
et al., 1986). Unlike the molecules of types I, III zmd V collagens which 
contzdn the characteristic [Glycine-X-Y]n repeat, the amino acid sequence 
of type VI collagen, along with some other minor comeal collagens, 
possess interruptions at vzirious positions along its polypeptide chzdn. 
These collagens, therefore, do not form fibrils but do self-ZLSsemble in 
specific ways to form biologiczd networks (Veis & Payne, 1988).

The comea also contzdns small quzmtities of other minor collagens. Type 
rV collagen is present in the baaement membrane of the comezd 
epithelium in hum an comea (Newsome et zd., 1981; Nzikayaau et zd., 1986) 
although some haa been detected in the murine comezd stroma (P ra tt & 
Madri, 1985). In humzm comea type VII collagen forms globular domains 
and zmchoring fibrils which play a role in epithelizd adhesion. The fibrils
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interact with type IV collagen in the epithelial basement membrane and 
on average extend only 0.6 /xm into the hum an strom a (Gipson et al., 
1987).

In conclusion the human comeal strom a is predominantly composed of 
type I collagen with considerably lesser amounts of types III and V; these 
species are able to associate with each other in the form of cross-banded 
fibrils which are visualised in the transmission microscope by heavy m etal 
stains. Type VI collagen is also present in considerable amounts, but is a 
non-fibril forming collagen.

1.2.2 Fibrillar Collagen Structure

Collagen fibrils are formed by the lateral packing of collagen molecules, 
axially staggered by the repeat unit of about 234 amino acid residues (see 
figure 1.3). The axial stagger is equal to approximately a quarter of the 
length of the helical portion of the molecule. This particular conformation 
is due to the tendency of charged m d  hydrophobic residues to occur in 
groups (Chapman et al., 1990). This quarter-stagger theory of molecular 
packing was prompted by electron-microscopical observations of collagen 
fibrils by Hodge & Petm ska (1963) (see chapter 1.5). The fibrils are 
stabilized by the formation of covalent intermolecular cross-links involving 
hydroxylysine residues in the telopeptides, with the exception of the 
C-terminus of the a2(I) chain (Parry, 1988).

1.2.3 Proteoglycan Structure

Proteoglycans are macromolecules which consist of a protein core or 
backbone to which one or more glycosaminoglycan side chains are 
covalently bound via a linkage region. The glycoszuninoglycan side chains 
which give the proteoglycans their classification consist of repeating 
disaccharide units (figure 1.4) and are named zffter the tissue from which
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overlap
gap

D-67nm
(234- residues)

F ig u re  1.3 A schematic representation of the axial relationships in a colla
gen fibril based on the quarter-stagger theory of Hodge & Petrusha (1963). 
At the end of each molecule (made up of three helically wound polypeptide 
chains) the N and C telopeptides are labelled. Reproduced from Chapman 
et al., 1990.

they were first extracted (Poole, 1986). Proteoglycans occur in a wide . 
variety of tissues and exhibit a heterogeneity both in size and content. 
Czirtilage, for example, contains “very large” , space-filling proteoglycans 
with 150-200 KD core proteins and up to 200 glycoszuninoglyczm side 
chains of both the keratan sulphate and chondroitin sulphate variety 
(Hardingham et ad., 1986).

Chondroitin sulphate glycosaminoglycans by definition cohtadn glucuronic 
acid and do not contain iduronic acid. The chondroitin sulphate 
glycosaminoglycans in the comea, however, do contain some iduronic acid 
(about 10% for bovine (Axelsson & Heinegârd, 1975)) which quadifies the 
glycosaminoglycan aa derm atan sulphate (Stuhlsatz et al., 1972). Hence
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Keratan sulphate

?1A G ic N a c ^  G a l ^  GlcNAc 
6-SO3-

Chondroitin sulphate

^  GIcUA^H-GalNAc^ GlcUA&I 
4-or-6-S03"

Dennatan sulphate

r d U A ^ ^ G s  
2-SOj” 4-or-6-SOg-

^  I d U A '^  G a lN A c '^  G I c U A ^

F ig u re  1.4 The chemical structure of the main comeal glycosaminogly- 
cans. Reproduced from Poole, 1986.

the classification of these comecil proteoglycans varies and seems to 
depend on what proportion of the uronic acid is iduronic or glucuronic. 
This classification in the literature appears to be interchangeable and 
varies between chondroitin sulphate (Bansal et al., 1989), glucuronic-rich 
dennatan sulphate (Poole, 1986), proteoderm atan sulphate (Gregory et 

al., 1988), dennatan  sulphate (Scott, 1988a) and chondroitin/derm atan 
sulphate (Scott & Haigh, 1988). If referring I will use the nomenclature 
quoted in the relevant publication, otherwise I will use the term  
chondroitin/dennatan sulphate.

The rabbit comeal strom a contains two main classes of proteoglycan. 
Keratcin sulphate proteoglycans (molecular weight ~100KD) consist of a
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protein core to  which either one or two keratan sulphate side chains are 
linked (Gregory et al., 1982). Derm atan sulphate proteoglycans from 
bovine cornea have one dermatam sulphate glycosaminoglycan (molecular 
weight^SSKD) linked to a 40KD protein core (Axelsson & Heinegàrd, 
1975). The glycosaminoglycan chains consist of 1 0 - 1 0 0  repeating 
disaccharide units (Scott, 1988b). No detailed study of human ocular 
proteoglycans has been published but from parallels with other 
mammalian species it is expected tha t the hum an ocular tissues 
investigated in this thesis contain "small" proteoglycans with only one or 
two side chains.

Two types of proteoglycan have been isolated from bovine sclera (Coster 
& Fransson, 1981). T he“large” one (molecular weight'^ 160-410 KD) 
contained several side chains with approximately 1 0 % iduronic acid 
whereas the “small” one (molecular w eigh t^70-1OOKD ) had between one 
and three side chains which were rich in iduronic acid. Comparison with 
two similar derm atan sulphate proteoglycans found in tendon (Vogel & 
Heinegàrd, 1983) led to the conclusion tha t the “small!’ derm atan 
sulphate proteoglycan associates with the gap zone, of the collagen fibril 
whilst the “large” one is interfibrillar (Scott & Orford, 1981; Scott & 
Heiigh, 1985b). The “small” derm atan sulphate proteoglycan in sclera 
shows immunological identity and peptide pattern  similarity to those in 
bone, tendon and cornea (Hardingheun et al., 1985).

1.3 E lectron M icroscopy

Transmission electron microscopy has been extensively employed;, along 

with specific staining methods for collagen and proteoglycans, in the 
determ ination of scleral emd comeal ultrastructure. Scanning electron 
microscopy has not been so widely employed but can yield information 
about the lamellar structure of the tissues.
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1.3.1 Staining o f Collagen Fibrils

Collagen fibrils stained with heavy metsd salts exhibit a characteristic 
banding pattern  due to the preferential attachm ent of heavy metal ions to 

charged amino a d d  residues (Hodge & Schmitt, 1960). The staining 
pattern repeats itself every 65nm for comeal collagen (67nm for tendon), 
duie to the fact tha t the molecules are axially staggered by multiples of 
65nm, i.e. 234 residues (see chapter 1.3). The repeat distance is referred 
to as the D-period. For type I collagen, since the molecules have length 
^^4.4D, the Eirchitecture of the fibril is constrained to include a 
“gap-overlap” system as seen in figure 1.3 (Hodge & Petm ska, 1963). The 
length of the collagen molecule has more recently been put at 4.47D 
(Parry, 1988). The overlap zone (length~0.47D) and the gap zone 
(length'^0.53D) contain laterally packed molecules in the ratio 5:4. Amino 
ad d  sequence data  from the a l ( ï )  and a 2 (I) chains have allowed the 
distribution of residues to be correlated with the banded staining pattem  
of type I collagen fibrils (Meek et al., 1979).

Figure 1.5 shows the conventional notation for the positive staining bands 
(Hodge & Schmitt, 1960). From right to left;

(a) The four evenly spaced ‘a- bands,‘a i’, ‘aa’, ‘as’ and ‘a^’; ^a^’ is slightly 
weaker than  the others.

(b) The ‘b ’ doublet, ‘b i’ and‘ba’.

(c) A weak ‘c i’, a strong ‘ca’ and a very weak ‘cg’.

(d) A strong broad ‘d ’ band.

(e) A diffuse ‘e’ doublet, ‘e i’ and ‘ea’ tending to merge together.

The boundaries of the gap and overlap zones are around the bands ‘ca’ 
and ‘as’, the ‘d /e ’ bands being at the centre of the gap and the ‘b ’ doublet 
being within the overlap. The electron microscopical appearance of the 
type I collagen-rich fibrils will not be affected by the presence of varying 
amounts of type V molecules within the fibril (Adachi & Hayashi, 1987).
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Figure 1.5 The banding pattern  of a collagen fibril positively stciined with 
metctl containing anions and cations. The very weak C3 band is indicated 
by a single arrow; the doublet character of the bg band is indicated by twin 
arrows. B a r= l D-period (67nm in the native state). Reproduced from 
Chapman, 1974.
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1.3.2 Staining of Proteoglycans

The electron density of proteoglycans is very low so if their distribution is 
to be observed in the electron microscope their contrast must be 
enhanced. This can be achieved by staining the proteoglycans with the 
cationic copper based dye Cuprolinic blue, or its isomer Cupromeronic 
blue,^in the “critical electrolyte concentration” mode (Scott, 1980; Scott 
et al., 1981). The concentration of the electrolyte (typically MgClg) 
included in the staining solution influences the extent to which the stain is 
taken up by the polyanionic glycosaminoglycans. Anions from the 
electrolyte (i.e. Cl~) attached to some of the positive charges on the dye 
lead to a more intense staining pattern. However, if there is an excess of 
anions they compete with the proteoglycans for the attention of the dye. 
Hence for optimum staining the concentration of the electrolyte is critical. 
Cuprohnic blue enables predominantly sulphated glycosaminoglycans to 
be stained and brings about a partial collapse of the glycosaminoglycan 
side chains onto the proteoglycan protein core. The electron density of the 
Cuprolinic blue/dye complex is greatly enhanced by replacing the 01“ 
anion with one with a higher electron density e.g. tungstate (Scott, 1980).

1.4 X -R a y  Diffraction

X-ray diffraction is a non-invasive technique which can successfully be 
used to yield information about the distribution of periodic structures 
within connective tissues. The amount of information extract able from a 
connective tissue X -ray pattern  depends upon the extent of order within 
the tissue. In a perfect crystal the X -ray information can lead to a direct 
determination of structure. However, since a connective tissue is much 
less ordered than a crystal structure, the X -ray information is used to 
suggest or refine structural models (Brodsky et al., 1988). The order in

^The stains behave identically except that Cupromeronic blue is thought to have a 
slightly higher specificity and appears to produce finer filaments in the electron microscope.
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connective tissues occurs at various levels; order in the axial form of the 
triple helix, order in the lateral packing of the collagen molecules, order in 
the diameters and lateral packing of the collagen fibrils and order in the 
D-periodic repeat edong each fibril axis. Orientation of collagen fibrils is 
another factor which affects the diffraction pattern.

The X-ray diffraction pattern  consists of two components, parallel and 
perpendicular to the collagen axis, called meridional and equatorial 
reflections respectively. The meridional reflections arise from the periodic 
distribution of m atter along the collagen fibrils whilst the equatorial 
reflections represent the lateral order in packing and diameter of the 
fibrils. A reduction in the latereJ order of the fibrils will lead to a 
smearing of the equatorial maxima (Brodsky et al., 1988). Collagen fibrils 
run approximately parallel to  one another within a single lamella but 
where there is little or no preferential orientation of lamellae the net effect 
throughout a specimen is to have no preferred fibrillar orientation. When 
this occurs, as in the case of bovine cornea, the scattered intensity is 
spread over 360° and the pattern  becomes more circular and diffuse. This 
phenomenon enables the extent of collagen orientation within a tissue to  

be estimated; this type of analysis has been Ccirried out on articular 
cartilage (Aspden & Hukins, 1981) and human corneal strom a (Meek et 
al., 1987a,b).

Contributions to an X-ray diffraction pattem  obtained from a whole 
native tissue come solely from the periodic ordered structures, the 
unordered ones merely serve to increase random background scatter. 
Derivation of a structural model of a tissue by X-ray diffraction is often 
complemented by direct observation techniques such as electron 
microscopy. X-ray diffraction has the advantage over electron microscopy 
in tha t specimens can be examined in a hydrated, unprocessed state thus 
nullifying the risk of assuming that electron microscopical preparative 
artifacts represent actual in vivo tissue components.

All the X -ray work to be described in this dissertation, along with some
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previous studies already discussed, has been carried out on the very high 
intensity S.E.R.C. synchrotron X -ray source at Daresbury, U.K. This is 

advantageous since comeal organisation is weak compared to other fibrous 
tissues, such as tendon or muscle, which have been studied by X -ray 
diffraction. X -ray pattem s which require exposures of at least 24 hours 
on conventionsd laboratory X -ray sets can be obtained with an exposure 
time of severed minutes. For short exposures the increased X -ray intensity 
has negligible detrimented effect on the comeal tissue due to the 
comparative energetics of the two systems which produce a much better 
signal to noise ratio. The reduced time span in the X -ray beam also has a 
beneficial effect on the tissue; hydration is more easily controlled and any 
in vitro distortions greatly reduced to obtain a more representative 
non-dynamic, steady-state picture.

1.4.1 Equatorial X -R a y  Diffraction o f th e Cornea 

and Sclera

High-angle X-ray diffraction elucidates periodic stm ctures on the 
nanometer scale and can therefore be used to calculate the intermoleculeu* 
packing within collagen fibrils (Ramachandran, 1967). The only modern 
high-angle study has been carried out on bovine cornea (Meek et al., in 
press). Synchrotron X-ray diffraction studies on the comeas, equilibrated 
to various hydrations, show that around physiological hydrations the 
intermolecular spacing is 1 .8  nm. The intermolecular spacing remeiins 
fairly constant with hydration around the physiological value. The 
high-angle intermolecular pattem  for scleral tissue has not been 
previously obtsdned.

The low-angle equatorial X-ray diffraction pattem  from the comeal 
stroma gives a measure of the interfibrillar packing of the collagen fibrils 
(Sayers et al., 1982; W orthington & Inoyue, 1985). It has been analysed 
for a wide range of mammals, fish and birds with the discovery that fish
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and aquatic mammals have more densely packed fibrils in the stroma. 
Mammalian corneas were shown to contain a species-dependant variation 
in the packing of their fibrils. There is cilso a range of spacings within each 
cornea, greater in some species than others. The collagen interfibrillar 
spacing for human cornea at about physiological hydration was calculated 
to be 61,9nm (±4.5nm ) (Gyi et al., 1988). The low-angle equatorial 
pattern  also contains information about the diameters of the collagen 
fibrils. The diameter can be obtained from analysis of the dimensions of 
the equatorial pa ttem  outside the first order interfibrillar refiection 
(W orthington & Inoyue, 1985). Fibril diameters have been calculated from 
frog cornea to be 37nm (Worthington & Inoyue, 1985) and from rabbit 
cornea to be 39nm (Brodsky et al., 1988). The interspecies variation of 
fibril diameters and interfibrillar spacings has led to  the postulation that 
the all-im portant feature of the transparent cornea could be the surface 
to surface separation of the collagen fibrils (Gyi et al., 1988).

A transmission electron microscope study of comeal collagen fibril 
diameters from various species, unlike the X-ray diffraction study of Gyi 
ei al. (1988), found no variation between species (Craig & Parry, 1981). 
However, the fibrils observed microscopically were all of the dehydrated, 
fixed and embedded tissue. Indeed, using a low-tem perature protocol, 
which goes some way towards preserving structure, substantially larger 
fibril diameters have been noticed in the electron microscope (Craig et al., 
1986). Comparing data  demonstrates that conventional electron 
microscopy of cornea (Craig & Parry, 1981) represents a more or less 
uniform shrinkage of fibril diameters and interfibrillar spacings by about 
25% from the X-ray diffraction values (Gyi et al., 1988). It seems, 
therefore, tha t the equatorial X-ray diffraction data from the fresh tissue 
give a better in vivo representation of the lateral corneal architecture. As 
mentioned in chapter 1 .2  the preferred orientation of collagen fibrils in the 
central zone of hum an corneal stroma is in a m edial-lateral, 
inferior-superior orthogonal arrangement (Meek et al., 1987a,b). This has 
the affect of producing four symmetrical lobes in two orthogonal
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directions in the equatorial X-ray diffraction rings. It is not understood 
why this affect is so pronounced in the human cornea,

No low-angle equatorial X-ray diffraction pattern  can be obtained from 
sclera because the variation in the diameters and the packing of the fibrils 
is too great (Bor cher ding et al., 1975).

1.4.2 M eridional X -R a y  Diffraction o f th e Cornea  
and Sclera

The meridional X-ray diffraction pattern  from cornea can be used to 
deduce the axial electron density, i.e. the distribution of m atter, along the 
collagen fibrils (Meek et al., 1981a). In addition to the intensities of the 
meridional orders, the phase of each refiection is required in order to 
calculate the axial electron density distribution. The phase of each 
refiection is related to the relative time of arrival of each each X -ray 
photon at the photographic plate. It is not measurable in the experiment. 
Phases for an X-ray diffraction pattern  can be obtained, for example, 
from models derived from known amino acid sequences (Hulmes et al., 
1977) or from isomorphous replacement techniques (Bradshaw et al., 
1989). Alternatively a model of assumed structure Ccin be constructed 
from data obtained by other methods such as electron microscopy. Phases 
determined using this model Eire combined with the observed meridional 
intensities to form a representation of the axial electron density (Tomlin 
& W orthington, 1956; Meek et al., 1983). In most collagen-containing 
tissues, the most intense meridional refiection is the first order, which 
Eirises mostly from the step in electron density between the gap Eind 
overlap re^ons of the chajacteristic 67nm (65nm in cornea) repeating 
D-period (Tomlin & Worthington, 1956). This, however, was noticed to 
be absent in X-ray diffraction patterns obtained from bovine cornea, 
probably due to the presence of som e m aterial occupying a large  

proportion of the gap zone of the fibril (Goodfellow et al., 1978; Meek et
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al;, 1981a,b). Bovine corneeis contain proteoglycans in the gap zone of the 

collagen fibrils but there is uncertainty as to whether or not their electron 

density is sufficient to affect the X-ray diffraction pattern (Meek et al., 
1986). When a structural glycoprotein (molecular weight<~135KD) was 

extracted from bovine comeal stroma, the first order meridional refiection 
was rendered visible, thus suggesting that the glycoprotein w e i s  removed 

from the gap zone (WeiII et al., 1988). The meridionEÜ. first order refiection 

is present, however, in X-ray diffraction patterns obtEuned from the 

human corneal stroma, and the axial electron density distribution differs 

significantly from that obtained from the bovine corneal stroma (Meek et 
Ell., 1983). These differences were attributed to different 
collagen/ proteoglycEin Etrangements, of unknown function, between the 

species. Any periodic binding of non-collagenous matrix components to 

collagen fibrils results in alterations in the relative intensities of the 

meridional reflections provided the components are sufficiently electron 

dense. Non-specific binding would merely increase the levels of 

background scatter. Treatment of bovine cornea with the proteoglycan 

stain Cupromeronic blue in conjunction with meridional X-ray diffraction 

hEis enabled the extra electron density due to the proteoglycans to be 

located in relation to the collagen fibrils. The proteoglycans occur at the 
‘aV c’, ‘d’ and ‘e ’ collagen stEiining bEuids (Meek et al., 1986).

1.5 P roteoglycan /C ollagen  Interactions in
C onnective T issues

Connective tissue coUagens co-exist in intim ate contact with 
proteoglycans and there is a long history of speculation related to the 
possible influence that proteoglycans have on the structure and function 
of collagen fibrils. The use of the proteoglycan dyes, Cuprolinic blue and 
Cupromeronic blue, in conjunction with uranyl acetate staining of 
collagen and electron microscopy, haa enabled the proteoglycans to be
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located in various connective tissues (Scott & Haigh, 1985a). Since cornea 
contains more than one type of proteoglycan, enzyme digestion of 
glycosaminoglycans within a population of proteoglycans, prior to 
staining, allows the remaining undigested proteoglycans contsdning the 
other glycosaminoglycans to be located. Hence the organization of a 
specific type of proteoglycan can be observed (Scott & Orford, 1981; Scott 
& Haigh, 1985a,b). Dermatan sulphate proteoglycans have been located 
at the ‘d ’ and ‘e’ staining bends of type I collagen-rich tissues such as 
tendon (Scott, 1980; Scott & Orford, 1981), skin (Scott & Haigh, 1985a), 
heart valve (Nakao & Bashey, 1972), intervertébral disc (Scott & Haigh, 
1986) and articular cartilage (Orford & Gardner, 1984). Meridional X-ray 
diffraction techniques have also located proteoglycans at the ‘d /e ’ bands 
in fresh ra t tail tendon, thereby supporting the electron optical 
observations (Meek et al., 1985).

1.5.1 P roteoglycan /C ollagen  Arrangem ent in Sclera

Using the aforementioned electron microscopical techniques derm atan 
sulphate proteoglycans have been located at the ‘d /e ’ staining bands in 
the gap zone of collagen fibrils from mouse sclera (Scott & Haigh, 1985b). 
Similar methods have also led to reports of their presence at the ‘d ’ band 
in both rabbit and human sclera. This specific association was evident 
throughout all levels of the sclera despite considerable variations in fibril 
diameter (Young, 1985). Depletion of scleral proteoglycans has been 
reported to precede the degradation of scleral collagen in an inflammatory 
disease of the human sclera called necrotizing scleritis (Young et al., 1988).

1.5.2 P roteoglycan /C ollagen  Arrangem ent in 

Cornea

Proteoglycan binding in the cornea is more complex than in the sclera 
since the corneal strom a contains keratan sulphate proteoglycans along
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;
with chondroitin/derm atan sulphate proteoglycans (see chapter 1.23). 
Unlike sclera, a proportion of the gap zones (‘d /e ’ bands) in the cornea 
remain unoccupied by proteoglycans (Scott & Haigh, 1985a).

Early microscopical studies suggested the existence of a regular 
association between proteoglycans and collagen fibrils in rabbit cornea 
(Smith & Frame, 1969). More recently Cuprolinic blue Eind Cupromeronic 
blue have been employed demonstrating association of keratan sulphate 
and chondroitin sulphate with collagen fibrils in the adult rat cornea 
(Velasco & Hidalgo, 1988). Proteoglycans in the rabbit cornea were 
noticed to  be arranged orthogonally to  the fibrils and after incubation  of  

comeal samples with keratanase the remainder appeared to associate in 
the gap zone of the fibrils at the ‘d’ band (Scott & Haigh, 1985a). Further 
observations of keratanase and chondroitinase ABC rabbit corneal digests 
demonstrated th a t keratan sulphate proteoglyceins associate with the 
collagen at the ‘a ’ and ‘c’ bands, whilst chondroitin/ derm atan sulphate 
proteoglycans axe located at the ‘d ’ and ‘e’ bands. This ‘d /e ’ band 
association of chondroitin/derm atan sulphate proteoglycans has been seen 
in all other connective tissues so far studied (Scott & Haigh, 1985b). 
Rabbit cornea contains two types of derm atan sulphate proteoglycan and 
two types of keratan sulphate proteoglycan varying in their protein cores 
(Gregory et al., 1982). A similarity existed between the percentage of 
keratan sulphate proteoglycans at a certain binding site and the 
percentage with a certain type of protein core. A similar relationship was 
evident for the chondroitin/derm atan sulphate proteoglycans. This 
indirectly implied that each proteoglycan bound specifically to one of the 
four binding sites (Scott & Haigh, 1985b). This implication was confirmed 
using specific enzyme digestions (Scott & Haigh, 1988a).

The keratan sulphate proteoglycan content of the corneal strom a shows 
remarkable interspecies variation (Scott & Haigh, 1988a). The ratio of 
keratan sulphate content to total glycosaminoglycan content increases 
with increasing size of the cornea. Keratan sulphate is absent from mouse 
comea with proteoglycans associating with collagen mainly at the ‘d ’
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band. Rat and rabbit demonstrated ‘a ’/ c ’/ d ’ and ‘e’ band occupancy 
(Scott & Haigh, 1988b) supporting the proposal that keratan sulphate 
proteoglycans associate with the ‘a ’ and ‘c’ collagen bands in these 
species. Hence keratan sulphate content was noticed to be directly 
proportional to comeal thickness. This work led to the hypothesis that 
keratan sulphate proteoglycan is a “stand in” for chondroitin/derm atan 
sulphate proteoglycan in conditions of oxygen lack. In contrast to the 
interspecies variation in the relationship of the keratan sulphate 
proteoglycan with the collagen, the chondroitin/ derm atan sulphate 
proteoglycans are found in all corneas and retain a constant relationship 
with the fibrils (Scott & Haigh, 1988b).

All the structural information so far mentioned about the intimacy of 
collagen and proteoglycans has been gained from the location of 
Cuprolinic blue in electron microscope prepared tissue, The collagen 
fibrils shrink axially by about 1 0 % diiring preparation for electron 
microscopy, however the relative axial location of structures is valid 
(Chapman et al., 1990). Meridional X-ray diffraction patterns (see 
chapter 1.42) can be used to deduce the axial distribution of electron 
density along the collagen fibrils (Meek et al., 1981b). The axially bound 
proteoglycans have been identified by analysis of these meridional 
reflections obtained from Cuprolinic blue treated bovine cornea. They 
locate at the ‘a*,‘cV d’ and ‘e’ staining bands (Meek et al., 1986). Binding 
of proteoglycans at specific sites along the collagen fibril has also been 
demonstrated using X-ray diffraction in the normal human comea. This 
distribution of proteoglycans along the fibril axis is noticed to be altered 
in the disease keratoconus (Meek et al., 1987b).

Further support for the eirchitecture described above comes from a 
freeze-etching end rotaxy-shadowing technique applied to rabbit corneal 
stroma (Hirsch et al., 1989). Micrographs demonstrated major 
cross-banded collagen fibrils which frequently were orthogonally linked by 

regularly spaced interfibrillar bridges. The architecture strongly resembles 
the Cuprolinic blue staining of cornea, and although the fast-freezing
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technique does not provide chemical identification of these bridges it is 
assumed that they represent proteoglycans.

1.5.3 Functions o f th e Proteoglycans

The absence of derm atan sulphate proteoglycan at the ‘d ’ b m d  has been 
noted in demineralized bone collagen (Scott & Haigh, 1985a). Since the 
gap zone contains the probable site of nucléation of calcification 
(Fitton-Jackson, 1957) it has been suggested that the presence of 
derm atan sulphate proteoglycans in non-calcified tissues sterically 
inhibits the nucléation of calcification (Scott & Orford, 1981; Scott & 
Haigh, 1985a).

The gap zone, in which the ‘d ’ band is centred, contains the non-helical 
telopeptides of the laterally packing collagen molecules (see chapter 1.3). 
The presence of derm atan sulphate proteoglycans in the gap zone could 
prevent access to potential cross-linking sites on the telopeptides and it 
has been suggested tha t this process hinders accretion of collagen 
molecules and thus restricts the fibril diameter (Scott & Orford, 1981; 
Scott, 1984). Indeed derm atan sulphate proteoglycans can inhibit the in 
vitro fibrillogenesis of type I collagen (Vogel et al., 1984). In developing 
rat tail tendon there is an inverse relationship between collagen fibril 
diameter emd the amount of derm atan sulphate proteoglycans present on 
the surface of the collagen fibrils (Scott et al., 1981).

Proteoglycans in cornea are thought also to play a role in maintaining the 
regular spacing of the uniform diameter collagen fibrils (Balazs, 1965; 
Borcherding et al., 1975; Meek et al., 1986). Maurice, in 1957, suggested 
that this, reguleuity in the collagen/ extracellular m atrix architecture was 
the basis of the tissue’s transparency. The light scattered by the regular 
collagen lattice is cancelled out by destructive interference in all directions 
except the straight through one, thus causing transparency. This model is 
generally preferred over the uniform refractive index theory of
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transparency (Maurice, 1957, 1984). Theoretical calculations demonstrate 
th a t this preferred theory for transparency holds even if the regular 
arrangement of collagen fibrils is less than perfect (Hart & Farrell, 1969). 
Consistent with Maurice’s hypothesis is the fact tha t in opaque corneal 
scars the interfibrillar spaces between normal dieuneter fibrils are 
abnormally large (Cintron et al., 1978). The opaque scar tissue contains 
unusually large derm atan sulphate proteoglycems with normal size 
glycosaminoglycans but no keratan sulphate proteoglycans (Hassell et al., 
1983). This type of result strengthens the case for implicating 
proteoglycans in the regulation of the stromal architecture.

1.6 O bjectives o f this Thesis

I will endeavour to highlight the type of structural information able to be 
gathered from a specific connective tissue by the use of two fundamentally 
distinct but complementary physical methods; electron microscopy and 
X -ray diffraction. The collaboration of these approaches leads to an 
ultrastructural model that is more reliable than either could attain  
independently. For example, the concern about electron microscopic 
preparative artifacts is diluted if the same information is obtained from 
X -ray studies on fresh, unprocessed tissue. On the other hand, electron 
niicfoscopy can be employed to identify localised structural abnormalities 
not extensive enough to affect the X-ray diffraction pattern.

The connective tissues which have been studied in this project are the 
normal hum an comeal stroma and the normal hum an sclera. The collagen 
architecture was observed in the fresh tissue by X -ray diffraction, and 
staining of the processed tissue was carried out to visualise collagen in the 
electron microscope. Specific stains were employed, in conjunction with 
both X-ray diffraction and electron microscopy, to locate proteoglycans in 
the tissues. The aim was to understand the arrangement of collagen and 
proteoglycans in hum an ocular tissues.
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These techniques, employed to study the normal hum an comea, offer a 
new aiid exciting opportunity to gain an insight into the 
collagen/ proteoglycan architecture in pathological hum an comeas (an 
electron microscopical study of the proteoglycan abnormalities in 
pathologic human sclera is being carried out elsewhere (Young et al., 
1988)). To this end, three pathologic comeal conditions were chosen for 
the investigation; macular comeed dystrophy, comeal oedema and Scheie’s 
syndrome. All were selected because they involved different types of 
proteoglycan abnormalities. Basically, macular comeal dystrophy patients 
lack, or have severely reduced levels of, keratan sulphate; the influx of 
stromal water in comeal oedema effects the proteoglycan content; Scheie’s 
syndrome patients are deficient in a-L-iduronidase. A more extensive 
description of each pathology is given in chapter 2 . Because of the nature 
of the techniques employed in this study, and the restricted supply of 
pathological human tissue, the data  are obtained from a relatively small 
number of samples. Hence reproduciblity of the results is limited. 
Nevertheless, the information obtaiined should throw some Hght on the 
stromal requirements for comeal transparency, whilst at the same time 
identifying the abnormal stromal architecture, be it a prim ary or 
secondary effect, which presumably results in reduced visual acuity in 
specific ocular disorders.
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Chapter 2

Clinical D etails

In this chapter a clinical description of macular corneal dystrophy, corneal 
oedema and Scheie’s syndrome will be given along with a review of the 
current ultrastructural knowledge concerning each condition. The 
available medical history of each patient will also be included.

2.1 M acular Corneal D ystrophy

Macular corneal dystrophy is an autosomal recessive, inherited disorder, 
clinically characterized by central corneal thinning (Ehlers & Thorkild, 
1978; Donnenfeld et al., 1986) and progressive clouding of the cornea. 
Stromal clouding usually begins superficially between the ages of 5 and 9 

. years and as a rule spreads to involve the full extent of the strom a in the 
second decade. Small, scattered, white macular opacities appear, initially 
at the centre of the cornea at around puberty, and with time increase in 
number and size (Klintworth 1980, 1982). The pre-keratoplasty, clinical 
appearance of the eye of macular dystrophy patient 1 is shown in 
figure 2.1. Visual impairment is such that penetrating keratoplaatic 
surgery is normally required by the third to fifth decade . Figure 2 .2  

shows the post-operative clinical appearance of the eye of macular 
dystrophy patient 2  with the radial sutures still in place. There is a sharp
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F ig u re  2 . 1  The pre-operative clinical appearance of the eye of m acular 
dystrophy patien t 5. The cornea is obviously cloudy and white opacities 
are evident.

distinction between the clear central donor bu tton  and the cloudy outer 
host cornea. Due to its recessive mode of inheritance, unlike the other 

corneal dystrophies which are inherited as dom inant tra its , it is rare with 

a higher prevalence in populations w ith a relatively small gene pool such 

as Iceland (Jonasson et ah, 1989). The disease is histologically 

characterized by an accum ulation of glycosaminoglycan deposits w ithin 

the strom al m atrix  (K lintw orth & Vogel, 1964; G arner, 1969).

M acular dystrophy corneas do not produce a norm al keratan  sulphate 

proteoglycan (K lintw orth & Sm ith, 1980, 1983; Hassell et ah, 1980, 1982; 

N akazaw aet ah, 1984; K lintw orth et ah, 1986) but synthesize an unusual
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F ig u re  2 . 2  The post-operative clinical appearance of the eye of m acular 
dystrophy patien t 2. The radial sutures are still in place, grafting the clear 
donor bu tton  to the cloudy host cornea.

glycoprotein not found in norm al hum an corneas (K lintw orth & Smith, 

1977, 1980, 1983; Hassell et al., 1980). This glycoprotein has an 

immunologically identical protein core to the keratan  sulphate 

proteoglycan (Hassell et ah, 1982; N akazaw aet ah, 1984) but is slightly 
smaller than  norm al (K lintw orth & Smith, 1980; Hassell et ah, 1980, 

1982). In their respective corneas both are synthesized in similar am ounts 

(Hassell et ah, 1982). Until recently the glycosaminoglycan moitiés of the 

abnorm al keratan  sulphate proteoglycan were thought to be unsulphated 

(Nakazawa et ah, 1984; Hassell et ah, 1984), a defect which could be the 

result of an error in the action of the specific sulphotransferases involved
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in the sulphation of the molecule (Nakazawa et ah, 1984). Monoclonal 

antibodies th a t recognize sulphated keratan  sulphate have been used to 

dem onstrate its presence in the serum of healthy individuals. The keratan 

sulphate is thought to exist mostly on fragm ents of the degradation of the 

large cartilage proteoglycans (Thonar et ah, 1985). This m ethod has also 

been used to dem onstrate the absence of sulphated keratan sulphate in 

bo th  the cornea and serum  of patients w ith m acular corneal dystrophy 

(K lintw orth et ah, 1986; Thonar et ah, 1986). However, recent 
im m unohistochem ical evidence (Yang et ah, 1988) has shown th a t 

sulphated keratan  sulphate is present in the corneas of some individuals 

w ith m acular corneal dystrophy. The serum of these patien ts also contains 

detectable levels of keratan  sulphate. Together the im m unohistochem ical 

and serum findings suggest th a t at least two varieties of m acular corneal 
dystrophy exist, namely keratan  sulphate negative (type I) and keratan  

sulphate positive (type II). However the presence of keratan  sulphate in 

the cornea of a patien t showing negligible levels in the serum suggests 

th a t further groupings may be necessary (Edw ard et al., 1988).

Efforts to identify the abnorm al keratan  sulphate proteoglycan have 

largely overshadowed the biochemical characterization and location of 

chondroitin / derm atan  sulphate proteoglycans. The cells in corneas with 

m acular dystrophy synthesize more chondroitin-6-sulphate than  norm al 
(K lintw orth & Sm ith, 1977); the chondro itin /derm atan  sulphate 

proteoglycans are larger than  norm al and are oversulphated (Nakazawa et 

ah, 1984). These chondro itin /derm atan  sulphate proteoglycans may be 

incorporated into the extracellular deposits of abnorm al keratan  sulphate 
proteoglycans (Nakazawa et ah, 1984) although there has been no 

conclusive evidence to support this suggestion.

Corneas w ith m acular dystrophy appear under the transm ission electron 

microscope, to have a d isrupted lamellar structure  (K lintw orth & Vogel, 

1964; M organ, 1966; G arner, 1969; K lintw orth 1980, 1982; Newsome et 

ah, 1982) and to contain both  intracellular and extracellular deposits 

(K lintw orth & Vogel, 1964; Morgan, 1966; Teng, 1966; Garner, 1969;
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Ghosh & M cCulloch, 1973; K lintw orth & McCracken, 1979; K lintw orth, 

1980, 1982; Newsome et ah, 1982). These deposits of abnorm al keratan  

sulphate proteoglycan (Nakazawa, 1984), were seen in the cytoplasm  of 
the keratocytes by K lintw orth and Vogel, 1964. These authors suggested 

th a t the deposits form intracellularly and are stored prior to their 

m igration out into the extracellular m atrix. The individual collagen fibrils 

appear well preserved (K lintw orth & Vogel, 1964; M organ, 1966; Ghosh & 

M cCulloch, 1973), and they exhibit an apparently  norm al banding 

p a tte rn  (K lintw orth & Vogel, 1964).

Results presented in this thesis show th a t the s truc tu ra l interactions, 

character and distribution of proteoglycans in m acular dystrophy strom as 

are abnorm al. Also presented are d a ta  from the first X-ray diffraction 

study of m acular dystrophy corneas.

2.1.1 M acu lar  D y s tr o p h y  C ase  H is to r ies

Nine m acular dystrophy corneal buttons, either 7mm or 7.5mm in 
diam eter, were obtained at penetrating  keratoplasty from nine different 

patients w ith this rare disorder. The excisions, which rem ained w ithin the 

area of diseased cornea in each case, were studied by various 

u ltrastruc tu ra l techniques. The patients (1-9), three females and six 

males, were from seven distinct pedigrees within the United Kingdom. 

They underw ent penetrating  keratoplasty, perform ed by one of three 

ophthalm ic surgeons, at either M anchester Royal Eye Hospital or Oxford 
Eye Hospital between M arch, 1986 and Septem ber, 1990. The two pairs of 

corneas obtained from w ithin the same pedigrees were from two similarly 

affected brothers (patients 2 and 4) and a brother and sister (patients 3 

and 9). In this thesis the corneas are num bered chronologically from the 

date of surgery. As only one bu tton  was obtained from each m acular 

dystrophy patien t the num ber of the cornea corresponds to the num ber of 

the patien t. In some cases, extensive case histories were not available.
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P a tie n t  1; Corneal bu tton  1 (7.5mm diam eter) was from the left eye of a 

32 year old female w ith typical corneal features of m acular dystrophy. She 

was the only affected m em ber of her family. She has a history of back and 

neck ache dating back to the age of 8 years and, at 20 years old, she was 

diagnosed as having cervical spondylosis. X -rays at Oxford Eye Hospital 

revealed a modelling abnorm ality of both  hum eral heads which showed a 

broad articular curvature and were subluxed from the glenohum eral joint. 

She was investigated for mucopolysaccharidosis but no abnorm alities were 
identified on the axial skeleton which were classical of the disorder. The 

urine m ucopolysaccharidosis screening (glycosaminoglycanicreatine ratio) 

proved negative. Vision at the time of surgery was 6/24. H istochem istry 

of the corneal bu tton  showed strom al, subepithelial and epithelial deposits 
which were positive for Alcian blue (pH 2.5) and colloidal iron, but 
negative for periodic acid Schiff. These features are typical of m acular 

dystrophy.

P a tie n t  2 : This half bu tton  (whole bu tton  diam eter=7m m ) was obtained 

from the left eye of a 36 year old male. Visual acuity prior to surgery was 

6/60. His right eye had previously been grafted and had shown the same 

characteristic m acular dystrophy histology as was observed in the half 
bu tton  of the left graft which was examined histologically. He is the 

younger of two affected brothers of an otherwise norm al pedigree. His 
older b ro ther is patien t 4.

P a t ie n t  3: B utton  3 (7mm diam eter), was from a 25 year old male who 

was originally diagnosed as having m acular corneal dystrophy at the age 

of 7 years. Both of his corneas were similarly affected, this is his left one, 

with the visual acuity reduced to 6/24 in each eye. There is one sister 

with m acular corneal dystrophy making two out of four siblings affected.
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P a tie n t  4: Corneal b u tton  4 was excised from the left eye of a 42 year 

old male who had previously had his right eye grafted. He is the older 

brother of patien t 2.

P a tie n t  5: Patien t 5 is the second of the two females, she underw ent 

penetrating  keratoplasty at the age of 41 years.

P a tie n t  6: Corneal bu tton  6 was obtained from a male who was 63 years 

old at the tim e of surgery. The whole cornea was irregular in thickness. 

Bowm an’s layer was found to be incomplete and lost in places and there 
was a deposition of am orphous m aterial between the basal epithelium  and 

anterior s trom a/B ow m an’s layer. This appeared to be a hyaline m aterial 

and did not have the characteristics of amyloid. Also present were areas 

in which there were deposits of a foamy/ granular m aterial w ithin 
keratocytes and apparently  loose w ithin the strom a. There were extensive 

deposits of this m aterial which extended throughout the strom a as well as 

the pannus beneath the epithelium . Similar accum ulations were present 

w ithin some epithelial cells. These deposits stained positively w ith the 

PAS stain and the high iron diamine stain (HID) for sulphated 

m ucopolysaccharides. Alcian blue staining was not elim inated after prior 

hyaluronidase digestion. These findings are consistent w ith the features in 

m acular corneal dystrophy. The p a tien t’s right eye was unsuccessfully 

grafted three tim es in the 1960’s. A successful graft was carried out in 

February 1988 and the donor tissue transp lan ted  at th a t tim e remains 

clear (May 1990). Only one of the previous biopsies (1988) was available. 

The findings were of a scarred dystrophic graft with no evidence of the 
glycosaminoglycan deposits characteristic of m acular corneal dystrophy.

It seems therefore th a t the 21 year period between the th ird  rejected graft 

in 1968 and the successful 1988 graft of the right eye resulted in no 

reoccurrence of m acular corneal dystrophy.
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P a t ien t  7: Diagnosis; macular corneal dystrophy. Male, aged 17 years.

P a t ie n t  8: Diagnosis; m acular corneal dystrophy. Female.

P a tie n t  9: Diagnosis; m acular corneal dystrophy. Female, sister of 

patien t 3.

2.2 Corneal Oedem a

Oedema, or swelling, of the cornea is often associated with damage to the 

endothelial cells which perm its aqueous hum our to gain entrance to the 
strom a. It can be basically divided into epithelial oedema and strom al 

oedema. The most frequent clinical circumstance, however, is when they 

occur in conjunction w ith one another (Goldm an & K uw abara, 1968), 

bo th  being the result of the same prim ary physiological defect. Advanced 

strom al oedem a can result in the appearance of large blebs, or bullae, due 

to local detachm ents of the epithelium  from the underlying Bow m an’s 

layer. This condition is given the term  bullous keratopathy. These bullae, 

caused by the influx of fluid, can rup ture  causing extreme pain. Another 

clinical m anifestation is the thickening of the strom a. These changes 

cause visual loss.

The oedema is invariably associated with damage to the endothelial cells 
which allows aqueous hum our to gain entrance to the strom a. This 

endothelial damage is often a complication of cataract surgery and bullous 

keratopathy  caused by surgical traum a can be variously classed as 

pseudophakic or aphakic, depending whether or not an in traocular lens 

has been inserted during the cataract surgery. This subdivision of bullous 

keratopathy  is irrelevant to this study which details the effect of the 

strom al oedema on the collagen/proteoglycan organization.

Electron microscopic observations of the oedematous corneal strom a
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dem onstrate non-uniform  separation of normal diam eter collagen fibrils 
w ithin the lamellae, along w ith separation of the lamellae from one 

another. Swelling is norm ally associated with loss of transparency in th a t 

portion of the cornea where oedema is present (Goldm an & K uw abara, 

1969). These u ltrastruc tu ra l strom al deformations are typical of hum an 

oedem atous corneas. The occurrence of collagen-free “lakes” and wavy 

lamellae has been reported in cases of hereditary corneal oedem a (Kanai 

et al., 1971) and bullous keratopathy  (Kanai & Kaufm an, 1973). Electron 

microscopic studies of oedem atous rabbit cornea showed an increase in 

collagen fibril diam eter (Kaye et ah, 1982). It was suggested th a t the 

increase was due to lateral aggregation of fibrils ra ther than  to swelling of 

individual fibrils.

Biochemical studies have shown th a t surgically induced transien t oedema 

in rabbit corneas results in a reduction of both keratan  sulphate and 

chondroitin sulphate proteoglycans by about 50% (Anseth, 1969). Also 

corneas which have undergone endothelial cell damage by perfusion in a 

calcium -free m edium  become swollen and selectively lose keratan  sulphate 

proteoglycans to the m edium  (Kangas et ah, 1990; Cintron, 1989).

Corneas trea ted  in this way, when compared with controls, dem onstrate 

reduced Cuprolinic blue staining after removal of the 

chondro itin /derm atan  sulphate proteoglycans from the cornea by 

incubation w ith chondroitinase ABC. This indicates a loss of keratan  

sulphate proteoglycans from the strom a of the corneas w ith endothelial 

damage (C intron, 1989).

Im m unohistochem ical studies have revealed a decreased corneal keratan 

sulphate:chondroitin  sulphate ratio  in a num ber of diseases of the cornea 

including bullous keratopathy and Fuch’s dystrophy (K lintw orth et ah, 

1986); corneas in both  of these conditions contain oedem atous strom as. 

However it was not possible to a ttrib u te  this ratio change to either a 

keratan sulphate decrease or a chondro itin /derm atan  sulphate increase. 

Results described in this thesis extend the previous im m unohistochem ical 

observations of oedem atous corneas and a ttem pt to distinguish between
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the anterior and posterior sections of the corneal stroma.

2.2.1 C orn ea l O e d em a  C ase H istor ies

Ten corneal buttons from eight unrelated patients w ith various forms of 

corneal oedem a were examined. The study of each bu tton  employed as 

m any electron microscopical and X-ray diffraction techniques as was 

possible. The restrictions included availability of beam  tim e on the 

synchrotron and the am ount of tissue available. Four oedem atous corneas 

and one norm al control were analysed for glycosaminoglycan content. 

Transm ission electron microscopy, with Cuprolinic blue staining, was 

carried out on eight buttons with two of those further undergoing prior 

incubation w ith glycosaminoglycanases. Scanning electron microscopy 

was perform ed on one oedematous specimen (plus a norm al control). 
Low-angle equatorial X-ray diffraction was perform ed on three buttons to 

obtain values for the collagen fibril diameters (in two of the cases) and 

spacings (in the three cases). Low-angle meridional d a ta  were obtained 

from three of the buttons to provide inform ation about the periodic 

binding of proteoglycans to the collagen. H igh-angle X -ray  work was 

carried out on eight of the oedematous buttons. The buttons, obtained 

during penetrating  keratoplasty, were collected in a frozen state  from 

either Oxford, M anchester or W olverhampton Eye Hospitals. W herever 

possible, depending on the am ount of tissue available, a portion of the 

b u tton  was dissected and its hydration calculated. The hydration  could 

not be obtained for several of the smaller samples since a dissected 

portion w ith a wet weight below about 2mg would lead to 

unrepresentative and slightly inaccurate values for the hydration. In some 
cases, extensive case histories were not available.

P a tie n t  1: Female, diagnosis; bullous keratopathy.

44



P a tie n t  2: Diagnosis; bullous keratopathy.

P a t ie n t  3: Female, diagnosis; bullous keratopathy.

P a t ie n t  4: Male, aged 72 years, left eye. Presented w ith visual acuity 

6/24 due to  decom pensated Fuch’s dystrophy with lens opacities. Apical 

pachym etry was 0.89mm with 12mm/Hg tension. Underwent penetrating 

keratoplasty w ith extracapsular cataract extraction and prim ary lens 

im plantation.

P a t ie n t  5: R ight button  from patient 4. Visual acuity 6/36 at 72 years 

of age due to decom pensated Fuch’s dystrophy w ith lens opacities. Apical 

pachym etry was 0.84mm with lOmm/Hg tension. At the age of 73 years 

he was subm itted  to penetrating keratoplasty, extracapsular cataract 
extraction and lens im plantation.

P a t ie n t  6: Male, age 49 years, right eye. At the age of 46 years a 

penetrating  keratoplasty resulted in a clear graft six m onths 

post-operatively, but with a visual acuity of only 6/60. The graft began 

to decom pensate but settled during a fortnight of intensive treatm ent 

giving an acuity of 6/18 a year after the operation. However two years 

later the graft again was beginning to decom pensate and another 

penetrating  keratoplasty was carried out 3.5 years after the previous one.

P a t ie n t  7; Female, aged 84 years, left eye. Underwent an in tracapsular 

cataract extraction and insertion of an iris-supported  in traocular lens at 

the age of 76 years and 5 years later developed bullous keratopathy. The 

graft was perform ed 3 years after the diagnosis of bullous keratopathy. 

The right eye has a similar ocular history.
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P a t ie n t  8: Female, aged 64 years, right eye. Endothelial dystrophy noted 

at the age of 62 years along w ith corneal oedema, blurred vision and 

raised in traocular pressure. W orsening endothelial dystrophy was treated  

by a penetrating keratoplasty at the age of 65 years.

P a t ie n t  9: Diagnosis; bullous keratopathy.

P a t ie n t  10: Male, aged 67 years, left eye. Underwent a left cataract 

extraction and insertion of an iris-supported  in traocular lens at the age of 

59 years and a left trabeculectom y for post-operative glaucoma 4 m onth 

later. At the age of 65 years corneal decom pensation and corneal oedema 

were noted; a penetrating keratoplasty was perform ed two years on.

2.3 Scheie’s Syndrome

Scheie’s syndrom e is a very rare (1:500,000) autosom al recessive 

mucopolysaccharidosis (type IS) similar to, but not as severe as the 

Hurler syndrome (mucopolysaccharidosis type IH). Skin fibroblasts from 

patien ts w ith both  disorders show a deficiency in an enzyme required for 

the catabolism  of mucopolysaccharides, once called the “Hurler corrective 

factor” but now known to be a-L -idu ron idase  (Bach et ah, 1972). Due to 

this enzyme defect the glycosaminoglycan side chains of heparan sulphate 

and derm atan sulphate proteoglycans are not degraded. It is possible tha t 

storage of chondroitin /derm atan  sulphate proteoglycans in the cornea 

results in collagen abnorm alities (Zabel et ah, 1989).

Clinically the Scheie’s syndrome patien t suffers from mild skeletal and 

facial changes and a cloudy cornea. Unlike the Hurler syndrome, 

intelligence and lifespan are norm al. To date very little corneal tissue 

from patients with Scheie’s syndrom e has been available for evaluation. 

The specimen investigated in this study was previously the subject of an 

electron microscopical study of all layers of the cornea including the
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strom a (Zabel et al., 1989). Strom al abnorm alities included the deposition 
of proteoglycan storage m aterial along the lamellae and within the cells, a 

typical finding of all systemic mucopolysaccharidoses. The occurrence of a 

type of fibrous long spacing collagen in the corneal strom a seemed, 
however, to be unique to patien ts with Scheie’s syndrome. In the 

conventionally em bedded electron microscope images there seemed to be 

two populations of collagen fibrils. The first had a diam eter in the range 

21-24nm, which is the range quoted for the diam eter of dehydrated adult 

hum an corneal fibrils by Craig and Parry  (1981). The second population 

existed in areas th a t contained large am ounts of extracellular 

fibrillogranular m aterial; the fibril diam eter in these regions was 

approxim ately 39nm (Zabel et ah, 1989). The study of the Scheie’s 
syndrome cornea by Zabel and colleagues (1989) involved no X-ray 

diffraction analysis or Cuprolinic blue staining of proteoglycans.

2.3.1 S c h e ie ’s S y n d ro m e C ase H is to ry

This corneal bu tton  was obtained from a female in her early twenties who 

suffers from Scheie’s syndrome. She was initially seen in ophthalm ic 

consultation at 7 years of age. Visual acuity was 6 /9  in the right eye and 

6/30 in the left, improved to 6/12 by occlusion therapy. Corneal clouding 

was noted at the time. At 18 years of age she was re-exam ined due to 

progressively deteriorating vision over the preceding 6 m onths. The best 

corrected visual acuity was 6/24 in bo th  eyes and bilateral corneal 

clouding occurred w ith m ainly strom al involvement. She had various mild 

skeletal abnorm alities. The a -h -id u ro n id ase  activity was dram atically 

reduced in skin fibroblasts and absent altogether in leucocytes. Based on 

these clinical and biochemical findings a diagnosis of Scheie’s syndrome 

was made. The degree of vision was adequate until the age of 20 years 

when she was referred for corneal transplantation .
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M acular Electron Low-angle H igh-angle Glycosaminoglycan

dystrophy microscopy X -ray X -ray analysis

patien t diffraction diffraction

1 y y y
2 n/ s j

3 y V s j

4 y %/ y V
5 y y y
6 y V V y
7 V V y
8 V y y V'
9 V V y

Oedema

patien t

1 V V
2 v ' y
3 V
4 y V v/
5 V
6 ^/ y y V
7 y V y %/
8 V V y V
9 \ / V V %/
10 V \ / V

Scheie

This table lists the techniques perform ed on each pathologic hum an 

cornea during the course of this study.



Chapter 3

M ateria ls  and M eth o d s

3.1 Clinical Sources and Specim en Storage

The hum an corneal and scleral tissue examined in this work was obtained 
post-m ortem  or post-operatively  from a num ber of ophthalm ic surgeons, 

namely:

Professor Anthony J. Bron, FRCS, Nuffield Laboratory of Ophthalmology, 

University of Oxford, W alton Street, Oxford 0X 2 6AW.

Mr, Alan E.A. Ridgway, FRCS, M anchester Royal Eye Hospital,

Oxford Road, M anchester M13 9WH.

Mr. Andrew B. Tullo, FRCS, M anchester Royal Eye Hospital,

Oxford Road, M anchester M13 9WH.

Dr. Paul B rittain , FRCS, W olverham pton and M idland Eye Infirmary, 

Com pton Road, W olverham pton WV3 9QR.

Dr. R alph W. Zabel, FRCS, D epartm ent of Ophthalmology,
O ttaw a General Hospital, 501 Smyth, O ttaw a,

Ontario, C anada K lH  8L6.

On resection the samples were w rapped in clingfilm to control 

evaporation, were frozen and stored at -20°C prior to collection.
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Occasionally it was possible to examine specimens fresh; this enabled an 

assessment to  be made of the effects of freezing upon the tissue. In two 

cases I was fo rtunate enough to be present in theatre  at the tim e of 

surgery, arm ed w ith the electron microscopy fixative/ staining solution. 

Small pieces were dissected from specific regions in the bu tton  and 

immersed in the solution a m atte r of m inutes after excision. For the X-ray 

diffraction experim ents it was again fortuitous th a t two corneal grafts 

were being perform ed ju st prior to our experim ental tim e on the 

synchrotron X -ray  facility. On these occasions the buttons were w rapped 

in either clingfilm or muslin and suspended in a satu rated  atm osphere 

(H 2 O) and stored at 4°C until exposure to the X -ray  beam  either 36 hours 
or 48 hours later. The corneas were then frozen in clingfilm for storage.

3.2 H ydration M easurem ents

In most cases, especially for the oedema work, a small piece of cornea was 

dissected a t the tim e of experim ent, weighed and dried down over several 

days in a desiccator containing silica gel. The hydration, defined as the 
ratio  of w ater to dry m aterial, is calculated using:

^  wet weight — dry weight 
dry weight

The hydration of hum an corneas has been calculated, using a variety of 

m ethods, to  be in the range H =3.5-3.68 (F att, 1978; M ishima, 1978). The 

m ethod used here, due to the fact th a t the cornea is not heated during 

drying, produces slightly lower values th an  those quoted. A corneal 

th ickness-hydration correlation of hum an cornea carried out by Y tteborg 
and Dohlman (1965) yielded the empirical equation relating the two 

quantities;

H =  7.0q — 0.64
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where q is the corneal thickness in mm. Since the thickness from central 

cornea to limbus increases from about 0.52mm to about 0.65mm, in the 

adult hum an cornea, we expect the hydration w ithin the cornea to vary 

from about H =3.0 to H=3.98 w ith a mean value of H=3.46.

It was not possible to obtain  the hydration for several of the smaller 

samples since, due to m easurem ent errors, a dissected portion w ith a wet 

weight below about 2mg would lead to unrepresentative and slightly 
inaccurate values for the hydration.

3.2 .1  Sclera l H y d ra t io n

Hum an scleral tissue was required at several different hydrations for a 
study of the effect of hydration on collagen interm olecular spacing. This 

experim ent has previously been carried out on cornea (Meek et ah, 1991).

Three corneo-scleral rings were obtained, post-m ortem , minus the 7mm 
diam eter central corneal buttons which had been used for a penetrating  

keratoplasties. The donors were all young males with norm al vision. Each 

ring, which consisted of approxim atly 4-5m m  of tissue either side of the 

limbus, was dissected into eight equal portions. In order to  produce tissue 
covering a range of hydrations the samples were equilibrated by immersion 

in eight different concentrations of polyethylene glycol (PEG , mol. 

w t.=20,000) in a saline at about physiological concentration. The saline 
was 0.15M NaCl and the PEG  percentages (w /v) were 0%, 0.5%, 2%, 

7.5%, 10%, 15%, 20% and 25%. Three samples, one from each donor, were 
imm ersed in each PEG  concentration. Prior to immersion the samples 

were placed in dialysis tubing in order to preserve their physiological 
com ponents. Equilibration was carried out at 4°C for 4.5 days. As with 

cornea, the wet and dry weights were obtained to calculate the hydration.
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3.3 Electron M icroscopy

3.3 .1  T ran sm iss ion  E lec tro n  M icro sco p y

Small pieces were dissected from various locations in each specimen of 

donated tissue. Each small sample (~ lm m ^) was then fixed and 

sim ultaneously stained for proteoglycans. This was achieved by immersion 

overnight in 0.05% Cuprolinic blue (BDH Ltd, A therstone, W arwickshire, 

U .K.) containing 2.5% (w /v) glutaraldehyde and O.lM MgCU in 25mM 

sodium acetate buffer, pH 5.7 (Scott et ah, 1981). They were rinsed 3 

tim es each for 5 m inutes in the the buffer solution containing 
glutaraldehyde and MgCU- The pieces were then stained ‘en bloc’ in three 

changes of 0.5% aqueous sodium tungsta te  for a to ta l tim e of 15 m inutes 

followed by three 5 m inute washes in 0.5% sodium tungsta te  in 50% 

ethanol. D ehydration through a graded ethanol series was completed with 
two 1/2 hour washes in 100% ethanol. The samples were em bedded in 

either Spurr, Epon 812 or Polarbed. Prior to infiltration by the resin, in 

the case of Epon and Polarbed, the samples were bathed  twice in 
propylene oxide. For all resins, infiltration occurred overnight in pure 

resin after which the samples were placed in blocks and polym erisation 
took place over the following 48 hours, 24 hours at 60°C and 24 hours at 

40°C. W here proteoglycan staining was not required, samples were 

trea ted  identically with Cuprolinic blue om itted from the fixative.

T hin  sections of the em bedded tissue were cut on a R eichert-Jung  

U ltracut E ultram icrotom e (R eichert-Jung, Wien, A ustria) using either a 

D upont 5mm edge diam ond knife (D upont Company, W ilm ington, 

Delaware, USA) or a Diatom e 2.4mm edge diam ond knife (Diatom e Ltd., 

Bienne, Switzerland). The reflected light from the ribbon of tw in sections 

was silver/gold indicating a thickness of the order of 70nm. The sections 

were picked up on either G200, G300 or G400 copper /pallad ium  mesh 
grids (Bio-Rad Microscience Ltd., Hemel Hem pstead, Herts, UK). If 

positive staining of collagen was required, the th in  sections were floated
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on either 1% or 2% aqueous uranyl acetate for about 40 m inutes at 37°C 

followed by a brief wash in distilled water. This was occasionally preceded 

by positive staining for about 40 m inutes at 37°C with aqueous 

phosphotungstic acid (1% or 2%) and an aqueous wash. The th in  sections 

of the em bedded tissue were examined on a Phillips 301 transm ission 

electron microscope operating routinely at 80KV calibrated w ith a 2160 

lines/m m  grating replica. The microscope was loaded w ith Ilford 

technical EM film (Ilford Ltd, Knutsford, Cheshire, UK). Very 

occasionally a Jeol 2000FX transm ission electron microscope running at 

80KV was used to obtain micrographs.

3 .3 .2  P r o te o g ly c a n  L oca tion  in N o rm a l C ornea

The proteoglycans from a norm al hum an post-m ortem  cornea were 

stained for electron microscopy as described in section 3.2. U ltrath in  

sections on four different grids (4-6 sections per grid) were exa^mined in 
the Phillips 301 transm ission electron microscope. Seven of the 

m icrographs obtained from the grids were suitably stained, for both  

proteoglycans and collagen, to  allow identification of the binding sites. In 

all, seventeen areas from these m icrographs were analysed to establish the 
arrangem ent of proteoglycans w ith collagen.

In each area the num ber of proteoglycan filaments which could be seen to 

associate with a specific region of the collagen fibril were recorded.

Specific regions were assumed to m ean either a certain band or the area 

between two adjacent bands. Due to the resolution in the m icrographs 

and the finite thickness of the proteoglycan filaments, it was not possible 

to draw  in tra -b an d  distinctions, i.e. location of a proteoglycan at any of 

the four ‘a ’ bands was listed as ‘a ’ band association. Proteoglycans which 

were not uniquely in contact with any one area were not recorded. 

Frequently, proteoglycans appeared to be attached to the fibrils, bu t poor 

tak e-u p  of uranyl acetate by the collagen resulted in an inferior fibrillar 

banding p a tte rn  which precluded identification of the attachm ent sites.
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3.3 .3  S can n in g  E lec tro n  M icroscop y

Corneal samples were immersed in a solution containing 3% 

glutaraldehyde and O.lM phospate buffer (pH 7.2) for 4 hours at room 

tem perature. They were then subjected to three washes, each for 8 

m inutes, in the buffer w ithout the glutaraldehyde. The samples were 

post-fixed in 2% osmium tetroxide and O.lM phospate buffer for 1-2 

hours, again at pH 7.2. Following dehydration the corneas were placed in 

100% acetone. Using a Bio-Rad critical point dryer (Bio-Rad 

Microscience Ltd., Hemel Hempsted, Herts, UK) the acetone was replaced 

by C O 2 , the CO 2 heated and the samples critical point dried. The corneas 
were suitably m ounted onto alum inium  stubs and coated w ith gold using 

an Em scope spu tter coater. They were examined on a Jeol 820K scanning 

electron microscope and images were recorded on Kodak TM X 120 film 

(Kodak, Hemel Hempsted, Herts, U.K.).

3.4 Enzym atic Proteoglycan D igestion

Enzyme digestion of glycosaminoglycan side chains, w ithin a population 

of proteoglycans in a cornea, was achieved by incubating small (< lm m ^) 

corneal samples w ith specific enzymes. The small samples were first 

lightly fixed for 30 m inutes at 4°C in 2.5% (w/v) form aldehyde in a 25mM 
sodium  acetate buffer. They were washed in the buffer to remove unbound 

fixative before being immersed for about 4 hours at room tem peratu re  in 

the enzyme solution. The enzyme used was either keratanase 

[ P s e u d o m o n a s  sp.), chondroitinase AC [ A r t h r o b a c te r  aurescens)  or 

chondroitinase ABC [ P r o t e u s  vulgaris)^ all of which were obtained from 

Sigma Chemicals, Poole, Dorset, U.K. The enzymes were included in a 

Tris buffer at concentrations of 5 u n its /m l for keratanase and 2.5 u n its /m l 

for the chondroitinases. The Tris buffer (0.25M) at pH 8.0 contained 0.5 

m g /m l bovine serum album in, 0.33M sodium acetate and 0.5M sodium 

chloride. Protease inhibitors ( soybean trypsin inhibitor, EDTA and
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benzam idine) were included in the solution (Scott & Haigh, 1985b). After 

digestion the samples were washed in the buffer w ithout the enzyme. 

Enzyme digest controls were trea ted  identically, through the solutions 

deficient only in the enzymes. The samples were stained for proteoglycans 

with the Cuprolinic blue procedure described in section 3.31.

3.5 K eratan Sulphate Analysis

Various corneal and serum specimens were analysed for the presence of 

sulphated keratan  sulphate using a monoclonal antibody (1 /2 0 /5 -D -4 ) 

specific for a very highly sulphated epitope on the keratan  sulphate 

chain. The technique, developed by Professor Eugene Thonar, employs an 

enzym e-linked im m unosorbent assay (ELISA) (Thonar, et ah, 1985; 

K lintw orth et ah, 1986). This analysis was carried out by Professor 

Eugene J-M .A . Thonar^. The an ti-kera tan  sulphate antibody was a gift 

from Dr. Bruce Caterson^ and the international standard  of keratan  

sulphate was provided by Dr. M artin  Mathews and Dr. Alan Horwitz^.

3.5 .1  S eru m  A n a ly s is

It was possible to obtain blood samples from the m acular dystrophy 

patien ts 1, 2, 3, 4, 5, 6, 8 and 9. Control blood was obtained from myself 

(24 year old male) and my supervisor. Dr Keith Meek (37 year old male) 

to be included in the first batch of sera to be analysed. In four cases 

(patien ts 1-4), blood was spun down and ~2  ml of serum was frozen to 

-40°C. The samples were packed in an insulating box containing dry ice 

and delivered to  Chicago w ithin 36 hours of collection by Federal Express, 

(Federal Express In ternational Section, Abingdon, Oxon., U.K.) In the

^Departments of Biochemistry and Internal Medicine, Rush— Presbyterian-St. Luke’s 
Medical Center, Chicago, Illinois, U.S.A.

^University of North Carolina, Chapel Hill, NC, U.S.A.
^The University of Chicago, Chicago, Illinios, U.S.A.
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case of m acular corneal dystrophy patients 5, 6 and 8 the whole blood was 

sent frozen as described. Serum was analysed w ithout previous knowledge 

of the histological corneal data. The serum keratan sulphate was 

quantified using a previously described ELISA (Thonar, 1985) modified as 

outlined below to perm it more accurate quantification of keratan  

sulphate. The anti-keratan  sulphate monoclonal antibody (1/20/5-D -4) 

used in this study has been well characterised and has been shown to be 

specific for a sulphated carbohydrate moiety on keratan  sulphate chains 

(T honar et al., 1985). All serum  samples were analysed in triplicate. 

P relim inary studies established th a t the conditions previously described 

(T honar et al., 1985, 1986) yielded inhibition curves for samples of norm al 

hum an serum  th a t were not always parallel in their en tirety  to the curves 
generated for the in ternational standard  of keratan sulphate purified from 

pig costal cartilage. This problem  was circum vented by changing the pH 

of the buffer used as the diluent for all incubations (phosphate buffered 

saline) from pH 6.0 to pH 5.3. All other conditions rem ained as previously 

described (T honar et ah, 1985).

3 .5 .2  C orn ea l A n a ly s is

Corneal tissue from m acular corneal dystrophy patients 4, 5, 6, 7 and 8, 

from oedem atous corneas 6, 7, 8 and 9 and post-m ortem  from a 37 year 

old female w ith no history of ocular problems were analysed for the 

presence of keratan  sulphate. Samples were fixed for half an hour at 4°C 

in 2.5% form aldehyde in a 25 mm sodium acetate buffer, pH 5.7. They 

were frozen in dry ice and shipped to Chicago w ithin 36 hours by Federal 

Express. The corneal sample was digested with papain to solubilise the 

glycosaminoglycans. The concentration of chondro itin /derm atan  sulphate 

in the papain  digest was obtained by m easuring the uronic acid 

(K lin tw orth  et ah, 1986). The concentration of keratan sulphate was 

m easured using the previously described ELISA. The d istribution  of 

su lphated keratan sulphate in the oedematous corneas and the norm al
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control was investigated by analysing three small (~2m m ^) specimens 

from each bu tton ; one full thickness sample and one sample dissected in 

the plane of the cornea. As the corneal sample could not be cut along its 

plane in the  unfrozen state, the dissection into approxim ately anterior and 

posterior halves was perform ed on a frozen and hence rigid cornea. It was 

carried out fairly quickly, in a dish containing solid CO 2 , using a scalpel 

and tweezers which had been cooled in dry ice. The specimens were 
thaw ed, fixed and shipped to Chicago as before.

3.6 X -R a y  Diffraction

3.6 .1  O b ta in in g  th e  P a tte r n s

X -ray patterns were obtained at the SERC synchrotron source at 

Dares bury, U.K. Cornea? were taken out of the freezer, weighed and 

placed in a ir-tig h t cells enclosed by m ylar windows which were then 

m ounted on a mobile com puter-controlled stage in the p a th  of the X -ray  

beam . The specimen was positioned by tem porarily attach ing  some X -ray  

sensitive, adhesive, “green paper” to the cell. The low-angle patterns were 

recorded using the long cam era (between 2.5m and 4m depending on the 

experim ental run) on station  8.2. The high-angle patterns were obtained 

using the short (~  12 cm) cam era arrangem ent on station  7.2b. After the 

exposure the  corneas were re-weighed, w rapped in clingfilm, and frozen. 

The specim en-film  distance of the long camera, apart from a few cms 

between the backstop and the film, was evacuated to avoid a ir-scatter.

The position of the lead backstop, required to stop the “s tra ig h t-th ro u g h ” 

beam , was com puter adjustable. Alignment of the backstop was required 

so as not to  obscure the first order equatorial refiection. This was achieved 

by obtaining a ra t tail tendon exposure on PolaPan 4 x 5  In stan t Sheet 

Film  (Fabrique aux EU par Polaroid Corporation, Cam bridge, MA, USA).

The specim en-film  distance on the short cam era was, apart from a few
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centim eters between the backstop and film, filled w ith helium to reduce 

a ir-scatter. The cam era se t-u p  required the specimen cell to be inserted 

inside the cam era housing, and it would have been difficult to pum pout 

the cam era to vacuum for each exposure. The specimen was placed a 

m atter, of only a few m illim eters from the end of the collim ator through 

which the beam  emerged and the lead backstop was situated  about 10cm 

further on. The short distances involved enabled the specimen and 

backstop positions to be fixed. The wavelength of the radiation was either 

1.602 Â or 1.54 Â on station  8.2 and 1.488 Â on station 7.2b. The beam 

dimensions on the long cam era were typically 0.5mm x 4mm apart from 

when unfrozen m acular corneal dystrophy cornea 4 and the norm al 

control were scanned w ith the beam  to find the interfibrillar spacings at 

various positions. In those cases the beam  dimensions were cut down to 

1mm X 0.5mm and 1mm x 2mm respectively. The X-ray beam  used on 

the short, high-angle cam era was produced through a 4-dot collimator to 

give a circular beam  of 1mm diam eter. P atterns were recorded on 

Ceaverken AB photographic film (Ceaverken, Strangnass, Sweden) and 

were scanned using an U ltrascan XL laser m icrodensitom eter (LKB 

Instrum ents Inc., G aithersburg, MD, USA).

The exposure times were dependent on the intensity of the beam , they 

were not always constant. Low-angle equatorial patterns were recorded in 

about 45 seconds (1®* order) and 10-20 m inutes (two subsequent orders). 

Low -angle meridional patterns were recorded with exposure times of 30 

seconds-2 m inutes (1®‘ and 3̂ '̂  orders) and 25-45 m inutes (up to the 10*  ̂

order). H igh-angle patterns were obtained in 4-5 m inutes. A suitably 

exposed film was dependent on several, not totally predictable, variables 

including beam  intensity, cam era length, specimen thickness, specimen 

staining etc. The actual exposure time was, therefore, an estim ate and to 

ensure a useful exposure w ith “one take’,’ two X -ray  films separated by a 

sheet of black paper were placed in the film holder. Thus two patterns 

were recorded for each specimen, one being more heavily exposed than  the
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other.

A m eridional pa tte rn  can be analysed to produce an electron density 

profile along one D -period of the fibril. To locate ex tra  electron density 

along corneal or scleral collagen due to the presence of proteoglycans, half 

of the specimen was stained and fixed for at least 6 hours in 2.5% 

glutaraldehyde, O.lM MgCE in 25mM sodium acetate buffer (pH 5.7) 

containing 0.05% Cuprolinic blue. The control half was trea ted  identically 

with Cuprolinic blue om itted from the solution. The samples were then 

enhanced w ith sodium tungstate  as in the electron microscopy 

preparation  (section 3.2). The electron densities for both  halves were 
obtained and a subtraction enabled the stain to be located.

3.6 .2  A n a ly s is  o f  th e  E qu ator ia l P a tte r n s

In the corneal strom a the 1®* order Bragg spacing, d, is related to the 

m ean centre-to-centre interfibrillar spacing i by i =  1.12 d ( W orthington 
and Inouye, 1985). A comparison of the diam eter of the 1®*̂ order 

equatorial ring from cornea with the diam eter of the 67nm reflection from 
rat tail tendon (which arises from the axial periodicity of collagen) 

allowed d to  be obtained (Goodfellow et ah, 1978; Gyi et ah, 1988). The 

dimensions of the respective reflections were m easured from a linear scan 

across the ring. This m ethod is valid because the long cam era length 
leads to very small scattering angles where sin0 ~  6. It does not hold for 

high-angle scattering. Experim entally, the comparison was only valid 

when both the cornea and tendon X -ray  patterns were obtained on the 
same cam era and when the densitom eter calibration was taken into 
account.

The two subsidiary m axim a on the equatorial pa tte rn  are thought to be 

due to scattering from the individual cylindrical collagen fibrils 

(W orthington and Inouye, 1985) and would be expected to occur at:
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27rr

and

R  = 27rr,

5 14
R =  ------ 1®*̂ subsidiary

8 42
R =  ------ 2”^̂ subsidiary

where R is the reciprocal space co-ordinate of the reflections, r^ is the 

fibril radius and the num erical factors derive from Bessel functions (see 

Vainshtein, 1966). The positions of these reflections in the diffraction 

pa tte rn  m ay therefore be used to find R and hence calculate r^.

3.6 .3  A n a ly s is  o f  th e  M erid ion a l P a tte r n s

The relative intensities of the equally spaced meridional diffraction rings 

were obtained by scanning the p a tte rn  w ith the laser m icrodensitom eter 

and m easuring the area under each peak (above the background scatter) 
in the trace. The full scale deflection setting of the densitom eter was the 

same for each scan. Due to the large spread in the range of intensities 

encountered, a p a tte rn  on which the 10*  ̂ order was intense enough to be 

scanned would be satu rated  at the 3’’'̂  order. To overcome this problem 
the 1®* and 3’̂'̂  orders were obtained on a short exposure pa tte rn , the 3̂ *̂  

and 5*  ̂ on a slightly longer one and the 5*  ̂ to the 10^  ̂ on the longest. 

The area under each peak was obtained by overlaying the trace on graph 

paper on a light box and counting squares. Since the same 3^  ̂ and 5*̂  ̂

orders both  appeared on two densitom eter scans a full set of relative 
intensities (1®*̂ through 10*̂ )̂ could be obtained. Additional scaling of the 

meridional intensities from different specimens is further discussed in the 

appropriate  results section.

A statistical test employing the R -factor was used to assess the extent of 
agreement between two sets of intensities. The R -factor is given by:

W \ — \ F t  \\

E  I  P s I
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where F s  and F t  are the structu re  factor am plitudes, taken as the square 

roots of the observed intensities, for sclera and tendon respectively.

W here appropriate  phases were availible for the intensities, a Fourier 

analysis was carried out to obtain an axial electron density profile over a 

collagen D -period  (Meek et ah, 1985) using existing laboratory  software.

3 .6 .4  A n a ly s is  o f  th e  H ig h -A n g le  P a tte r n s

F ig u re  3.1 A schem atic representation of the theoretical basis for B ragg’s 
equation in a perfect crystal lattice. Lattice points are represented by black 
dots with the distance between them  equal to the Bragg spacing, d. The 
X -ray  beam  is represented by the arrowed lines.

The theoretical basis behind constructive interference of waveforms and 

the production of diffraction patterns is embodied in B ragg’s equation:

nA =  2d sin^ 
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where n is the order of the reflection, A is the wavelength of the radiation 
(in this case X -rays), 6 is half the angle between the ‘straight th rough’ 

beam  and the n ‘̂  order reflection and d is the Bragg spacing for collagen 

molecules w ithin a fibril (see figure 3.1). Assuming “pseudo-hexagonal” 

packing of molecules, which is the most common arrangem ent for an 

assembly of rod-like molecules, allows the Bragg spacings to be m ultiplied 

by a factor of 1.11 to give values for the interm olecular separation (Klug 

& Alexander, 1974). In these high-angle experim ents the wavelength. A, 
of the X -rays is 1.488 Â. Observing the 1®̂ order diffraction ring of the 
high-angle p a tte rn  gives the following expression for the Bragg spacing, d.

1.488
d =  --------

2sin 6

To obtain a value for d, a value for i.e. half the angle through which 

the 1®*̂ order reflection is deflected, is required. This can only be obtained 

if the specim en-dim  distance is known. It could be physically m easured 
on the experim ental equipm ent but is more accurately obtained by 
analysis of a diffraction ring produced by ground calcite crystals, a 

diffracting structure  w ith a periodic repeat of 3.04Â. Since n. A, and d are 

known for calcite B ragg’s equation can be used to calculate 6.

The geometry of the diffracting set-up  is shown in figure 3.2. The 

specim en-film  distance can be calculated from

. ni 1- . radius of ringSpecimen — him  distance =  ------------ ------
tan  29

Using the reverse argum ent for a ring of known radius produced by a 

periodic diffracting structure  (cornea or sclera) of unknown d, 0 can be 

calculated using

26 — tan
radius of ring

specimen — film distance 

and hence a value for d can be obtained.
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Radius 
of ring

Specimen

12cm

Film

F ig u re  3 .2  A schem atic representation of the cam era se t-up  for the 
h igh-angle X-ray diffraction experim ents

The 1®* order high-angle ring from cornea or sclera is fairly small (~  1cm 

on a 12cm cam era) and diffuse, hence its radius is calculated by scaling its 

densitom etric trace to the trace of the calcite diffraction pa ttern . This 
contains a  relatively large and sharp ring whose diam eter (~  6.5cm on a 

12cm camera) can be more accurately m easured on the film.
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Chapter 4

R esu lts

4.1 Hum an Sclera

4 .1 .1  E lec tro n  M icroscop y

Figure 4.1 is an electron m icrograph of norm al hum an sclera stained for 

proteoglycans w ith Cuprolinic blue and for collagen w ith uranyl acetate. 

The proteoglycans associate regularly w ith the collagen fibrils, 
predom inantly  at the ‘d /e ’ staining bands. This is consistent with other 

work on norm al hum an sclera (Young, 1985; Young et ah, 1988).

4 .1 .2  M erid ion a l X - R a y  D iffraction

The low-angle m eridional X-ray diffraction p a tte rn  from fresh hum an 

sclera is shown in figure 4.2. The X -ray  beam  was passed perpendicular 
to  the  plane of the sclera, i.e at right angles to the surface of the eyeball.

The collagen fibrils occur in all possible orientations within the plane of 
the sclera, this results in a diffraction p a tte rn  v/hich consists of a series of 

concentric circles of which the fifth and n in th  orders are num bered 

(figure 4.2). The integrated intensities of the reflections, above 

background scatter, are presented in table 4.1 where they are compared



' . ' ' V ' : -V # i
. A

'6* ,'W R  '/

F ig u re  4.1 A m icrograph of norm al hum an sclera showing the 
collagen/ proteoglycan organisation. The proteoglycans are arrowed. 
B ar=100nm .

w ith the corresponding intensities obtained from fresh ra t ta il tendon 
collagen (Hulmes et ah, 1977).

The first order scleral intensity is arb itrarily  assigned the value 1000 and 

the tendon d a ta  are scaled to  this by equating the sum m ed scattered 
intensities of the two sets of da ta  using:

10 10

'y "j hsclera  ^  1 ^ ten d on
n = l n = l
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O rder (n) Isclera I*ten don PkaseLdon
1 1000 1034 66.7
2 23 28 95.6
3 143 113 346.2
4 10 11 83.4
5 80 56 279.1
6 19 18 255.6
7 32 22 184.3
8 16 6 336.1
9 46 73 31.8
10 11 20 193.1

* Hulmes et al., 1977; jHulm es et al., 1980.

T ab le  4.1 In tegrated  X -ray  intensities (I) from fresh hum an sclera and ra t 
tail tendon. The first order scleral intensity is arb itrarily  given the value 
1000 and the tendon d a ta  are scaled to the sclera d a ta  by equating summed 
scattered intensities. The phases are w ith respect to a zero origin.

where n is the order of the reflection. This scaling process assumes th a t 

the num ber of electrons per unit cross-sectional area coherently scattered 

from a D -period is the same in both  structures (Meek et ah, 1981a). The 

close agreement between the intensities from sclera and tendon (table 4.1) 

suggests th a t a t low resolution the corresponding electron densities are 

sim ilar, and this allows the approxim ation to be m ade th a t the phases are 

also similar. Phases for ra t tail tendon have been published (Hulmes et 

ah, 1980) and are quoted in table 4.1.

Figure 4.3 shows the axial electron density, above w ater background, 

along one D -period of the collagen fibrils from sclera and tendon. Both 
electron densities are plotted  on the same, arbitrary , vertical scale and the 

gap and overlap regions are shown approximately. The plots confirm th a t 

the axial electron density of scleral collagen is very sim ilar to th a t in ra t 

ta il tendon collagen. This implies th a t the collagen axial structures, 

including the effects of na tu ra l cross-linking, are homologous in the two 

tissues. Although scleral collagen is known to have nearly twice as many
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hydroxylysine-linked glycosides as tendon (Harding et al., 1980) these do 

not appear to contribute significantly to the X -ray  diffraction.

In fresh cornea, the presence of some of the extra  electron density along 
the collagen fibrils as com pared w ith fresh tendon (Meek et ah, 1981b) 

has been a ttrib u ted  to the periodic a ttachm ent of proteoglycans (Meek et 

ah, 1986), Any proteoglycan attachm ent which occurs in sclera, however, 
does not appear to contribute to the X -ray  scattering. This is possibly 

due to  the fact th a t proteoglycans would be associated w ith the surface of 

collagen fibrils w ith a larger average circumference than  is found in cornea 

(Meek et ah, 1983; Scott, 1984). Due to the sim ilarity of the electron 

densities from sclera and tendon (figure 4.3) a subtraction of one from the 
o ther to identify the location of any “ex tra” , possibly proteoglycan, 

m aterial is not possible. Such a plot would be highly dependent on the 

choice of scaling and hence would be meaningless. In order to locate any 

collagen bound proteoglycans. X-ray diffraction was perform ed on sclera 
whose proteoglycans had been stained w ith Cupromeronic blue. This 

stain is an isomer of Cuprolinic blue and, as shown by Professor John 

Scott (Scott & Haigh, 1988a), will produce specific staining sim ilar to 
th a t shown in figure 4.1.
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F ig u re  4.2 The low -angle méridional pa tte rn  from norm al hum an sclera. 
The fifth and n in th  orders of the pa ttern  are indicated. Due to the range of 
intensities encountered in the X -ray  patterns it is not possible to reproduce 
all the orders on a single photographic print.
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F ig u re  4 .3  The axial electron density along one D -period of the collagen 
fibrils from (a) ra t tail tendon and (b) hum an sclera. Both electron densities 
are p lo tted  on the same (arb itrary) vertical scale and the gap and overlap 
regions are shown approximately.
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4.1 .3  M er id io n a l X - R a y  D iffraction  o f

C u p ro m ero n ic  b lue S ta in ed  Sclera.

CUPRO M ERO N IC BLUE CONTROL
O rder (n) Isclera T*

ten d o n Phase* Isclera I*ten don Phase*

1 1422 1574
d e g r e e s

301.6 1000 1151
d e g r e e s

66C2
2 136 88 16T8 43 39 90J6
3 116 187 5.0 201 144 353.5
4 103 31 6.3 59 6 56.0
5 132 162 29T6 209 166 290.1
6 154 36 228T 85 59 236.8
7 121 54 199.6 113 120 194.0
8 33 48 343.8 91 98 341.4
9 112 169 39.7 173 169 39.5
10 54 34 195.6 34 56 195.0

*Taken from Meek et al., 1985.

T able  4.2  Integrated  X -ray  intensities (I) of hum an sclera stained w ith 
Cupromeronic blue. The first order scleral control intensity  was arb itrarily  
given the value 1000 and the Cuprom eronic b lue-stained  scleral da ta  are 
scaled to the control d a ta  by m atching out the details of the overlap zones 
in the electron density profiles. The phases are given w ith respect to a zero 
origin.

Human sclera was stained for X-ray diffraction using Cuprom eronic blue 

as previously described. The integrated intensities of the first nine 

m eridional intensities are shown in table 4.2, where the first order 

intensity from the control is arb itrarily  assigned the value 1000. The 
scaling of the intensities derived from sclera, which had been stained w ith 

Cuprom eronic blue, to  the control da ta  cannot be achieved by equating 

summed scattered intensities. This m ethod of scaling would be unsuitable 

since, in this case, the presence of extra scattering from the stain electrons 

would invalidate the underlying assum ption th a t the num ber of electrons 

per unit cross-sectional area coherently scattered from a D -period is the 

same in the two structures to be scaled together. F irst order intensities.
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F ig u re  4.4 a. Axial distributions of electron density along one D -period  of 
the collagen fibrils in hum an sclera treated  with Cuprom eronic blue [sol id  
l ine) and its control [dashed  line),  b. Difference electron density d istri
bution between Cupromeronic b lue-trea ted  hum an scleral collagen and its 
control, a and b are plotted  on the same (arb itrary) vertical scale. The gap 
and overlap regions are shown approximately.
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which arise mainly from the ratio  of electron density in the overlap and 

gap zones, have been equated in several studies (Chandross & Bear, 1973; 

Tomlin &: W orthington, 1956; Hulmes et ah, 1977). However, since 

Cuprom eronic blue staining would affect this ratio, equating the first 

orders can not be justified. In tegrated  intensities are often scaled to each 

other by equating a certain order (Stinson et al., 1979; Eikenberry & 

Brodsky, 1980; Brodsky et ah, 1982). The d a ta  sets in table 4.2 could not 

be scaled by equating a particu lar order of the p a tte rn  since there was no 

reason to suppose th a t any diffraction order would rem ain the same after 

staining. To overcome the scaling dilem m a a procedure th a t had 

previously been employed in an analysis of ra t tail tendons was adopted 

(Meek et ah, 1985). On examining the electron density profiles it was 

noticed th a t the density of the overlap region was barely altered after 
Cuprom eronic blue staining. This prom pted the assum ption th a t the 

m ajor changes caused by Cuprom eronic blue-stain ing occur in the gap 

region. The data  of Cuprom eronic b lue-stained sclera and its unstained 

control were therefore scaled so th a t the overlap details in the electron 
densities m atched out as far as possible.

Producing the axial electron density profiles which correspond to the 

intensities given in table 4.2 requires the use of suitable phases. Scleral 

collagen exhibits a close sim ilarity to ra t tail tendon collagen as is 

dem onstrated by the sim ilarity of the electron density plots in figure 4.3. 

The changes in the electron density, caused by treatm ent w ith the control 

solution containing glutaraldehyde, were assumed to be com parable in ra t 

tail tendon and sclera (Meek & Chapm an, 1985; Meek et al., 1985).

The sets of intensities from the control sclera and the identically treated  

m ature ra t tail tendon (figure 4.2) were scaled to each other by equating 

the sum m ed scattered intensities. These two sets of da ta  were then 

com pared and their agreement, represented by an R -factor of 0.13, was 

found to be good. It was, therefore, considered acceptable to assume th a t 

the phases for these tendons (given in table I; Meek et al., 1985) would be 

close to those for the control sclera. Using the same argum ents, electron
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microscopy suggests th a t proteoglycan binding is similar in tendon and 

sclera so th a t staining with Cuprom eronic blue m ight be expected to 

produce phase changes in sclera not unlike those observed in tendons.

The com parison between stained sclera and stained tendon (table 4.2) 

resulted in an R -value of 0.21 which, for ten orders of the diffraction 

p a tte rn , is considered to be sufficiently low to make the approxim ation 

th a t the phases are, w ithin experim ental resolution, the same (Chandross 

& Bear, 1973; Meek et al., 1985). The relevant phases are shown in table 

4.2 and are used to calculate the electron density profiles for 
Cuprom eronic b lue-stained sclera and its unstained control. These plots 

are shown in figure 4.4.

The difference between the Cuprom eronic b lue-trea ted  sclera and its 

control indicates the ex tra  electron density due to the presence of the dye. 

The prom inent feature of this plot is a peak centred near residue 180 (the 

‘d ’ band). This peak is broad and extends the complete w idth of the gap 

zone. Smaller superim posed peaks are probably artifacts of the scaling 

process.

72



4 .1 .4  H igh  A n g le  X -R a y  D iffraction

H

Patien t 1 
interm olecular 
distance (nm) H

Patien t 2 
interm olecular 
distance (nm) H

P atien t 3 
interm olecular 
distance (nm)

0.6 1.53 0.8 1.54 0.7 1.49
0.8 1.49 0.8 1.56 1.1 1.55
1.2 1.54 1.3 1.66 1.1 1.56
1.7 1.60 1.4 1.59 1.4 1.61
2.4 1.70 2.8 1.64 1.8 T66
2.6 1.67 4.1 1.70 2.5 L68
3.4 1.70 5.0 1.71 3.6 1.75

4.6 1.65

T a b le  4 .3  The interm olecular distances in the scleras of three eye donors 
w ith no ocular defects as a function of hydration (H)

Table 4.3 shows d a ta  for the collagen interm olecular spacing in norm al 

hum an sclera as a function of hydration. The swelling curves derived from 

these da ta  are shown, for each of the three donors, in figure 4.5. The data  

dem onstrate how the interm olecular separation increases from below 

1.5nm, when the hydration is below 1, to a m axim um  value of 1.75nm. 

The interm olecular spacings increase only m arginally at hydrations above 

about 2.5. The hydration range obtained by équ ilib ra tion  of the scleras 

in 0% to 25% polyethylene glycol solutions rises from 0.6 to above 5.
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Interm olecular 

Spacing (nm)

1.8

1.7
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1.0

0 1 2 3 4 5

F ig u re  4.5 Swelling curves for the interm olecular spacing of three nor
mal hum an scleras (d a ta  in table 4.3). P a tien t 1 (open circles), patien t 2 
(crossed circles) and patien t 3 (diam onds).
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4.2 N orm al H um an Cornea

4 .2 .1  T ra n sm issio n  E lec tro n  M icro sco p y

:^ » 5 î« P S iÿ

ï : „ .   ̂ • '  ■ . '  '

k ÿ- . '

'  :

■ ji' "'

m
. >

s

F ig u re  4.6 A m icrograph of norm al hum an cornea stained for proteogly
cans w ith Cuprolinic blue and for collagen w ith uranyl acetate. The pro
teoglycans run  predom inantly  transverse to the fibrils forming a m esh-like 
structure. Bar=150nm .

Cuprolinic blue was employed to locate proteoglycans in norm al hum an 

cornea and to compare the results with the distribution of proteoglycans 
in corneas of o ther species (Scott & Haigh, 1985a,b, 1988a,b). 

U nderstanding and recognising the proteoglycan/collagen arrangem ent in
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Staining Band Proteoglycan Frequency 
V  3

4
‘b ’ 16

5
‘c’ 7

'cAT 2
‘d ’ 5

2
‘e’ 1

‘e /a ’ 6

T a b le  4 .4  The frequency of occupation of collagen staining bands by pro
teoglycans in norm al hum an cornea.

norm al hum an cornea would also provide a control w ith which to compare 

the structures observed in pathological corneas. It is, therefore, a 

necessary starting  point for the u ltrastruc tu ra l study of pathological 

hum an corneas.

The strom al macrom olecular architecture, as can be seen from figure 4.6, 

consists of uniform diam eter collagen fibrils running approxim ately 

parallel to  one another (w ithin a single lamella) w ith the proteoglycan 

filaments lying predom inantly perpendicular to the fibrillar axes.

Basically, this structure  is typical of the strom al organisation from several 

o ther m am m alian species (Meek et ah, 1986; Velasco & Hidalgo, 1988). 

However, the corneal proteoglycan composition and the sites of 

proteoglycan association with the collagen have been shown to be species 

dependent (Scott & Haigh, 1985a,b, 1988a,b).

Analysis of m icrographs from Cuprolinic blue—stained norm al hum an 

corneas yielded da ta  for the frequency of occupation of a particu lar 

staining band, or in te r-band  (table 4.4).

These d a ta  can be represented on a histogram  (figure 4.7) with the x-axis 

representing one D -period along the collagen fibril and the y-axis
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representing the occupation frequency of the particu lar staining band.

The staining bands do not represent equal axial distances w ithin a 

D -period and the y-dim ensions in the histogram  have been weighted to 

account for this. The weighting was achieved be dividing the num ber of 

proteoglycans attached  to a particu lar band by the axial proportion of a 

D -period which th a t band occupies. It is the area  under each histogram  

bar th a t is therefore representative of the occupation frequency. The m ain 
feature of the histogram  seems to  be a strong, broad bar in the vicinity of 

the ‘b ’ doublet.
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F ig u re  4 .7  A histogram  representing the relative occupation frequency 
of collagen bands by proteoglycans. There are no absolute units on the 
vertical axis as the num ber of proteoglycans associated w ith a particu lar 
staining band is represented by the area under the respective histogram  
bar and the  axial extent of the bands is not equal. The horizontal axis 
represents one complete D-period; 10cms=65nm.
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4.3 M acular Corneal D ystrophy

4 .3 .1  S can n in g  E lec tro n  M icroscop y

F ig u re  4.8 A scanning electron m icrograph of a m acular dystrophy cornea 
in cross section. A quarter segment of the strom a (diam eter ~7m m ) was 
prepared for scanning electron microscopy and m ounted, epithelium  facing 
upw ards, on an alum inium  stub. A th in  section from the edge of the corneal 
segment was cut, tu rned  through 90°, and gold coated to obtain  an ‘edge 
on’ view of the m acular dystrophy strom a

A scanning electron m icrograph of a quarter m acular corneal dystrophy 

bu tton  from patien t 6 in cross-section (figure 4.8) clearly dem onstrates 

how the strom a becomes progressively th inner tow ards the centre. The 

strom a is about 30% thicker at 7mm from the centre than  it is a t the
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centre. This gives an overall view of the situation in m acular corneal 

dystrophy. Due to  preparative artifacts, actual m easurem ents from this 

m icrograph are fairly meaningless with respect to the in v ivo  strom al 
thickness.

4 .3 .2  Im m u n o h is to ch e m ica l A n a ly s is

P atien t Serum KS (ng/m l) Corneal KS(/ug/ml)
1 41 -

2 <3 -
3 <3 -
4 <4 <0.07
5 <13 <0.02
6 161 1.11
7 - <0.09
8 <6 <0.08
9 <6 -

Normal* 282 -

Normal** 448 -

Normal - 10.24

T able  4.5 The levels of antigenic keratan  sulphate in the corneas and 
serum of patien ts w ith m acular corneal dystrophy. The norm al sera were 
obtained from a 24 year old male* (myself) and a 37 year old male** (Keith 
Meek) bo th  of whom are healthy w ith norm al vision. The norm al corneal 
tissue was obtained post-m ortem  from an individual w ith no history of 
ocular disease.

The im m unohistochem ical analysis of both  serum and corneal tissue is 
required to  ascertain w hat variety of m acular corneal dystrophy is being 

studied. The distinction between the two m ain types so far docum ented 

(type I and type II) is based on im m unohistochem ical evidence and 

cannot be made clinically (Yang et ah, 1988). From the d a ta  (table 4.5) it 

can be seen th a t patien ts 4, 5 and 8 are suffering from keratan 

sulphate-negative (type I) m acular corneal dystrophy due to the
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Patient Type of Macular Dystrophy

T ab le  4.6 The table docum ents w hether the patients had keratan  sulphate 
negative (type I) or keratan sulphate positive (type II) m acular corneal 
dystrophy. The classification was based on analysis of cornea and serum  in 
four cases (4, 5, 6 and 8), of serum in four cases (1, 2, 3 and 9) and cornea 
in one case (7).

negligible am ounts of antigenic keratan sulphate in both  their corneas and 

sera. A lthough no corneal tissue from patients 2, 3 and 9 was available for 

the im m unohistochem ical analysis the fact th a t their sera contained no 

antigenic keratan  sulphate suggested th a t they too had developed type I 

m acular corneal dystrophy. Similarly, it seems th a t patien t 7 is suffering 

from type I m acular corneal dystrophy due to the lack of antigenic corneal 
keratan  sulphate (no serum was obtained from this patient). P a tien t 6 

dem onstrates near norm al levels of antigenic keratan  sulphate in his 

serum and detectable (if reduced) levels in his cornea. This classifies him 

as suffering from keratan sulphate negative (type II) m acular corneal 

dystrophy. K eratan  sulphate was also present in the serum of patien t 1, 

although at a level much lower than  norm al. Even though her corneal 

tissue was unable to be analysed for the presence of antigenic keratan  

sulphate it seems th a t she also has type II m acular corneal dystrophy. 

Table 4.6 lists the m acular dystrophy patients along with the type of 

disease under investigation.
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4 .3 .3  T ran sm ission  E lec tro n  M icro sco p y

The transm ission electron microscopical images of all the m acular 

dystrophy corneas exam ined dem onstrated the presence of m any in tra -  
and  in ter-lam ellar electron transparen t holes or lacunae (figures 4.9, 4.11, 

4.12 and. 4.13). This type of distinct space w ithin the collagen m atrix  is 

not observed in norm al hum an corneas. The lamellar s truc tu re  of the 

m acular dystrophy corneas varied from being slightly to grossly disrupted, 

w ith some lamellae observed to be only a single fibril wide. The 

individual collagen fibrils exhibited an apparently  norm al, positively 

stained, banding pattern .

The cross-sectional images suggest some variation in the packing of the 

collagen fibrils w ithin the specimens. In cornea 1 a large m ajority  of the 
fibrils were closely packed w ith m any actually in contact w ith one or more 

of their neighbours (figure 4.9). Corneas 2 and 3 showed fewer regions 

w ith such close-packing. Cornea 4, when examined in this way, 

dem onstrated the heterogeneous nature  of the interfibrillar spacings, 

exemplified by the difference in fibril packing between figures 4.10(a) 

and 4.10(b). The diam eter of the fibrils, m easured from m icrographs 

taken of corneas 1, 2 and 3, was found to be 24±3nm . The diam eter of 

collagen fibrils in the hum an corneal strom a, as m easured by two 

independant observers using conventional transm ission electron 

microscopy, was reported as 22.5nm (S.D. =  1.9nm) and 23.8nm 

(S.D. =  1.5nm) respectively (Craig & Parry, 1981).

Proteoglycans in norm al hum an cornea, visualised using Cuprolinic blue, 

run predom inantly  transverse to the direction of the collagen fibril axis 

forming a m esh-like structure  (figure 4.6). All the m acular dystrophy 

corneas analysed by transm ission electron microscopy in conjunction with 

Cuprolinic blue staining, contained areas with a collagen-proteoglycan 

arrangem ent similar to tha t of norm al hum an cornea. However, in other 

areas, the proteoglycans were seen to be highly aligned running in the 

same direction as the collagen (figures 4.11 and 4.13).
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F ig u re  4.9 A transm ission electron m icrograph of m acular dystrophy 
cornea 1 stained for collagen with 1% phosphotungstic acid and 1% uranyl 
acetate. Lacunae are present w ithin and between disrupted lamellae and a 
keratocyte is arrowed. Close-packing of fibrils is evident in cross-section. 
Bar=500nm .
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F ig u re  4.10 Two cross-sectional areas from m acular dystrophy cornea 4 
stained for collagen w ith 1% phosphotungstic acid and 2% uranyl acetate 
and for proteoglycans w ith Cuprolinic blue. The packing of the fibrils varies 
w ithin the specimen. Proteoglycans are in evidence between the fibrils. 
Bar=100nm .
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F ig u re  4.11 A transm ission electron m icrograph of m acular dystrophy 
cornea 1 stained with 1% phosphotungstic acid and 1% uranyl acetate 
dem onstrates the presence of a large congregation of various-sized electron 
dense Cuprolinic blue-stained filaments. M atrix proteoglycans are seen to 
run  parallel with the collagen fibrils. Bar=300nm .
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F ig u re  4.12 A transm ission electron m icrograph of m acular dystrophy 
cornea 4 stained w ith 2% uranyl acetate dem onstrates the presence of 
electron transparen t lacunae, norm al collagen-proteoglycan arrangem ent 
in some parts  of the m atrix  and a deposit of variously-sized Cuprolinic 
b lue-stained  filaments. Bar=500nm .
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F ig u re  4.13 M acular dystrophy specimen 1 stained with Cuprolinic blue 
and 2% uranyl acetate. M atrix proteoglycans run mainly parallel to  the 
lightly stained collagen. Several lacunae are present w ithin the deposit of 
abnorm al proteoglycans. Bar=500nm .
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A striking feature of the m acular dystrophy corneas, when stained with 

Cuprolinic blue, was the occurrence of congregations or deposits of 

various-sized electron dense filaments (figures 4.11, 4.12 and 4.13). There 

were basically two types of sulphated proteoglycan present in the m acular 

dystrophy strom a. One type was similar in size (~  50nm long) and 

arrangem ent (orthogonal to  the collagen fibril axis) to the “sm all” 

proteoglycans which exist in norm al cornea ( compare areas of figure 4.12 

w ith figure 4.6). These were also observed, interspersed with larger 
filam ents, w ithin the proteoglycan deposits. The other type was several 

tim es larger than  norm al (up to ~  600nm long) and tended to congregate 

in the lacunae, although occasionally an isolated one could be observed in 
the collagen m atrix  (figure 4.12).

The structu ra l features just described are typical of all the m acular 

dystrophy corneas examined. There was some variation in the extent of 

strom al disruption between and within corneas but it was not possible to 

quantify this using the electron microscope. Several corneal samples were 

taken from known positions across a m eridian of m acular dystrophy 
b u tton  3 but exhibited no obvious structu ra l differences arising from their 

position. The structu ra l abnorm alities observed in m acular dystrophy 
cornea 4, which had not been frozen prior to electron microscopy 

processing, were not noticeably different from those observed in the other 

m acular dystrophy corneas which had been stored at —40°C for some tim e 

before their electron microscopy preparation.

The enzyme digests were carried out on m acular dystrophy cornea 1 
(keratanase and chondroitinase ABC) and cornea 4 (chondroitinase AC 

and chondroitinase ABC). K eratanase will not digest unsulphated keratan 

sulphate proteoglycans so it was used only on m acular dystrophy cornea 

1; the others were classed as keratan  sulphate-negative (type I) m acular 

corneal dystrophy. The control and keratanase digests perform ed on 

cornea 1 produced electron microscopical images similar to those in 

figures 4.11, 4.12 and 4.13. However, the m icrographs obtained from the



F ig u re  4 .14  A chondroitinase ABC digest of m acular dystrophy cornea 1 
stained w ith 1% phosphotungstic acid, 1% uranyl acetate and Cuprolinic 
blue. No proteoglycans are present within the m atrix  and the deposit 
contains a structureless lightly stained m aterial. Bar=600nm .
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F igu re 4 .15  A chondroitinase ABC digest of m acular dystrophy cornea 4 
stained w ith 2% uranyl acetate and Cuprolinic blue. The distinct lack of 
proteoglycan filaments clearly indicates th a t the m ajority  were susceptible 
to the action of the enzyme. A large proteoglycan filament is present w ithin 
the m atrix. Bar=100nm .
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chondroitinase ABC digest (figure 4.14) showed distinct differences. The 

fibrillar organisation was disrupted and and there were no proteoglycans 

in the m atrix  between the collagen fibrils. The proteoglycan filaments in 

the deposits were also digested, so it seems th a t, w hatever their size, they 

were predom inantly  varieties of a chondroitin sulphate or derm atan 

sulphate proteoglycan. The areas vacated by these digested proteoglycans 

were occupied by a structureless, lightly stained m aterial. This is 

probably the protein cores of the proteoglycans rem aining after most of 

the glycosaminoglycan side chains had been digested off and washed away. 
It may also contain some abnorm al unsulphated keratan  sulphate 

proteoglycans which would not take up the Cuprolinic blue stain.

Incubation of m acular dystrophy cornea 4 with chondroitinase ABC 

digested almost all of the proteoglycan filaments, bo th  small and large 

(figure 4.15), although a few very large filaments did appear to resist the 

action of the enzyme. The enzyme digest control and chondroitinase AC 

digest produced images sim ilar to those of the un trea ted  m acular 

dystrophy cornea.
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4 .3 .4  E q u a to r ia l X -R a y  D iffraction

4

b

F ig u re  4 .1 6  The first order equatorial diffraction ring (arrowed) from 
m acular dystrophy cornea 1 at hydrations of (a) 2.0 and (b) 3.5. The m ean 
cen tre-to -cen tre  collagen fibril spacing is calculated from analysis of this 
ring.

The first order equatorial X-ray diffraction reflection from m acular 

dystrophy cornea 1 is shown at two dilferent hydrations (figure 4.16). The 
rings show m axim a in two orthogonal directions which have been shown 
for norm al hum an corneas to arise from a preferred orientation of collagen 

in the inferior-superior and m edial-lateral directions (Meek et ah,

1987a,b). A densitom etric scan across an equatorial ring enables the 

diam eter of the ring to be measured. Using X-ray diffraction patterns 

from various m acular dystrophy corneas, da ta  were obtained for the 

m acular dystrophy interfibrillar spacings (table 4.7). The value quoted for 

m acular dystrophy cornea 4 is the m ean of 20 interfibrillar spacings 
throughout 1mm x 0.5mm areas the dystrophic strom a (see later: 

figure 4.20). The other spacings are derived from the patte rn  produced by 

a 4mm x 0.5mm beam  passing through an area near the centre of the 

button.
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Specimen Type 1.1 y dr at ion Interfibrillar spacing (nm )
1 II 2.0 43±2
1 II 3.5 43±2
3 I — 52±3
4 I — 48±4.7
6 II — 52±2
8 I — 49±2

Normal — — 60.8±2.9
Normal* 3.2 61.9T4.5

* Taken from Gyi et al., 1988.

T a b le  4 .7  The m ean interfibrillar spacings in 5 m acular dystrophy corneas 
(type I and type II) and one norm al control as derived from analysis of the 
first order equatorial reflection. The norm al value was the m ean of 20 
different 1mm x 0.5mm areas w ithin the norm al strom a. The d a ta  taken 
from Gyi et ah, (1988) are an average of 4 specimens, all near physiological 
hydration.

The first order equatorial reflection, produced by diffraction from the 

central cornea is shown in figure 4.17 for areas from (a) the m acular 
dystrophy cornea and (b) the norm al adult hum an cornea. The 
peak -to -peak  distance in a linear densitom etric trace through the centre 

of each ring (figure 4.19 and figure 4.18) represents the most frequently 

occurring interfibrillar spacing w ithin th a t portion of the cornea through 
which the X -ray  beam  passes. The diam eter of each ring is inversely 

proportional to the  m agnitude of the interfibrillar spacing, and the 

reflections shown in figure 4.17 (a) and (b) represent most frequent 

spacings of 45.4nm and 63.2nm respectively. The interfibrillar reflections 

from m acular dystrophy and norm al corneas also have different radial 

intensity distributions; this is evident from the difference in the shape of 

the peaks in the densitom eter scans. The peaks in the scan across the 

norm al hum an interfibrillar ring (figure 4.18) are fairly sym m etrical about 

their centre. However, the peaks in the scan across the m acular dystrophy 

cornea (figure 4.19) are skewed outw ards, i.e. their peaks lie outside their 

centres. If the low-angle patterns are assumed to be esentially linear over
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a. b.

F ig u re  4 .1 7  The first order equatorial X -ray  diffraction ring from (a) an 
area of m acular dystrophy cornea and (b) an area of norm al adult hum an 
cornea. The fact th a t these exposures were obtained using different cam 
era lengths has been com pensated in the enlargem ent/ printing procedure. 
The diam eter of these rings is inversely related to the m ean value for the 
interfibrillar spacing w ithin the tissue.

this range of spacings, the observations indicate th a t the d istribution  of 

interfibrillar spacings in norm al hum an cornea is sym m etrical about the 

m ean value. However, in m acular dystrophy corneas, rem em bering th a t 
the diam eter of the interfibrillar ring is inversely proportional to the 

spacing, the shape of the peak indicates th a t more interfibrillar spacings 

are smaller than  the m ean value than  are larger than  it.

In the schematic representation of the X -ray  results obtained at various 

different positions across the cornea (figures 4.20 and 4.21) the boxes 
represent the areas of the cornea which were exposed to the X -ray  beam  

in the m acular dystrophy corneal bu tton  (figure 4.20) and the norm al
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hum an corneo-scleral disc (figure 4.21). In figure 4.20 the circle represents 

the edge of the m acular dystrophy button . The corresponding area in the 

norm al hum an cornea is approxim ately outlined in figure 4.21. The 

orientation of the corneas shown schem atically in these figures is as in  

vivo. Subsequent analysis of the .first order equatorial ring for each area 

gave a value for the most frequently occurring interfibrillar spacing w ithin 

th a t area (throughout the whole thickness of the strom a). The num ber in 

each box gives this spacing in nm. The most frequently occurring spacings 

in the m acular dystrophy cornea vary by as m uch as 19% around the 
m ean value of 48.0nm (S .D .= ±2.5). The spacings in the norm al hum an 

cornea are more constant, varying by about 9% around the m ean of 

60.8nm (S .D .= ±1.4).

An alternative representation of the m acular corneal dystrophy da ta  is 

obtained by m easuring the distance between the centres of the 

densitom eter peaks (taken as the m id-po in t at half peak height) ra ther 

than  the distance between their highest points (figure 4.22). This, instead 

of giving a value for the most frequent spacing, produces a value which is 

the central point of a distribution, although not a m athem atically norm al 

distribution. The value therefore represents an overestim ation of the 

mean and, as such, checks th a t the lower spacings found in m acular 

dystrophy corneas are not dependant merely on the asym m etry of the 

densitom eter scan. The values vary by about 17% around the mean value 
of 51nm (S .D .= ±3 .0). The d a ta  are still significantly lower than  normal.
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F igu re 4 .1 8  A laser densitom eter scan across the first order equatorial 
reflection obtained from an area of norm al hum an cornea. The reflection is 
shown in figure 4.17(b).
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F ig u re  4.19 A laser densitom eter scan across the first order equatorial 
reflection obtained from a m acular dystrophy cornea. The reflection is 
shown in figure 4.17(a).
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F ig u re  4.20 A schem atic representation of the interfibrillar spacings which 
occur w ithin m acular dystrophy cornea 4. The circle represents the edge 
of the corneal b u tton  and the values are in nm (S .D .= ±2.5nm ); each one 
represents the most frequently occurring spacing within the area which 
outlines it, extended throughout the thickness of the cornea. B ar= lcm .
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superior

inferior

61.3 0.7 59.7 59.0 59.6 61.1 61.9

57.959.3 59.2 59.8 59.9 61.1 63.2 59.9

61.9 62.0 61.4 61.7 62. 61.5

F ig u re  4.21 A schematic representation of the variation in interfibrillar 
spacings w ithin a norm al hum an cornea. The circle represents the area in 
the corneo-scleral disc which corresponds to the edge of a m acular dys
trophy b u tton  excised during penetrating  keratoplasty (in this case bu tton  
4). The values are in nm (S.D. —±1.4nm ); each one represents the most 
frequently occurring spacing within the area which outlines it extended 
throughout the thickness of the cornea. B ar= lcm .
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F ig u re  4.22 A schem atic representation of the interfibrillar spacings which 
occur w ithin m acular dystrophy cornea 4. The circle represents the edge 
of the corneal b u tto n  and the values are in nm (S.D. =  ±3.0nm ); each one 
represents an overestim ation of the m ean spacing within the area which 
outlines it, extended throughout the thickness of the cornea. B ar= lcm .
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The two subsequent orders of the equatorial diffraction p a tte rn  were 

obtained from two m acular dystrophy corneas (specimens 1 and 3) and 

one norm al, age-m atched hum an cornea w ith exposure times of 20-30 

m inutes. The first subsequent order was obtained with a 15 m inute 

exposure of another m acular dystrophy cornea (specimen 8).

M easurem ent of these reflections is thought to yield values for the average 

diam eters of those collagen fibrils which give rise to the X-ray diffraction 

pa ttern . These values are given in table 4.8.

Specimen Type Diameter(nm)* Diameter(nm)** Average D iam eter
1 II 29/1 30.1 29.7
3 I 30.7 3T8 3 1 3
8 I 30.0 — 30.0

Normal — 30U8 30.7 30.75
Bovinet — 40.2 35.1 37.65

*Using the first subsequent order reflection. 
**Using the second subsequent order reflection, 
j D ata taken from Sayers et al., 1982.

T a b le  4 .8  The m ean collagen fibril diam eter in m acular dystrophy corneas 
(type I and type II) calculated by analysing the subsequent reflections 
(above the first order) of the low-angle equatorial diffraction pattern .

The da ta  imply th a t fibril diam eters in m acular dystrophy corneas are not 

greatly altered from norm al, especially when com pared to the difference in 
size of corneal collagen between hum ans and, say, cattle. It should be 

noted, however, th a t the subsidiary reflections from m acular dystrophy 

cornea were more diffuse than  those from norm al cornea. This implies 
th a t there may be some variation in the fibril diam eter of m acular 

dystrophy corneas (either between fibrils or along individual fibrils) bu t it 

will be necessary to collect more X -ray  d a ta  before this suggestion can be 

verified.
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4.3 .5  M erid ion a l X - R a y  D iffraction

Order
Intensity

M acular 1 M acular 3 Normal*
1 16.3 26.4 30.3
2 0 0 0
3 50.9 65u8 61.8
4 10.1 7.3 11.6
5 25.0 16.3 19.1
6 0 0 0
7 7.0 0 0
8 12.8 6.3 6.0
9 13.2 - 6.5

* Taken from Meek et al., 1983

T a b le  4 .9  The integrated m eridional X -ray  intensities from norm al and 
m acular dystrophy corneas. The m acular dystrophy 1 intensities are pre
sented w ith the fifth order arb itrarily  assigned the value of 25 and the 
m acular dystrophy 3 intensities are scaled to  these by equating summed 
scattered intensities (see text). The norm al d a ta  are scaled to the m acular 
dystrophy 1 intensities by the same m ethod. A zero value does not neces
sarily represent the complete absence of a reflection, just th a t its intensity 
was too low to be resolved by the densitom eter (in this case anything below 
about 6.0).

The first nine in tegrated intensities from the low-angle m eridional X-ray 

diffraction pa tte rn s from norm al and m acular dystrophy corneas are 

shown in table 4.9. The norm al d a ta  have been scaled to the m acular 

dystrophy 1 d a ta  by equating the summed scattered intensities using:

^  y im a cu ia r  ^  ] ^norm al
n = l  n = l

where n is the order of the reflection. M acular dystrophy 3 intensities 
were scaled to  m acular dystrophy 1 intensities by similarly equating the 

summed scattered intensities of the first eight orders; because of the 

cam era length available on th a t experim ental run, orders nine and above
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were not recorded. It can be seen from table 4.9 th a t the intensities from 

m acular dystrophy corneas are not greatly altered from norm al . The 

R -factors resulting from the comparison of a set of m acular dystrophy 

d a ta  w ith the set of norm al d a ta  were lower than  or equal to 0.18. These 

very low R-values indicate th a t the axial distribution of electron density 

along the collagen is not significantly altered in m acular dystrophy 

corneas.

)
Order

Intensity
Cuprolinic blue Control

1 0 21.6
2 0 0
3 26JS 47.3
4 19.1 16.3
5 25T 25.0
6 29.0 34/2
7 15.0 18.1
8 0 21.9
9 21.2 51.8

T able 4 .1 0  The integrated m eridional X -ray  intensities from m acular dys
trophy cornea 1 stained for proteoglycans w ith Cuprolinic blue. The d a ta  
are scaled arb itrarily  so as to equate fifth order intensities. As in table 4.9 
a zero value represents an intensity too low to be resolved by the densito
meter.

The m eridional X-ray diffraction results obtained from m acular dystrophy 

cornea 1, w ith and w ithout Cuprolinic blue staining, are shown in 
table 4.10. These two d a ta  sets cannot be scaled together by equating 

summed scattered intensities because of the presence of ex tra  stain 

m aterial in the Cuprolinic blue trea ted  specimen. However, inspection of 

the d a ta  revealed clear differences between the Cuprolinic b lue-stained 

and control intensities (for example between orders 1, 8 and 9 in 

table 4.10). It was thus concluded th a t Cuprolinic blue staining produces 

real differences in the electron density of m acular dystrophy corneal 

collagen. This means th a t sulphated proteoglycans are bound periodically

103



along at least some of the constituent collagen fibrils, bu t in the absence 
of any inform ation about the phases of the reflections it is not possible to 

locate the axial positions of proteoglycan binding.

4.3 .6  H ig h -A n g le  X - R a y  D iffraction

Specimen Type H ydration Interm olecular distance (nm ±0.04nm )
4 I - 1.78
6 II - 1.94
8 I - T82
4 I 0 1.33

0.5 1.79
0.8 T83
1.6 T83
1.8 T83

5 I 0 1.39
2.8 1.97
4.0 1.94

9 I 0 1.46
6.8 2.01

Normal - 0 1.32
0.5 1.75
0.8 1.80
1.1 1.85
1.3 1.85

T able 4 .11  The average separation of collagen molecules within the fibrils 
of m acular dystrophy corneas 4, 5, 6, 8 and 9 and a norm al hum an cornea 
measured from the first order high-angle equatorial reflection. P a tte rn s 
from specimens 4, 6 and 8 were recorded at near physiological hydration. 
P atterns were further recorded from specimes 4, 5 and 9 (plus a norm al 
control) a ir-d ried  and at several stages of rehydration.

The high-angle X-ray diffraction patterns were obtained for m acular 

dystrophy corneas 4, 6 and 8 at near physiological hydrations. Specimens 

6 and 8 were required for future studies and hence were not dried down to
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calculate the hydration. H igh-angle patterns were also taken of a norm al 

hum an cornea and m acular dystrophy corneas 4, 5, 7 and 9 air-d ried  and 

at several stages of rehydrationh Figure 4.23 shows the high angle X-ray 

diffraction pa tte rn  from (a) m acular dystrophy cornea 4 and (b) a norm al 

hum an cornea. The high angle patterns from m acular dystrophy corneas 
5, 6, 8 and 9 are similar to figure 4.23(a). The diam eter of first order 

reflection was used to calculate the m ean centre—to—centre spacing of 

molecules w ithin m acular dystrophy corneal collagen. The d a ta  are shown 
in table 4.11. The values for the separation of collagen molecules in the 
a ir-d ried  norm al and m acular dystrophy corneas compares well with the 

interm olecular separation in polyethylene glycol-dried bovine strom as 

which is 1.274:0.04nm (Fullwood et al., 1990). The interm olecular spacing 
of m acular dystrophy corneas 4 and 5 is seen to increase from dry in a 
similar fashion to  the norm al hum an cornea.

The most striking features of the X-ray diffraction patterns from m acular 

dystrophy corneas is the observation of two "extra reflections”

(figure 4.23(a); small arrows). A densitom eter scan across the high angle 

pa tte rn  of a m acular dystrophy cornea (shown for m acular dystrophy 
cornea 9 (H =0) in figure 4.24) identifies the position of the two extra 
rings, along with th a t of the order equatorial reflection. These 

reflections are not present on high-angle X-ray diffraction patterns 

obtained from the norm al hum an corneal strom a (figure 4.23(b)). The 
outer reflection is present on every high-angle X-ray diffraction patte rn  

th a t was obtained from m acular dystrophy corneas, irrespective of their 

hydration. The structu re  which gives rise to this outer reflection has a 

periodicity given in table 4.12. There is a rem arkable consistency about 

the position of the outer ring in all thirteen X-ray diffraction patterns 
from five different m acular dystrophy corneas at various states of 

hydration. The m ean periodicity which gives rise to the outer reflection is 
4.61A with a standard  deviation of only i0 .0 3 Â . The corneal hydration of

^The three patterns from macular dystrophy cornea 7 were underexposed and, for this 
reason, did not yield intermolecular values. They did, however, contain two sharp “extra 
reflections” which are reported and discussed later.

105



F ig u re  4.23 The high-angle synchrotron X-ray diffraction patterns from
(a) m acular dystrophy cornea 4 at H = 0 and (b) a norm al hum an cornea at 
H =0. The interm olecular reflection (large arrows) is present in both. It is 
larger th an  at physiological hydration due to the dehydrated state  of the 
cornea, and hence close molecular packing in the collagen. The inner and 
ou ter "extra reflections” are observable on the m acular dystrophy pattern . 
T he asymm etric ring, ju st inside the  outer ex tra  reflection, is due to the 
m ylar window of the cell holder. Figure 4.24 shows a densitom eter scan 
across the high angle pa tte rn  of m acular dystrophy cornea 9 at H =0.
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F ig u re  4 .2 4  A densitom eter scan across the high angle X-ray diffraction 
p a tte rn  from  m acular dystrophy cornea 9. This scan is used to define the 
positions of the various reflections.The p a tte rn  is sym m etrical about a hole 
made in the centre of the X -ray  film and the various reflections are denoted 
by num bers;
1. The 1*̂  order equatorial
2. The inner “ex tra” reflection
3. The reflection arising from the m ylar window of the cell holder
4. The outer “ex tra” reflection.
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P atien t Type H d (outer) ( A ) d(inner) ( A ) I(outer:inner)
4 I 0 4.65 9.62 12:1

0.5 4.65 9.67 19:1
0.8 4.63 9.62 35:1
1.6 4.64 — —

1.8 4.62 - -

5 I 0 4L56 9.56 13:1
2.8 4.59 — _

4.0 4.58 - —

6 II - 4.67 9.62 —

7 I 0.1 4.59 — —

0.5 4.60 — _

0.5 4.58 - -

8 I - 4.61 - -

9 I 0 4.61 9.64 18:1

T a b le  4 .12  The periodic spacings, w ithin the five m acular dystrophy stro 
mas, which give rise to  the two “extra reflections” in the high angle X-ray 
diffraction patterns. The periodic spacings giving rise to the outer ring 
(d(outer)) are in Â with a standard  deviation of i  0.03A and those giving 
rise to the inner ring (d(inner)) are also in A  w ith a s tandard  deviation 
of i  O.O4 A. The relative intensity  of the two reflections (I(inner:outer)) is 
given as a ratio. W herever possible the hydration (H) of the specimen is 
quoted.

m acular dystrophy patien t 5 rises from H =0 to H =4.0 causing the 

collagen interm olecular spacing to increase from 13.9A to 19.4A. Similarly 
the corneal hydration of m acular dystrophy patien t 4, in rising from H =0 

to H=1.8 causes the collagen interm olecular spacing to  rise from 13.3A to 

18.3 A .  However in both  these cases, where the strom a is obviously 

imbibing w ater, there is no significant change in the 4.61 A  periodicity.

The inner “extra  reflection” (figure 4.23(a)) is observable on five of the 

th irteen m acular dystrophy X-ray diffraction patterns (the three patterns 
from patien t 7 were underexposed and, for this reason, w ouldn’t have 

been expected to contain the inner ring) although on the pa tte rn  from
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patien t 6 it was too faint for its intensity  to be recorded by the laser 

densitom eter. The m ean spacing which gives rise to  the inner reflection is 

9.62Â. It is clear from the X-ray diffraction patterns, and hence from the 

relative intensities of the two “ex tra  reflections” (the intensity  of each 

reflection is defined as the area under the peak m ultiplied by the 

circumference of the reflection) th a t the inner (9.62Â) reflection is only 

present when the cornea is below a certain level of hydration.

109



4.4 Oedem atous H um an Corneas

4.4 .1  S can n in g  E lec tro n  M icro sco p y

F ig u re  4 .25  A low m agnification scanning electron m icrograph of a full 
thickness section of oedematous cornea 8. Interlam ellar spaces are more 
prevalent in the posterior portion of the strom a. The epithelial cell layer is 
visible but the endothelium  did not rem ain in tact during processing.

A scanning electron m icrograph showing a full thickness section of 

oedem atous cornea 8 (figure 4.25) reveals the existence of in tra-lam ellar 
collagen-free areas. These areas are more prevalent in the posterior 

section of the oedem atous strom a and could, in vivo,  represent
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w ater-filled “lakes” w ithin the strom a. Of course, the possibility exists 

th a t the collagen-free areas are artifacts of the freezing process. A 

scanning electron microscopical study of the effects of freezing on bovine 

strom as at various hydrations (Fullwood, N .J., personal com m unication) 

dem onstrated  only m inim al change in the strom al appearance between 

fresh and frozen corneas a t physiological hydration; the appearance of 

collagen-free areas in the frozen specimens was very lim ited (see below). 

Small collagen-free areas were obseved in highly hydrated , frozen 

specimens but these were not so extensive as those in figure 4.25.

Higher m agnification m icrographs of norm al strom a and oedem atous 

strom a (figure 4.26) dem onstrated  th a t the individual collagen fibrils 

present in the norm al strom a were not observable in the oedem atous case. 

Since bo th  specimens had been stored frozen it seems unlikely th a t this 

occurrence is artifactual.
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F ig u re  4 .2 6  (a) A scanning electron m icrographs of a cross-sectional area 
of norm al corneal strom a. Individual fibrils are visible between the lamel
lae.
(b) A similar magnification scanning electron m icrograph (overleaf) of oede
m atous strom a 8. In this case no individual fibrils are present between the 
lamellae.
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4 .4 .2  T ran sm iss ion  E lectron  M icro sco p y

The architecture of the oedem atous strom a was disrupted with “wavy” 
lamellae (figure 4.27), small collagen-free areas (figure 4.28) and larger 

collagen-free “lakes” (figure 4.29) all observable in transm ission electron 

m icrographs of the tissues; separation of adjacent fibrils is also frequently 

observed (figure 4.30). The proteoglycan filaments in the collagen m atrix  

of the oedem atous tissue appeared norm al in both  size and electron 
density, bu t larger ones were occasionally visible in the collagen-free areas 

(figures 4.28 and 4.29). The proteoglycan content of the oedem atous 

samples, as observed by the extent of Cuprolinic blue staining, varied, 

appearing to be norm al in some areas and reduced in others. In several 

areas of the swollen tissue the proteoglycans seemed to associate w ith the 

collagen fibrils in a D -periodic fashion (figure 4.31). Also, in some areas, 

a disproportionately large num ber of proteoglycans were seen to associate 

w ith the collagen at the ‘d /e ’ staining bands.

Enzyme digests were perform ed on two of the oedem atous corneas. 
Samples from each were incubated with one of the glycosaminoglycanases 

(keratanase, chondroitinase AC or chondroitinase ABC) in a buffer, before 

trea tm ent w ith Cuprolinic blue. The digests dem onstrated  no significant 

alteration in their proteoglycan content when com pared to the control 
samples which had been trea ted  identically w ith no enzyme in the buffer 

(figure 4.32).
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F ig u re  4 .2 7  A transm ission electron m icrograph of an oedem atous strom a 
stained for collagen w ith 2% uranyl acetate dem onstrating the presence of 
d isrupted "wavy” lamellae. B ar=350nm .
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F ig u re  4 .28  A transm ission electron m icrograph of an oedem atous strom a, 
stained for collagen w ith 1% phosphotungstic acid and 2% uranyl acetate 
and for proteoglycans w ith Cuprolinic blue, dem onstrating the presence 
of small collagen-free areas. Proteoglycan filaments w ithin the collagen 
m atrix  appear fairly norm al but larger ones are occasionally observed in 
the larger collagen-free areas. Bar=600nm .
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F ig u re  4 .2 9  A transm ission electron m icrograph of an oedem atous strom a, 
stained for collagen w ith 1% phosphotungstic acid and 2% uranyl acetate 
and for proteoglycans w ith Cuprolinic blue, dem onstrating the presence 
of larger collagen-free areas. The proteoglycan filaments in the collagen 
m atrix  appear fairly norm al whilst larger ones are occasionally observed, 
along with fragm ents of collagen, in the d isrupted areas. B ar=900nm .
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F ig u re  4 .3 0  A transm ission electron m icrograph of an oedem atous strom a, 
stained for collagen w ith 2% uranyl acetate and for proteoglycans w ith 
Cuprolinic blue, dem onstrating  the separation of individual adjacent fibrils. 
The proteoglycans appear norm al in size and seem to rem ain associated 
w ith the collagen. B ar= 80nm .
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F ig u re  4 .31  A transm ission electron m icrograph of an oedem atous strom a 
stained for collagen w ith 1% phosphotungstic acid and 2%  uranyl acetate 
and for proteoglycans with Cuprolinic blue. Proteoglycans are seen to 
associate w ith collagen fibrils in a D -periodic fashion. Bar=100nm .
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F ig u r e  4 .32  A composite figure consisting of transm ission electron micro
graphs of an oedem atous strom a which has been incubated w ith various 
glycosaminoglycanases prior to staining w ith 2% uranyl acetate for colla
gen and  Cuprolinic blue for proteoglycans, (a) Control, (b) K eratanase, (c) 
Chondroitinase AC and (d) Chondroitinase ABC. B ar=100nm .
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4 .4 .3  E q u ator ia l X - R a y  D iffract ion

a. b.

F ig u re  4 .33  The first order equatorial reflection obtained from oedem a
tous corneas (a)5 and (b)9.

Specimen H ydration Interflbrillar spacing (nm)
4 - 50.7±2
5 6.7 67.64:2
9 5.5 33.64:2 up to >754:2

Normal - 60.84:2.9
Normal* 3.2 61.94:4.5
Normal^ 3.2 61.7±5.3
* Taken from Gyi, et ah, 1988. 
fFullwood, N. J., personal communication.

T a b le  4 .13  The m ean interflbrillar spacing, in nm, for three oedem atous 
corneas and one norm al control as derived from analysis of the first order 
equatorial reflection. The norm al value is the mean of 20 values obtained 
from the X -ray  scan of the norm al strom a (figure 4.21). The norm al d a ta  
(*,n=4; t, n=14) are all near physiological hydration.

The first order equatorial reflection obtained from cornea 5 (figure 4.33) is 

a well defined ring which was obtained with an exposure tim e of 1 m inute.
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Specimen Diameter(nm)* Diameter(nm)** Average diam eter
4 31?7 3Â6 33^2
5 34.5 -  34.5

Normal 30.8 30.7 30.75
Normal^ 32.6 -  32.6
* Using the first subsequent equatorial reflection
** Using the second subsequent equatorial reflection 
f Fullwood, N .J., personal communication.

T a b le  4 .1 4  The m ean collagen fibril diam eter in two oedem atous corneas 
and one norm al control calculated by analysing the subsequent reflections 
(above the  first order) of the low-angle equatorial diffraction pattern .
The norm al valued was obtained from four corneas (above H =2) which 
had been stored in a culture medium. There is no significant change in 
interm olecular spacing, and hence fibril diam eter, above H =2 (Meek et al., 
1991).

The ring is highly lobed, indicating a preferred orientation of collagen 
fibrils in m utually  orthogonal directions, a feature of all hum an corneas 

(Meek et al., 1987). Cornea 4 exhibited a similar diffraction pa tte rn  but 

the corresponding interflbrillar spacing was reduced. U nfortunately, the 

hydration of this specimen is not known but it seems th a t the close fibril 

packing is the result of accidental post-operative specimen dehydration. 

The interflbrillar reflection from oedem atous cornea 9 (figure 4.33) is very 

diffuse and required a 10 m inute exposure. The reflection resembles a disc 

(rather than  a ring) which extends into the backstop and represents a 
spread of interflbrillar spacings ranging from about 34nm to greater than  

75nm. The da ta  are given in table 4.13. The mean, cen tre-to -cen tre , 

collagen fibril separation is seen to be only m arginally increased in the 

case of cornea 5.

E ither of the two subsequent orders of the low-angle equatorial diffraction 

pa tte rn  from fresh cornea may be used to obtain an average value for the 

diam eter of the approxim ately cylindrical collagen fibrils. The first 

subsequent order required a 10 m inute exposure of cornea 5 and both
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subsequent orders were obtained from cornea 4 w ith a 25 m inute 

exposure. The values, given in table 4.14, dem onstrate a slight increase in 

the diam eter of the fibrils in oedem atous cornea 5; even the suspected 

slightly dry cornea 4 has slightly swollen fibrils, an observation which is 

considered in greater detail in the discussion section. W hen com pared to 

the data  for the four norm al corneas the slight increase in the diam eters is 

not significant (p>0.1) within the experim ental resolution of the system. 

The 10 m inute exposure of oedem atous cornea 9 was not long enough to 
record either of the subsequent reflections (above the first order 

reflection/disc) and hence contained no inform ation about fibril diam eters.

4 .4 .4  H igh —A n g le  X -R a y  D iffraction

Specimen H ydration Interm olecular distance (nm ±0.04nm )
2 - 1.88
4 - 1.90
6 5.6 1.81
7 4.6 1.87
8 6.1 1.82
9 5.5 1.93
10 3.9 1.82

Normal* > 2 1.83±0.07
* Fullwood et al., personal communication.

T ab le  4.15 The average separation of collagen molecules within the fibrils 
of oedem atous corneas m easured from the first order high-angle equatorial 
reflection. The norm al value (*) is a mean of 28 hum an corneas w ith a 
hydration greater than  2, above which the interm olecular separation does 
not increase with hydration (Meek et al., 1991).

The cen tre-to -cen tre  lateral spacing of collagen molecules which make up 

the fibrils was calculated for seven oedem atous specimens (table 4.15). 

There does appear to be a small increase (up to about 6%) in the 

interm olecular separation in some oedem atous specimens, although this is 

w ithin the experim ental resolution of the system. A comparison of the
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oedem a d a ta  (n=7) w ith the norm al da ta  (n=28) reveals th a t there is no 

significant difference (p>0.2).

4 .4 .5  M erid io n a l X -R a y  D iffraction

I(p a tien tl)  I(patient6) I(patient8)
O rder CuB Control CuB Control CuB Control

1 27.2 41.2 115.9 124.7 153.9 215.1
2 0 0 0 0 0 0
3 54.3 86.6 99.3 58.2 88.0 69.9
4 26.2 26.7 19.6 11.8 20.5 12.8
5 25 25 25 25 25 25
6 15.8 18.1 17.9 9.0 16.8 9.7
7 3.7 5.2 0 0 0 0
8 11.4 7.4 0 8.0 5.3 7.1
9 18.8 22.2 16.7 11.0 19.9 25.5
10 9.1 11.3 - - - -

T a b le  4 .1 6  The m eridional intensities obtained from the strom as from 
three patients w ith oedem atous corneas. Half the specimen was trea ted  
with Cuprolinic blue (CuB) and the other half was an unstained control.

The first 9 or 10 meridional orders in the low-angle X-ray diffraction 

p a tte rn  were recorded for a Cuprolinic blue stained half specimen and its 
unstained control half. Three of the oedem atous corneas were used in this 

part of the investigation (patients 1,6 and 8). The in tegrated  intensities, 

above background scatter, were obtained for these specimens and are 
given in table 4.16. The intensities are scaled to one another by 

arb itrarily  equating the 5*̂  ̂ orders.

Assessing the sim ilarity of the intensities for each of the patien ts gave 

R-values of; patien t 1, R=0.15, patien t 6, R =0.17 and patien t 8, R=0.17. 

These values are sufficiently low to allow the conclusion th a t staining with 
Cuprolinic blue does not significantly alter the electron density along the 

collagen axis.
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W hen the three control columns are com pared to each other, significant 

differences become apparent between the intensities; R=0.31 (patien t 1 

w ith patien t 6), R=0.30 (patient 1 with patien t 8) and R =0.19 (patient6 
w ith patien t 8). This implies a difference in the axial electron density 

along the collagen axis in at least two out of the three fixed oedem atous 

corneas.

4 .4 .6  Im m u n o ch em ica l A n a ly sis

Specimen Portion Hydration KS(yLtg/ml) CS(/ig/m l)
6 whole 5.5 1.8 6.0

anterior 3.7 7.7
posterior 1.6 7.4

7 whole 4.6 1.6 6.7
anterior 2.3 5.0

posterior 3.0 6.8
8 whole 6.1 4.7 7.9

anterior 2.9 7.2
posterior 4.6 7.5

9 whole 3.9 2.3 9.4
anterior 1.5 6.9

posterior 2.3 7.9
Normal whole 3.4 10.2 7.7

anterior 10.1 8.2
posterior 5.8 6.0

T able  4 .17  The keratan  sulphate (KS) and chondroitin sulphate (CS) 
content of various portions of norm al and variously hydrated  oedem atous 
hum an corneas. The glycosaminoglycan content is expressed as /ig /m l of 
the wet tissue.

The keratan  sulphate and chondroitin sulphate content, expressed as 

/xg/ml. of the wet tissue, of the specimens from four oedem atous corneas 

and a norm al control are given in table 4.17. The keratan  sulphate 

content has decreased m arkedly from norm al in all four of the oedem atous
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specimens. The reduction in keratan  sulphate content in the whole 
thickness corneal samples, for which the hydration is known, does not 

seem to correlate w ith the extent of strom al hydration or oedema. In 

three of the four oedematous corneas (patients 7,8 and 9) the anterior 

portion contains less keratan sulphate th an  the posterior portion. The 
anterior portion of the norm al cornea, however, contains the larger 

proportion of antigenic keratan sulphate. There is no indication th a t the 

chondroitin sulphate content is altered in oedem atous corneas.
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4.5 Scheie’s Syndrome

4 .5 .1  T ran sm ission  E lec tro n  M icro sco p y

The strom a of the Scheie’s syndrome cornea contained num erous electron 

transparen t holes. These disruptions to the regularity of the collagen 

m atrix  frequently contained, or were adjacent to, electron dense deposits 

(figures 4.34 and 4.35). The collagen fibrils appeared norm al but, 

considering the sample had been stained w ith Cuprolinic blue, there was a 

distinct lack of proteoglycan filaments. Only very occasionally could 

proteoglycan-staining be observed in the strom a. Figure 4.36 

dem onstrates the presence of a fibrous long-spacing structu re  in the 

strom a; th is has a periodicity in the region of lOOnm and is probably of a 

collagenous nature.
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F ig u re  4.34 A transm ission electron m icrograph of the Scheie’s syndrome 
cornea stained for collagen with 1% phosphotungstic acid and 2% uranyl 
acetate and for proteoglycans w ith Cuprolinic blue. D isruptions in the 
collagen m atrix  are evident and frequently these contain electron dense 
m aterial. Bar=200nm .
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F ig u re  4.35 A transm ission electron m icrograph of the Scheie’s syndrome 
cornea stained for collagen w ith 1% phosphotungstic acid and 2% uranyl 
acetate and for proteoglycans w ith Cuprolinic blue. This high magnification 
image dem onstrates how the electron dense m aterial d isrupts the collagen 
fibrillar organisation. B ar=90nm .
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F ig u re  4.36 A transm ission electron m icrograph of the Scheie’s syn
drom e cornea stained for collagen with 1% phosphotungstic acid and 2% 
uranyl acetate and for proteoglycans w ith Cuprolinic blue. The collagen 
structu re  appears fairly norm al in this image except for the lack of pro
teoglycan filaments. The extracellular m atrix  contains a type of fibrous 
long-spacing (probably collagenous) structure w ith a periodicity of about 
lOOnm. Bar=200nm .
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Chapter 5

D iscussion

5.1 H um an Sclera

It has been demonstrated that CupromeronicTblue staining, enhanced 
with sodium tungstate, modifies the meridional X -ray intensities from . 
hum an sclera (section 4.2). The stain has simileirly affected the intensities 
from rat tail tendons (Meek et ai., 1985) and bovine cornea (Meek et al., 
1986). To interpret the meridional changes which occur in sclera, it was 
necessary to scale the sets of data relative to each other. The fresh tendon 
data  were scaled to the fresh sclera data by equating the summed 
scattered intensities on the assumption that the number of electrons per 
unit cross-sectional area coherently scattered from one D-period is the 
SEime in both structures. The Cupromeronic blue-stained sclera electron 
density was scaled to the electron density of its control by matching out 
the electron density in the overlap region of the respective collagen fibrils. 
This second assumption, namely tha t most proteoglycan binding occurs in 
the gap, rather than overlap, region of the fibrils, is consistent with the 
location of the stained filaments in the electron microscope (see figure 4.1).

Dermatan sulphate is the m ajor proteoglycan in the sclera (Coster & 
Frcinsson, 1981). X-ray diffraction has now revealed tha t it is attached at 
the same axial location (the ‘d /e ’ bands) as occurs in rat tail tendon.

131



Using electron microscopy it has also been located at this site in skin 
(Scott & Hedgh, 1985a), heart valve (Nako & Baahey, 1972), intervertébral 
disc (Scott & Haigh, 1986) and articular cartilage (Orford & Gardner, 
1984). Proteoglycan/collagen binding in the cornea is more complex and 
although derm atan sulphate proteoglycans are bound at some ‘d /e ’ bands 
(Scott & Haigh, 1985b; Meek et al., 1986; 1987) a proportion of the gap 
zones remain unoccupied. It has been suggested tha t the radial growth of 
collagen fibrils could be hindered by restricted access to the cross-linking 
sites, due to the proximity of the derm atan sulphate proteoglycans (Scott 
& Orford, 1981). This implies tha t tissues with less collagen-bound 
derm atan sulphate would contain fibrils with larger diameters, which is 
not the case in the cornea and sclera; sclera contains fibrils with much 
larger diameters. A possible explanation is th a t corneal keratan sulphate 
proteoglycans also play a role in restricting aggregation of collagen 
molecules and thus restrict the lateral growth of the fibrils.

The relationship between proteoglycans and collagen in the human sclera 
haa been shown to be similar to tha t in rat tedl tendon but different from 
tha t in bovine (Meek et al., 1986) and human cornea (Meek et al., 1987). 
This structural difference may be related to the functions of the tissues. 
The primary role of tendon and sclera is to resist mechanical stresses 
which attem pt to extend the tissue. These stresses may be caused by 
external physical forces and motions (as in tendon) or intraocular pressure 
(as in sclera). Although the cornea also withstands the intraocular 
pressure, its consistency is not as firm as that of the sclera (Newell, 1982; 
Maurice, 1988). Its most im portant feature is its transparency, which 
seems to require a different collagen-proteoglycan organization.

The absence of derm atan sulphate proteoglycan at the ‘d ’ band haa been 
noted in demineralized bone collagen (Scott & Haigh, 1985a). This ha.s 
led to  the suggestion th a t its presence in non-calcified tissue sterically 
inhibits the nucléation of calcification.This seems an even more plausible 
hypothesis if the proteoglyccins fill up not only the ‘d ’ band but a large 
part of the gap zone as suggested by the X-ray diffraction results (see
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figure 4.4). The deposition of calcium occurs in a num ber of connective 
tissue disorders including those of ocular tissues. In particular, it is 
sometimes present in pathological scleras, where it can occur throughout 
the whole thickness of the tissue (Ysinoff & Fine, 1982). This calcification 
may be due to lack of some or all of the derm atan sulphate proteoglycans, 
or their abnormal arrangement with the collagen fibrils.

The high angle X-ray diffraction results obtzdned from normal human 
sclera show how collagen intermolecular spacing, increases as a function of 
hydration (see figure 4.5) to a maximum value of about 1.7nm at a 
hydration of 2.5. The hydration range.obtained by polyethylene glycol 
equilibration of normal hum an sclera (0.6->5) is similar to the hydration 
range encountered when the same protocol is used to equilibrate bovine 
comeeiS; and shows tha t sclera has the ability to imbibe water above 
H = 2 .5 ; this probably causes the fibrils to move apart. However, it is not 
possible, since sclera does not produce an interfibrillar reflection, to use 
X-ray diffraction results to predict the distribution of water within the 
tissue; water could locate homogeneously between the fibrils or 
heterogeneously in “lakes” . The molecules in bovine corneal collagen 
continue to move apart slowly beyond H=2.5, reaching a maximum value 
of about 1.9nm. In similar preparations of rat tail tendon, the collagen 
intermolecular spacing reaches a maximum value of about 1.65nm at 
aroimd H = 2 .5 , beyond which the tendon will not imbibe water (Meek et 
al., 1991). Human sclera, therefore, has similar in vitro^ swelling 
properties to both cornea eind tendon. The swelling characteristics of 
humsm sclera are very similar to those of bovine cornea, although sclera 
exhibits proportionally lower intermolecular spacings. The maximum 
intermolecular spacing for humain scleral collagen, however, is closer to 
tha t of rat tail tendon collagen.
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5.2 N orm al H um an Cornea

The transmission electron microscopical observations of Cuprolinic blue 
treated normal hum an cornea (see table 4.6) seem to suggest preferential 
association of proteoglycans in the region of the ‘b ’ doublet on the 
collagen fibrils. This results iii the presence of a strong, broad bar around 
the collagen ‘b ’ bands on the histogram of proteoglycan occupation 
frequency (figure 4.7). Two other weaker, thinner bars are evident, at the 
‘a /e ’ emd ‘d ’ bands, but the relatively small sample size precludes any 
conclusions being drawn about this. The data do, however, point to a 
different proteoglycan binding than is observed in corneas from various 
other species (Scott & Haigh, 1988a). Meridional X-ray diffraction 
intensities obtained from hum an and bovine untreated corneas are not the 
same (Meek et al., 1983). This points to a difference in the axial electron 
density along the collagen fibrils which may be due, in part, to the 
different proteoglycan-coUagen association. When hum an cornea is 
stained with Cupromeronic blue and the electron density profile is 
calculated, two areas of extra electron density are indeed observed at the 
‘b ’ doublet (Meek, K.M., unpublished result). These are attributed to the 
presence of collagen-bound proteoglycans. It should be pointed out, 
however, tha t this X-ray diffraction analysis employed the phases 
obtained for untreated normal hum an corneas (Meek et al., 1983). As it is 
not known what effect corneeil staining has upon X -ray phases, the 
assumption that they remain the same is not necessarily true. Hence the 
correlation with the electron microscopical data should be regarded as 
tentative.

High-angle X-ray diffraction data  demonstrate tha t the intermolecular 
separation of human corneal collagen, at hydrations approaching 
physiological hydration, is in the region of 1.85nm (see table 4.11). The 
corresponding separation of the molecules in bovine corneal collagen is 
about 1 .8 nm (Meek et al., 1991). Low-angle equatorial X-ray diffraction 
data  show the diameter of the collagen fibrils in the hum an strom a to be
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approximately 31nm (see table 4.8), whilst those in the bovine strom a are 
almost 38nm in diameter (Sayers st al., 1982). The implication, then, is 
tha t bovine corneed collagen fibrils contain more collagen molecules than 
do hum an corneal collagen fibrils.
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5.3 M acular Corneal D ystrophy

Antigenic sulphated keratan sulphate in sera from two individuals without 
macular comeal dystrophy, analysed blind in a batch sdong with sera from 
macular corneal dystrophy patients 1-3, was present at normal and 
elevated' levels (table 4.5). The keratan sulphate values (282 and 448 
ng/m l) agreed well with previously published values (251±78 ng/m l) of 
serum keratan sulphate levels in 45 healthy volunteers (Klintworth et al., 
1986), indicating that the monoclonal antibody was recognising the 
sulphated keratan sulphate epitopes after the transportation of the 
samples, either fixed or frozen, across the Atlantic.

Macular dystrophy patients 4, 5 and 8  axe classified as having keratan 
sulphate negative (type I) macular comeal dystrophy due to the lack of 
antigenic keratan sulphate in both their comeas and sera. Also the lack of 
keratan sulphate in the cornea of patient 7 classified him as suffering from 
type I macular comeal dystrophy even though no semm was available for 
analysis. Patients 2 , 3 and 9 were assumed to have type I macular comeal 
dystrophy, even though it was not possible to analyse their comeal tissue. 
However, since the contribution of comeal keratan sulphate to the semm 
is insignificant compared to  tha t of cartilage keratan sulphate (Klintworth 
et al., 1986; Thonar et al., 1986) the comeas may possibly contain 
quantities of sulphated keratan sulphate. This possibility is supported by 
the discovery of a single macular corneal dystrophy patient with comeal 
keratan sulphate but negligible serum keratan sulphate (Edward et al., 
1988).

Patient 6  is suffering from keratan sulphate positive (type II) maculax 
corneal dystrophy due to the presence of antigenic keratan sulphate in 
both his serum and comea. Patient 1 is also assumed to be suffering from 
type II macular comeal dystrophy. The amount of sulphated antigenic 
keratan sulphate in the semm from patient 1 is, however, greatly reduced 
from normal. Added to  this is the fact tha t it was not possible to inhibit
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totally the antibody from binding to the keratan sulphate. These results 
strongly suggest tha t the keratan sulphate epitope in the serum of patient 
1 is slightly different to normal. The two most likely explanations are that 
the keratan sulphate side chains are undersulphated or shorter than 
normal. As previously stated, sulphated keratan sulphate present in the 
serum is thought to derive mostly from the normal turnover of cartilage 
proteoglycEUis (Thonax et al., 1985). So the presence of keratan sulphate 
in the serum of patient 1 does not necessarily mean tha t the cornea 
contains sulphated keratan sulphate.

The nine macular dystrophy patients come from seven different pedigrees 
in the United Kingdom. Of these nine, the immunohistochemical evidence 
has identified seven to be suffering from type I macular corneal dystrophy 
and two to be suffering from type II maculax corneal dystrophy. This 
distribution is typical of maculax comeal dystrophy since type I is by fax 
the most prevalent form of the disease. In two recent studies it has 
accounted for 73% (Yang et éd., 1988) and 80% (Edward et al., 1988) of 
maculax corneal dystrophy patients according to the classification of Yang 
et al. (1988). Neither of the two brothers with maculax corneal dystrophy 
(patients 2 and 4) contedn antigenic sulphated keratan sulphate in their 
serum (the cornea of patient 4 also lacked keratan sulphate) and hence 
were both assumed to have type I maculax corneal dystrophy. The 
brother and sister (patients 3 and 9) were also assumed to be suffering 
with type I macular comeal dystrophy due to negligible levels of serum 
keratan sulphate. These findings axe consistent with the probability that 
siblings inherit the same type of maculax corneal dystrophy.

It should be remembered that this immunohistochemical analysis, 
employing a monoclonal antibody, measures the keratan sulphate epitope 
and not absolute keratan sulphate mass. The possibility cannot be ruled 
out that keratan sulphate proteoglycans axe present in samples where they 
axe not detected by the antibody. These samples, cornea or serum, could 
contain keratan sulphate chains which, for some reason, axe less antigenic 
than those in other samples. Possible reasons for reduced antigenicity
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include shorter, or less highly sulphated, keratan sulphate side chains.

The transmission electron microscopical appearance of the macular 
dystrophy stromas exhibits a close similarity in the distribution of electron 
transparent lacunae to previous micrographs obtained using conventional 
staining ( Klint worth & Vogel, 1964; Morgan, 1966; Klintworth, 1982). 
However, the techniques employed here were directed to staining collagen 
(and sometimes proteoglycans) and hence the internal detail of the 
keratocytes (figure 4.9) is less well visualized than in other published 
micrographs. These previous electron microscopical studies seem to have 
made little mention of the packing of the collagen fibrils in macular 
dystrophy corneas. However, the observations by Morgan (1966) show 
fibrils, in between the lacunae and keratocytes, with a fairly homogeneous 
distribution. This appears to contradict the electron optical observations 
(figures 4.9 and 4.10) which suggest some variation in the maculeir comeal 
dystrophy collagen fibril packing. This variation is noticed to occur both 
within and between individual corneas. Mogan (in 1966) could not 
comment on possible packing differences between individual fibrils since 
all the electron microscopy was carried out on a single specimen. Since 
the maculeir comeal dystrophy specimens studied here were prepared 
using identical methods it seems tha t the observed differences are inherent 
in the  tissue and are not due to variations in the preparative process.

The same stm ctural abnormalities axe apparent in high-magnification 
micrographs taken of specimens which had been stored at —40°C prior to 
electron microscopy preparation (comeas 1,2,3 and 5) and those which 
had been processed from fresh (corneas 4,6 and 8 ) .̂ This is an im portant 
observation. It demonstrates th a t freezing the specimens has no 
noticeable effect (on a small scale) on either the collagen stm cture or the 
proteoglycan character and distribution in the macular dystrophy comea. 
Any artifactuEil ice-crystal formation would, therefore, seem to be

 ̂Comea 4 was stored in a saturated atmosphere (H3O) for approximately 48 hours 
prior to electron microscopy preparation whilst comeas 6 amd 8 were immersed in the 
fixative/ staiining solution within minutes of removal of the button.
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predominantly interlennellar. This conclusion relates to the excised, in 
vitroj stroma. It can not be used to assess the chances of stromal healing 
after cryosurgical, lamellar keratoplasty techniques. Even though the data 
lead to the assumption tha t ice crystal formation does not affect the fine 
structure of the stroma, freezing procedures kill the m ajority of 
keratocytes (Lee et al., 1985) which play a m ajor role in resynthesis of the 
extracellular m atrix after woiinding.

The abnormal features of macular dystrophy corneas, namely the presence 
of distinct electron transparent lacunae within the m atrix and the 
prolifération of unusually  large proteoglycan filaments, should now be 
regarded as being typical of the disease. Since the stromal architecture of 
macular dystrophy corneas, as observed in high-magnification 
transmission electron micrographs, seems to be unaffected by freezing it 
seems reasonable to assume that this is zdso the case for other corneas.

Cuprolinic blue staining has demonstrated several different kinds of 
proteoglycan filaments within macular dystrophy cornezis. Laxge electron 
dense filaments are located predominantly clustered in zones free of any 
collagen fibrils along with smaller proteoglycans. The keratan sulphate 
proteoglycans in the keratan sulphate negative (type I) macular 
dystrophy corneas contain glycosaminoglycan side chains which eue either 
undersulphated or shorter than  normeil. These would not be expected to 
react with the Cuprolinic blue stain under the conditions employed. 
Maculeir dystrophy cornea 1 was classified as being keratan sulphate 
positive (type II) maculax corneal dystrophy due to the presence of 
emtigenic keratan sulphate in the stroma. However, since the sulphated 
keratan sulphate level was much lower them normal, these proteoglycans 
may not stain with Cuprolinic blue. Hence all the proteoglycan filaments 
present in micrographs of the maculax dystrophy stromas axe likely to be 
of the chondroitin sulphate or derm atan sulphate vaxiety. This was 
confirmed in comeas 1 and 4 where incubation with chondroitinase ABC 
digested almost all of the proteoglycan filaments, both small and large. 
Chondroitin sulphate proteoglycans, by definition, contain glucuronic acid
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and do not contain iduronic acid. The chondroitin sulphate proteoglycans 
in the cornea however, do contain some iduronic acid and hence are 
generally referred to as being chondroitin/derm atan sulphate 
proteoglycans. The apparent lack of susceptibility of the proteoglycans in 
macular dystrophy cornea 4 to chondroitinase AC, an enzyme which is 
able to cleave the derm atan sulphate chain wherever glucuronic acid 
residues are present, implies that they contain a proportion of iduronic 
acid. Even so, since the glucuronic acid residues are still likely to make up 
a significant percentage of the uronic acid residues in the derm atan 
sulphate chains, some degradation of the proteoglycan filaments by the 
chondroitinase AC might have been expected. However, this did not seem 
to occur and the possibility cannot be ruled out that the aggregation of 
derm atan sulphate chains renders the glucuronic acid residues inaccessible 
to the action of the enzyme. Alternatively, cleavages may indeed occur 
within the derm atan sulphate chains but somehow the fragments 
generated remain within the aggregate via interaction with undegraded 
segments.

The large Cuprolinic blue-stained proteoglycan filam ents are more 
electron-dense, several times wider and up to 1 2  times ais long as the 
“small” proteoglycans. These facts suggest that they are proteoglycan 
assemblies rather than individual molecules, although there is no direct 
biochemical evidence available relating to this possibility. A group of 
imusually large proteoglycan filaments have been observed in micrographs 
obtained from mouse interphotorecepter m atrix which had been stained 
with Cuprolinic blue (Tawara et al., 1988). These filaments were assumed 
to consist of chondroitin sulphate-type proteoglycans which had formed 
into large macromoleculax aggregates. It is also known that derm atan 
sulphate proteoglycans occasionally self-associate via their side chains 
(Fransson, 1976; Coster et al., 1981; Frans son et al., 1982). Why the 
chondroitin/ derm atan sulphate proteoglycans apparently do this in 
macular dystrophy corneas, where they are oversulphated (Nakazawa et 
al., 1984) and presumably more negatively charged, as yet remains
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unclear. The occasional large proteoglycEui filament which remains after 

the chondroitinase ABC digest of macular dystrophy cornea 4 could 
possibly be of the keratan sulphate variety; a minute Eunount was detected 

in the comea of the patient even though he was. classified as a type I 
patient. It is, however, more likely to be a chondroitin/ dermatem sulphate 

proteoglycan which escaped the action of the enzyme.

The clinicEd features of maculax corneEil dystrophy have long been assumed 
to be, in some way, related primEtrily to the abnormal sulphation of 
keratan sulphate. Because this undersulphation seems to be the primary 

defect in maculEir corneal dystrophy, most of the previous work has 

concentrated on this aspect of the disease. This study has demonstrated 
that there axe eJ s o  considerable abnormalities in the chEuacter and 

distribution of the chondroitin/dermatan sulphate proteoglycans. This 

fact should not be overlooked. The stromal defects, which axe probably 
the cause of corneal opification, may well be due to by the presence 
abnomiEil keratan sulphate proteoglycans. However, the abnormal 
chondroitin/dermatsm sulphate proteoglycans may have an equEd, or even 

greater, contribution to the existence of a pathological stromal matrix.

MeELSurements of the collagen fibril diameters in embedded sections of 
maculax dystrophy tissue gave a value of 24nm, which is identicEd to that 
reported for a wide range of vertebrates including humans with normal 
vision (CrEdg & Peirry, 1981). It is accepted, however, that these 

meEisurements represent collagen fibrils in a laterally shrunken state 

(CrEug et al;, 1986) and indeed, the X-ray diffraction meEisurements have 
indicated substantially laxger collagen fibril diameters in hydrated corneas 

(Sayers et al., 1982; Worthington & Inoyue, 1985). It is cleax that the 

disruptive procedures necessaxy for conventional electron microscopy, 
along with the fact that practical limitations place a restriction on the 

number of axeas which can be examined, make it difficult to draw ciny 

quantitative conclusions about structural dimensions of the fibrils and the 

collagen matrix. This information may be obtained by analysis of the 

low-angle equatorial X-ray diffraction pattern.
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The X-ray diffraction measurements on macular dystrophy and normal 
corneas have confirmed that the mean fibril diameter is about 30nm in 

both tissues. The mean centre-to centre fibrillar spacing for the five 

macular dystrophy corneas studied by equatorial X-ray diffraction was 

found to be reduced by VEuying amounts (see table 4.7). The data show 
that, although the distance between fibril surfaces could vary throughout 

the tissue, the average distance between the fibril surfaces is reduced from 
about 32nm in normal corneas to between 13nm and 22nm in maculax 

dystrophy corneas. The electron-optical images showing vaxying degrees 
of close packing Eimongst the fibrils in maculax dystrophy corneas can thus 

be reconciled with the equatorial X-ray data; electron microscopy 

prepEuration represents a more or less uniform shrinkage of collagen 
diEimeters Eind spacings by about 20%. Also, the meridional X-ray data 

seem to confirm that the occurrence, in electron micrographs, of some 

axeaa in maculax dystrophy corneas where the proteoglycans run paxallel 
to the collagen is not axtifactual. If the distance between fibril surfaces, 
which has to accommodate extrafibrillax proteoglycans, is substantially 

reduced, their normal “mesh-like” organisation will presumably be 

Effected. Whether these “paxallel proteoglycans” Eire a primaxy cause or 
secondary effect of the close collagen packing is open to speculation. The 

equatorial X-ray data demonstrate that a (laxger than normal) range of 

spacings and diameters exists in the maculax dystrophy stroma. This is 

consistent with the appeaxance of appaxently normal axeas of collagen and 

proteoglycans in several maculax dystrophy electron micrographs.

It is interesting that the X-ray diffraction data from maculax dystrophy 

cornea 1 (see table 4.7) showed the same fibril diameter and interfibrillar 

spacing at two different hydrations (paxtially dehydrated and near 

physiological hydration). This indicates that the additional water goes 

elsewhere than into the fibrils themselves or between adjacent fibrils. It is 

most likely that the congregations of abnormal highly-chaxged sulphated 

proteoglycans draw the water into the collagen-free lacunae in which they 

axe located.
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The spacings of the collagen fibrils, as measured by X -ray diffraction, in 
various areas throughout macular dystrophy cornea 4 are not all equal 
(see figure 4.20). There does not, however, seem to be an obvious pattern  
to the variation. All of the twenty measurements of the interfibrillar 
spacing are below 60.8nm, the mean value obtsiined from the X-ray 
diffraction scan of the normal adult human cornea. This value compares 
very well with a previously published value of 61.9nm for adult human 
cornea near physiological hydration (Gyi et al., 1988). The mean of the 
interfibrillar spacings from macular dystrophy cornea 4 is 48.0nm which 
represents a reduction in the average interfibrillar spacing of about 22%; 
the spread of the reductions within the macular dystrophy cornea ranging 
from 14% to 29%.

The superiority of the synchrotron source, as compared with conventional 
laboratory based X -ray sets, is highlighted by the results obtained in 
these corneal scanning experiments. It would not have been possible to 
obtain such data using a conventional X -ray source since the required 
exposure times would each be of the order of several hours. W ith such 
long exposures it would be difficult to m aintain the hydration of the tissue 
throughout the course of such an experiment. Even if this were to be 
achieved the preservation of the unfixed specimen over a period of several 
days would present additional complications.

Clinical studies have shown that the central cornea is, on average, about 
20% thinner than normal in macular corneal dystrophy (Ehlers & 
Thorkild, 1978; Donnenfeld et al., 1986). The extent of thinning varied 
between individuals, the thickness being reduced by between 15% and 26% 
in one study of four patients (Ehlers & Thorkild, 1978) and by between 
12% and 29% in another study of six individuals (Donnenfeld et éd., 1986). 
Unfortunately, the pachymetric measurements of the pre-surgical corneal 
thickness from patient 4 are unavailable. However, his brother (patient 2) 
dem onstrated bilateral corneal thinning; 27% in his right eye and 19% in 
his left. Due to this fact, and from a survey of the literature, it can be 
ELSSumed with a reasonable degree of confidence that macular dystrophy

143



cornea 4 was typical of macular dystrophy corneas in that it was thinner 

than normal by about 20%, The percentage reduction in the interfibrillar 
distances in this case ties in very well with the assumed percentage 
reduction in the corneal thickness. The correlation between corneal 
thinning and close packed collagen fibrils was demonstrated for macular 
dystrophy cornea 1. In this case the central corneal thickness, prior to 
surgery, was measured to be 0.37mm as opposed to the normal value 
obtained by this surgeon of 0.52mm. This is consistent with a reduction 
in thickness of about 29%. The average interfibrillar separation in her 
cornea was measured by X-ray diffraction to be about 43nm as opposed to 
the measured value for the normal hum an cornea of about 61nm. This 
indicates that the distance between fibrils is also reduced by about 29%. 
These results strongly suggest that the corneal thinning seen in macular 
corneed dystrophy patients is due to an abnormal, heterogeneous, 
close-Tpacked arrangement of the individual, normal diameter collagen 
fibrils. The percentage values obtained imply that the presence of lacunae 
in the m atrix has minimal effect on the stromal thickness as a whole.

Of the six macular dystrophy patients whose corneas were used in the 
high-ajiglè X-ray diffraction experiments, five were classed els keratEin 

sulphate negative (type I) and one w e l s  classed as keratan sulphate 

positive (type II) (see table 4.6). The increase in intermolecular spacing of 
macular dystrophy cornea 4 with hydration (13.3Â-18.3Â; table 4.11) was 
in tEindem with the increase of an air-dried normal humEin cornea 

(13.2Â-18.5Â; table 4.11) over a similar hydration range. This finding is 

in line with previous data (table 4.8), which point to the existence of a 

normal collagen fibril structure in macular dystrophy stromas.

The 4.61Â Bragg spacing is unique to macular dystrophy corneas. It has 
not been observed in corneal high-Eingle patterns from a variety of 
species, neither was it present on the patterns from the normal hum an 
corneas studied for this thesis nor on patterns from 28 hum an corneas 
which had been stored in various culture media for some time (Fullwood, 
N.J., personal commumication). Moreover, high-Eingle X-ray diffraction
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studies on pathologic hum an corneas (7 oedematous (table 4.15) and 21 
keratoconus (Fullwood, N.J., personal communication) failed to reveal the 
outer “extra reflection” . Occasionally observed on the diffraction pattern  
from macular dystrophy stromas is the inner (9.62Â) reflection; this 
appears and becomes progressively more intense at lower hydrations. 
These two reflections could well be contributed to by the first and second 
order reflections of the same, or similar, regularly repeating structures. 
Accepting this assumption leaves two problems to be addressed. W hat are 
the identities of the periodic structures? Why does the intensity of the 
first order (inner ring) increase with decreeing hydration?

The evidence, albeit circumstantial, points towards a proteoglycan 
structure as the origin of the two “extra reflections” . The 
glycosaminoglycan side chains of proteoglycan molecules consist of a 
polydisaccharide linked 1-3, 1-4, and the disacchaxide repeat distance is 
usually in the reinge 9.5Â-9.7Â (Atkins et al., 1974; Sheehan et al., 1975). 
This could account for the 9.62Â structure which occurs in dehydrated 
macular dystrophy corneas. A 9.5Â reflection, arising from the pitch of 
the collagen triple helix, is observed in X-ray diffraction patterns obtained 
from rat tail tendon (Brodsky et al., 1988). However, it seems reasonable 
to discount the collagen pitch as the origin of the 9.62Â reflection, since 
the reflection only occurs in corneas with macular corneal dystrophy, and 
macular corneEtl dystrophy is primarily a proteoglycan defect.

The corneal strom a contains two main types of proteoglycan; one consists 
of a protein core to which is covalently linked one or two side chains 
consisting of keratan sulphate, the other has a side chain which is a 
mixture of chondroitin sulphate and derm atan sulphate (Gregory et al., 
1982). It seems that the abnormal sulphation of corneal proteoglycans in 
macular dystrophy renders the outer reflection visible at all hydrations. 
However, the data  presented here are not sufficient to allow direct 
identification of the proteoglycan population, if any, responsible for its 
appearance. A 4.61Â periodic structure causes a reflection which is 
extremely sharp and intense in the high-angle pattern  obtained from
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m acular dystrophy corneas. One can hypothesise th a t either this is due to 
the unsulphation of the keratan sulphate glycosaminoglycans, the 
oversulphation of the chondroitin/ derm atan sulphate glycosaminoglycans, 
or a combination of both. Presumably unsulphation of the keratan 
sulphate glycosaminoglycans would cause the two monosaccharides within 
a disaccharide to look more similar to each other than is the situation in 
normal cornea. Thus, one could envisage a structure with an electron 
density tending towards that of a monosaccharide repeat, with a 
periodicity 4.61Â, which would give rise to the strong outer ring. The 
deficiency of hydrophillic sulphate groups on the keratan sulphate 
glycosaminoglycans would make the outer “extra reflection” less 
dependant upon stromeil hydration. Indeed, this is the case. The keratan 
sulphate disaccharide repeat could, via its first order, contribute to the 
9.62Â reflection. However, the reflection’s strong dépendance on corneal 
hydration suggests a greater involvement of the chondroitin/derm atan 
sulphate side chains with their hydrophillic sulphate groups. Normal 
hum an cornea does not display the 9.62Â reflection, even when completely 
dry. The fact th a t macular dystrophy corneas do may well be due to 
aggregation of the chondroitin/derm atan sulphate proteoglycans. This 
phenomenon could conceivably lead to an increased number of coherently 
scattering disaccheuride repeat distances, especially at low hydrations. The 
two types of disaccharides within the chondroitin/ derm atan sulphate 
chain would lead to discontinuities in the regularity and a diffuse 9.62Â 
reflection. This would be further compounded by increased 
chondroitin-6-sulphate synthesis (Klintworth & Smith, 1977) and the 
presence of small amounts of oversulphated disaccharide repeats 
(NaJtazawa et al., 1984). The enhanced intensity of the inner ring at low 
hydrations implies that the glycosaminoglycan structure is being altered.
It can, therefore, be inferred that, as concluded by Atkins et al. (1974), 
water (emd not just sulphate groups) may influence the structure of the 
glycosaminoglycans.

High angle patterns obtained from the corneas of individuals with corneal
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oedema, keratoconus, Scheie’s syndrome and Reis-Bücklers’ dystrophy 
did not contain the “extra reflections” , The presence of the outer “extra 
reflection” in the X-ray diffraction patterns from macular dystrophy 
corneas does not depend upon the specimens’ state of hydration; neither 
does it depend on the type of disease under investigation. It thus 
represents a possible alternative, non-invasive method of post-operatively 
confirming a diagnosis of macular corneal dystrophy.
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5.4 O edem atous H um an Corneas

The conventional scanning electron microscopy techniques used in this 
investigation allow only limited, in vivo, information to be gained as to 
the strom al/lam ellar structure because of the unknown extent of freezing 
processes and /or preparative artifacts. There do, however, seem to be less 
individual fibrils present in the oedematous case (figure 4.26). This could 
well be due to aggregation of collagen fibrils, possibly facilitated by the 
reduced num ber of collagen-associated proteoglycans leading to lower 
negative charge on adjacent fibrils, The m ajority of the extra stromal 
water seems to be located in the posterior portion of the stroma. The 
presence of collagen-free areas, especially in the posterior stroma, is so 
extensive that it seems that, even if a proportion of these are an 
artifactual response to freezing, the oedematous strom a could well contain 
its extra strom al water as a “lake” system or network.

Transmission electron micrographs of the oedematous stromas treated 
with Cuprolinic blue demonstrated reduced proteoglycan staining and a 
disproportionately high association of proteoglycan filaments with the 
‘d /e ’ collagen staining bands. In all connective tissues so far studied in 
this way, the ‘d /e ’ zone is the attachm ent site for chondroitin/derm atan 
sulphate proteoglycans while the keratan sulphate proteoglycans associate 
with the ‘a ’ or ‘c’ bands (Scott & Haigh, 1988a). Therefore, a depletion of 
keratan sulphate proteoglycans in the oedematous strom a is indirectly 
inferred. Large Cuprolinic blue stained filaments, observed mainly in 
collagen-free areas (figures 4.28 and 4.29), could well represent 
proteoglycan aggregates. Even though the glycosaminoglycan digests were 
not conclusive, comparison with the macular corneal dystrophy work 
added to the reduced keratan sulphate content of the oedematous corneas 
suggests th a t chondroitin/derm atan sulphate proteoglycans are involved. 
Micrographs from the areas of the oedematous strom a which demonstrate 
D-periodic affiliation of proteoglycans with collagen also bear a striking 
resemblance to micrographs of keratanase-incubated rabbit strom a which
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had been treated with Cupromeronic blue (Scott & Haigh, 1985a). The 
keratan sulphate proteoglycans in the rabbit cornea had been digested 
away leaving chondroitin/ derm atan sulphate proteoglycans to take up the 
stain. It is not clear why various glycosaminoglycanase digests of the 
oedematous strom a did not reveed a significant difference in the 
proteoglycan population. Perhaps, on this occasion, the enzymes failed to 
fully penetrate the tissue. There is an inherent problem with 
glycosaminoglycan digestions of cornea, in tha t if there is an obvious 
difference between the enzyme digested tissue sample and its control, then 
it can be assumed tha t the enzyme has worked. However, if the reverse 
occurs, and there is no obvious difference, no absolute conclusions can be 
drawn about the content and structure of the sample since there is no way 
of knowing, for certain, if the enzyme was able to penetrate the tissue.

In the analysis of the meridional intensities from macular comeal 
dystrophy stromas it was concluded that normal comeal collagen has more 
of its binding sites occupied by proteoglycans since its meridional orders 
eure more greatly modified by Cuprolinic blue staining. Extrapolating this 
hypothesis, and taking into account the fact that staining oedematous 
corneaa with Cuprolinic blue results in no significant change to the 
meridional intensities, allows us to infer that the binding of stain to the 
proteoglycans associated with the collagen in oedematous corneas is 
severely reduced. This may be due to the removal of proteoglycans from 
their normal binding sites or to a reduced stain-binding capacity, 
although it is difficult to envisage how the latter could come about. Meek 
et al. (1986) have shown that in bovine cornea only a small proportion of 
the proteoglycans are regularly associated with the collagen. Previous 
reports have shown a glycosaminoglycan depletion in oedematous corneaa 
(Anseth, 1969; Cintron, 1989; Kangas et al., 1990) but have not indicated 
from where the glycosaminoglycans have been lost. The fact tha t the 
meridional orders exhibit no significant change when stained with 
Cuprolinic blue clearly demonstrates that the missing proteoglycans 
include a significant proportion of those which were originally associated
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with the collagen fibrils. Evidence exists for the preferential loss of 
keratan sulphate proteoglycans from the oedematous strom a (Cintron, 
1989; Kangas et al., 1990). Some of the transmission electron micrographs 
of oedematous corneas obtained in this study suggested tha t a larger 
proportion of chondroitin/derm atan sulphate proteoglycans remain bound 
to the collagen. The meridional X-ray diffraction results from oedematous 
hum an corneas do not preclude this suggestion but reveal that the 
reduction in chondroitin/derm atan sulphate proteoglycan binding is not 
negligible. If a large percentage of chondroitin/derm atan sulphate 
proteoglycans had remained bound to the collagen then a noticeable 
alteration in the meridional intensities would have been expected due to 
the periodic nature of the chondroitin/derm atan sulphate collagen 
association. One hypothesis is that oedematous corneas lose both keratan 
sulphate and chondroitin/derm atan sulphate proteoglycans due to leakage 
caused by the infiltration of water. However, a larger proportion of 
chondroitin/ derm atan sulphate proteoglycans remain, possibly due to 
their stronger binding to the collagen (Gyi, 1988) and /or faster turnover 
rate of chondroitin/derm atan sulphate proteoglycans which occurs in 
oedematous corneas (Anseth, 1969).

The meridional intensities from the fixed, unstained, control oedematous 
corneas are not the same. Since by far the biggest difference between the 
control da ta  sets is th a t of the first order meridional intensity, it seems 
that the m ajor difference in the electron density of the corneas is in the 
region of the step between the gap and overlap zones. This could be due 
to a different response to the fixation process, although this seems 
unlikely. Extraction of a collagenous component from the gap zune of 
bovine corneal collagen renders the first order meridional intensity more 
intense (Wall et al., 1988). It is possible that a similar process is 
occurring, in varying degrees, in the oedematous stromas, caused by the 
infiux of the extra water.

The data  for the intermolecular separation of collagen in oedematous 
corneas (table 4.15) demonstrate a small, but not significant, increase in
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four out of seven cases. Similarly, the intermolecular separation in bovine 
stromal collagen has recently been shown to increase by only about 6% 
between H=3.2 and H=5 when the corneas are swollen in vitro (Meek et 
al., 1991). This is in line with work by Kaye et al., (1982) who suggested 
tha t swelling of individual fibrils in oedematous corneaa did not occur. 
The intermolecular spacing is restricted to a maximum of about 1.9nm, in 
bovine and humsm corneal collagen, probably because of the extension of 
intermolecular cross-hnks. Reduced keratan sulphate levels within 
oedematous stromas may contribute to the slight increase in 
intermolecular spacings noticed in some of the oedematous corneas. 
Collagen fibrils from hum an articular cartilage exhibit higher 
intermolecular separations in areas of the tissue where the extrafibrillar 
proteoglycan concentration is low (Katz et al., 1986). The conclusion 
from the X -ray data presented here is tha t a marginal increa.se in 
intermolecular spacing can occur, probably caused by the fibrils imbibing 
a small proportion of the extra stromal water, and this may lead to a 
small increase in the diameter of the collagen fibrils which is within the 
experimental resolution of the system. The majority of the extra stromal 
water imbibed during oedema, however, does not seem to locate itself 
within the fibrils. It seems reasonable, therefore, to assume that it exists 
in some type of extrafibrillar compartment or “lake” system.

The interfibrillar refiection from oedematous cornea 9 was interesting. 
Obtaining the refiection called for an exposure tiriie which was an order of 
magnitude greater than that required for the corresponding refiection 
from other corneas. The fact th a t the fibrillar u ltrastructure of this cornea 
is very weakly diffracting suggests that, compeired to other corneas, some 
of the order has been lost. Also the fact tha t the reflection is very diffuse 
points to the presence of a diffracting structure which is highly disordered. 
The picture, then, is one of an extracellular m atrix with collagen fibrils in 
disarray due to the infiux of water. However, specimen 5, which w e l s  more 
hydrated, did not produce an interfibrillar ring that implied such a great 
deal of structurEd disruption. If we assume that all the extra water
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imbibed by cornea 5 is homogeneously distributed between the fibrils, the 
volume increase of a unit cell would be substantially greater than  the 
results imply. It can therefore be concluded tha t most of the water goes 
into “lakes” . Two main types of stromal swelling can now be envisaged. 
The formation of large (mostly interlamellar) “lakes” would leave 
considerable parts of the extracellular m atrix relatively undisturbed and 
able to produce an X-ray diffraction pattern  (as seems to be the case in 
oedematous cornea 5). A less heterogeneous distribution of water would 
lead to  the occurrence of many more small (mostly intralamellar) “lakes” , 
the separation of adjacent fibrils and hence a more widespread stromal 
disruption. This structure would be more weakly diffracting (as seems to 
be the case in oedematous cornea 9). Both types of disruption seem to 
occur, to a greater or lesser extent, in oedematous corneas. At present it 
is not clear why one type predominates in a particular specimen since the 
basis of cohesive strength of the corneal lamellae is still poorly understood 
(Maurice & Monroe, 1990). The idea of various sized stromed “leikes” in 
oedematous corneas, arrived at by considering the X-ray diffraction 
evidence, is reinforced by the electron microscopical observations of the 
swollen extracellular m atrix (figures 4.25, 4.28) and 4.29).

The average diameter of collagen fibrils in the strom a (table 4.14) is not 
significantly changed in oedematous cornea 5 and cornea 4, which possibly 
had dried down slightly from its oedematous state prior to the 
investigation. The suggestion that cornea 4 had become slightly 
dehydrated by losing water from its interfibrillar space and not its 
intredibriHar space need not be a paradox. A recent study (Meek et al., 
1991) dem onstrated that the corneal strom a swells initially by imbibing 
water into the fibrils themselves, and only when the fibrils are fully 
hydrated does water go exclusively into the interfibrillar space. This 
preferential retention of stromal water within the fibrils would explain the 
apparently contradictory findings from cornea 4.

The immunochemical identification of glycosaminoglycans in corneal 
tissue from a normal human is in line with previous studies (Klintworth et
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al., 1986). The bisection of the cornea indicates that the posterior section 
contains less keratan sulphate than does the anterior portion. This is 
contrary to the observation of a posteriorly increasing keratan sulphate 
gradient within the bovine cornea (Anseth, 1961, Bettelheim & Goetz, 
1976; Castoro et al., 1988) and the hypothesis that keratan sulphate is the 
glycosaminoglycan which is preferentially synthesised in conditions of 
restricted oxygen supply (Scott & Haigh, 1988b). It should be 
remembered however, that the bisection of the cornea into anterior and 
posterior sections was not exact and invariably differed from cornea to 
cornea. The discrepancy with previously published work could also be 
explained by the fact that the present analysis is measuring the keratan 
sulphate epitope and not absolute keratan sulphate mass. The possibility 
cannot be ruled out that there axe keratein sulphate proteoglycans present 
in the posterior portion of the normal cornea which, for some reason, 
contain keratan sulphate side chains which are less antigenic than those in 
the anterior portion. Possible reasons for this reduced antigenicity include 
shorter, or less highly sulphated, keratan sulphate side chains. The 
technique used to quantify chondroitin sulphate levels contains no such 
dependence on antigenicity. The reduction of the keratan sulphate levels 
occurs in all four of the whole thickness sections of oedematous cprneaa. 
The reduction of the ratio of comeal keratem sulphate to chondroitin 
sulphate in various oedematous corneas (Klintworth et al., 1986) cein now, 
based on the results presented in this thesis, be attributed specifically to a 
reduction in keratan sulphate content with constant chondroitin sulphate 
levels.
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5.5 Scheie’s Syndrom e

I was fortunate that the opportunity arose to briefly examine a Scheie’s 
syndrome cornea. Fortunate on two counts; firstly because of the rarity 
(estimated 2 live births per million) of the condition and secondly because 
the disorder (deficiency of a-L-iduronidase) conceivably lent itself well to 
investigation using Cuprolinic blue. The specimen had been the subject of 
a previously published ultrgLstructured anEilysis (Zabel et al., 1988) and, 
not surprisingly, some of the findings echo the previous ones. The 

previous work did not, however, employ Cuprolinic blue staining. 
Disruptions of the collagen architecture, similar to those observed here, 
were reported (Zabel et al., 1988). The presence of fibrous long-spacing 
collagen in the Scheie’s syndrome strom a supported the observations of 
others (Tabone et al., 1978; Zabel et al., 1988). Zabel and colleagues 
(1988) further postulated th a t the existence of fibrous long-spacing 
collagen in the comeal strom a is unique to Scheie’s syndrome; indeed I 
have not observed it in any other pathologic stroma. Also postulated by 
Zabel et al., (1988) was the existence of 39nm diameter collagen fibrils in 
the Scheie’s syndrome stroma. My electron microscopical investigation 
did not reveal any such stm ctures, although maybe a more extensive 
study would. Equatorial X-ray diffraction would not be expected to 
identify such fibrils unless they were very populous within the stroma. 
Zabel et al, (1988) reported collagen fibrils (measured in the transmission 
electron microscope) to have diameters in the range 21-24nm. The 
authors contrast their values to a normal range of diameters, quoted as 
24-28nm (Kenyon et al., 1972) and seem to suggest tha t their value is 
abnormally low. This evidence, however, does not seem to conclusively 
show that the m ajority of the collagen fibrils in the cornea of a Scheie’s 
syndrome patient Eure thinner than normal. Firstly the diameter ranges 
appear to overlap, smd, more importantly, the diEuneter of collagen fibrils 
in the transmission electron microscope is dependant upon the type of 
processing used; for exsunple it ha.8 been reported as ~25-26nm  (Jakus,
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1954) and, more recently, ~22-24nm  (Craig & Parry, 1981).

The extracellular m atrix of this specimen was reported to contedn 
deposits of electron dense m aterial (Zabel et al., 1988) although no 
suggestion was made as to its possible identity. This ‘storage 
m aterial’(figure 8; Zabel et al., 1988) appeared diffuse and relatively 
homogeneous. The deposits observed in this study were much denser and 
well defined (figures 4.34 and 4.35); they appeared to be different entities 
to those observed by Zabel et al. (1988). The overall impression gained 
from the micrographs (including figures 4.34 and 4.35) wets tha t the 
darkly-stained m aterial was, at leeist in pcirt, the cause of the stromal 
disruption. The possibility exists th a t these dense deposits represent the 
excessive chondroitin/derm atan sulphate material, which accumulates in 
the Scheie’s syndrome cornea, and has, for some reason, condensed and 
taken up the tungstate enhanced-Cuprolinic blue stain. These deposits 
appear different to  the large chondroitin/derm atan sulphate deposits 
present in macular dystrophy corneas which are assumed to be 
proteoglycan aggregates. This difference could come about because there 
is possibly a greater excess of chondroitin/derm atan sulphate 
glycosEtminoglycan in Scheie’s syndrome corneas than macular dystrophy 
corneas. This might be expected since the former is a storage defect due 
to the deficiency of a catabolic enzyme, whilst the latter is a storage 
deficiency of an anabolic (keratan sulphate related) enzyme which leads to 
possible oversulphation of chondroitin derm atan sulphate. There is no 
evidence of an a-L-iduronidase defect in macular corneal dystrophy.
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Chapter 6

C onclusions

The intention, at the beginning of this project, was to establish a general 
u ltrastructural picture of the normal humem corneed stroma, and to 
observe any aberrations which accompany the reduction in transparency 
in specific ocular disorders. I will briefiy outline what I believe to be the 
more interesting developments during the course of the study.

It has been demonstrated tha t the intim ate relationship between collagen 
fibrils and proteoglycan macromolecules in the corneal stroma, when 
disturbed, has a profound effect of the ability of the tissue to function 
correctly. Of course, it is not possible, on the basis of these studies alone, 
to conclusively decide if the observed alterations in the 
proteoglycan-collagen arrangement are a cause of the disruption or an 
effect due to deformation of the extracellular m atrix by unrelated 
processes. Of the two main pathologies investigated, it appears tha t the 
existence of proteoglycan abnormalities in the strom a is the initial cause 
of stromal disruption in one case and the effect of an unrelated process in 
the other.

It seems, from prior knowledge of the pathology of macular comeal 
dystrophy, tha t it is a condition in which the prim ary proteoglycan defect 
(abnormal synthesis of keratan sulphate proteoglycans) eventually leads 
to the clinical symptoms of the disease. This, I think, has long been
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assumed. However, this study haa demonstrated tha t the abnormalities in 
the keratan sulphate proteoglycans may not be directly responsible for the 
stromal disruption, and tha t abnormalities in the chondroitin/derm atan 
sulphate proteoglycans are just as, if not more, widespread. The fact that 
some mammalian corneas retain their transparency without any stromed 
keratan sulphate (Scott & Haigh, 1988b) suggests that the 
chondroitin/derm atan sulphate proteoglycans may play the greater role in 
influencing fibrillar architecture. The chondroitin/derm atan sulphate 
defect, in macular dystrophy, (abnormal distribution, oversulphation and 
aggregation) may therefore be a m ajor cause of stromal disruption. The 
chondroitin/derm atan sulphate defect may eventually be shown to be a 
result of the undersulphation of keratan sulphate proteoglyceins via a 
feedback mecheinism. Nevertheless, it still represents a very im portant 
stage in the chain of events leading to the opacification of macular 
dystrophy corneas, a stage which has, to date, been underrated. The 
presence of large chondroitin/derm atan sulphate proteoglycans (along 
with a lack of keratan sulphate) in healing scar cornea (Hassell et al., 
1983) offers an interesting, alternative, explanation of the ultrastructural 
stromal manifestations in macular dystrophy. It may be the case tha t the 
macular dystrophy strom a is being disrupted by “unknown” factors and 
the presence of large eunounts of large chondroitin/derm atan sulphate 
proteoglycans indicates the cornea is “working overtime” in order to 
facilitate repair. The proteoglycan defects in the strom a of oedematous 
human corneas are almost certainly the result of the stromal infiux of 
water. The data  suggest that the chondroitin/dermatein sulphate 
proteoglycEins are more strongly bound to the collagen than the keratan 
sulphate proteoglycans. The results seem to demonstrate the hmitations 
of the stromal proteoglycans in ultimately preserving the architecture of 
the corneal strom a in the face of adversity.

The equatorial X-ray diffraction data, from the oedematous stromas, 
demonstrated the existence of various sized collagen-free “lakes” . This 
was supported by the sceinning and transmission electron microscopical

157

Vv .



observations, although it should be remembered that the specimens were 
stored frozen and may have been susceptible to stromal deformations due 
to ice crystal formation. The suspicion of reduced corneal keratan 
sulphate associated with oedema, based on transmission electron 
microscopy, was reinforced by the immunochemistry. It was edso very 
interesting to occasionally see large proteoglycans in collagen-free areas 
within the oedematous stroma. These observations possibly represent 
another case of chondroitin/derm atan sulphate aggregates in a 
pathological corneal stroma. The additional observation of 
chondroitin/derm atan sulphate possibly deposited in the strom a of the 
Scheie’s syndrome cornea, added to the fact tha t it has recently been 
reported to forài aggregates in the corneal stroma of patients with 
Reis-Bücklers’ dystrophy (Chang et al., 1991), emphasizes its importance 
in the scheme of things.

6.1 Future Work

This study is not complete. Much interest remains in this field and there 
are several obvious aspects which deserve greater investigation.

The meridional X-ray diffraction intensities from Cuprolinic blue stained 
normal hum an cornea and the unstained controls could be analysed to 
obtain the axial electron densities, and hence specifically locate the 
proteoglycans in the tissue. The analysis could be preceded by incubation 
of the tissue with specific glycosaminoglycanases to differentiate between 
the proteoglycan populations. This analysis would require derivation of 
the appropriate phases.

The keratan sulphate proteoglycans should be located, possibly by 
immunoelectron microscopy, either within the oedematous strom a or at 
its boundaries.

A clinico-pathologic study could be initiated, where the ultrastructure of
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the opaque versus cloudy areas within a macular dystrophy cornea could 
be compared. It would also be interesting to histologically observe 
cartilage and /o r tendon (if they became naturally available) from a 
macular dystrophy patient to see the extent of the proteoglycan 
abnormalities throughout the body. Biochemical techniques need to be 
implemented to decide if the chondroitin/derm atan sulphate 
proteoglycans in macular corneal dystrophy actually do self-associate and 
elucidate the mechanism of aggregation. Immunolabelling of the core 
protein of keratan sulphate should be carried out (possibly in conjunction 
with .Cuprolinic blue staining) in the case of macular dystrophy in order 
to observe its distribution, and shed light on the suggestion that it can 
exist in deposits with the abnormal keratan sulphate proteoglycans. 
Glycosaminoglycan digests of fresh macular dystrophy corneas need to be 
performed before the high-angle X-ray diffraction pattern  is obtained to 
try  and establish what structures axe responsible for the presence of the 
“extra’* reflections. This will present slight problems due to the need for a 
whole thickness cornea sample to be placed in the beam and the 
questionable penetration of the enzyme. It would, presumably, be obvious 
if the enzyme had worked but not if it hadn’t. One could, therefore, not 
confidently discount a proteoglycan structure as the origin of the 
reflections.
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Chapter 7

Publications

This research has led directly to the publication of five papers and five 
refereed abstracts. In addition, one meuiuscript is currently under 
consideration.

Papers

Quantock, A.J. & Meek, K.M. (1988) Axial electron density of human 
scleral collagen: location of proteoglycans by X -ray diffraction. Biophys. 
J., 54, 159.

Meek, K.M., Quantock, A.J., Elliott, G.F., Ridgway, A.E.A., Tullo, A.B., 
Bron, A.J. & Thoneu", E.J-M .A . (1989) Macular comeal dystrophy: the 
macromolecular structure of the stroma observed using electron 
microscopy and synchrotron X -ray diffraction. Exp. Eye Res., 49, 941.

Quantock, A.J. & Meek, K.M. (1990) Proteoglycan distribution in the 
corneas of individuals with bullous keratopathy. Biochem Soc. Trans., 18, 

958.

Quantock, A.J., Meek, K.M., Ridgway, A.E.A., Bron, A.J. & Thonar, 
E .J-M .A . (1990) Macular corneal dystrophy: reduction in both corneal 
thickness and collagen interfibrillar spacing. Curr. Eye Res., 9(4), 393.
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E .J-M .A  I (1991) Alteration of the stromal architecture and depletion of 
keratan sulphate proteoglycans in oedematous hum an corneas: 
Histological, immunochemical and X-ray diffraction evidence. Tissue and 
Cell (in press)

Refereed Abstracts

Quantock, A .J., Meek, K.M. & Wall, R.S. (1988) Collagen-proteoglycan 
interactions in pathological corneas. Proc. Int. Soc. Eye Res. Vol. V, 30.
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