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ABSTRACT

This thesis is a detailed investigation of the pathology of the iridocorneal-endothelial 
syndrome.

The clinical features of this disease are a “hammered-silver” appearance of the 
comeal endothelium, comeal failure, glaucoma, multiple iris nodules and progressive iris 
destmction. Specular photomicroscopy of the comeal endothelium has shown a unique 
population of abnormal cells, called “ICE-cells”, which are believed to be of central 
importance in this disorder.

Ultrastmctural examination of keratoplasty and trabecular meshwork specimens from 
patients with the iridocomeal-endothelial syndrome demonstrated cells with epithelial 
features which were named “epithelial-like cells” and postulated to be the histological 
equivalent of the ICE-cell.

The origin of epithelial-like cells was investigated by using light and electron 
microscopic immunocytochemistry to identify the differentiation markers they express. 
Comparison with normal comeal tissues showed that epithelial-like cells express the same 
differentiation markers as normal limbal epithelial cells.

These findings suggest that the epithelial-like or ICE-cells arise from an 
embryological ectopia of ocular surface epithelium. Altematively, they may represent a 
metaplastic response of comeal endothelial cells to an unknown stimulus.

The morphology and composition of Descemet’s membrane in the iridocomeal- 
endothelial syndrome were investigated.

In the majority of specimens ultrastmctural examination demonstrated a posterior 
collagenous layer, a region of abnormal basement membrane containing lattice-material 
(wide-spaced collagen) and microfibrils, located between the endothelial cells and 
Descemet’s membrane proper. Electron microscopic immunocytochemistry and 
histochemistry showed that the abnormal lattice-material contains collagen Type VIII 
whilst collagen Types I, III, IV, V and VI, fibronectin, tenascin and oxytalan are 
components of microfibrils.



PREFACE

This thesis is one of the first detailed investigations of the cellular and basement 
membrane pathology of the iridocomeal-endothelial syndrome.

The characteristics of the “ICE-cell”, whose nature has hitherto been largely 
enigmatic, are described. These are amongst the first observations to provide firm 
evidence for the aetiology of this disease.

This is the first systematic investigation of the morphology and composition of 
Descemet’s membrane in the context of the iridocomeal-endothelial syndrome. 
Furthermore, the techniques of electron microscopic immunocytochemistry had not been 
applied to human Descemet’s membrane prior to the commencement of this thesis.
The results are the first to identify the composition of the lattice-material (wide-spaced 
collagen) of human Descemet’s membrane. They are also the first to demonstrate the 
presence of P component and to show that there are subtle regional differences in the 
distribution of fibronectin.

The work described here is my own except for assistance I received from Ms Pina 
Sonnino and Mr Robert Fletcher in cutting thick sections for light microscopic 
immunocytochemistry. It has not been previously submitted for a degree or diploma to 
this or any other examining body.
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Figure 36. Scanning electron micrograph of epithelial-like cells demonstrating a crater- 
like depression in the cell surface and a bleb with a less convoluted surface than those 
shown in Figure 35. Fewer microvilli are present than on other epithelial-like cells.

ICE syndrome cornea number 22.

Figure 37. Scanning electron micrograph of the boundary zone (arrow) between 
epithelial-like and normal-appearing cells in a specimen with the subtotal-ICE pattern of 
cell distribution.

The epithelial-like cell at the boundary zone shows a cluster of tall microvilli.
ICE syndrome cornea number 14.

130



7m

Fig.36

&mm
i f

Fig.37



ABBREVIATIONS

ABZ
ABC technique
APES
ATP
BSA
CK
DAB
DCM
DM
EMA
ESP
Gly
ICE syndrome
IFM
mRNA
PBS
PNBZ
PPD
RTW
TBS
w/v
v/v

anterior banded zone 
avidin-biotin-complex technique 
aminopropyltri-ethoxysilane 
adenosine triphosphate 
bovine serum albumin 
cytokeratin 
3 ’-diaminobenzidine 
dehydrate, clear and mount 
Descemet’s membrane 
epithelial membrane antigen 
endothelial specular photomicroscopy 
glycine
iridocomeal-endothelial syndrome 
interfacial matrix 
messenger RNA 
phosphate buffered saline 
posterior non-banded zone 
posterior polymorphous dystrophy 
running tap water 
tris-buffered saline 
weight-to-volume 
volume-to-volume
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(1) THE CORNEAL ENDOTHELIUM IN HEALTH
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(l).l EARLY DESCRIPTIONS

The first description of the comeal endothelium was by the English ophthalmologist 
Benedict Duddell who lived between 1695 and the 1760’s. In a book entitled “A Treatise 
of the Diseases of the Homy-Coat of the Eye, and the Various Kinds of Cataracts” 
(Duddell 1729) published in 1729 (Figure 1), Duddell noted several “parallel laminae” 
within the cornea which were visible to the naked eye. However credit for the discovery 
of the comeal endothelium is usually awarded to the French physician and 
ophthalmologist Jean Descemet (1732-1810). Descemet’s name was originally applied 
eponymously to both the cells and basement membrane of the comeal endothelium but it 
now describes only the latter.

In his treatise “An Sola Lens Crystallina Cataractae Sedes?” (Figure 2), presented at 
the Faculty of Medicine of the University of Paris in 1758, Descemet (Descemet 1758) 
wrote:-

“Dedicated to God, the Three and One, to the Virgin Mother of God and to St. Luke
the Patron of Orthodox Physicians Medico-surgical question to be discussed in the
morning in General Disputations in the medical schools on Thursday 23rd February 1758. 

Is the crystalline lens the only seat of cataract ?
For the varying nature of the objects on which the mind can be fixed the Supreme 

Creator has with singular skill constructed a variety of organs of the senses in man;
among these the organ of vision always excites admiration......

It is called the sclera where it is opaque and thicker and the cornea where it is 
transparent and less thick. A thin membrane which shows itself conspicuously is called
the choroid. I t  progresses, being very diaphanous and elastic, to the concavity of the
comea which it covers and to which it adheres from the region of the pupil it is
altogether free and should be called the membrane of the aqueous humour.”

In a footnote Descemet added:- “It is remarkable that there is no mention of the 
anterior part of this membrane by Morgagni, Winslow and Ruysch. It would be even 
more remarkable if it had escaped all the anatomists, but those most observant anatomists 
MM. Ferrein and Petit claim to have seen something of the kind. The former described it 
as a pellicule, the latter says that in the newborn who have with difficulty come to the 
breath of light he has seen a membrane swollen with much blood. But 1 believe that 1 am 
the first to have seen where it comes from and to where it goes.”

The Frenchman Desmours discovered the comeal endothelium independently in 1767. 
He was unaware of Descemet’s work and an acrimonous dispute which lasted several 
years ensued (Graefe and Saemisch 1877). Graefe records that Descemet had the better 
of the argument “DESCEMET (sic) das letzte Wort behielt”.
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Figure 1. The title page of “A Treatise of the Diseases of the Homy-Coat of the Eye, and 
the Various Kinds of Cataracts” by Benedict Duddell, published in 1729, in which the 
comeal endothelium was first described.

Reproduced by kind permission of the Wellcome Institute of the History of Medicine.
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Figure 2. This is the title page of the thesis, “An Sola Lens Crystallina Cataractae 
Sedes?”, in which Jean Descemet’s independent discovery of the comeal endothelium 
was reported in 1758. According to contemporary practise, Descemet’s name appeared on 
the final rather than the title page.

Reproduced by kind permission of the Wellcome Institute of the History of Medicine.
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(1).2 EMBRYOLOGY

“During development of the vertebrate eye, a large number of tissues assemble in
time and space to form an organ Understanding this process is important because it
 brings into focus the specific times during embryonic life at which particular tissues
are at hazard to a range of disrupting influences” (Coulombre 1969).

(1).2.1 Derivation.
Experiments on avian embryos show the comeal endothelium to be of neural crest origin 
(Johnston etal. 1979).

(1).2.2 Development.

The following events occur during early ocular development (Wulle and Lerche 1969; 
Wulle 1972; Wulle etal. 1974):- at six weeks of gestational age the lens vesicle has 
separated completely from surface ectoderm. Migration of mesenchymal cells forms the 
comeal stroma at week seven; prior to this, presumptive comeal endo- and epithelia are in 
direct contact with each other (Figure 3). Formation of DM begins at week eight at which 
time presumptive comeal endothelium forms a cellular monolayer and the comeal stroma 
contains fibroblasts surrounded by extracellular matrix.

(1).3 MORPHOLOGY AND FUNCTION 

(1).3.1 Gross Anatomy.

The comeal endothelium is the posterior or inner surface of the cornea, the transparent 
organ which constitutes the principal refracting element of the eye (Figures 4 and 5). It is 
a simple squamous epithelium forming a monolayer of flat cells attached on their basal 
(anterior) side to a basement membrane called Descemet’s membrane (DM). The apical 
(posterior) cell surface is in contact with aqueous humour (Jakus 1961; Hogan etal. 1971; 
Svedbergh and Bill 1972; Ringvold etal. 1984; Sherrard and Ng 1990).
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Figure 3. Transmission electron micrograph of developing human cornea at seven weeks 
gestational age, demonstrating the proximity of the presumptive endothelial and epithelial 
layers.

EP = comeal epithelium, EN = corneal endothelium, LE = lens epithelium.
Reproduced in modified form with the permission of the editor of Investigative 

Ophthalmology and Visual Science from Wulle etal. 1974. The legend originally used 
for this Figure:- M = mesenchymal cells (i.e comeal endothelium), Ec = surface 
ectoderm (i.e. comeal epithelium), 7. w = seven weeks old comea, arrow points to an 
intercellular junction. Scale bar represents 1 pm.
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Figure 4. Drawing of ocular anatomy relevant to this thesis and the anterior-posterior axis
used to define the position of comeal tissues.

Endothelium & epithelium; the corneal endothelium and epithelium respectively.
Limbus; the limbus is the narrow transitional zone between the peripheral comea and the 

sclera. Histologically, the limbus is defined as the region between a plane joining the 
peripheral termination of DM posteriorly and Bowman’s layer anteriorly and another 
plane which passes perpendicularly through the sclera, the two planes being separated 
by 1.5 mm. The trabecular meshwork forms its intemal surface and the epithelium of 
the limbus its extemal surface.

Corneal stroma; the region between the epi- and endothelia, which constitutes the bulk of 
comeal thickness and includes Bowman’s layer at its junction with the epithelium.

Aqueous humour; the fluid which fills the anterior chamber of the eye.
Iris; the iris is close to the limbus (and therefore to the trabecular meshwork) and the 

comeal endothelium.
ANTERIOR and POSTERIOR’, the arrows indicate the axis used to describe the location 

of comeal tissues in this thesis.
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Figure 5. Light micrograph of normal comea.
1 = comeal endothelium (cellular and basement membrane layers), 2 = comeal 

stroma, 3 = Bowman’s layer, 4 = comeal epithelium.
Toluidine blue-stained thick section of Lowicryl K4M-embedded tissue. 
Normal cornea number 3. Magnification x 80.
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(1).3.2 Ultrastructural Anatomy.

This description refers to the human.
The endothelium (Jakus 1961; Svedbergh and Bill 1972; Davies etal. 1976) forms a 

mosaic of polygonal, mostly hexagonal cells. There are between ten and forty microvilli 
and sometimes a central cilium. The surface “bulge” on each cell is probably from the 
underlying nucleus; this is presumably an artifact of critical point drying as it is only 
seen by scanning electron microscopy (Jakus 1961; Hogan etal. 1971; Virtanen etal. 
1984). There is a glycocalyx of mucopolysaccharide including hyaluronic acid (Schroder 
and Sperling 1977; Jacobsen and Sperling 1978; Sperling and Jacobsen 1980; Carreras et 
al. 1992).

Lateral cell borders follow a tortuous antero posterior route (Jakus 1961; Hogan etal. 
1971; Sherrard and Ng 1990). Intercellular junctions consist of “zonulae occludens (tight 
junctions) at the cell apex and infrequent maculae occludens and maculae adhaerens” 
(Hogan etal. 1971). Numerous short filopodia overlap at the apical intercellular border 
giving a zigzag appearance to this region (Hogan etal. 1971; Svedbergh and Bill 1972; 
Davies et al. 1976; Sherrard and Ng 1990), which has been described as a “marginal 
fold” (Hogan etal. 1971).

The cytoplasm (Jakus 1961; Hogan etal. 1971) is rich in organelles such as pinocytic 
vesicles, mitochondria with longitudinally arranged christae, Golgi body, lysosomes, 
rough and smooth endoplasmic reticulum and free ribosomes. There is an apical 
“terminal web” of filaments and an oval nucleus approximately seven pim in greatest 
diameter.

The cells of the comeal epithelium and endothelium have been described as 
“distinctly different in their fine structure. The cytoplasmic filaments so prominent in the 
epithelial cells have been seen in the endothelium only near the limbus, and even here 
they were not present in abundance. In the epithelium, they appear to fill every part of
the cell not occupied by the nucleus or cytoplasmic inclusions The endothelial cells
also lack the profusion of finger-shaped processes and desmosomes of their ectodermal 
(i.e. comeal epithelial) counterparts” (Jakus 1962).

(1).3,3 Function.

The function of the comeal endothelium is to actively transport fluid and solutes derived 
from aqueous humour out of the comeal stroma (Klyce and Beuerman 1988). This 
counteracts the combined tendancy of the stroma to draw fluid into itself and of 
intraocular pressure to drive fluid into the stroma.

Any disorder which compromises the comeal endothelium leads to comeal oedema 
and eventually to comeal scarring and failure (Miller and Krachmer 1988).
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(1).4 DIFFERENTIATION MARKERS

(1).4.1 Definition Of The Term “Differentiation M arker”.

The term “differentiation” indicates a specialised phenotype such as that of epithelium, 
nerve or muscle. A cells phenotype results from the summed actions of the repertoire of 
substances expressed by its genome. Those substances necessary for cell specialisation 
may be detected by immunocytochemical or other techniques and serve as differentiation 
markers.

(1).4.2 Intermediate Filaments.

(i) General principles of intermediate filament structure, function and distribution.

Intermediate filaments (Goldman etal. 1990) are ubiquitous components of eukaryotic 
cells, comprising a family of proteins traditionally described according to the cell type in 
which they are found; cytokeratins (CKs) in epithelial cells, vimentin in mesenchymally- 
derived tissue, desmin in muscle, glial fibrillary acidic protein in astrocytes and neuro- 
filaments in nerve cells as well as the nuclear lamins in the nuclear membrane of all cell 
types.

Intermediate filament molecules consist of two polypeptide chains arranged as a 
coiled-coil (Goldman et al. 1990). Intermediate filament peptides are between 40 KDa 
(the CKs) and 130 KDa (neuro-filaments) in molecular weight (Alberts etal. 1989). 
Except for the CKs, intermediate filament molecules consist of two identical polypeptides 
(Goldman etal. 1990). The CKs are much more complex (O’Guin etal. 1990). There 
are 19 distinct CK polypeptides in “soft” epithelial tissues and 5-8 “hard” CKs in hair and 
nails. The soft CKs are divided into neutral-to-basic proteins (numbers 1-8) and acidic 
proteins (numbers 9-19).

Most cells express only one class of intermediate filament. However there are 
exceptions, for example human ciliary epithelium co-expresses vimentin and CKs 
(Osborn and Weber 1983; Kasper etal. 1987; Kasper etal. 1988).

Alignement of intermediate filament molecules forms 10 nm diameter filaments 
which are described as intermediate because they are midway in size between the thin 
actin filaments and thick myosin filaments of muscle cells (Alberts et al. 1989).

Intermediate filaments course through the cytoplasm between the nuclear and plasma 
membranes. Especially thick bundles of intermediate filaments anchored to the plasma 
membrane at desmosomes are called tonofilaments and are characteristic of epithelial 
tissue (Alberts et al. 1989).

Intermediate filament functions include nuclear centration, maintenance of cell shape 
and organisation of intemal cell micro-architecture (Goldman etal. 1990). Their
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diversity and cell type specificity suggest that they may also have functions other than 
those relating to the cytoskeleton.

(ii) The “rules” of CK expression.

CK expression follows certain “rules” (O’Guin etal. 1990):-
(a) CK molecules consist of one acid and one basic polypeptide i.e. they are 

heterodimers.
(b) Specific acidic and basic CKs are often co-expresssed to form a “CK pair” in 

which the basic polypeptide is always 7-11 KDa larger than the acidic chain.
(c) Between two and ten CK polypeptides may be present in any one cell.
(d) CKs are found in all epithelial cells except lens and retinal pigment epithelia and 

the comeal endothelium.
(e) The expression of any particular CK pair is associated with a specific programme 

of epithelial differentiation. CK pair expression is principally related to the phenotype of 
the epithelium (Tseng etal. 1982; Leube etal. 1988; O’Guin etal. 1990). For example 
simple epithelia express the 8/18 pair, stratified epithelia express the 5/14 CK pair which 
is never found in simple epithelia and highly proliferative epithelia express 6/16 or 6/17. 
There is some site-specific influence however. For example the stratified squamous non- 
keratinized epithelium of the comea is characterised by the 3/12 pair whilst similar 
epithelia elsewhere express CKs 4/13.

(f) In general these mles are followed by embryonic, cultured and diseased tissues 
and are common to all species.

(iii) Intermediate filaments as differentiation markers.

Intermediate filaments are useful differentiation markers because they are tissue-specific 
and because expression is maintained in disease states including neoplasia.

The origin of neoplasms of uncertain origin may be investigated with antibodies to 
intermediate filaments (Moll etal. 1982; Osbom and Weber 1983; Cooper etal. 1985; 
Skalli and Gabbiani 1990) For example carcinomas express CKs whilst sarcomas and 
lymphomas usually do not. However de-differentiation of carcinomas may be 
accompanied by a change in CK subtype expression to a pattem appropriate to the de
differentiated state (Moll etal. 1982; O’Guin etal. 1990; Skalli and Gabbiani 1990); for 
example squamous cell carcinomas may continue to express the keratinization-specific 
CK pairs 1/2 or 1/10 but less differentiated tumours may only produce the stratification 
marker pair 5/14 and may even express the simple epithelium-associated 8/18 pair. 
Another example of such a change in CKs in disease states is the expression of the 
keratinization-specific 1/2 or 1/10 pairs by comeal epithelium after it had become 
keratinized because of vitamin A deficiency (Tseng etal. 1984).
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(iv) Intermediate filament expression in the human eye.

Comeal endothelium expresses vimentin (Hayashi etal. 1986; Shamsuddin etal. 1986; 
Risen etal. 1987; Kasper etal. 1988; Weinreb and Ryder 1990).

Comeal epithelium expresses mainly CKs 3, 5 and 12 (Rodrigues etal. 1987; Kasper 
etal. 1988; Ryder and Weinreb 1990; Kiritoshi etal. 1991).

Limbal epithelium expresses mainly CKs 13, 16 and 19 (Rodrigues etal. 1987; 
Kasper etal. 1988; Ryder and Weinreb 1990).

Conjunctival epithelium expresses CKs 4,5, 13, 14, 15 and 19 as its major 
components (Kasper etal. 1988; Ryder and Weinreb 1990).

Trabecular meshwork expresses vimentin (Weinreb and Ryder 1990) .
Ciliary epithelium is unusual in expressesing both vimentin and the 8/18 CK pair 

(Osbom and Weber 1983; Kasper etal. 1987; Kasper etal. 1988).

(v) The significance of CKs 3/12 and 19.

The CK 3/12 pair is is specific for mature, differentiated comeal epithelium as it is 
strongly expressed by all cells of the comeal epithelium and absent from other ocular 
tissues (Rodrigues etal. 1987; O’Guin etal. 1990).

CK 19 is strongly expressed by limbal epithelium and largely absent from comeal 
epithelium (Kasper et al. 1988). CK 19 may therefore be a marker for comeal epithelial 
stem cells which are situated within the epithelium of the limbus rather than in the basal 
cell layer of the comeal epithelium itself (Schermer etal. 1986; Cotsarelis etal. 1989).

(1).4.3 Epithelial Membrane Antigen.

Epithelial membrane antigen (EMA) consists of a family of high molecular weight 
proteoglycans of unknown function (Omerod etal. 1983). In normal tissue EMA is 
found on the luminal surface membrane of most epithelia except squamous epithelia and 
renal proximal tubule epithelium (Heyderman etal. 1979; Sloane and Ormerod 1981). 
There have been no systematic studies of ocular EMA expression.

EMA may be used to identify tissues of epithelial origin (Kloppel and Caselitz 1987). 
Expression (Heyderman etal. 1979; Sloane and Ormerod 1981; Pinkus and Kurtin 1985; 
Pinkus etal. 1986) is generally maintained in inflammatory and neoplastic disorders. 
However some tissues such as squamous epithelia may become positive in neoplasia and 
loss of EMA reactivity sometimes occurs, particularly in anaplastic lesions.
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(1).4.4 Other Differentiation Markers.

Comeal endothelial cells express neuron-specific enolase and S-lOO protein (Hayashi et 
al. 1986; Shamsuddin etal. 1986) but not factor VIII related-antigen (Shamsuddin et al. 
1986).

(1).5 THE MORPHOLOGY OF DM 

(1).5.1 Gross Anatomy.

At the light microscopic level DM is a wide, featureless zone between comeal endothelial 
cells and the stroma which has been described as a “glass membrane” (Jakus 1956).

(1).5.2 Ultrastructural Anatomy.

In the adult human cornea, DM is divided into three zones (Jakus 1956; Laule et al. 1978; 
Murphy et al. 1984a; Marshall etal. 1991b). From anterior to posterior they are:-

(i) A narrow zone termed the interfacial matrix (IFM) which links the two zones 
of DM proper to the underlying comeal stroma. The IFM is itself divided into a thin 
anterior region containing collagen fibrils which are the same diameter (23 nm) but less 
regularly arranged than fibrils in the corneal stroma (Craig and Parry 1981) and 
posteriorly a region containing amorphous material.

(ii) The anterior banded zone (ABZ) between the IFM and the posterior non- 
banded zone. The ABZ is about 3.5 pm wide and is defined by the presence of lattice- 
material (refer to (1).6 for further discussion of lattice-material and to (3).2 for discussion 
of the terminology of extracellular matrix).

(iii) The posterior non-banded zone (PNBZ) lies between the ABZ and the basal 
surface of the corneal endothelial cells. It consists of amorphous extracellular matrix, 
although in aged corneas small quantities of lattice-material and interstitial collagen are 
sometimes observed. The PNBZ is the widest single zone within DM and its thickness 
increases with age, reaching 13 pm in elderly subjects (refer to (I).IO).

(1).5.3 Inter-Species Differences.

There are inter-species differences in the distribution of lattice-material (Jakus 1956). In 
humans it is confined to the ABZ. In cow, frog, tortoise and chicken lattice-material 
occupies all of DM. In mice it is scattered in clumps in an amorphous matrix and in rats 
there is little lattice-material.
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(1).6 THE LATTICE-MATERIAL OF DM 

(1)6.1 Morphology.

DM contains a form of extracellular matrix termed “lattice” (Sawada 1982) or “wide
spaced collagen” (Jakus 1956) (refer to (3).2 for discussion of the terminology of 
extracellular matrix). DM was the tissue in which lattice-material was first observed 
(Jakus 1956).

Lattice-material (Jakus 1956; Sawada 1982) is composed of “nodes” and “rods”.
Each short, broad node is connected to six other nodes by longer, thinner rods. Rods 
radiate from the shafts of the nodes like spokes from a wheel hub (Figures 7 and 8). At 
high magnification nodes are seen to consist of vertically stacked spherical subunits 
which are 27 nm in diameter in the human and 80 nm in the cow. Rods are 10 nm wide 
and 107 nm long in human and 25 nm wide and 120 nm long in the cow.

This arrangement is conventionally described as “hexagonal” although it would 
perhaps be more accurately described as “triangular” (Figure 8).

Lattice-material is orientated in a specific direction since nodes are always aligned 
along the antero-posterior axis of the comea. In ultrathin sections cut along this axis i.e 
perpendicular to the comeal surface, nodes appear upright and spaced about 100 nm apart. 
This is because intemodal distance is about 1(X) nm and ultrathin sections are normally 
less than 100 nm thick, so that only one node is captured within the thickness of the 
section. In the human, rods are difficult to visualise in sections cut in this axis. In 
ultrathin sections cut parallel to the comeal surface, nodes are seen as hexagonal pattems 
of dots connected by rods.

Lattice-material is “embedded” in an amorphous material which fills the space 
enclosed by the nodes and rods.

(1).6.2 Composition And Assembly.

The lattice-material of normal bovine DM has been shown to contain Type VIII collagen 
(Sawada etal. 1990) although its nature in human DM was unknown prior to the studies 
described in this thesis.

How might Type VIII collagen molecules be related to the lattice-material of DM ? 
Individual Type Vni collagen molecules consist of a straight central domain about 132 
nm in lengh with globular domains at either end (Yamaguchi etal. 1991a). Examination 
of the extracellular matrix secreted by corneal endothelial cells in vitro demonstrates large 
dumbbell-shaped structures (Sawada et al. 1984) and at high magnification the nodes of 
the lattice-material in DM are seen to consist of vertically stacked spherical subunits 
(Jakus 1956; Sawada et al. 1990). These data suggest a stmctural hierarchy in which a 
number of Type VIII collagen molecules align to form a large dumbbell-shaped structure, 
the globular regions at the ends of the molecules forming the spheres of the dumbbell and

34



the straight central region forming its bar (Figure 6). Lattice-material is in turn formed 
from the large dumbbell-shaped structures, the dumbbell spheres stacking vertically to 
form nodes which are held in hexagonal register by rods formed by the bars of the 
dumbbells (Figures 7 and 8).

Additional evidence for this mode of assembly is provided by the characteristics of 
monoclonal antibody 9H3 which recognises the collagenous domain of collagen Type 
V ni (Sawada et al. 1990). The collagenous domain of collagen Type VIII corresponds to 
the straight, central region of the molecule. When applied to the lattice-material of 
bovine DM, antibody 9H3 labels the rods. Therefore the rods of lattice-material must be 
formed from the central region of Type VIII collagen molecules. Given the length and 
shape of individual Type VIII collagen molecules it seems likely that the globular regions 
at either end form the spherical subunits of the nodes.

(1).7 THE COMPOSITION OF DM

(1).7.1 Collagen.

(i) Human.

Collagen Type I is present in foetal (Ben-Zvi etal. 1986) but not adult (Newsome etal. 
1981; Ben-Zvi etal. 1986; Tsuchiya etal. 1986; Marshall etal. 1991a) DM.

Collagen Type II is absent (Ben-Zvi etal. 1986; Marshall etal. 1991a).
Collagen Type III is a component of foetal DM (Ben-Zvi et al. 1986); it was absent 

from the adult membrane in most studies (Newsome etal. 1981; Ben-Zvi et al. 1986; 
Tsuchiya etal. 1986) although small quantities have been reported close to the basal 
endothelial cell surface (Marshall etal. 1991a).

Collagen Type IV collagen is a major element (Newsome etal. 1981; Ben-Zvi et al. 
1986; Tsuchiya et al. 1986; Marshall etal. 1991a) and is distributed throughout the ABZ 
and PNBZ (Marshall etal. 1991a).

Collagen Types V and VI are components of the IFM (Marshall etal. 1991b) but not 
DM proper (Tsuchiya etal. 1986; Marshall etal. 1991b).

Collagen Type VIII has been shown by light microscopic immunocytochemistry to be 
present in the anterior region of healthy human DM (Tamura etal. 1991), although the 
resolution attained by this technique was insufficient to examine the composition of the 
lattice-material of the ABZ.

There are no data on the secretion of collagens by human corneal endothelial cells in 
vitro.
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Figures 6 and 7. Diagrams of the suggested assembly of Type VIE collagen into the 
lattice-material found in DM.

Individual Type VIII collagen molecules (Figure 6) twist around each another. The 
globular domains at either end of the molecule associate to form sub-units of the “nodes” 
whilst the twisted linear domains form the “rods”. These formations stack in such a way 
(Figure 7) that the node subunits align to form nodes linked by rods.
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Figure 8. Diagram of lattice-material in the ABZ of DM, Lattice-material forms a sheet in which each node is surrounded by 
six others in an assembly which by convention is described as hexagonal, rather than triangular. The intemodal distance is 
about 100 nm.
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(ii) Cow.

Bovine DM contains collagen Type IV (Laberaieier et al. 1983; Lee and Davison 1984) 
and also collagen Type VIII which forms its lattice-material. (Sawada et al. 1990). It does 
not contain collagen Types I (Labermeier et al. 1983; Lee and Davison 1984), HI (Lee 
and Davison 1984), V (Labermeier et al. 1983; Lee and Davison 1984) or VI (Murata et 
al. 1989).

Comeal endothelial cell cultures secrete collagen Types I (Sankey etal. 1981; Kay 
and Oh 1988), III which is the main collagen (Sankey etal. 1981; MacCallum etal. 1982; 
Sawada et al. 1987; Kay and Oh 1988) and VI (Sawada et al. 1987). Secretion of 
collagen Type IV (MacCallum etal. 1982; Kay and Oh 1988) and Type V was found in 
some studies (Sankey etal. 1981; MacCallum etal. 1982; Kay and Oh 1988) but not 
others (Sankey etal. 1981; Sawada etal. 1987) (Type IV) (Sawadaera/. 1987) (Type V); 
both are probably minor secretion products.

(iii) Rabbit.

Type in  collagen was shown by immunofluorescence between DM and the comeal 
stroma in the adult rabbit (Cintron etal. 1988). Comeal endothelial cells express mRNA 
for collagen Type IV (Yamaguchi et al. 1991b) and secrete it and collagen Type V (Kay 
etal. 1982; Kenney etal. 1983; Kay etal. 1984a; Kay 1986).

(iv) Chicken, rat and sheep.

Adult chick DM contains collagen Type II (Hendrix et al. 1982) but not I (Hendrix et al. 
1982) or V (Linsenmayer etal. 1983). Rat DM contains collagen Type IV (Grant and 
Leblond 1988). Collagen Type VIII has been shown by light microscopic 
immunocytochemistry in sheep DM (Kittelberger etal. 1990).

(1).7.2 Proteoglycans.

Human (Jakus 1956) and Rhesus monkey (Wislocki 1952) DM are periodic acid-Schiff 
positive indicating the presence of glycosaminoglycans. Heparan sulphate proteoglycan 
is a component of human (Morton etal. 1989) and mouse (Schittny etal. 1988) DM but 
is not secreted by bovine corneal endothelial cell cultures (Sawada et al. 1987). Keratan 
sulphate has been shown in 10 week foetal human DM (Hyldahl etal. 1986).

39



(1).7.3 Glycoproteins.

(i) Laminin.

Laminin (Timpl 1989; Yurchenco and Schittny 1990) consists of three polypeptide chains 
linked together to form a large cruciform assembly with a total molecular weight of 
approximately 900 KDa. Laminin is a ubiquitous component of basement membranes 
where it binds to collagen Type IV, entactin and heparan sulphate proteoglycan and 
interacts directly with receptors on cell membranes. Laminin s' functions include 
modulation of cell growth, attachment, spreading and differentiation,

Laminin is a component of human DM (Ben-Zvi etal. 1986; Kohno etal. 1987; 
Horikoshi etal. 1988; Morton etal. 1989; Marshall etal. 1991a) although electron 
microscopic immunocytochemistry showed only a weak signal for laminin which was 
restricted to the region of the PNBZ adjacent to the corneal endothelial cells (Marshall et 
al. 1991a). It is also present in mouse (Schittny etal. 1988) and rat DM (Gordon 1988; 
Grant and Leblond 1988; Gordon 1990), although rat DM has only 5% of the laminin 
content of other rat basement membranes (Grant and Leblond 1988). Laminin is secreted 
into the extracellular matrix basal to cultured bovine comeal endothelial cells 
(Gospodarowiczera/. 1981; Sawada etal. 1987).

The functions of laminin in the specific context of the corneal endothelium are 
unknown. Its secretion in the rat increases when endothelial cell proliferation in utero 
stops (Gordon 1990) and during cell movement following wounding (Sabet and Gordon 
1987; Gordon 1988).

(ii) Fibronectin.

Members of the fibronectin family (Hynes 1990) consist of two disulfide-bonded dimers, 
each of 220-250 KDa molecular weight. Fibronectin is secreted by cells in many 
different tissues and is present in plasma (330 |ig/ml) (Hynes 1990) and aqueous humour 
(9 pg/ml) (Reid etal. 1982). Its diverse functions include modulation of cellular 
adhesion, spreading, migration and differentiation.

Fibronectin has been shown in human (Ben-Zvi etal. 1986; Tervo etal. 1986; Kohno 
etal. 1987) rat (Sramek etal. 1987) and rabbit (Tervo etal. 1986) DM.

The distribution of fibronectin in DM has been examined by immunocytochemistry at 
the light microscopic level with variable results; fibronectin was present on only the 
stromal side of DM (Tervo etal. 1986; Sramek etal. 1987), in a bilaminar distribution 
(Newsome etal. 1981; Ben-Zvi etal. 1986; Frangieh etal. 1989; Morton etal. 1989) or 
was bilaminar in young but evenly distributed within DM from older corneas (Tsuchiya et 
al. 1986; Kohno etal. 1987).

Fibronectin is secreted by cultured bovine corneal endothelial cells (Gospodarowicz et 
al 1979; Sawada etal. 1987; Wilson and Lloyd 1991).
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What is fibronectins’ significance in the context of comeal endothelium ? It is 
synthesised by endothelial cells after experimental wounding (Kay etal. 1982; Sabet and 
Gordon 1987; Gordon 1988). In rats, secretion increases when foetal endothelial cell 
proliferation ceases (Gordon 1990). Fibronectin influences the shape of rabbit comeal 
endothelial cells (Beach and Kenney 1982; Hseih and Baum 1985). It coats the entire cell 
membrane of tissue cultured pre-confluent bovine comeal endothelial cells but is 
sequestered into extracellular matrix on the basal side of the cells after confluency is 
achieved (Gospodarowicz et al. 1979). The basal location of fibronectin in confluent cell 
cultures is associated with restricted mobility of membrane receptors to it (Goldminz et 
al. 1979). These are diverse and correlative findings; one possible inference from them is 
that fibronectin modulates the state of differentiation of comeal endothelial cells.

(1).7.4 Cytokines: Basic-Fibroblast Growth Factor.

Basic-fibroblast growth factor is stored in large quantities in bovine DM (Folkman etal. 
1988).

In vitro, mRNA for it is expressed by human comeal endothelial cells (Wilson and 
Lloyd 1991) and the protein is secreted by bovine cells (Schweigerer etal. 1988). 
Addition of basic-fibroblast growth factor to bovine (Gospodarowicz et al. 1977) and 
feline (Landshman etal. 1987) comeal endothelial cells in vitro markedly increases their 
rate of proliferation.

(1).7.5 Elastic Tissue.

There is no elastin in normal human DM (Alexander and Garner 1977).

(1).S THE FORMATION OF DM

It seems likely that DM is secreted by comeal endothelial cells because as a general rule, 
basement membranes are believed to be secreted by the cells on which they rest (Hay 
1991) and because DM is closer to the endothelial cells than it is to the fibroblasts of the 
comeal stroma which are the only other cells from which it might originate (Murphy et al. 
1984a).

Although turnover of the components of other basement membranes has been shown 
(refer to (3).7.5), nothing is known about the tumover of normal DM.
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(1).9 THE FUNCTIONS OF DM

Despite the established importance of basement membranes in general (refer to (3).7.6) 
little is known about the functions of DM.

When endothelial cells cover the comeal stroma exposed by rupture of DM, new 
basement membrane is secreted suggesting that its presence is required for normal cell 
function (Fujikawa etal. 1981).

In vitro comeal endothelial cells secrete extracellular matrix on their basal surface 
when they become confluent and acquire a mature phenotype, suggesting that the 
extracellular matrix influences cellular maturation (Perlman etal. 1974; MacCallum etal. 
1982).

Rabbit and bovine endothelial cell cultures seeded onto their own extracellular matrix 
proliferate rapidly until confluent and then differentiate (Gospodarowicz and 111 1980). 
Seeding onto glass or plastic or onto purified collagen Types I, II, III, IV, I and III or 
fibronectin is associated with non-proliferation and lack of differentiation, showing that in 
vitro endothelial cells must be grown on extracellular matrix which is in its native state 
vis-a-vis its composition and architecture if they are to be phenotypically normal.

The significance of fibronectin, laminin and basic-fibroblast growth factor in the 
context of the comeal endothelium was discussed earlier (refer to (1).7).

(I).IO AGE-RELATED CHANGES IN HUMAN CORNEAL ENDOTHELIUM

(l).lO.l Endothelial Cells.

There are about 350,000 endothelial cells per comea at birth (Murphy et al. 1984b). 
Endothelial cell density at age 14 is about 2,700 cells/mm^ (Nucci etal. 1990).

Ageing is accompanied by a decrease in cell density (Laule etal. 1978; Murphy etal. 
1984b; Carlson etal. 1988; Nucci etal. 1990), an increase in both surface area and 
pleomorphism (Laing etal. 1976; Murphy etal. 1984b; Yee etal. 1985; Carlson etal. 
1988) and a decrease in the percentage of cells with a hexagonal shape (Carlson et al. 
1988). After age 2 cellularity decreases linearly by 0.56% each year (Murphy etal. 
1984b). Ageing is also associated with an increase in nuclear polyploidy i.e. the presence 
of hi- or multi-nucleate cells (Ikebe etal. 1986).

(D.10.2 DM.

At birth, DM contains only the ABZ; neither the IFM nor the PNBZ are present (Wulle 
and Lerche 1969; Murphy etal. 1984a). The IFM appears after two years (Laule etal.
1978); formation of the PNBZ begins after birth.

A histological study of 67 normal human eyes ranging from 12 weeks to 98 years of 
age (Murphy etal. 1984a) demonstrated a progressive age-related increase in the
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thickness of DM. This reflected thickening of the PNBZ since the ABZ was unchanged 
postpartum. At birth total DM thickness was approximately 3 |im, increasing to 6 p.m at 
age 2 and 16.5 pm by age 90. The findings of another, smaller histological study were 
similar (Johnson et al. 1982).

It has been postulated that measurement of the thickness of the PNBZ can be used to 
date the onset of comeal endothelial disease (Alvarado et al. 1986a). This suggestion 
relies on the validity of several assumptions, namely that a posterior collagenous layer 
(refer to (2).1.2.(i)) is secreted at the beginning of the disease, that tumover of the 
constituents of the PNBZ secreted prior to the onset of the disease does not occur and that 
the rate of deposition of any individual PNBZ can be accurately estimated from a 
nomogram derived from measurement of the thickness of the PNBZ in corneas from 
normal subjects of known age.

(1)11 TERMINOLOGICAL NOTE

Comeal endothelium, posterior comeal epithelium or posterior cell layer of the comea ?
The Greek word thele means a nipple. The term epithelium originally described the 

thin skin covering the nipples and lips (Stedman’s Medical Dictionary 1976), but it now 
has two usages. In a general sense, it describes a cellular layer lining a body surface or 
cavity (Faber Medical Dictionary 1975; Chambers English Dictionary 1988). In the more 
specific sense, epithelium describes the cellular lining of all tissues except serous cavities 
(which are mesothelia) or vascular/lymphatic cavities (which are endothelia) 
(Butterworths Medical Dictionary 1978).

Using the more specific terminology, most endo- and mesothelia are of mesodermal 
origin and most epithelia are of ectodermal derivation, except for urogenital epithelium 
which is of mesodermal origin.

The term corneal “endothelium” is a misnomer for two reasons; it develops from 
neuro-ectoderm not mesoderm (refer to (1).2.1) and it does not line a vascular cavity. It 
would be more correct to call it the “posterior corneal epithelium” or the “posterior cell 
layer of the cornea”. However, it is almost always described as the “corneal 
endothelium” and this is the term used in this thesis.
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(2) THE CORNEAL ENDOTHELIUM IN DISEASE
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(2).l OVERVIEW

(2).1.1 Endothelial Cells.

Comeal endothelial cells exhibit a limited repertoire of responses to injury (Bahn et al, 
1984; Waring III and Rodrigues 1987).

(i) Necrosis.

Injury of any type may cause cell death and create a space in the endothelial mosaic 
(Silverstein et al. 1982). If this is not filled by spreading or proliferation of the remaining 
cells denudation of the endothelial monolayer and exposure of DM ensue. This leads to 
comeal oedema and failure since these cells are essential for the maintenance of comeal 
deturgescence (refer to (1).3.3).

(ii) Hypertrophy.

Hypertrophy, which in this context means spreading, follows cell loss from both disease 
and the natural decrease in endothelial cell numbers that accompanies ageing (refer to
(l).lO.l). Spreading preserves the integrity of the endothelial monolayer unless cell loss 
is very severe (Laule etal. 1978; Yee etal. 1985).

(iii) Proliferation.

In humans, comeal endothelial cells are thought to possess only limited proliferative 
potential, because of the gradual decline in cell densisty with age (refer to (I).IO.I) and 
the sharp fall that may follow cataract extraction (refer to (2).8).

However proliferation does occur in the following circumstances:- after trauma to the 
endothelium in organ-cultured human comeas (refer to (2).2); in humans, endothelial cell 
overgrowth occurs in end-stage ocular disease (refer to (2).9); endothelial cells from aged 
or diseased human comeas exhibit nuclear hyper- and polyploidy (Ikebe etal. 1986;
Ikebe etal. 1988) demonstrating that at the very least, DNA synthesis can occur; 
although cataract extraction is normally followed by cell loss a case in which cell density 
actually increased after surgery has been reported (Boume and Kaufman 1976); ESP 
appearances thought to represent mitotic figures have been described in a human comea 
(Laing etal. 1984).

In animal comeas brisk proliferation follows wounding both in vivo and in vitro (refer 
to (2).2).
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(iv) Metaplasia.

Metaplasia to a phenotype variously described as fibroblastic, stellate- or spindle-shaped 
has been observed after experimental chemical (Matsuda and Smelser 1973) and thermal 
(Michels etal. 1972) injury to animal comeas and in rabbit corneal endothelial cells in 
vitro after exposure to an unidentified product of polymorphonuclear leucocytes (Irvine et 
al. 1968; Kay etal. 1984b; Kay 1986; Kay etal. 1990).

(v) Inflammation.

In inflammation, leucocytes are seen in intimate contact with the endothelial mosaic 
(refer to (2).7).

(vi) Neoplasia.

No neoplastic disorders of the comeal endothelium have been described.

(2). 1.2 DM.

Like comeal endothelial cells, DM appears to reacts in a stereotyped way to injury 
although much less is known about DM in this context.

(i) Changes In Morphology.

Any insult to the comeal endothelium, whether due to trauma, inflammation, infection, 
glaucoma, developmental or degenerative disorders may be associated with the formation 
of an abnormal region of basement membrane usually described as a posterior 
collagenous layer (PCL) (Waring III 1982). Retrocomeal fibrous membrane is an 
alternative, older name (Brown and Kitano 1966; Sherrard and Rycroft 1967).

PCLs (Waring 111 1982) contain 10-25 nm diameter microfibrils, lattice-material, 
amorphous material, 25-40 nm diameter striated collagen fibrils and sometimes 
fibroblastic cells. These elements appear in various configurations, for example in Fuchs’ 
endothelial dystrophy they form focal excrescences (guttata or warts) which may be 
obvious clinically (Fuchs 1910; Hogan etal. 1974). However insufficient information is 
available to know whether any particular comeal endotheliopathy is predictably 
associated with a specific pattern of PCL morphology.
PCLs appear “sandwiched” between the basal surface of the corneal endothelial cells 
(which are on the posterior side of the PCL) and the PNBZ of DM proper (which lies on 
the anterior side of the PCL). The latter is usually morphologically normal i.e. consists of
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an IFM, ABZ and PNBZ (refer to (1).5.2). However, the PNBZ is sometimes thin or 
even absent altogether, in which case the PCL is in continuity with the lattice-material of 
the ABZ.

Occasionally DM is abnormal in being completely absent rather than by formation of 
a PCL. This occurs following breaks in DM due to penetrating injury (Alexander and 
Rahi 1986) birth trauma, buphthalmos and keratoconus (Cogan and Kuwabara 1971) 
when the free edges of the basement membrane retract, in posterior polymorphous 
dystrophy (PPD) (de Felice etal. 1985) and in developmental diseases such as Peter’s 
anomaly (Waring in  1982).

(ii) Changes in composition.

Little is known about the composition of PCLs. Collagens Type IV and VIII have been 
shown in Fuchs’ endothelial dystrophy (Kenney etal. 1984) and in pseudophakic bullous 
keratopathy (Kenney and Chwa 1990) but the electrophoretic technique used did not 
distinguish between the components of normal DM, which contains both Type IV and 
Vm collagens, and the PCL. Fibrin/fibrinogen have been identified by light microscopic 
immunocytochemistry in Fuchs’ endothelial dystrophy (Kenney etal. 1984). 
Histochemical studies showed oxytalan (Alexander etal. 1981) but not amyloid (Hogan 
etal. 1974) in comeas from patients with Fuchs’ endothelial dystrophy and lectins in 
pseudophakic bullous keratopathy (Kenney and Chwa 1990).

Rabbit comeal endothelial cells exposed to an unidentified product of 
polymorphonuclear leucocytes in vitro become fibroblast-like in morphology, multilayer 
and secrete collagen Types I, III and V (Kay et al. 1984b; Tsuchiya et al. 1986; Kay etal. 
1990). After freezing injury to rabbit comea in vivo DM/PCL contains similar cells 
which, when isolated and tissue-cultured, secrete collagens I, III, V and a little IV (Kay et 
al. 1982; Kenney etal. 1983). Under normal circumstances, rabbit comeal endothelial 
cells secrete mostly Type IV collagen and a small amount of Type V in vitro', little is 
known about the composition of rabbit DM in vivo (refer to (l).7.1.(iii)).

(2).2 THE CELLULAR RESPONSE TO EXPERIMENTAL WOUNDING

The initial response of corneal endothelial cells to thermal and physical trauma is necrosis 
and shedding of the damaged cells (Silverstein et al. 1982).

Repair of the consequent defect in the endothelial monolayer is effected by spreading, 
migration and mitosis of the remaining, uninjured cells. In animals the healing response 
to trauma is brisk. Migration and spreading have been shown in vivo (Van Horn and 
Hynduik 1975; Van Hom etal. 1977; Minkowski etal. 1984; Matsuda etal. 1985; Tuft et 
al. 1986) and in organ-cultured comeas (Cameron etal. 1974). Cell division has been
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demonstrated by the incorporation of radiolabelled thymidine into DNA (Polack 1966; 
Van Hom etal. 1977; Gordon and Rothstein 1978; Tuft et al. 1986). Repair is 
accelerated by fibroblast growth factor (Landshman etal. 1987), epidermal growth factor 
(Fabricant et al. 1982) and retinoic acid (Matsuda etal. 1986) but is impeded by topical 
dexamethasone (Polack and Rosen 1967; Sanchez and Polack 1974).

In humans repair of similarly induced defects in organ-cultured comeas occurs by the 
same mechanisms. Migration of comeal endothelial cells (Doughman et al. 1976; Yanoff 
and Cameron 1977; Treffers 1982; Hoppenreijs et al. 1992) is accompanied by mitosis 
demonstrated by radiolabelled thymidine uptake (Simonsen etal. 1981; Treffers 1982; 
Couch et al. 1987; Hoppenreijs etal. 1992) and by the presence of mitotic figures (Singh 
1986). Epidermal growth factor increases the mitotic rate and the speed of wound 
healing (Couch etal. 1987; Hoppenreijs etal. 1992).

Ultrastmctural examination of cells involved in the healing response demonstrates 
two distinct populations (Van Hom and Hynduik 1975; Doughman etal. 1976; Gordon et 
al. 1983; Minkowski etal. 1984); those which maintain a confluent monolayer exhibit 
increased numbers of microvilli and surface blebs. Cells which actively migrate and 
which had become detached from their neighbours are elongated and spindle shaped.

(2).3 THE IRIDOCORNEAL-ENDOTHELIAL SYNDROME

(2).3.1 Historical Review And Terminology.

The first clinical description consistent with the iridocomeal-endothelial syndrome (ICE 
syndrome) was by Johnson in 1886 (Johnson 1886).

The earliest clinical illustrations of the ICE syndrome were by Hess (Hess 1892) and, 
in colour, by de Schweinitz (de Schweinitz 1891-1893). The first histological study was 
by Wood (Wood 1910) and elegant micrographs were published by Feingold (Feingold 
1918). Dr Laura Lane was the first female ophthalmologist to publish on the condition 
(Lane 1917).

A bibliography of publications on the ICE syndrome is given in footnoted

1 Johnson 1886; de Schweinitz 1891-1893; Hess 1892; Bentzen and Leber 1895; Harms 
1903; Murray 1909; Wood 1910; Lane 1917; Feingold 1918; Zentmayer 1918; Rochat 
and Mulder 1924; de Schweinitz 1926; Gifford 1926; Griscom 1927; Ellett 1928; Waite 
1928; Jeancon 1933; Barr and Arbor 1934; Fine and Barkan 1937; McKeown 1937; 
Henderson and Benedict 1940; Klien 1941; Reese 1944; Sugar 1945; Cyukrasz 1947; 
Chang and Ojers 1949; Heath 1953; Chandler 1956; Gazala 1960; Duke-Elder and 
Perkins 1966; Boberg-Ans 1969; Cogan and Reese 1969; Wolter and Makley 1972;
Caims and Krasnov 1973; Jampol et al. 1974; Scheie and Yanoff 1975; Scheie etal.
1976; Shields etal. 1976; Jakobiec etal. 1977; Kaiser-Kupfer etal. 1977; Campbell etal. 
1978; Hetherington Jr 1978; Lichter and Arbor 1978; Quigley and Forster 1978; 
Rodrigues etal. 1978; Shields etal. 1978; Eagle etal. 1979; Richardson 1979; Setala and 
Vannas 1979; Shields 1979; Shields etal. 1979; Yanoff 1979; Eagle etal. 1980; Radius
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The earliest name for the condition was essential iris atrophy which described a 
syndrome in which idiopathic iris atrophy predominated. In 1956 Chandler’s name 
(Chandler 1956) was applied eponymously to a condition in which comeal changes, 
namely a hammered-silver appearance of the endothelium and oedema without glaucoma, 
predominated. In 1969 Cogan and Reese described a syndrome of multiple iris nodules, 
comeal failure, glaucoma and iris atrophy (Cogan and Reese 1969), which became known 
as the iris naevus or Cogan-Reese syndrome.

By the late 1970s it had become apparent that essential iris atrophy. Chandler’s and 
iris naevus syndromes represented a spectmm of disease in which iris atrophy, comeal 
failure and iris naevi respectively predominated (Campbell etal. 1978; Rodrigues et al. 
1978; Shields etal. 1978; Eagle era/. 1979; Shields 1979; Shields etal. 1979; Yanoff
1979). The unitary nature of the condition has been accepted since then.

In 1979, Eagle et al (Eagle et al. 1979) suggested the name iridocomeal-endothelial 
syndrome which alludes simultaneously to the clinical signs (iris/comea) and the location 
of the cell thought to be responsible for the condition (comeal endothelium). This name 
and its abbreviateion, the ICE syndrome, have mostly replaced the three previous terms 
and are used throughout this thesis.

(2).3.2 Clinical Features Of The ICE Syndrome.

(i) Gender, age of onset, laterality, race and associated diseases.

The ratio of female:male patients in published reports is about 2:1; this female 
preponderance is unexplained.

Most patients present in their twenties, thirties and perhaps forties, rather than 
childhood or old age. However the typical age of onset is unclear because disease 
progression is often slow and patients may be asymptomatic and unaware of the condition 
until an advanced stage when vision is diminished. “Our knowledge of this remarkable 
disease is imperfect, firstly because of its infrequency, but also because its very slow 
course and the absence of pain do not force the patient to consult the oculist” (Rochat and 
Mulder 1924).

andHerschler 1980; Rodrigues etal. 1980a; Nik era/. 1981; Offret and Saraux 1981; 
Boume 1982; Boume and Brubaker 1982; Boume 1983; Hirst 1983; Hirst etal. 1983; 
Kupfer etal. 1983; Neubauer etal. 1983; Patel etal. 1983; Buxton and Lash 1984; 
Frangoulis erfl/. 1985; Portis etal. 1985; Sherrard era/. 1985; Alvarado etal. 1986a; 
Alvarado etal. 1986b; Rodrigues etal. 1986; Eagle and Shields 1987; Kidd etal. 1988; 
Rodrigues etal. 1988; Crawford etal. 1989; Wilson and Shields 1989; Tsai etal. 1990; 
Laganowski etal. 1991b; Sherrard era/. 1991; Wright etal. 1991; Boume and Bmbaker 
1992; Kramer etal. 1992; Laganowski etal. 1992; Kupfer etal. 1992; Lee etal 1994.
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There is a tendency for the ICE syndrome to be unilateral although many bilateral 
cases have been reported - see footnote ̂  below. However it has been suggested that 
subtle abnormalities of the fellow eye can often be identified by careful biomicroscopic 
(Kupfer etal. 1983) and endothelial specular photomicroscopy (Hirst 1983) examination 
in apparently unilateral disease.

The ethnic origin of patients is not often mentioned in publications but there is no 
apparent association with particular national or ethnic groups.

There is no evidence of any relationship between the ICE syndrome and systemic 
disorders.

(ii) Frequency.

No data on the incidence and prevalence of the ICE syndrome are available but it is 
generally believed to be an uncommon disorder.

(iii) Clinical appearances and differential diagnosis.

The clinical appearances of the ICE syndrome have been comprehensively studied 
(Campbell etal. 1978; Shields era/. 1978; Eagle etal. 1979; Shields etal. 1979; 
Frangoulis etal. 1985; Wilson and Shields 1989). Photographs of two patients with 
typical signs are shown in Figure 9.

Iris.
Iris disease includes the presence of peripheral anterior synechiae, distortion of iris shape, 
ectropion uveae, full thickness holes which are often large and multiple, pigmented 
nodules and sometimes diffuse heterochromia. A thin, refractile, colourless membrane 
may be seen on the anterior iris surface.

Corneal.
The most characteristic change is at the level of the endothelium and is usually described 
as a hammered-silver appearance. Comeal oedema occurs independently of elevated 
intraocular pressure, visual acuity is diminished and eventually corneal scarring occurs. 
Vesicular or guttate lesions of the comeal endothelium as seen in PPD (refer to (2).4.1) 
and Fuchs’ endothelial dystrophy (refer to (2).5.1) are not features of the ICE syndrome.

2 Cases of bilateral ICE syndrome:- Hess 1892; Jeancon 1933; Fine and Barkan 1937; 
Cyukrasz 1947; Chang and Ojers 1949; Kaiser-Kupfer etal. 1977; Shields etal. 1978; 
Boume 1982; Hirst 1983; Kupfer etal. 1983; Frangoulis etal. 1985; Sherrard etal. 1985; 
Eagle and Shields 1987; Wilson and Shields 1989.
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Intraocular pressure.
Glaucoma is common and often severe.

Diagnosis.
Eyes afflicted by the ICE syndrome may demonstrate any combination of the possible 
clinical signs. For example glaucoma may develop late or not at all (Frangoulis et al. 
1985; Wilson and Shields 1989) and only about two thirds of patients had the hammered- 
silver sign in two series (Shields et al. 1978; Shields et al. 1979) although it was seen in 
all the patients in another study (Frangoulis et al. 1985). Iris nodules are only present in 
about 20% of eyes (Wilson and Shields 1989) although peripheral anterior synechiae are 
ubiquitous (Shields etal. 1979; Frangoulis etal. 1985; Wilson and Shields 1989). 
Nonetheless, diagnosis is usually straightforward because this spectrum of clinical 
changes is only found in the ICE syndrome. Also both the hammered-silver appearance 
(Frangoulis et al. 1985) and the presence of “ICE-cells” on endothelial specular 
photomicroscopical examination (refer to (2).3.2.(v) below) are said to be unique to this 
disorder.

The differential diagnosis of the ICE syndrome (refer to Shields 1979 for a review) is 
of other conditions causing comeal endothelial and/or iris lesions, for example PPD (refer 
to (2).4.1), Fuchs’ endothelial dystrophy (refer to (2).5.1)) and iris melanomata.

(iv) Disease progression.

Glaucoma, comeal failure and iris destruction often progress to visual loss. Progression 
may occur in a relatively brief period of months or a few years but it is often very slow 
and the condition may be static for 5-15 years (Shields etal. 1978; Boume 1982; Patel et 
al. 1983; Rodrigues etal. 1986; Wilson and Shields 1989; Laganowski etal. 1991b; 
Sherrard etal. 1991; Boume and Brubaker 1992).

Between 50% (Laganowski etal. 1992) and75% (Shieldsera/. 1978; Wilson and 
Shields 1989) of patients require treatment for glaucoma. Surprisingly, the proportion of 
patients proceeding to penetrating keratoplasty is not clear from the literature.
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Figure 9. Slit-Iamp photographs of two of the ICE syndrome patients included in this 
study. Both eyes demonstrate iris atrophy and distortion and comeal edema, scarring and 
band keratopathy formation.
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(v) Endothelial specular photomicroscopy.

(a) The technique of ESP.

Endothelial specular photomicroscopy (ESP) (Laing etal. 1975; Sherrard and Kerr-Muir 
1986; Hodson and Sherrard 1988) is a technique by which the morphology of comeal 
endothelial cells may be examined with remarkable clarity in vivo. It uses an optical 
system that images the specular reflection occurring at the interface between the apical 
endothelial cell surface and aqueous humour; specular mode ESP therefore visualises the 
apical surface of the endothelial cells. It is not possible to examine the trabecular 
meshwork or iris.

(b) ESP of normal corneas.

A mosaic of polygonal cells in which hexagonal figures predominate is seen especially in 
younger subjects (Laing etal. 1975; Sherrard and Kerr-Muir 1986; Hodson and Sherrard 
1988). The cell surface is uniformally light since it is smooth and so specularly reflects 
light, whilst the borders between cells are dark as the marginal fold is irregular and 
slightly elevated (refer to (1).3.2) and so light reflected from it is not focused in the same 
plane as the remainder of the cell surface. ESP is a powerful tool for analysing changes 
in endothelial cell shape and density, for example due to ageing (refer to (I).IO).

(c) ESP of the ICE syndrome: the appearance of the ‘TCE-cell”.

ESP has added greatly to our understanding of this disease by demonstrating a population 
of abnormal cells with a characteristic appearance and distribution (Setala and Vannas 
1979; Boume 1982; Boume and Bmbaker 1982; Hirst etal. 1983; Neubauer etal. 1983; 
Sherrard era/. 1985; Laganowski etal. 1991b; Sherrard etal. 1991; Boume and Bmbaker 
1992; Laganowski etal. 1992). They are larger and more pleomorphic than normal and 
their specular reflex shows “light-dark reversal”; the cell surface is dark instead of light, 
often with a central light spot, and the intercellular junctions are light instead of dark as 
well as being indistinct. The term “ICE-cell” has been applied to these cells which were 
said to be unique to the ICE syndrome and observed in every patient except those in 
whom comeal oedema precludes examination (Sherrard etal. 1985). There has been 
some controversy conceming the former claim however, as cells with the same 
appearance have been described in PPD (refer to (2).4.5).

53



(d) ESP o f the ICE syndrome: the distribution o f ICE-cells.

Four patterns of ICE-cell distribution have been described (Sherrard etal. 1985; 
Laganowski etal. 1991b). In “total-ICE” the normal endothelial mosaic is completely 
replaced by ICE-cells. In the two forms of “subtotal-ICE”, 25-75% of the endothelial 
surface is occupied by ICE-cells and the remainder by normal cells (Figure 10); in some 
instances, “subtotal-ICE (+)”, the density of normal endothelial cells is greater than in 
age-matched healthy subjects, whilst in others, “subtotal-ICE (-)”, it is decreased. Finally 
“disseminated-ICE” denotes ICE-cells scattered individually or in small clusters amongst 
the mosaic of normal endothelial cells.

ESP suggests that ICE-cells are usually monolayered although occasionally they 
appear multilayered (Sherrard era/. 1991).

(e) ESP in the ICE syndrome: changes in ICE-cell distribution and number.

ESP has shown changes in the distribution and number of ICE- and normal endothelial 
cells.

In one study (Sherrard et al. 1991) all the cases of disseminated-ICE changed to total- 
ICE over a period of several years, whilst in total-ICE there were either increases or 
decreases in the number of ICE-cells. Subtotal-ICE became total-ICE over 5-10 years 
(Boume 1982; Boume and Brubaker 1992). Changes also occurred in subtotal-ICE in the 
position of the ICE-cell mass and in the number of ICE- and normal cells, both types 
increasing or decreasing in density (Sherrard etal. 1985; Laganowski etal. 1991b; 
Sherrard et al. 1991). Complete regression of the ICE-cells in a case of subtotal-ICE over 
a five year period has been shown (Boume and Brubaker 1992).

(f) ESP in the ICE syndrome: interpretation of ESP appearances.

ESP permits comeal endothelial cells to be examined in vivo. However the technique 
images only the apical cell surface at what is clearly a sub-microscopic level of 
resolution. Therefore its demonstration of the ICE-cell does not prove the existence of a 
distinct population with a stable phenotype different from that of normal endothelial cells. 
Nevertheless there are compelling reasons for believing that ICE-cells constitute such a 
population; these are the constancy of ICE-cell morphology from cell-to-cell and patient- 
to-patient, the great disimilarity between the appearance of ICE- and normal cells, the 
facts that ICE-cells are “always” and “only” seen in this disease, their presence for 
prolonged periods in many patients and finally the data, admittedly limited, from ESP- 
histological correlation (see below).
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The changes documented by ESP were the replacement of normal cells by ICE-cells 
and alterations in the number of normal and ICE-cells and in the shape of the boundary 
zone between them. These changes may result from several processes operating singly or 
in combination and acting on either cell population:- proliferation, death, movement 
(either within the comeal endothelium or onto the trabecular meshwork/iris) and 
metaplastic change from one cell type to the other. For example the change from 
subtotal- to total-ICE may follow any combination of:- the proliferation or movement of 
ICE-cells, the death of normal cells, the metaplasia of normal cells into ICE-cells or even 
the movement of normal endothelial cells onto the trabecular meshwork and iris 
(endothelial overgrowth of these tissues occurs in many ocular disorders - refer to (2).9).

(g) ESP in the ICE syndrome: clinical correlations.

Two correlations are apparent between the ESP and clinical appearances of the ICE 
syndrome.

Firstly, ICE-cells and the hammered-silver appearance are always seen in the same 
area of the comeal endothelium (Neubauer etal. 1983; Sherrard etal. 1985; Sherrard et 
al. 1991; Boume and Brubaker 1992). In a patient in whom ICE-cells disappeared, so did 
the hammered-silver sign (Boume and Bmbaker 1992).

Secondly there is an association between glaucoma and the ESP variant (Sherrard et 
al. 1985; Laganowski et al. 1992); patients with disseminated or total-ICE are more likely 
to have glaucoma than those with subtotal-ICE.

(h) ESP in the ICE syndrome: histopathological correlations.

Sherrard et al correlated ESP performed immediately prior to a comeal graft with 
scanning electron microscopical examination of the endothelium of the excised comea 
(Sherrard et al. 1991). They showed that the ESP image of the ICE-cell results from cells 
with microvilli and blebs on their surface, although their intemal features were not 
examined. This information is important because it confirms that ICE-cells’ 
ultrastmctural (surface) morphology is distinct from that of normal endothelial cells

(vi) Iris angiography.

Fluorescein angiography of the iris vasculature of ICE syndrome patients has shown 
sector filling defects in areas of iris atrophy and leaky vessels elsewhere (Jampol etal. 
1974; Shields etal. 1976; Rodrigues etal. 1978).
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Figure 10. This ESP of subtotal-ICE, was kindly provided by Mr M.G. Kerr-Muir, 
consultant ophthalmologist at St. Thomas Hospital, London, U.K.

There are two populations of cells. The cells on the left resemble those of normal 
comeal endothelium. Their surface is bright and regular, polygonal shapes are delineated 
by the dark intercellular region. The cells on the right are typical ICE-cells, characterised 
by enlargement, pleomorphism, indistinct intercell borders and dark cell surfaces with a 
central light spot of variable size.

Compare these ESP appearances with electron micrographs showing subtotal-ICE 
(Figures 30-33,37 and 46).

Figure II. An abnormal cellular monolayer in continuity with the comeal endothelium 
covers the trabecular meshwork and anterior iris surface of this ICE syndrome patient. 
The “endothelial membrane overgrowth” theory of Campbell et al was derived partly 
from such appearances.

a = abnormal cellular monolayer on the trabecular meshwork, b = basement 
membrane underlying the abnormal cells, c = abnormal cellular monolayer on the anterior 
iris surface, d = trabecular meshwork.

Reproduced in modified form with the permission of the American Ophthalmological 
Society from Reese 1944.
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(2).3.3 Histopathological And Differentiation Marker Studies Of The ICE
Syndrome.

There have been many studies of tissue from ICE syndrome patients at both light 
microscopic and ultrastmctural levels^. In the majority only one or two specimens were 
examined. Despite their number, no definitive understanding of the ultrastmctural 
appearances of the ICE syndrome emerges from the literature.

(i) Histopathological studies on comeal endothelial cells.

In many comeas the predominant appearance was of endothelial denudation (Eagle etal. 
1979; Richardson 1979; Offret and Saraux 1981; Patel etal. 1983; Alvarado etal. 1986b; 
Rodrigues et al. 1986; Sherrard etal. 1991). The various cell types reported include 
normal, fibroblastic, inflammatory and (Alvarado etal. 1986b) cells with surface 
filopodia and blebs. In studies of one (Eagle et al. 1979; Hirst etal. 1983; Patel etal. 
1983; Portis era/. 1985; Rodrigues etal. 1988; Sherrard etal. 1991) or two (Kramer etal. 
1992) comeas, cells with an epithelial morphology were seen. In another report of larger 
numbers of comeas this cell type was also described but was not illustrated (Hirst 1983).

(ii) Histopathological studies on the trabecular meshwork and iris.

An abnormal cellular membrane covering the trabecular meshwork and iris and binding 
them to the comeal endothelium has often been shown (Feingold 1918; Rochat and 
Mulder 1924; Reese 1944; Heath 1953; Wolter and Makley 1972; Scheie and Yanoff 
1975; Scheie etal. 1976; Campbell etal. 1978; Hirst etal. 1983; Portis etal. 1985). 
Dramatic rodlets of cells were sometimes seen stretching between the comeal 
endothelium and trabecular meshwork or iris (Shields et al. 1976; Campbell et al. 1978; 
Eagle etal. 1979; Eagle and Shields 1987); scanning electron microscopy of one 
specimen showed the rodlets to be composed of cells whose surface bore numerous 
microvilli (Eagle et al. 1979).

^ Reports at the light microscopic-microscopic level:- Wood 1910; Feingold 1918; 
Rochat and Mulder 1924; Ellett 1928; Klien 1941; Reese 1944; Scheie and Yanoff 1975.

Reports at the ultrastmctural level:- Jampol etal. 1974; Shields et al. 1976; Campbell 
etal. 1978; Rodrigues etal. 1978; Eagle era/. 1979; Richardson 1979; Shields etal.
1979; Eagle etal. 1980; Radius and Herschler 1980; Rodrigues etal. 1980a; Nik etal. 
1981; Offret and Saraux 1981; Hirst 1983; Hirst etal. 1983; Patel etal. 1983; Portis etal. 
1985; Alvarado etal. 1986a; Alvarado etal. 1986b; Rodrigues etal. 1986; Eagle and 
Shields 1987; Rodrigues etal. 1988; Sherrard etal. 1991; Kramer etal. 1992; Lee era/ 
1994.
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Hyperplastic but otherwise normal melanocytes were often seen, arranged either as 
diffuse mats over the anterior iris surface or else as collar stud-shaped naevi.

(iii) Studies on the expression of differentiation markers by comeal endothelial cells in 
the ICE syndrome.

CKs were shown in two studies (Hirst etal. 1983; Kramer etal. 1992), in two CKs were 
absent (Portis etal. 1985; Rodrigues etal. 1986) and in one vimentin was present and 
CKs were absent (Rodrigues et al. 1988). These inconsistencies may have resulted from 
the limited resolution of light microscopic immunocytochemistry which was not 
sufficient to distinguish between the different endothelial cell types present in the ICE 
syndrome. Other problems were the limited range of differentiation markers examined 
and the small number of comeas available (either one (Hirst etal. 1983; Portis et al.
1985; Sherrard etal. 1985) or two (Rodrigues etal. 1986; Kramer etal. 1992)).

(iv) Studies on DM.

In one report on eight specimens a PCL was present in seven cases, the eighth being 
normal (Alvarado etal. 1986a).
There have been no previous studies on the composition of DM in the ICE syndrome.

(2).3.4 Theories Of Pathology And Aetiology.

(i) The endothelial membrane overgrowth theory.

This theory, first suggested by Campbell et al (Campbell et al. 1978), is based on the 
clinical appearances of the ICE syndrome and on histological studies showing ectopic 
cellular membranes. It proposes that abnormal cells putatively derived from the corneal 
endothelium proliferate and migrate onto the iris and trabecular meshwork. Glaucoma 
results from physical obstruction to the outflow of aqueous humour. Tethering by the 
layer of ectopic cells on the iris surface generates tractional forces during attempted 
changes in diameter that tear and ultimately destroy the iris. Islands of iris stroma 
pinched off by the advancing endothelial sheet cause apparent naevi. The abnormal 
endothelial cells are assumed to be physiologically incompetent, so causing comeal 
failure; glaucoma and endothelial cell denudation contribute to this process.

This theory was formulated before the technique of ESP was developed. A 
compelling inference from ESP is that the ICE-cell represents the population of 
abnormal, proliferating endothelial cells believed by Campbell et al to be at the centre of 
ICE syndrome pathology.
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(ii) Aetiological hypotheses.

Various processes have been postulated:- Embryological disorder; it has been suggested 
that the disease follows abnormalities of neural crest cell behaviour during ocular 
embryogenesis (Kupfer and Kaiser-Kupfer 1979; Kupfer etal. 1992) or congenital 
epithelialisation of the comeal endothelium (Hirst 1983). Metaplasia; the presence on 
the endothelium of two comeas of cells with an epithelial morphology was explained in 
this way (Kramer etal. 1992). Infection; the presence of inflammatory cells on the 
comeal endothelium (Alvarado etal. 1986b), the identification of DNA sequences 
specific for HSV 1 in ICE syndrome comeas (Alvarado et al. 1993) and the finding that 
anti Epstein-Barr vims antibody titres were statistically significantly higher in patients 
with the ICE syndrome than normal controls (Tsai etal. 1990) have suggested an 
infective aetiology.

(2).3.5 Treatment.

Treatment of the ICE syndrome is symptomatic; there is no way of intervening in the 
disease process itself.

Comeal failure is managed by penetrating keratoplasty which appears to offer a 
satisfactory success rate although only limited data are available (Buxton and Lash 1984; 
Portis etal. 1985). In one case a hammered-silver appearance was noted on a comeal 
graft (Crawford etal. 1989) suggesting the possibility of recurrence of the ICE syndrome 
process on the donor comea, although histological examination of this comea was not 
performed.

Treatment for glaucoma is much less satisfactory although modem techniques have 
somewhat improved the situation since 1973 when Cairns wrote “the glaucoma which 
develops is very recalcitrant to any form of treatment, so the usual end result is blindness” 
(Caims and Krasnov 1973). Topical medication is usually insufficient and 
trabeculectomy is the best approach especially if combined with Molteno tube 
implantation or sub-conjunctival injection of 5-fluorouracil (Kidd etal. 1988; Wright et 
al. 1991; Laganowski etal. 1992), although controlled trials have not been performed. 
Glaucoma was eventually controlled in all patients in one study, although many required 
multiple surgical procedures and continued use of topical medication (Laganowski etal. 
1992). It has been suggested (Laganowski etal. 1992) that the reasons for the much 
more intractable glaucoma suffered by ICE syndrome patients compared to those with 
chronic simple glaucoma are the relative youth of the patients, obstmction of the filtering 
bleb by ICE-cells and more vigorous fibrosis than normal during healing of the filtering 
bleb because of the underlying disease.
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(2).3.6 Similarities Between The ICE Syndrome And Other Disorders.

(1) PPD.

Patients with PPD (refer to (2).4) may have glaucoma and iris abnormalities and ESP 
appearances similar to those seen in the ICE syndrome. However, autosomal dominant 
transmission, the preponderance of comeal rather than extra-corneal disease and the 
specific appearance of the comeal lesions distinguish the diseases clinically. 
Histologically, the comeal endothelium in PPD is characterised by cells with an epithelial 
morphology; descriptions of the ICE syndrome lead to the tentative conclusion that 
similar cells are present.

(ii) Overgrowth of comeal endothelium.

Ectopic comeal endothelial cells are found in the end-stage of various diseases (refer to
(2).9).

(iii) Epithelial ingrowth.

The clinical and histological appearances of epithelial ingrowth may resemble those of 
the ICE syndrome (refer to (2). 10).

(2).4 POSTERIOR POLYMORPHOUS DYSTROPHY

(2).4.1 Clinical Signs And Disease Progression.

The characteristic lesions of PPD are within the corneal endothelium (Cibis and Tripathi 
1982; Hirst and Waring III 1983; Krachmer 1985; Laganowski etal. 1991a). “Vesicles” 
are circular or oval, translucent lesions surrounded by a grey halo which appear to be 
above the surrounding comeal endothelium. “Band” formations also appear elevated; 
they are delineated by two “snail track” lines. “Diffuse” PPD describes regions of 
thickened comeal endothelium often with associated corneal oedema. The majority of 
patients have bilateral disease (Hirst and Waring III 1983; Henriquez etal. 1984; 
Krachmer 1985) but unilateral cases occur (Pardos etal. 1981).

The true frequency of irido-comeal adhesions, pupillary ectropion, “glass 
membranes” on the iris surface and glaucoma is uncertain; in one study of forty-eight 
patients none had such signs (Laganowski etal. 1991a) whilst in others (Cibis etal. 1976; 
Cibis etal. 1977; Henriquez etal. 1984) many subjects had extra-comeal disease.

60



Although PPD is usually benign and non-progressive (Strachan and Maclean 1968; 
Cibis era/. 1976; Cibis etal. 1977; Pardos etal. 1981; Laganowski etal. 1991a), some 
subjects suffer visual loss from glaucoma and comeal failure (Cibis et al. 1976; Cibis et 
al. 1977; Witschel etal. 1980; Hirst and Waring III 1983; Henriquez etal. 1984; 
Krachmer 1985). Surgical intervention may be necessary within a few months of birth 
(de Felice etal. 1985) or in the early teens (Hanna et al. 1977; Krachmer 1985) although 
in most surgical series the majority of patients were in their third decade or older 
(Henriquez etal. 1984; Krachmer 1985; McCartney and Kirkness 1988).

(2).4.2 ESP Appearances.

ESP (Hirst and Waring III 1983; Brooks et al. 1989; Laganowski etal. 1991a) shows that 
vesicles and bands are steep-sided pits and troughs respectively in the endothelium and 
comeal stroma, and not elevations as they appear on slit-lamp examination. Cells within 
these lesions are pleomorphic and enlarged and are difficult to visualise. Endothelial 
cells elsewhere are enlarged by comparison with age-matched subjects but otherwise 
normal.
ESP of diffuse PPD lesions is difficult because of associated comeal oedema but in one 
study cells similar to those of subtotal-ICE (refer to (2).3.2.(v)) were seen (Hirst and 
Waring El 1983).

(2).4.3 Heredity And Incidence.

PPD is commonly transmitted as an autosomal dominant trait (Tripathi et al. 1974; Cibis 
etal. 1976; Cibis etal. 1977; Hirst and Waring III 1983) although autosomal recessive 
transmission was found in one-quarter of the families in one study (Cibis etal. 1977).
The incidence of PPD is unknown but it is believed to be uncommon.

(2).4.4 Animal PPD ?

A comeal endotheliopathy has been described in American Cocker Spaniels with 
autosomal dominant inheritance and clinical features similar to human PPD (Cooley and 
Dice I I 1990; G win etal. 1983).
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(2).4.5 Histopathology.

(1) Endothelial Cells.

Ultrastmctural examination (Tripathi etal. 1974; Cibis etal. 1977; Hanna etal. 1977; 
Quigley and Forster 1978; Polack etal. 1980; Rodrigues etal. 1980b; Henriquez et al. 
1984; de Felice etal. 1985; Krachmer 1985; Presberg etal. 1985/1986; McCartney and 
Kirkness 1988) shows abnormal endothelial cells with epithelial characteristics. These 
cells possess abundant intermediate filaments, many desmosomes and numerous 
microvilli and are often multilayered. In many comeas normal endothelial cells are also 
seen.

(ii) DM.

The pits shown by ESP (see above) are anteriorly-pointing loops of DM (Henriquez etal. 
1984) or else areas in which DM is completely missing (Cibis etal. 1977; Polack etal. 
1980; Henriquez et al. 1984; de Felice et al. 1985). Unpitted regions of DM demonstrate 
a PCL, often with guttata.

(2).4.6 Differentiation Markers.

Immunocytochemical studies of the differentiation markers expressed by endothelial cells 
in PPD have been limited both in terms of the number of specimens and the range of 
markers examined (Rodrigues etal. 1980b; Rodrigues etal. 1981; Krachmer 1985). 
Epithelial cells both in vivo and in vitro are positive for CKs (CK subtypes have not been 
analysed).

(2).4.7 Aetiology.

Two hypotheses have been advanced to explain the presence of abnormal epithelial cells:- 
metaplasia of normal comeal endothelial cells due an unknown stimulus (Henriquez etal. 
1984; McCartney and Kirkness 1988) or congenital epithelialisation of the comeal 
endothelium (Tripathi etal. 1974; Cibis etal. 1976; Cibis etal. 1977; Witschel etal.
1980; Rodrigues etal. 1981; de Felice etal. 1985; Presberg era/. 1985/1986).
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(2).5 FUCHS’ ENDOTHELIAL DYSTROPHY

(2).5.1 Heredity And Clinical Features.

Fuchs’ endothelial dystrophy is a bilateral, autosomal dominant condition (Magovem et 
al. 1979) characterised by excrescences, described as warts or guttata, and pigmentation 
of the comeal endothelium and the late development of comeal oedema (Fuchs 1910; 
Hogan et at. 1974). Fuchs’ endothelial dystrophy accounted for between 6% and 16% of 
primary penetrating keratoplasties in recent surgical series (Brady et al. 1989; Morris and 
Bates 1989; Damji etal. 1990; Lindquist etal. 1991; Hyman etal. 1992).

(2).5.2 Histopathology.

Ultrastructural examination (Jakus 1962; Kayes and Holmberg 1964; Iwamoto and 
DeVoe 1971; Hogan etal. 1974; Polack 1974; Bourne etal. 1982) of the comeal 
endothelium shows normal cells, flattened cells covering guttata and cells with two or 
more long processes radiating from a fusiform cell body. Areas of DM denuded of 
cellular cover are common. DM is disfigured by a PCL in which guttata are prominent.

Refer to (2).1.2.(ii) for information on basement membrane composition in Fuchs’ 
endothelial dystrophy.

(2).6 GLAUCOMA

ESP studies have shown comeal endothelial cell density to decrease after acute closed 
angle glaucoma (Olsen 1980; Bigar and Witmer 1982), glaucomatocyclitic crisis (Setala 
and Vannas 1978) and in pseudoexfoliation-associated glaucoma (Vannas etal. 1977; 
Miyake etal. 1989). However, endothelial cell density was normal in treated chronic 
open angle glaucoma (Korey etal. 1982).

Rabbit (Melamed etal. 1980) and monkey (Svedbergh 1975) eyes subjected to brief 
periods of greatly elevated intraocular pressure demonstrate comeal endothelial cell 
oedema, vacuolisation and necrosis.

(2).7 UVEITIS

Corneal endothelial cell density has been shown by ESP to decrease following anterior 
uveitis (Setala 1979).

Ultrastmctural examination of the comeal endothelium in acute comeal graft rejection 
(Polack 1972) and in experimentally induced uveitis (Inomata and Smelser 1970) 
demonstrated an accumulation of inflammatory cells without apparent damage to the
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endothelial cells. Other studies identified different patterns of response to uveitis. For 
example the presence of inflammatory cells was associated with transient endothelial cell 
damage and then full recovery (Krachmer etal. 1981; Rowland etal. 1983) or 
alternatively with frank cell necrosis (Arya etal. 1972; Elgebaly etal. 1984; Opremcak et 
al. 1985). Comeal endothelial cells in vitro underwent metaplasia to a fibroblastic 
phenotype after exposure to an unidentified product of polymorphonuclear leucocytes 
(Irvine etal. 1968; Gospodarowicz and 111 1980; Kay 1986; Kay etal. 1990).

(2).8 CATARACT EXTRACTION AND THE CORNEAL ENDOTHELIUM

The terms pseudophakic and aphakic bullous keratopathy refer to the occurrence of 
comeal failure after cataract extraction, respectively with or without intraocular lens 
insertion.

The cause is corneal endothelial cell loss from a combination of operative trauma, 
pre-operative disease such as Fuchs’, post-operative inflammation and sometimes post
operative trauma to the endothelium from the intraocular lens (Boume and Kaufman 
1976; Johnson etal. 1982; Rao etal. 1984; Brady etal. 1989; Hyman etal. 1992).

Ultrastmctural studies of DM (Johnson etal. 1982) (Kenney and Chwa 1990) show a 
PCL without guttata. Refer to (2).1.2.(ii) for information on basement membrane 
composition in this disorder.

(2).9 OVERGROWTH OF CORNEAL ENDOTHELIAL CELLS

In comeal endothelial cell overgrowth or reactive comeal endothelialization an abnormal 
cellular membrane thought to arise from the proliferation and migration of corneal 
endothelial cells is seen on the trabecular meshwork and iris. This occurs in end-stage 
ocular disease from various causes, for example neovascular glaucoma, trauma and 
complicated retinal detachment (Reese 1944; Colosi and Yanoff 1977; Nomura 1983; 
Harris etal. 1984).

Endothelial overgrowth may not be uncommon since it was present in 22 of 100 
consecutive enucleation specimens (Colosi and Yanoff 1977).

(2).10 INGROWTH OF OCULAR SURFACE EPITHELIAL CELLS

Ingrowth of ocular surface epithelial cells is an uncommon but destructive complication 
of perforating injury or intraocular surgery, especially cataract surgery (Bernardino etal. 
1969; Maumenee etal. 1970; Iwamoto etal. 1977; Jensen etal. 1977; Ghosh and 
McCulloch 1979; Zavala and Binder 1980; McDonnell etal. 1986).
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Clinically it is characterised by comeal oedema, glaucoma, uveitis and a “glass 
membrane” on the iris (Bernardino etal. 1969; Maumenee etal. 1970; Zavala and Binder 
1980) .

Histological studies of clinical cases of epithelial ingrowth (Bernardino etal. 1969; 
Maumenee etal. 1970; Iwamoto etal. 1977; Jensen etal. 1977; Ghosh and McCulloch 
1979; 2^vala and Binder 1980; McDonnell etal. 1986) and of an in vivo animal model 
(Burris etal. 1984; Burris et al. 1985/1986) demonstrate well differentiated ectopic 
epithelial cells on the comeal endothelium, trabecular meshwork and iris and destruction 
of the population of native corneal endothelial cells.

(2).ll MELANIN PIGMENTATION OF THE CORNEAL ENDOTHELIUM

Clinically apparent melanin pigmentation of the comeal endothelium (Kaufer et al. 1967; 
Ueno etal. 1979; Bloomfield etal. 1981; Snip etal. 1981; Wolter 1981; Kampik etal.
1982) may follow various inflammatory, traumatic, surgical, degenerative and neoplastic 
insults. It may result from the overgrowth of iris melanocytes or pigmented iris epithelial 
cells onto the comeal endothelium. Altematively, the cause may be the ingestion of 
pigment liberated from the iris by corneal endothelial cells or macrophages in the 
endothelial monolayer.
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(3) EXTRACELLULAR MATRIX
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(3).l THE NATURE OF EXTRACELLULAR MATRIX

Extracellular matrix is the structural scaffolding of the extracellular space. Excluding 
substances that pass through or are stored in it, there are four classes of extracellular 
matrix components; collagens, proteoglycans, structural glycoproteins and elastic tissue.

Extracellular matrix consists of levels of assembled forms of progressively increasing 
size. For example, striated collagen fibrils represent one stage in the following series:- 
amino acids-peptide chains-collagen molecule-striated flbril-bundles or lamellae of 
fibrils-higher order geometries e.g the orthogonal twist of the comeal stroma.

Sub-units may assemble into more than one higher form depending on changes in 
their environment (Edwards 1975; Hendrix etal. 1982; Parry and Craig 1984) and higher 
forms may be built from more than one type of sub-unit i.e. may be heterotypic rather 
than homotypic. For example, fibrils in the comeal stroma are a 4:1 mixture of Types I:V 
collagen (Birk^/a/. 1991).

Assembly of extracellular matrix requires the linking together of sub-units of 
progressively greater size. This occurs either by self-assembly i.e. the necessary 
information is encoded in the sub-units themselves or else requires the participation of 
enzymes such as lysyl oxidase (Birk etal. 1991; Linsenmayer 1991). Assembly often 
occurs in specialised pericellular microenvironments created by invaginations of the 
plasma membrane (Bixketal. 1991).

Assembly is controlled by diverse mechanisms such as the forces exerted during 
growth or use of the particular organ, pre-existing tissue architecture and local electric 
fields (Bouligand and Giraud-Guille 1984; Hay 1991).

(3).2 TERMINOLOGY

The following terminology is used in this thesis:-
Microfibril describes any thread-like form in which striations are not visible.
Striated fibril describes any thread-like form in which cross-banding of 64 nm or 

thereabouts is visible.
Lattice-material describes the form composed of nodes and rods seen in DM. This 

term has been used before (Sawada 1982; Sawada etal. 1984) and is unambiguous and 
accurate. Many other descriptors have been used for lattice-material including “wide
spaced collagen”, “fibrous long-spacing collagen”, “cross-banded filamentous 
aggregates”, “zebra bodies”, “honeycomb-like lattice”, “trabeculum”, “curly collagen”, 
“100 nm periodic fibrils”, “beaded filaments” and “long-spacing crystallites”.

The term “wide-spaced collagen” seems unsatisfactory for several reasons. Firstly 
“wide-spaced” means that its periodicity of 100 nm is greater than the 64 nm periodicity 
of striated fibrils. However the structure of these two forms is fundamentally different
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(refer to (1).6.1 and (3).5.3) so that this comparison is inappropriate. Secondly “wide
spaced” is not an adequate description of the three-dimensional structure of this form 
which is in fact a lattice or matrix. Thirdly it is undesirable to include in the name of a 
form information on its composition such as “collagen” as this may be misleading.

(3).3 EXTRACELLULAR MATRIX FORMS - LATTICE-MATERIAL

(3).3.1 Morphology.

Lattice-material is a three-dimensional array in which “nodes” are connected to each 
other by “rods” with a periodicity of about 100 nm (refer to (1).6.1 for a detailed 
description).

(3).3.2 Distribution.

(i) In vivo.

Lattice-material is prominent in DM (refer to (1).5.2), where it was first observed (Jakus 
1956), and trabecular meshwork (Edwards 1975; Liitjen-Drecoll etal. 1989). Lesser 
quantities are present in normal cartilage, brain and muscle spindle (Edwards 1975) and 
intervertébral disk (Comah etal. 1970). Large amounts may be found in diverse tissues 
in inflammatory, neoplastic, degenerative and traumatic conditions (Comah etal. 1970; 
Edwards 1975; Sun and White 1975; Henderson etal. 1986).

(ii) In vitro.

Lattice-material is secreted by various types of cells in tissue culture including comeal 
endothelial cells (Sawada et al. 1984) and fibroblasts from foreskin, dermis and comeal 
stroma (Bmns 1984; Bmns etal. 1986). Its formation may be induced in various ways 
including enzymatic digestion of newbom rat skin (Kajikawa et al. 1980), tendons (Bmns 
1984) and renal basement membrane (Carlson etal. 1981). The same follows the 
incubation for long periods in tissue culture fluid or brief immersion in acidic ATP- 
containing solutions of tendon (Bmns etal. 1986), comea (Hirano etal. 1989; Nakamura 
etal. 1992) and newbom rat skin (Kajikawa etal. 1980). Lattice-material may be 
precipitated from a solution containing purified collagen Type X (Kwan et al. 1991).
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(3).3.3 Composition.

The lattice-material of normal bovine DM has been shown to contain collagen Type VIII 
(Sawada et al. 1990).

Solutions of purified Type X collagen form lattice-material in vitro (Kwan etal.
1991) but in vivo Type X collagen is filamentous (Poole and Pi doux 1989; Schmid and 
Linsenmayer 1990).

In a study of trabecular meshwork, lattice-material was seen to contain collagen Type 
VI (Liitjen-Drecoll etal. 1989). However the immunoperoxidase technique used affords 
limited resolution (Courtoy etal. 1983); the report that lattice-material produced by 
comeal endothelial cells in vitro contains collagen Types III and IV(Sawada etal. 1984) 
was withdrawn for this reason (Sawada et al. 1987). Although Type VI collagen may be 
induced to form wide-spaced collagen in vitro (Bruns 1984; Bruns etal. 1986; Hirano et 
al. 1989; Nakamura et al. 1992), its native form appears to be microfibrillar (refer to
(3).4.2.(i)).

Lattice-material takes up ruthenium red (Hashimoto and Ohyama 1974; Kajikawa et 
al. 1980) demonstrating a glycosaminoglycan component (Luft 1971).

(3).3.4 Assembly.

Lattice-material precipitates spontaneously in vitro from solutions of purified collagen 
Type X (Kwan etal. 1991). Type X collagen molecules are similar to those of Type VIII 
(refer to (3).8.5), consisting of globular non-collagenous domains at each end of a straight 
central collagenous domain. In the formation of lattice-material, the globular domains of 
several Type X collagen molecules align to form “nodes” and collagenous regions twist 
around each other to form “rods” (Kwan etal. 1991).

It seems likely that similar molecular stacking of collagen Type VIII produces the 
lattice-material of bovine DM (refer to (1).6.2).

(3).4 EXTRACELLULAR MATRIX FORMS - MICROFIBRILS

(3).4.1 Morphology.

Microfibrils are thread-like structures of indeterminate lengh which are not cross-striated 
and which are generally up to 12 nm in diameter.
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(3).4.2 Composition.

Microfibrils consist of core components and substances closely associated with 
microfibrils but not an integral part of them.

(i) Core components.

Fibrillin, a protein of 350 KDa molecular weight which consists of a globular core from 
which several fine filaments project (Sakai etal. 1986; Keene etal. 1991; Kielty etal. 
1991) and Type VI collagen (Von Der Mark etal. 1984; Linsenmayer etal. 1986; Keene 
etal. 1988; Kielty etal. 1991) are core components.

The term oxytalan describes microfibrils which exhibit the histochemical property of 
staining with orcein or aldehyde fuchsin only after oxidation (Fullmer and Lillie 1958; 
Alexander et al. 1981; Goldfischer et al. 1983). Oxytalan is found in ligaments, blood 
vessels and skin (Fullmer and Lillie 1958; Goldfischer et al. 1983) but not comea 
(Alexander and Gamer 1977; Pratt and Madri 1985) although it is laid down in diseased 
comeas for example in keratoconus and Fuchs’ endothelial dystrophy (Alexander and 
Gamer 1977; Alexander et al. 1981). Its biochemical identity and relationship to other 
microfibril components are unclear.

Amyloid microfibrils (Pepys 1988) show apple-green birefringence under polarised 
light after staining with Congo Red. They may occur in any organ in inflammatory, 
metabolic, neoplastic and inherited diseases. Their composition varies; the acute phase 
apolipoprotein serum amyloid A (in chronic inflammation), immunoglobulin light chains 
usually Gamma rather than Kappa (in haematological malignancy), 62-microglobulin (in 
chronic renal failure), prealbumin (in neuropathic hereditary amyloid) and Alzheimer’s- 
associated 6-protein (in dementia) can all form amyloid microfibrils.

(ii) Associated components.

Pcomponent (Breathnach etal. 1981; Inoue etal. 1986; Breathnach etal. 1989), 
fibronectin (Schwartz etal. 1985; Inoue etal. 1989), collagen Type VIII (Sawada and 
Konomi 1991) and the enzyme lysyl oxidase (Kagan etal. 1986) appear to “coat” 
microfibrils although their precise relationship to core components is unclear.

P component (Pepys and Baltz 1983) consists of ten identical sub-units of 23.5 KDa 
molecular weight arranged in two face-to-face pentamers. P component is produced in 
the liver and released into the circulation where it has a serum concentration of 
approximately 40 mg/1. It has about 60% amino acid homology to C-reactive protein 
(together with which it forms the pentraxin protein family) and semm levels rise to a 
modest extent in neoplastic and inflammatory diseases.
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In Vitro P component binds to DNA (Breathnach et al. 1989), fibronectin and C4- 
binding protein (de Beer etal. 1981) and heparan and dermatan sulphate proteoglycans 
(Hamazaki 1987).

In Vivo P component is found in normal glomerular basement membrane (Dyck etal.
1980). It is also associated with amyloid microfibrils (Pepys and Baltz 1983) and with 
microfibrils in skin, blood vessels and the lens zonule (Breathnach etal. 1981; 
Breathnach etal. 1983; Inoue etal. 1986; Breathnach etal. 1989).

Although its physiological functions are uncertain its distribution and binding 
properties imply that it may be important in clearing extruded DNA and maintaining the 
architecture of extracellular matrix (Breathnach etal. 1989).

(3).4.3 Assembly.

Individual molecules in solutions of fibrillin align to form “beaded chains”, which are 
elastic but relatively rigid (Keene etal. 1991; Kielty etal. 1991).

Tetramers of Type VI collagen are linked end-to-end to form flexible but non-elastic 
chains (Kielty etal. 1991). Each tetramer consists of two laterally aligned dimers and 
each dimer consists of two Type VI collagen molecules in a supercoiled formation (Von 
Der Mark et al. 1984).

Associated elements probably wrap around core components in various 
configurations (Inoue and Leblond 1986).

(3).5 EXTRACELLULAR MATRIX FORMS - STRIATED FIBRILS

(3).5.1 Morphology.

Striated fibrils are thread-like structures which demonstrate periodicity of 64 nm when 
stained with heavy metal salts. Their diameter varies between 10-550 nm and they may 
be up to several centimeters in length (Parry and Craig 1984).

(3).5.2 Composition.

Collagen Types I, II, III, V and XI form striated fibrils (Chapman and Hulmes 1984; 
Linsenmayer 1991). Striated fibrils may be heterotypic, for example fibrils in the comeal 
stroma contain collagen Types I and V in a 4:1 mixture (Birk et al. 1991).

Collagen Types IX and XII associate with the surface of striated fibrils, but are not 
integral to them (Linsenmayer 1991).
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(3).5.3 Assembly.

Collagen molecules align end-to-tail to form rows; lateral alignment of rows forms 
striated fibrils. Molecules in adjacent rows are “quarter-staggered” i.e. displaced by 
approximately one-quarter of their axial length (Chapman and Hulmes 1984; 
Linsenmayer 1991). Fibrils are stabilised by lateral bonds between molecules in adjacent 
rows catalysed by the enzyme lysyl oxidase (Linsenmayer 1991). End-to-tail bonds in 
individual rows may not occur since there is a gap, the “hole zone”, between adjacent 
molecules.

(3).5.4 Staining Characteristics.

Fibrils become striated after heavy metal staining. This may be with charged salts, which 
combine with polar amino acid side-chains or with negative stains which work by filling 
the “hole zones” between the ends of collagen molecules. The pattern of major and 
minor striations varies according to the stain used and the type of collagen molecule but 
the periodicity is always 64-67 nm (Chapman and Hulmes 1984).

(3).6 EXTRACELLULAR MATRIX FORMS - SEGMENT AND FIBROUS 
LONG-SPACING FORMS

Segment and fibrous long-spacing forms (Parry and Craig 1984) precipitate from pure 
solutions of collagen after the addition of various substances such as ATP or chondroitin 
sulphate. The alignement of collagen molecules in segment and fibrous long-spacing 
forms is different from their alignement in striated fibrils (refer to (3).5.3). For example 
in segment long-spacing forms collagen molecules align side-by-side in accurate, non
staggered register, each molecule pointing in the same direction.

(3).7 BASEMENT MEMBRANE

(3).7.1 Nature And Location.

Basement membrane or basal lamina is a specialised region of extracellular matrix 
secreted by the cell with which it is in contact (Martinez-Hemandez and Amenta 1983; 
Timpl 1989). Skin, endocrine, genito-urinary, respiratory and gastro-intestinal epithelia, 
vascular endothelia, adipocytes and all types of muscle possess basement membranes. 
Hepatocytes, neurones, fibroblasts, bone marrow and lymph node cells and blood cells do 
not (Martinez-Hemandez and Amenta 1983).
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(3).7.2 Morphology.

Ultrastnicturally basement membranes appear trilaminar (Martinez-Hemandez and 
Amenta 1983; Leblond and Inoue 1989; Hay 1991). There is an electron-dense central 
zone, the lamina densa, surrounded by the less electron-dense lamina lucida externa on 
the side in contact with the cell and the lamina lucida interna on the side in contact with 
extracellular matrix. Total thickness is usually about 1(X) nm. The three layers are 
largely amorphous but under optimal conditions fine fibrils can be visualised within 
them.

(3).7.3 Atypical Basement Membranes.

There are a number of atypical basement membranes - DM and those of murine parietal 
yoke sac (Reichert’s membrane) and the lens capsule (Martinez-Hemandez and Amenta
1983). DM does not have a trilaminar stmcture, it is the only basement membrane which 
normally contains lattice-material and it may be up to two hundred times thicker than 
other basement membranes (refer to (1).10.2). In kidney and lung, fusion of epi-and 
endothelial basement membranes results in a double thickness lamina densa sandwiched 
between laminae rarae (Zollinger and Mihatsch 1978).

(3).7.4 Composition.

Basement membrane components may be divided into “intrinsic” substances which are 
always present and constitute the basic architectural elements and “extrinsic” substances 
whose presence varies (Martinez-Hemandez and Amenta 1983).

(i) Intrinsic components.

The intrinsic basement membrane components are collagen Type IV, laminin, heparan 
sulphate proteoglycan and entactin (Martinez-Hemandez and Amenta 1983; Timpl 1989; 
Labat-Robert etal. 1990; Yurchenco and Schittny 1990). These self-assemble into three- 
dimensional “networks” of molecules; cross-linking between the three molecular 
networks creates a supramolecular aggregate (Leblond and Inoue 1989; Timpl 1989; 
Yurchenco and Schittny 1990). Entactin facilitates Type IV collagen-laminin interactions 
(Timpl 1989).

Type VIII collagen is an intrinsic component of DM (refer to (3).8.4.(i)). Anchoring 
fibrils contain Type VII collagen (Labat-Robert etal. 1990).
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(ii) Extrinsic components

These include fibronectin, tenascin, thrombospondin and P component (Timpl 1989; 
Yurchenco and Schittny 1990; Sage and Bomstein 1991). In addition proteolytic 
enzymes and inhibitors (Alexander and Werb 1989; Timpl 1989) and cytokines such as 
basic-fibroblast growth factor (refer to (1).7.4) are stored in basement membranes.

(3).7.5 Turnover.

Basement membranes undergo constant remodelling (Alexander and Werb 1989). Two 
protease families are responsible - plasminogen/plasmin and the matrix 
metalloproteinases. Turnover is controlled by several mechanisms:- specific protease 
inhibitors such as the family of tissue inhibitors of metalloproteinases; the short half-life 
of proteases; cellular feedback loops, for instance extracellular matrix fragments which 
bind to cell surface receptors and prevent further enzyme release and sequestration of 
protease and/or inhibitors by the extracellular matrix or cell membrane.

Abnormal basement membrane removal occurs when neoplastic cells metastasise (see 
below).

(3).7.6 Function.

(i) General principles.

Hay states "the idea that extracellular matrix is an inert supporting material.... a mere 
scaffolding .... is now bygone. Certainly collagens are a source of strength .... elastin and 
proteoglycans are essential to matrix resiliency and the structural glycoproteins help to 
create tissue cohesiveness. But the cell, having produced these extracellular molecules .... 
does not then divorce itself of them. The cell continues to interact with its own 
extracellular matrix products and with the extracellular matrix produced by other cells.
At the cell surface, matrix receptors link the extracellular matrix to the cell interior; the 
metabolism and fate of the cell, its shape and many of its properties are continuously 
related to and dependent upon the composition and organisation of the matrix ... The 
matrix.... talks back to the cells that create it” (Hay 1991).

The term "dynamic reciprocity” has been proposed to describe this relationship (Sage 
and Bomstein 1991).
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(ii) Detailed functions.

These include mechanical support with plasticity for tissues, tissue compartmentalisation, 
providing sites for cellular attachment, modulation of cell polarisation, differentiation, 
proliferation and locomotion and acting as passive but selective molecular sieves 
(Martinez-Hemandez and Amenta 1983; McDonald 1989; Timpl 1989; Yurchenco and 
Schittny 1990; Sage and Bomstein 1991).

(iii) Mechanisms of action.

Basement membranes influence cells by acting on membrane receptors such as integrins 
(Timpl 1989; Sage and Bomstein 1991). Action may be direct or indirect, for example 
stimulation of a receptor, preventing a receptor binding to another component by 
occupying the receptor itself, presenting or altematively monopolising cytokines stored 
within the basement membrane and modulating the behaviour of other components 
including proteases (Yurchenco and Schittny 1990; Sage and Bomstein 1991).

Subtle changes in calcium concentration may alter the conformation and therefore the 
function of basement membrane components in a manner analogous to intracellular 
calcium-binding proteins (Timpl 1989).

Tissue-specific basement membrane function probably results from the presence of 
varying proportions and different isoforms of intrinsic elements and temporal/spatial 
variation in extrinsic elements (Timpl 1989; Yurchenco and Schittny 1990; Sage and 
Bomstein 1991).

(3).7.7 Basement Membranes In Disease.

Basement membranes are intimately involved in various disease processes. For example 
neoplastic cells must be able to adhere to and penetrate them in order to metastasise 
(Alexander and Werb 1989; Ni col son 1989). Basement membrane may be the prime 
target in destructive auto immune conditions such as Goodpasture’s syndrome and 
bullous pemphigoid (Martinez-Hemandez and Amenta 1983). Metabolic disorders such 
as diabetes mellitus cause basement membrane abnormalities which lead to many 
microvascular retinal, renal and neurological complications (Martinez-Hemandez and 
Amenta 1983).
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(3).8 COLLAGEN TYPE VIII

(3).8.1 Gene Structure.

In humans the a2(VIII) gene is located in the p32.3-p34.3 region of the short arm of 
chromosome 1 (Muragaki etal. 1991a). One exon codes for the entire collagenous and 
C-terminal non-collagenous domain in a long open reading frame. Another exon codes 
for the N-terminal non-collagenous region so that there are only two exons for the entire 
molecule.

The human al(VIII) gene is in the 3Q12-3Q13.1 region of chromosome 3 (Muragaki 
et al. 1991b) and is similar to a l  (VIII) in that there are only two exons, one coding for 
the N-terminal non-collagenous region and the other encoding the collagenous and C- 
terminal domains.

The a l  and a2(VIII) exons exhibit 62% nucleotide sequence similarity (Muragaki et 
al. 1993).

(3).8.2 Biochemical Features.

The Type VIII collagen molecules in DM are heterotrimers of al(VIII)2 a2(VIII)i 
(Mann etal. 1990; Muragaki etal. 1991a). Both a l  and a2(VIII) peptides consist of a 
central collagenous domain flanked by non-collagenous domains. In the human, the 
collagenous domain is 454 amino acids long in a l  and 457 in a2, the C-terminal domains 
are 173 and 167 amino acids long in the a l  and a2 chains respectively, the a l  N- 
terminal domain is 89 amino acids long whilst the a2  domain has not been sequenced 
(Muragaki etal. 1991a; Muragaki etal. 1991b).

Both peptide chains have eight imperfections in the Gly-x-y amino acid sequence of 
the collagenous domains. In al(VIII) they are all Gly-x (Yamaguchi etal. 1989), in 
a2(VIII) six are Gly-x-Gly and two Gly-x-y-x-y-Gly (Mann etal. 1990; Muragaki etal. 
1991a). These relaxations in the normal collagen triplet may introduce a degree of 
flexibility into the collagenous triple helix.

Intact a(VIII) peptides migrate with a molecular weight of approximately 60 KDa 
when collagenous standards are used (Benya and Padilla 1986; Yamaguchi etal. 1989; 
Jander et al. 1990). The pepsin-resistant triple helix region has a molecular weight of 50 
KDa (Sage etal. 1980; Kapoor etal. 1986; Jander etal. 1990; Sawada etal. 1990).

The non-collagenous domains of collagen Type VIII are digested by pepsin and the 
collagenous domains by human and bacterial collagenase (Sage etal. 1983). Type VIII 
collagen is rapidly degraded by neutrophil elastase (Kittelberger etal. 1992).
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(3).8.3 Molecular And Supramolecular Structure.

Rotary shadowing of intact Type VIII collagen molecules (Yamaguchi etal. 1991a) 
demonstrates a central rod-shaped domain, flanked by globular domains. The central 
(collagenous) domain is 132.5 +/- 5 nm in lengh. The globular domains are non- 
collagenous (Benya and Padilla 1986; Muragaki etal. 1991b; Yamaguchi etal. 1991a).

Supramolecular assembly is tissue-dependent. Type VIII collagen forms lattice- 
material in bovine DM (refer to (1).6.2) and it is associated with microfibrils in many 
tissues (Sawada and Konomi 1991)

(3).8.4 Distribution.

(i) The eye.

Type VIII collagen is present in human, cow, rabbit and sheep DM (Benya and Padilla 
1986; Kapoor gf a/. 1986; Kapoor etal. 1988; Kittelberger gf a/. 1989; Jander etal. 1990; 
Kittelberger etal. 1990; Sawada etal. 1990; Paulus etal. 1991; Tamura etal. 1991).

In humans it is restricted to the anterior region of DM (Tamura et al. 1991). Electron 
microscopic immunocytochemistry shows that the lattice-material of adult bovine DM 
contains Type VIII collagen (Sawada etal. 1990).

In the human Type VIII collagen is present in the trabecular meshwork and sclera and 
also Bruch’s membrane, the choroidal stroma, the central retinal artery and the cribriform 
plate but is absent from the comea (apart from DM), iris, vascular/neurosensory retina 
and lens (Tamura etal. 1991).

(ii) Non-ocular tissues.

Type VIII collagen is found (Kapoor etal. 1988; Kittelberger etal. 1989; Jander etal. 
1990; Kittelberger etal. 1990; Paulus etal. 1991; Sawada and Konomi 1991; Muragaki 
etal. 1993; Rosenblum etal. 1993) in the subendothelium and in the media and 
adventitia of arteries and veins of all sizes, in perichondrium, perineurium. Dura Mater, 
pleura, tendons, ligaments, glomemli and in the dermis especially in hair follicles. It is 
not present in the stroma of lung, spleen, liver or muscle or in the placenta.

Type VIII collagen is found in abnormal blood vessels associated with human 
meningiomas and gliomas (Paulus etal. 1991).
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(iii) In vitro.

Many normal cell types have been shown to secrete Type VIII collagen including comeal 
endothelial and vascular endothelial cells from many species (Sage etal. 1980; Alitalo et 
al. 1983; Sage etal. 1984; Sage 1985; Benya and Padilla 1986; Jander etal. 1990).

In comeal and vascular endothelial cell culture. Type VIII is secreted into the medium 
by pre-confluent, proliferating cells and into the cell layer but not the medium by 
confluent non-proliferating cultures (Sage etal. 1984; Sage 1985).

Type VIII collagen is secreted by well-differentiated cultures of bovine aortic 
endothelial cells in which vascular tubes have formed but not by undifferentiated cells 
growing as a confluent monolayer (Sage and Imela-Arispe 1990).

(3) .8.5 Relationship To Collagen Type X.

Collagen Types VIII and X are highly related to each other (Type X collagen is a 
homotrimer of al(X)3) in (i) their exon organisation and nucleotide sequence (Muragaki 
etal. 1991a; Muragaki etal. 1991b; Yamaguchi etal. 1991a) and (ii) their peptide chain 
amino acid sequence, nature and location of imperfections in the collagenous Gly-x-y 
sequence and molecular shape (Yamaguchi etal. 1989; Jander etal. 1990; Kwan etal. 
1991; Muragaki etal. 1991a; Muragaki etal. 1991b; Yamaguchi etal. 1991a). However 
Type X collagen is not found in the eye (Schmid and Linsenmayer 1985).

It is likely that Collagen Types VIII and X, which form the “short chain” collagen 
family, evolved from a single ancestral gene (Muragaki etal. 1991a; Muragaki etal. 
1991b; Yamaguchi etal. 1991a).

(3).8.6 Fonctions.

The large amount of Type VIII collagen in “mechanically stressed” tissues such as blood 
vessels suggests that it may contribute to the special physical requirements of such tissues 
(Kittelberger etal. 1989).

The selective expression of Type VIII collagen in time and place both in vivo and in 
vitro suggests a role in modulating cellular differentiation. Examples include its 
expression in mouse heart and brain during embryogenesis but not post-partum and its 
secretion by differentiated but not undifferentiated cultures of bovine aortic endothelial 
cells (Sage and Iruela-Arispe 1990).

Circumstantial support for the hypothesis that Type VIII collagen may influence cell 
behaviour is lent by its similarity to collagen Type X, whose presence is essential if 
normal chondrocyte differentiation is to occur (Kwan et al. 1989) and which may be 
freely mobile within cartilage despite its large size i.e may act as a form of local hormone
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(Chen et al. 1990). It has been suggested (Benya and Padilla 1986; Muragaki et al. 
1991a) that, in a general sense, these collagens may have similar functions and that Type 
V in  collagen may influence corneal endothelial cells.

(3).9. TENASCIN

Tenascin is a glycoprotein which consists of six sub-units of 150-240 KDa in molecular 
weight (Tervo et al. 1990). Its expression is greatest during embryogenesis and in 
healing and neoplasia (Koukoulis etal. 1991; Sage and Bomstein 1991).

In the normal adult human eye tenascin is found in the limbus, the anterior sclera and 
the comeal epithelium but not endothelium (Tervo etal. 1990).

There have been no studies of tenascin expression in diseased human eyes. In rabbits 
it is secreted after experimental comeal wounding (Tervo etal. 1991; Tervo etal. 1992).
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(4) THE AIMS OF THIS THESIS - OVERVIEW
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(4).l STUDIES ON CORNEAL ENDOTHELIAL CELLS

The ICE syndrome is a disease with seemingly disparate clinical features, namely comeal 
and iris disease and glaucoma. Information from two sources helps to clarify its 
pathology. Firstly, ESP shows a unique and abnormal population of comeal endothelial 
cells called ICE-cells. Secondly, histological examination demonstrates an abnormal 
cellular membrane covering the trabecular meshwork and iris in continuity with the 
comeal endothelium.

The presence of ICE-cells offers compelling explanations for the diverse features of 
this disease. Comeal oedema may result from the inability of ICE-cells to maintain 
comeal deturgescence and their destmction of the normal endothelial cells. Spreading of 
ICE-cells may obstruct the trabecular meshwork causing glaucoma and also tether and 
tear the iris. This is the essence of the “endothelial membrane overgrowth theory” 
articulated by Campbell et a/ in 1978.

The main aim of these studies was to characterise the ICE-cell since this entity was 
defined largely by its ESP appearances. Ultrastmctural examination of a large number of 
keratoplasty and trabecular meshwork specimens was carried out in order to define the 
typical morphology of ICE-cells. A population of cells with epithelial features was 
identified and postulated to be the histological equivalent of the ICE-cell. The 
differentiation markers expressed by these “epithelial-like cells” were subsequently 
investigated and compared to those of normal comeal tissues. Ultrastmctural 
immunocytochemistry was used to distinguish between epithelial-like cells and the other 
cell types of ICE syndrome corneal endothelium.

(4).2 STUDIES ON DM

DM is of interest because of its unique stmcture in health and because it undergoes 
dramatic changes in disease.

Very little was known about DM in the context of the ICE syndrome. The objectives 
of these studies were to describe the ultrastmctural appearances of DM in the ICE 
syndrome and to examine its composition using electron microscopic 
immunocytochemistry. Of particular interest was the nature of the lattice-material and 
microfibrils seen in ICE syndrome DM.

Parallel studies were performed on the moiphology and composition of normal DM.
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(S) MATERIALS AND METHODS
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(5).l THE PRINCIPLES OF IMMUNOCYTOCHEMISTRY AND 
HISTOCHEMISTRY 

(5)1.1 Immunocytochemistry

(i) Definition.

''Immunocytochemistry is the use of labelled antibodies as specific reagents for the 
localisation of tissue constituents (antigens) in situ"" (Polak and Van Noorden 1984).

(ii) Antibodies.

Antibodies are naturally occurring proteins which bind to specific targets (antigens). For 
immunocytochemical purposes antibodies are harvested from animals after immunisation 
with purified antigen and may be monoclonal (produced by a single lymphocyte clone 
and reacting against a single antigenic determinant or epitope) or polyclonal (produced by 
multiple clones and reacting against multiple determinants within the same antigen).

(iii) Tissue preparation.

The tissue to be examined is often exposed to fixatives to stabilise structures against 
autolysis or extraction during specimen processing and the subsequent 
immunocytochemical procedure. Fixation also prevents microbial attack. The tissue is 
hardened either by freezing or by embedding in a substance such as wax or a plastic resin 
and then sectioned with a microtome.

(iv) Immunocytochemical procedures and signal visualisation.

Non-specific immunological reactions may be prevented or “blocked” by exposing the 
tissue to non-immune serum from a different species to that in which the primary 
antibody was raised or a protein such as bovine serum albumin. If this is not done there 
may be high levels of “background” signal (see below).

The tissue is exposed to the primary antibody which is commonly visualised by a 
secondary antibody raised against immunoglobulin from the same species as the primary. 
For example serum from goats immunised with rabbit immunoglobulin might be used to 
recognise a primary antibody raised in rabbits. The secondary antibody must be 
visualised in some way, for example by labelling with an electron-dense marker or an 
enzyme producing a coloured reaction product (Singer 1959; Faulk and Taylor 1971; 
Roth 1986; Stirling 1990).

The immunocytochemical techniques used in this thesis are illustrated in Figure 12.
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Figure 12. Schema of the immunocytochemical techniques used in this thesis.
In all three techniques, a primary antibody is directed against the antigen (AG).

The primary antibody is in turn recognised by a secondary antibody.
In the two stage colloidal gold technique, the secondary antibody is conjugated to a 

particle of colloidal gold which is seen by transmission electron microscopy as a round, 
electron-dense particle.

In the two stage colloidal gold with silver enhancement technique, the colloidal gold 
conjugated to the secondary antibody is silver enhanced to make it visible by light 
microscopy. The signal is black when seen by transmitted light and light blue when 
viewed by epipolarised light.

In the avidin-biotin-complex technique, the secondary antibody is conjugated to 
biotin. The secondary antibody is exposed to avidin-biotin-peroxidase enzyme complex 
which amplifies the signal. A chromogenic substrate for the peroxidase enzyme, DAB, is 
then added. DAB appears brown by light microscopy.
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(v) Uses of immunocytochemistry.

Immunocytochemistry is an excellent technique for determining whether a substance is 
present and where the substance is within a tissue. It is not nearly as satisfactory for 
quantifying the amount of a substance present. This is because the strength of the signal 
depends on many unpredictable variables. Therefore whilst the relative quantities of an 
antigen present in two different sections or in different locations in the same section may 
be assessed, neither the absolute amount of an antigen nor the relative quantities of two 
different antigens can be determined. Even assessment of relative signal may be 
invalidated by the phenomenon of “antigen masking” (see below).

(vi) False positive and negative results.

False positive signal may arise from either the primary or secondary antibodies or the 
markers used to visualise them. The cause may be immunological for example cross
reactivity because of shared epitopes or antibody heterogeneity, or non-immunological for 
example binding mediated by covalent or electrostatic forces.

False negative signal may be antibody-related for example low avidity, insufficient 
concentration or inappropriate affinity for an epitope artifactually generated during 
antigen purification but not present in the antigen in its native state (Linsenmayer etal. 
1983). Antigen-related causes include “antigen masking”. This may be physiological, 
for example Type V collagen in the comeal stroma may be unavailable for immunological 
reaction because of the nature of its assembly in collagen fibrils (Linsenmayer et al. 1983; 
Fitch etal. 1988). Alternatively, antigen masking may result from the methods used to 
process tissue, for example fixatives and embedding media may abolish signal by 
interacting with epitopes.

Whilst false negative results are more common than false positives, neither 
occurrence may ever be entirely ruled out.

(vii) Controls.

Controls are essential to exclude false signal and are of two types. Positive controls are 
the immunocytochemical testing of tissue known to contain the relevant antigen.
Negative controls include (a) omission of the primary and/or secondary antibodies, (b) 
substitution of the primary antibody with non-immune serum from the same species or an 
antibody against an antigen known not to be present (i.e. an antibody of “irrelevant 
specificity”) and (c) absorption controls in which antibody is incubated with its specific 
antigen before use.

85



(5).1.2 Histochemistry.

Histochemical staining (Pearse 1985; Horobin 1989).results from electrostatic or 
chemical interactions between the stain and substance(s) being examined producing a 
visible reaction product.

Histochemistry is an alternative to immunocytochemistry for identifying substances 
in situ. The main disadvantage of histochemical compared to immunocytochemical 
techniques is that the degree of specificity is often less.

(5).2 CRITERIA FOR INCLUSION OF PATIENTS IN THIS STUDY

The characteristic clinical features and differential diagnosis of the ICE syndrome were 
discussed in the review of the literature on the condition (refer to (2).3.2.(iii)). Diagnosis 
of the ICE syndrome is usually straightforward and in practise the principal differential 
diagnoses are PPD and atypical cases of Fuchs’ endothelial dystrophy.

Patients and specimens from them were included in this study when they had clinical 
signs typical of the ICE syndrome. All patients had two or more of the following signs

1. A “hammered-silver” appearance of the corneal endothelium.
2. Comeal failure (oedema and/or scarring).
3. Elevated intraocular pressure.
4. Iris signs such as atrophy, synechiae or nodule formation.
5. The presence of ICE-cells on ESP examination of the comeal endothelium. 
However, criteria 2. and 3. were not accepted together as being sufficient to confirm

the diagnosis since elevated intraocular pressure can itself cause corneal failure (refer to 
(2).6). In this instance an additional sign was required.

Patients were excluded if any one of the following criteria applied to them:-
1. Onset at ten years of age or less.
2. A family history of a similar disorder.
3. Vesicular or geographic PPD-like lesions of the corneal endothelium.
Exclusions 1., 2. and 3. were applied to ensure that patients with PPD were not

included in the study (refer to (2).4). (It was necessary to rely on the patient’s 
recollection of family history as relatives were not generally available for examination).

4. Widespread guttate excrescences of the comeal endothelium. This was to ensure 
that patients with Fuchs’ endothelial dystrophy were not included (refer to (2).5).

5. Any preceding major ocular disorder, surgery or penetrating/severe trauma, except 
filtering surgery necessitated by the ICE syndrome process itself. This exclusion was 
applied partly to avoid cases of epithelial ingrowth (refer to (2). 10) and partly to minimise 
causes of damage to the comeal endothelium from non-ICE syndrome processes.
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6. A history of episodes of the sudden onset of severe ocular pain and diminished 
visual acuity together with narrow anterior chamber drainage angles and, when examined 
during acute episodes, highly elevated intraocular pressure. This was because some 
features of the aftermath of acute closed-angle glaucoma, namely iris damage and 
chronically elevated intraocular pressure, may resemble those of the ICE syndrome. In 
practice however the two conditions are readily distinguished from each other. For 
example, the “whorled” appearance of the iris after acute closed-angle glaucoma is not 
found in the ICE syndrome.

Bilaterality was not considered a reason for exclusion since many bilateral cases of 
the ICE syndrome have been reported (refer to (2).3.2(i)). Furthermore the 
preponderance of bilaterality has been challenged in terms of both the clinical and ESP 
signs (refer to (2).3.2.(i)).

All the patients included in this project were examined prior to surgery by consultant 
ophthalmologists in the U.K who confirmed the diagnosis of the ICE syndrome.

I examined all the subjects whose corneas were used for immuno-electron 
microscopical studies at least once prior to their undergoing surgery. Approximately one 
half of the remaining patients were attending the comeal clinic at Moorfields Eye 
Hospital where I was also able to examine them. Confirmation of the suitability for 
inclusion of the other patients was obtained from their case notes.

In keeping with current understanding of this disease, patients were diagnosed as 
suffering from the ICE syndrome rather than attempting to subdivide them into 
“Chandler’s syndrome”, “essential iris atrophy” or “iris-naevus syndrome” (refer to
(2).3.1).

Clinical data on the patients included in this study are given in Table 1.
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TABLE 1 Clinical details of patients with the ICE syndrome

PATIENT N* 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Corneal N® 1 2 3 4 5 6 7 8/9 10 11 12 13 14 15 16 17 18 19 20 21/22 23 24 25 26 27 28 29 30 31 32 33 34 35

Sex M M M M M F F M F F F F M F F F M M F M M F M M M F M M F M M F M

Age (yrs) 30 31 58 42 48 42 36 46 45 75 43 34 53 50 24 21 48 51 63 47 30 50 36 47 52 49 44 21 53 37 28 50 35

Side Uni Uni Bi Uni Uni Uni Uni Bi Uni Uni Uni Uni Uni Uni Uni Bi Bi Uni Uni Bi Uni Uni Uni Uni Uni Bi Uni Uni Uni Uni Uni Uni Uni

C L I N I C A L
S I G N S

Corneal R L Bi R R L L Bi L L R L R R R R Bi R L Bi L R R R L L L R R R L Bi R

Iris R L - R - L L Bi L L - L R R R Bi R R L Bi L - R R L L L R R - - Bi R

Glaucoma R Bi . . . L L - L . R R Bi Bi* R . R** L R - - L Bi L R R

oo
oo

S U R G E R Y  

Right PK 34

Left PK

Redo Right PK

Redo Left PK

Right drainage 31/33

Left drainage

32

60 48 53 56

44 39 56 46 78

57

77

45 - 53 68 29 34 48 51

54 

51

37

39

39

62 27 23 52

- 51/53

49

64 54 34

49

32

51 46 50

52 52 51

32 54 39

- 21/24/28 - 

- 44/48/49 -

61 40

38 66 -

- 62/63 -

- 35/36

N O TE  * Patient 17 developed right-sided glaucom a post-PK and left-sided glaucoma pre-PK **  Patient 20 developed right-sided glaucoma post-PK 

KEY
Patient N®: patients were listed in alphabetical order

Age: The age o f onset o f the ICE syndrom e (years) was estimated from the earlier of (i) the patients recollection of the age at which symptoms began, or (ii) the age at first presentation to an 
ophthalmologist

Side: UNI = unilateral disease; BI = bilateral disease

Surgery: Age at which surgery was undertaken; PK = penetrating keratoplasty; RedoPK = repeat penetrating keratoplasty; Drainage = glaucoma surgery



[5).3 ACQUISITION OF SPECIMENS

Specimens were obtained from three sources:-
1. Twenty corneas and three trabecular mesh work specimens were retrieved from the 

specimen archives at the Institute of Ophthalmology, London. Some of these were 
identified from a list of suitable patients kindly provided by Dr E.S. Sherrard PhD. I 
found the others by searching the records of tissue processed at the Institute since 1977.

2. A letter was written to consultant ophthalmologists in the U.K. with a comeal 
interest and to consultant histopathologists with an ophthalmic interest. The letter 
described the project and asked for prior notification of comeal grafting of ICE syndrome 
patients. This approach yielded fifteen corneas and three failed comeal grafts over a three 
year period.

3. Six normal comeas judged unsuitable for use in transplantation were obtained with 
the assistance of Ms S. Ritten FRCOphth and the late Mr T. Casey FRCOphth from the 
eye banks of Moorfields Eye Hospital, London and the Queen Victoria Hospital, East 
Grinstead respectively.

The donor ages and causes of death were:- 23 (cystic fibrosis), 36 (road traffic 
accident), 41 (road traffic accident), 52 (liver failure), 59 (abdominal malignancy), 60 
(cerebrovascular accident)

These specimens were not used for clinical purposes because information conceming 
donor HIV and hepatitis status had not been made available to the eye banks. Normal 
comeas were taken from donors without known ocular pathology and appeared normal on 
biomicroscopic examination. They were received in Optisol organ culture medium. The 
time between removal and processing did not exceed eighteen hours.

Another normal comea (patient age 67) was obtained fresh from an orbital 
exenteration for recurrent maxillary sinus malignancy and processed immediately. The 
comea appeared normal on biomicroscopic examination.

A total of 7 normal and 35 ICE syndrome comeas as well as 3 trabecular meshwork 
specimens and 3 failed corneal grafts from ICE syndrome patients were available for 
examination.
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(5).4 TECHNIQUES

(5).4.1 Initial Specimen Processing.

In order to optimise specimen quality I collected ICE syndrome tissue peri-operatively 
from operating theatres at several different locations.

Comeas were divided into wedge-shaped portions by placing them epithelium-side 
down onto dental wax in a petri dish and cutting with a sharp blade which had been 
cleaned in alcohol.

One quarter of each new comea was used for scanning electron microscopy. The 
remainder was divided into portions which were either frozen, processed for routine 
transmission electron microscopy or embedded in paraffin wax or Lowicryl K4M resin.

The normal comeas were much larger than the diseased comeas removed at the time 
of penetrating keratoplasty. The latter were 7.25-7.5 mm in diameter i.e. contained only 
“central” comea. The normal specimens encompassed the entire comea (about 12 mm in 
diameter), and a short region of immediately adjacent tissue which included the limbus.

ICE syndrome comeas retrieved from the archives of the Institute of Ophthalmology 
had been wax-embedded and most had also been processed for scanning and transmission 
electron microscopy although it was sometimes not possible to locate every portion of 
each specimen.

(5).4.2 Use Of ESP As A Guide To Specimen Preparation.

Attempts were made to identify regions of the ICE syndrome comeas which contained 
ICE-cells with pre-operative ESP. This would have permitted the ESP and ultrastmctural 
appearances of ICE-cells to be directly compared. These efforts failed because by the 
time comeal grafting was required oedema and scarring were severe and prevented 
visualisation of the ICE-cells. Another problem was that it was often only possible to 
perform ESP on comeas obtained at Moorfields Eye Hospital.

(5).4.3 Histological Techniques.

Histological examination of normal and ICE syndrome comeas was performed by light, 
transmission and scanning electron microscopy.

Thick and ultrathin sections were cut in an antero-posterior plane perpendicular to the 
corneal surface. An important function of thick sections, in addition to their value in 
histological assessment, was to gauge the most appropriate region from which to cut 
ultrathin sections.
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Light microscopy was principally carried out with tissue embedded in Spurr’s or 
Lowicryl resins. Wax-embedded tissue was used for histological purposes only in four 
archival specimens in which resin-embedded tissue was unavailable, since the quality of 
tissue preservation was considerably inferior to that achieved with resins.

Transmission electron microscopy was carried out on ultrathin sections of tissue 
which had been embedded in Spurr’s or Lowicryl K4M resins or frozen. Material 
processed into Spurr’s resin was intended purely for histological examination. Frozen or 
Lowicryl-embedded material was used principally for electron microscopic 
immunocytochemistry but also afforded an opportunity for ultrastmctural assessment. In 
order to examine different areas of ICE syndrome specimens, ultrathin sections were cut 
from five regions, each separated by 150 |im, of the portion of each specimen embedded 
in Spurr’s resin.

Scanning electron microscopy was an appropriate histological technique for this study 
because comeal endothelium forms a “tme surface” and also because examination by 
scanning electron microscopy of the apical surface of the endothelial cells permitted 
comparison with descriptions of the apical cell surface obtained by ESP (refer to
(2).3.2.(v)).

Details of the procedures used for light and electron microscopy are given in the 
appendix.

(5).4.4 Immunocytochemical And Histochemical Techniques.

Immunocytochemistry at light and electron microscopic levels and also histochemistry 
were used to examine the presence of various cell- and basement membrane-associated 
substances. The purpose of these experiments is discussed in an introductory overview 
(refer to chapter (4)) and in detail in relevant chapters (refer to (7).l, (lO).l and (1 l).l). 
The techniques used are described in the appendix (refer to chapter (14).

(5).5 ORIENTATION OF FIGURES

By convention, the anterior-posterior axis used to describe the position of corneal tissue 
planes (refer to (1).3.1 and Figure 4) defines external structures as anterior and internal 
structures as posterior. In this thesis, the comeal endothelium is shown with the posterior, 
apical or anterior chamber surface of the endothelial cells uppermost and the anterior, 
basal or comeal stromal surface lowermost.
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(6) STUDIES ON CORNEAL ENDOTHELIAL CELLS - MORPHOLOGY
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(6).l AIMS

Normal and ICE syndrome specimens were examined in order to define the cellular 
characteristics of ICE syndrome comeal endothelium and to compare them with those of 
normal comeal endothelium.

Light, scanning and transmission electron microscopy were used to examine the 
endothelial cells of normal comeas and of ICE syndrome specimens of three types: 
comeal buttons removed from patients during penetrating keratoplasty, tissue removed 
from the peripheral comea/trabecular meshwork during fistularising surgery for glaucoma 
and comeas transplanted into patients with the ICE syndrome and subsequently removed 
because of graft failure.

In the majority of previous ultrastmctural studies only one or two specimens were 
available for examination and widely varying appearances were described although 
endothelial denudation was often the predominant finding (refer to (2).3.3.(i) and (ii)).

In view of the ESP appearances of the ICE syndrome (refer to (2).3.2.(v)), it was 
anticipated that at least two cell types would be identified in this study; cells 
corresponding to the “ICE-cell” and cells resembling those of normal comeal 
endothelium.

(6).2 RESULTS

(6) 2.1 Normal Corneas.

Seven normal comeas were examined by light, scanning and transmission electron 
microscopy.

(i) Light microscopy.

A continuous monolayer of flat cells was demonstrated (Figure 21). The nuclei were oval 
and dispersed at irregular intervals; there were no mitotic figures. No intracellular or 
membrane-associated organelles were seen and the cells did not contain pigment. Other 
types of cells, for example inflammatory cells, were not present within the comeal 
endothelial monolayer.

(ii) Scanning electron microscopy.

A layer of cells without discontinuities was demonstrated; necrotic iendothelial cells were 
not seen. The cells were polygonal in outline (Figures 13 and 14). Hexagonal figures 
were the most common but other shapes were also present.
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Microvilli were largely absent (Figure 14) and cilia were uncommon. All cells 
demonstrated a single round apparent elevation of their apical surface (Figures 13 and 14) 
which might have resulted from cytoplasmic shrinkage during processing for scanning 
electron microscopy revealing the profile of the nucleus. The cell surface bore numerous 
small indentations (Figure 14). There were also a few larger invaginations or pits 0.5-1.0 
p.m wide (Figure 13).

The border between cells had a characteristic appearance (Figures 14 and 15). It was 
formed by an irregular overlapping ridge with many short filopodia or finger-like 
extensions (Figure 15).

(iii) Transmission electron microscopy.

Junctional complexes located at the cell apex (Figure 18) contained a zonula occludens 
(tight junction) and zonula adhaerens (intermediate junction). There were no 
desmosomes. A consistent feature at the apical intercellular border was a flap of 
membrane corresponding to the overlapping ridge demonstrated by scanning electron 
micrograph (Figures 14 and 15).

Microvilli and cilia were not seen (Figure 17). The granular electron-dense matter 
sometimes present on the apical surface membrane was presumably the residuum of the 
cell glycocalyx (Figure 18). True hemidesmosomes between the basal cell membrane and 
DM were not present, but there were basal membrane densities, whose function 
presumably was to link cell and basement membrane (Figure 19). The apical surface 
membrane (Figure 17) showed small cup-shaped indentations, and small electron-lucent, 
membrane bound vesicles (Figure 17, arrows). These appearances probably reflected 
pinocytic vesicle formation.

Lateral cell membranes of adjacent cells were closely apposed throughout their length 
(Figure 16). The shape of the lateral cell border was variable. In some instances the 
border pursued a relatively direct path from apex to cell base (Figure 16). In others it 
meandered, so delineating complex cellular processes. However cell borders never 
showed the numerous interdigitations characteristic of stratified squamous epithelia.

The nuclei of comeal endothelial cells (“N”, Figure 17) were generally ovoid with one 
or occasionally two nucleoli. The small amount of heterochromatin was mostly 
distributed immediately adjacent to the nuclear membrane. The nucleus did not push up 
the apical cell membrane in the manner presumed to account for the bulging nuclear 
profile visible by scanning electron micrograph. Neither mitotic figures nor binucleate 
cells were seen.

The cytoplasm (Figures 16 and 17) was rich in organelles such as mitochondria and 
Golgi bodies (“G”, Figure 17). Rough endoplasmic reticulum was seen. Typical 
lysosomes were infrequent and Weibel-Palade bodies were not present. The cytoplasm
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contained many round vesicles which usually appeared to be membrane bound (Figure 
16). They were either empty or partially filled by an amorphous electron-dense material. 
Occasionally a vesicle was seen which appeared to be joined to the apical cell membrane 
by a narrow funnel (Figure 20). The identity of these structures was unclear. They may 
have been large endocytic vesicles or alternatively may have arisen from partial loss of 
intracellular lipid globules during specimen processing. Although lipid globules are not 
membrane-bound, a condensation of lipid at the rim of the globule may mimic a unit 
membrane (Ghadially 1982). Another possibility is that they were unusual lysosomes. 
Although intermediate filaments were occasionally visualised they were never a 
prominent feature and tonofilaments were not present.

The appearances of the stroma and epithelium of the normal comeas were consistent 
with previous descriptions (Jakus 1961).

(6).2.2 ICE Syndrome Corneas.

Thirty two comeas were examined by light microscopy, twenty six by scanning and 
twenty seven by transmission electron microscopy (Table 2).

(i) Light microscopy.

Many comeas demonstrated partial or complete (Figure 22) endothelial cell denudation.
The most common appearance was of a flattened monolayer of cells with unevenly 

spaced oval nuclei and without distinct organelles (Figure 24, right hand side cells).
Some specimens (Figures 24-29) demonstrated cells which were plump with large 

round or oval nuclei often containing conspicuous nucleoli. Many of these cells 
contained large vacuoles (Figures 28 and 29). In some cases a “ bmsh border” of 
presumed microvilli was seen on the apical cell membrane (Figure 27). Bmsh borders 
were only resolved in material prepared for routine transmission electron microscopy (i.e. 
osmicated and Spurr’s resin-embedded).

The number of layers of these plump cells varied. In some specimens they formed a 
strict monolayer (Figures 27 and 28), in others the number of layers varied in different 
regions of the same specimen (Figures 24-26, 29).

In one case (Figure 29) there were projections from the surface of the comeal 
endothelium. These consisted of a thick core of amorphous material similar in 
appearance to and continuous with DM, surrounded by up to several layers of plump 
cells.

In two cases (Figure 24), a region of the comeal endothelium occupied by plump, 
multilayered cells and another occupied by flatter, monolayered cells abutted each other 
directly.

95



Mitotic figures were not seen in any specimen.

(ii) Electron microscopy.

Ultrastmctural examination revealed several distinct cell types which will be described 
separately.

(a) '‘Epithelial-like” cells.

Scanning electron microscopy demonstrated this cell type in four comeas (and also two 
trabecular meshwork specimens - refer to (6).2.3). Epithelial-like cells formed a 
continuous sheet covering a substantial area of the endothelium. They were never seen 
individually or in small clusters (Figure 30).

Epithelial-like cells were large and less flattened than normal (Figures 31 and 32) and 
formed a non-polygonal mosaic (Figure 34). The nuclear profile clearly seen in normal 
cells was absent (Figure 32).

Their apical intercellular borders were abnormal in that they generally did not exhibit 
the overlapping ridge of membrane characteristic of normal comeal endothelial cells 
(Figure 38).

The cell surface displayed several distinctive structures. Microvilli were numerous 
although there was some heterogeneity in their density and distribution (Figures 34-36).
In most cells they were spread evenly over the surface but in some they were concentrated 
at either the periphery or, occasionally, at the cell centre. “Blebs” (Erickson and Trinkaus 
1976) were another common feature. These varied in size from 2-10 |xm. The simplest 
blebs (Figure 36) were dome-shaped protruberances with a smooth surface. More 
complex blebs were multiformed and their surface bore many ridged or granular 
projections (Figure 35). Large crater-like infoldings of the cell surface with a visible 
bottom and an elevated rim were also common (Figure 36). A particular feature such as 
the presence of blebs or the absence of microvilli at the cell centre tended to occur in 
clusters of cells.

In marked contrast with the normal-appearing endothelial cells (see below) of ICE 
syndrome comeas, epithelial-like cells were never necrotic.

Transmission electron microscopy demonstrated this cell type in eight specimens; 
epithelial-like cells were present in a total of eight of the thirty two comeas from ICE 
syndrome patients which were examined ultrastructurally (and also on two of the three 
trabeculectomy specimens).

Epithelial-like cells were found in continuous sheets; they were never seen singly or 
in small clusters.
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Their apical surface bore numerous microvilli (Figures 42-45). Blebs consisted of 
folds of apical cell membrane containing electron-lucent material (Figure 42). The 
electron-dense matter sometimes seen seen in contact with the microvilli was probably 
the residue of the cell’s glycocalyx.

Intercellular junctions consisted of numerous desmosomes often along the cell 
membrane not just at the cell apex (Figures 43 and 44). The overlapping ridge of apical 
membrane characteristic of normal endothelial cells was not present. Some lateral 
intercellular borders formed complex interdigitations which were not present in normal 
comeal endothelium and the intercellular space was often focally widened (Figure 42).
At the cell-basement membrane junction there were focal densities comparable to those of 
normal comeal endothelial cells.

Nuclei were more irregularly shaped and had more conspicuous nucleoli than normal. 
Heterochromatin was dispersed throughout the nucleus and not marginated as in normal 
endothelial cells (Figures 42 and 43).

Tonofilaments and conspicuous bands of intermediate filaments were seen in 
association with desmosomes and throughout the cytoplasm of these cells (Figures 43- 
45). Mitochondria were less conspicuous than in normal comeal endothelial cells. Very 
electron-dense granules, probably ingested melanosomes, were seen in some cells (Figure 
43).

Epithelial-like cells were never seen to be either necrotic or undergoing mitotis.
Neither viral particles nor bacteria were found in association with this cell type.

In summary, these cells were well differentiated and had many features characteristic of 
epithelial cells.

(b) ''Normal-appearing” endothelial cells.

Scanning electron microscopy demonstrated this cell type in sixteen specimens. The cell 
outline was polygonal (Figure 40) although there was sometimes a considerable degree of 
pleomorphism. The intercellular border was distinguished by an irregular ridge bearing 
filopodia (Figures 40 and 41). Nuclear profiles were generally visible (Figures 31 and 
32); some cells demonstrated two nuclear profiles suggesting that they were binucleate 
(Alvarado etal. 1986b; Ikebe et al. 1986). Microvilli were sparse or absent but cilia were 
sometimes seen (Figure 41). Blister-like deformities of the cell surface were occasionally 
observed (Figure 32) but there were no craters or blebs of the type associated with 
epithelial-like cells. Necrotic cells were often scattered individually or in clusters 
throughout regions containing normal-appearing endothelium (Figure 39) and 
inflammatory or stellate-shaped cells (see below) were often seen on their apical surface 
(Figure 40) or in the lateral space between them (Figure 41).
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Transmission electron microscopy (Figure 62) demonstrated appearances similar to 
those of the endothelial cells of normal comeas as described above; however they 
sometimes contained particles resembling melanosomes. This cell type was observed by 
transmission electron microscopy on twelve comeas; of the thirty two comeas from ICE 
syndrome patients that were examined ultrastmcturally, normal-appearing cells were 
present on a total of twenty one.

In summary, normal-appearing cells were morphologically similar to the cells of normal 
comeal endothelium despite some departures from completely normal appearances, such 
as a greater degree of pleomoiphism.

(c) The boundary zone between epithelial-like and normal-appearing endothelial cells.

This region was observed in four specimens. Both epithelial-like and normal-appearing 
cells were present on one other comea but the boundary zone itself was not visualised.

Epithelial-like cells near the boundary zone (Figures 31 and 32) formed a distinctive 
“cuff’ of bizairely shaped cells. Some showed exuberant frond-like clusters of microvilli 
(Figure 37).

Epithelial-like cells overlapped the surface of their normal-appearing neighbours 
(Figures 32 and 46). Overlapping was restricted to the region of immediate contact 
between the two populations (Figure 46) and there were no extensive areas of coverage of 
normal-appearing cells by epithelial-like cells.

Normal-appearing cells near the boundary zone often demonstrated large intracellular 
vacuoles (Figure 46).

(d) Stellate-shaped” cells.

Two or more long processes radiated from a fusiform cell body (Figure 40). Many cells 
exhibited lamellipodia and mffling. Intemally there were mitochondria, intermediate 
filaments, rough endoplasmic reticulum and a long nucleus. There was no intracellular 
pigment.

Stellate-shaped cells were found on the apical surface and in-between normal- 
appearing endothelial cells or else lying on the surface of denuded basement membrane in 
specimens in which endothelial cell loss had occurred. They were infrequently seen in 
contact with epithelial-like cells.

Stellate-shaped cells were present on a total of eleven of the thirty two comeas from 
ICE syndrome patients that were examined ultrastructurally.
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(e) Inflammatory cells.

Small numbers of inflammatory cells were present on seven of the specimens. They were 
seen on the apical surface of normal-appearing endothelial cells or on denuded basement 
membrane. They were infrequently observed in contact with epithelial-like cells. The 
few inflammatory cells visualised by transmission electron microscopy were mostly 
macrophages (Figure 47).

(f) The corneal stroma and epithelium.

These were unremarkable except for appearances which may have resulted from oedema 
such as widening of the space between fibrils of the comeal stroma.

(6).2.3 ICE Syndrome Trabecular Meshwork.

Epithelial-like cells were present on two of the three specimens (Figures 34 and 35). The 
other displayed normal peripheral comeal endothelium.

(6).2.4 Failed Corneal Grafts From ICE Syndrome Patients.

Three donor comeal buttons removed from ICE syndrome patients because of graft 
failure were examined by scanning electron microscopy. In all three the endothelial cell 
layer was missing and only a few stellate-shaped and inflammatory cells remained. 
Epithelial-like cells were not seen on failed comeal grafts.
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CORNEA N̂

Table 2. The morphology of ICE syndrome corneal endothelium 

2 3 4 5  6 7 8 9 10 11

SEM
Tissue
available

No Yes No No Yes No Yes No Yes No Yes

Cellularity Full Full Full Total.
denud.

Occ.
gaps

Cell type Normal
Stellate
W BC

Nomial
Stellate
W BC

Nonnal Normal

LM & TEM 
Tissue S purr’s

Wax
Spurr’s
K4M
Wax

FR(LM )
FR(EM )

Spurr’s
Wax

Wax Spurr’s
Wax

Spurr’s
Wax

Spurr’s Wax Wax Spurr’s
Wax

Spurr’s
Wax

Cellularity Total.
denud.

Total.
denud.

Few
cells

Few
cells

Full Full Few cells Total.
denud.

Few
cells

Few
cells

Total.
denud.

Few
cells

Few
cells

Total.
denud.

Cell types - Normal
Stellate

Normal Uniden. Nonnal
Epith.

(Subtotal)

N onnal
Epith.

(Subtotal)

Stellate Uniden. Uniden. Nonnal -

Basement
membrane
appearance

PCL PCL ABZ
abnm.

Uniden. PCL PCL PCL Uniden. Uniden. PCL PCL

Continued/.



CORNEA

Table 2. The morphology of ICE syndrome corneal endothelium (continued)

12t 13 14 15 16 17 18H 19 20 21 22H 23

SEM
Tissue
available

Yes No Yes No Yes Yes Yes Yes Yes Yes Yes Yes

Cellularity Few
cells

Full Full Total.
denud.

Full Total.
denud.

Full Total.
denud.

Full Full

Cell type Normal Normal
Epith.

(Subtotal)

Normal - Epith. - Normal
WBC

- Epith. Normal
Stellate

LM & TEM 
Tissue Spurr’s

K4M
Wax

Spurr’s Spurr’s
K4M
Wax

FR(LM)

Wax Spurr’s
K4M
Wax

FR(LM)

Spurr’s
K4M
Wax

FR(LM)
FR(EM)

Spurr’s
K4M
Wax

Spurr’s
K4M
Wax

FR(LM)

Spurr’s
K4M
Wax

Wax Spurr’s
K4M
Wax

Cellularity Total.
denud.

Few
cells

Full Few
cells

Few
cells
Occ.
gaps

Few
cells

Few cells 
Occ. 
gaps

Total.
denud.

Few
cells

Total.
denud.

Total.
denud.

Full
Occ.
gaps

Cell type - Epith, Epith.
Normal

(Subtotal)

Uniden. Normal Stellate Epith.
Normal

(Subtotal)

- Stellate - Epith.

Basement
membrane
appearance

Normal PCL ABZ
abnm.

Uniden. PCL PCL PCL PCL Normal Uniden. ABZ
abnm.

Normal
*

Continued/.



Table 2. The morphology of ICE syndrome corneal endothelium (continued)

CORNEA N^ 24 25 26 27 28 29

SEM
Tissue
available

Yes Yes Yes Yes Yes Yes

Cellularity Full Total.
denud.

Full Few
cells

Full Full

Cell type Normal - Epith. Normal
Stellate

Normal
Stellate
WBC

Normal
Stellate
WBC

30 31 32 33 34 35

LM & TEM 
Tissue

appearance

Yes

Total.
denud.

Yes

Full

Normal
Stellate
WBC

No Yes

Full

Yes

Full

Normal Normal 
Stellate 
WBC

Spurr’s Spurr’s Spurr’s Spurr’s
K4M Wax 
Wax FR(LM) 

FR(LM)

K4M
Wax

FR(LM)
FR(EM)

K4M Wax 
Wax

Wax K4M 
Wax 

FR(LM)

Cellularity Few
cells

Total.
denud.

Full Few
cells

Total.
denud.

Few
cells

Few
cells

Few
cells

Full

Cell type Normal - Epith. Stellate - Normal
WBC

Normal Normal Epith.
Normal

Basement
membrane

Normal PCL Normal PCL PCL PCL PCL PCL ABZ
abnm.

Yes

Total.
denud.

Spurr’s Spurr’s Spurr’s Spurr’s Spurr’s Spurr’s 
Wax

Total.
denud.

PCL
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Table 2. The morphology of ICE syndrome corneal endothelium: Legend

Tissue The type of tissue available
Wax tissue processed by fixation in neutral buffered formalin and embedding in paraffin wax.
Spurr’s tissue processed by fixation in glutaraldehyde and osmium and embedding in Spurr's resin.
K4M tissue processed by fixation in paraformaldehyde and embedding in Lowicryl K4M resin.
FR(LM) unfixed, frozen tissue for light microscopic immunocytochemistry.
FR(EM) tissue processed by fixation in paraformaldehyde and freezing for electron microscopic immunocytochemistry.

Cellularity The extent to which the comeal endothelial cell layer appeared present:-
Full there were no cells missing from the endothelial cell layer.
Occ. gaps there were occasional cells missing from the endothelial cell layer.
Few cells there were few cells remaining in the endothelial cell layer.
Total, denud. there were no cells remaining in the endothelial cell layer.

NB. The cellularity of the corneal endothelium varied in different regions of many specimens.

Cell Types The cell types present on the corneal endothelium of the specimen
Epith. epithelial-like cells.
Normal normal-appearing cells.
Stellate stellate shaped cells.
WBC inflammatory cells.
Uniden. the cell types present were not identified (in wax-embedded tissue).

“Subtotal” specimens in which epithelial-like and normal-appearing cells were seen alongside each other.

NB. LM and TEM results are presented together since LM and TEM appearances were correlated by cutting consecutive thick and ultrathin 
sections.

Basement membrane appearance The morphology of DM:- 
PCL posterior collagenous layer.
ABZ abnm. the lattice-material of the ABZ was either abnormal or absent. 
Normal the basement membrane was morphologically normal.
Uniden. DM morphology was not identified (in wax-embedded tissue).
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Table 2. The morphology of ICE syndrome corneal endothelium: Legend

t  A trabeculectomy specimen was available from this patient (patient number 12, comea number 13). It demonstrated normal peripheral 
comeal endothelium.

 ̂ Trabeculectomy specimens from these patients demonstrated epithelial-like cells. Epithelial-like cells were seen on the trabeculectomy
specimen and on the ipsilateral comea (number 18) removed three years after drainage surgery from patient number 17. Epithelial-like 
cells were present on the trabeculectomy specimen and the contralateral cornea (number 22) removed five years after drainage surgery 
from patient number 20.

* Variation in the pattern of basement membrane morphology was only seen in cornea number 22; in this specimen the ABZ was abnormal
in all except one ultrathin section in which DM morphology was normal.
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Figure 13. The apical (or posterior surface) of normal comeal endothelial cells is in contact with the aqueous humour which 
^  fills the anterior chamber of the eye. The cells form a polygonal mosaic based on hexagonal figures, but with some

pleomorphism. The arrows point to the large pits sometimes seen in the apical cell membrane.
Scanning electron micrograph of normal comea number 7.
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Figure 14. The hexagonal outline of this normal endothelial cell is delineated by an irregular and interdigitating ridge of cell 
membrane. The cell surface is smooth except for a round elevation due to the underlying nucleus, numerous micropits and a 
few microvilli.

Scanning electron micrograph of normal comea number 7.
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Figure 15. At high magnification the border between adjacent normal endothelial cells is seen to consist of an irregularly 
overlapping and interdigitating ridge of cell membrane with filopodia, which probably corresponds to the “marginal fold” 
demonstrated by transmission electron microscopy (compare with Figure 18).

Scanning electron micrograph of normal cornea number 3.
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Figure 16. Transmission electron micrograph of normal comeal endothelium demonstrating its two components, namely the 
endothelial cells and their basement membrane, eponymously known as Descemet’s membrane.

The endothelial cells form a monolayer whose apical or posterior surface is in contact with aqueous humour.
Descemet’s membrane is divided into two regions; the anterior banded zone (ABZ) which contains lattice-material and the 

^  amorphous posterior non-banded zone (PNBZ). The interfacial matrix (IFM) is the transitional zone between DM and the
^  comeal stroma.

Spurr’s resin-embedded tissue. Normal cornea number 4. Scale bar = 5 |L im .
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Figure 17. Transmission electron micrograph of a normal corneal endothelial cell.
The apical surface of this cell has no microvilli or cilia. The nucleus ("N") is ovoid with one nucleolus and a small 

amount of heterochromatin which mostly lies adjacent to the nuclear membrane. Intracellular organelles include numerous 
mitochondria, Golgi body (“G”), rough endoplasmic reticulum and round vesicles close to the apical surface which may be 
pinocytic vesicles (arrows). Few intermediate filaments are seen in normal corneal endothelial cells.

Spurr’s resin-embedded tissue. Normal cornea number 4. Scale bar = 1 |im.
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Figure 18. The junctions between normal comeal endothelial cells are located at the cell 
apex and consist of zonulae occludentes or tight junctions (arrow) and zonulae 
adhaerentes or intermediate junctions (arrowhead). There are no desmosomes. A flap of 
membrane (the “marginal fold”) corresponds to the overlapping ridge seen by scanning 
electron microscopy (compare with Figures 14 and 15).

Transmission electron micrograph of Spurr’s resin-embedded tissue. Normal cornea 
number 5. Scale bar = 0.5 pim.

Figure 19. The anterior or basal surface of normal comeal endothelial cells is adjacent to 
DM and demonstrates basal membrane densities, but not true hemidesmosomes.

Transmission electron micrograph of Spurr’s resin-embedded tissue. Normal comea 
number 5. Scale bar = 0.5 pim.

Figure 20. Transmission electron micrograph of a normal comeal endothelial cell 
demonstrating a vesicle apparently joined to the apical cell membrane by a narrow funnel. 
Spurr’s resin-embedded tissue. Normal comea number5. Scale bar = 0.5 //m.
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Figure 21. Light micrograph of normal corneal endothelium, which consists of two 
layers:- (i) DM which lies between the comeal stroma (above the arrow) and the 
endothelial cells, (ii) The endothelial cell layer which lies posterior to DM. In vivo, the 
posterior or apical surface of the endothelial cells is in contact with the aqueous humour 
of the ocular anterior chamber.

Toluidine blue-stained thick section of Spurr’s resin-embedded tissue. Normal cornea 
number 7. Magnification x 800.

Figures 22 and 23. Light micrograph of the comeal endothelium of two ICE syndrome 
specimens. DM lies posterior to the corneal stroma (above the arrows) and appears 
thickened and layered by comparison with normal (compare with Figure 21 which is 
shown at the same magnification). Complete endothelial cell loss has occurred in both 
specimens. Subsequent examination of ultrathin sections cut from the same region of the 
specimens demonstrated the presence of a PCL.

Toluidine blue-stained thick section of Spurr’s resin-embedded tissue. ICE syndrome 
corneas number 19 and 17 respectively. Magnification x 800.
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Figure 24. ICE syndrome comeal endothelium; The cells on the left are plump and 
multilayered, those on the right are flatter and monolayered.

Toluidine blue-stained thick section of Lowicryl K4M-embedded tissue. ICE 
syndrome comea number 18. Magnification x 500.

Figure 25. The plump cells in some regions of this ICE syndrome comea are 
multilayered whilst in others they are monolayered.

H & E-stained thick section of frozen tissue. ICE syndrome comea number 14. 
Magnification x 800.

Figure 26. These endothelial cells demonstrate microvilli and some areas of 
multilayering and vacuolisation. Subsequent examination by transmission electron 
microscopy showed the cells in this region of the specimen to be epithelial-like.

Toluidine blue-stained thick section of Spurr’s resin-embedded tissue. ICE syndrome 
comea number 22. Magnification x 800.
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Figure 27. Microvilli are just resolved on the apical surface of these endothelial cells. 
Subsequent examination of this region by transmission electron microscopy showed these 
cells to be epithelial-like.

Toluidine blue-stained thick section of Spurr’s resin-embedded tissue. ICE syndrome 
comea number 26. Magnification x 2000.

Figure 28. These highly vacuolated cells were subsequently shown by transmission 
electron microscopy to be epithelial-like cells.

Toluidine blue-stained thick section of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Magnification x 2000.

Figure 29. Abnormal “rodlets” composed of cells and basement membrane project from 
the surface of the comeal endothelium of this ICE syndrome specimen.

Toluidine blue-stained thick section of Lowicryl K4M-embedded tissue. ICE 
syndrome comea number 22. Magnification x 800.
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Figure 30. Low magnification scanning electron micrograph of the endothelial surface of 
one quarter of an ICE syndrome comea.

The light grey area on the left is occupied by epithelial-like cells, the dark grey area 
on the right by normal-appearing endothelial cells. The white arrowheads mark the tips 
of two tongues of normal-appearing cells which are partially surrounded by epithelial-like 
cells.

The small areas of lighter grey scattered within the dark grey region are normal- 
appearing cells which had necrosed (shown at higher magnification in Figure 39).

Figures 30-33 are scanning electron micrographs at progressively higher 
magnification of the endothelial surface of ICE syndrome cornea number 14; this 
specimen demonstrates the subtotal-ICE appearance. Compare these scanning electron 
micrographs with an ESP of another ICE syndrome patient with subtotal-ICE (Figure 7).

Figure 31. The region marked by the upper white arrowhead in Figure 30 demonstrates 
the subtotal-ICE pattern with two distinct cell populations alongside each other. The cells 
in the centre resemble those seen on normal comeal endothelium (compare with Figure 
13). These are normal-appearing cells. The cells surrounding them appear conical in 
shape and have numerous microvilli; these are epithelial-like cells.

Scanning electron micrograph of ICE syndrome comea number 14.
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Figure 32. Scanning electron micrograph of the boundary zone between epithelial-like 
and normal-appearing cells. The epithelial-like cells at the boundary zone are bizarrely 
shaped and overlap the surface of adjacent normal-appearing cells, (note the partially 
covered nuclei of the normal-appearing cells), a feature shown at higher magnification in 
Figure 33 below.

ICE syndrome cornea number 14.

Figure 33. Scanning electron micrograph of the boundary zone between epithelial-like 
and normal-appearing cells. Microvilli cover the surface of the epithelial-like cell (top). 
A ridge is seen where it overlaps the largely smooth surface of the normal-appearing 
endothelial cell (bottom).

ICE syndrome cornea number 14.
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Figure 34. Epithelial-like cells form a non-polygonal and pleomorphic mosaic (compare 
with Figures 13 and 14 showing the polygonal mosaic formed by endothelial cells of 
normal corneas and Figure 40 showing normal-appearing cells from ICE syndrome 
specimens).

Scanning electron micrograph of peripheral comeal endothelium from a 
trabeculectomy specimen. ICE syndrome patient number 17; this specimen was taken 
from the same eye as ICE syndrome cornea number 18.

Figure 35. Blebs and numerous microvilli are seen on the apical surface of these 
epithelial-like cells.

Scanning electron micrograph of peripheral corneal endothelium from a 
trabeculectomy specimen. ICE syndrome patient number 17; this specimen was taken 
from the same eye as ICE syndrome cornea number 18.
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Figure 38. Scanning electron micrograph of the apical surface of epithelial-like cells.
The border between adjacent cells lacks the overlapping and interdigitating processes 
which are characteristic of both endothelial cells from normal corneas (Figures 14 and 15) 
and normal-appearing cells from ICE syndrome specimens (Figure 40).

ICE syndrome cornea number 26.

Figure 39. Scanning electron micrograph of normal-appearing endothelial cells close to 
the boundary zone with epithelial-like cells (which are not shown in this micrograph), in a 
case of subtotal-ICE. Some cells are necrotic; membrane lysis has revealed the remnants 
of the nucleus and cytoplasm.

ICE syndrome cornea number 14.
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Figure 40. Scanning electron micrograph of ICE syndrome comeal endothelium 
demonstrating the morphology of a “stellate-shaped” cell lying on the surface of normal- 
appearing endothelial cells. Note the lamellipodium (arrow).

The scattered clumps of matter may be the residua of the mucopolysaccharide which 
normally coats the endothelial cell membrane but which is poorly preserved by the 
methods used to process tissue for scanning electron microscopy (see also Figure 41).

ICE syndrome cornea number 5.

Figure 41. Scanning electron micrograph of an ICE syndrome specimen demonstrating a 
cell interpolated in the mosaic of normal-appearing endothelial cells.

ICE syndrome cornea number 5.
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Figure 42. These epithelial-like cells demonstrate microvilli and blebs (asterisk) and irregularly shaped nuclei with 
prominent heterochromatin. The lateral intercellular borders exhibit complex interdigitations and areas of focal widening.
The arrow indicates a pair of centrioles.

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome cornea number 22. Scale bar = 1 pm.
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Figure 43. Epithelial-like cells demonstrate internal features such as desmosomes, 
tonofilaments, irregularly shaped nuclei and ingested melanin (open arrows).

In this ICE syndrome specimen the lattice-material normally seen in the ABZ is 
absent. The residual basement membrane is amorphous except for some electron-lucent 
spaces and there is no PCL. (Basement membrane lies between the closed arrows).

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome 
cornea number 22. Scale bar = 1 |im.
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Figure 44. The intercellular junctions between epithelial-like cells consist of numerous 
desmosomes and associated tonofilaments.

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome 
cornea number 22. Scale bar = 0.5 pm.
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Figure 45. Epithelial-like cells demonstrate microvilli and conspicuous intermediate filaments.
Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome cornea number 34. Scale bar = 0.25

|im.

Figure 46. Transmission electron micrograph of an ICE syndrome cornea showing the boundary zone (arrow) between 
epithelial-like cells (on the right) and normal-appearing endothelial cells (on the left). The epithelial-like cell with microvilli 
on its surface overlaps the surface of the normal-appearing endothelial cell, which contains large vacuolations.

Lowicryl K4M-embedded tissue. ICE syndrome cornea number 14. Scale bar = 5 |im.
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Figure 47. Transmission electron micrograph of a macrophage, lying on microfibrils 
(arrow) which form the posterior layer of the PCL of this ICE syndrome cornea. 

Spurr’s resin-embedded tissue. ICE syndrome cornea number 1. Scale bar = 1.25
|im.
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(7) STUDIES ON CORNEAL ENDOTHELIAL CELLS - DIFFERENTIATION
MARKERS
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(7).l AIMS

Ultrastructural examination demonstrated two principal cell types on ICE syndrome 
comeal endothelium (refer to (6).2.2); epithelial-like cells which had epithelial features 
and normal-appearing cells which resembled the cells of normal comeal endothelium.

Light and electron microscopic immunocytochemistry were used to examine the 
differentiation markers expressed by epithelial-like and normal-appearing cells. 
Comparison was made with endothelial, comeal epithelial and limbal epithelial cells from 
normal comeas.

The differentiation markers examined were epithelial membrane antigen (EMA) and 
the intermediate filaments vimentin, broad spectmm cytokeratins (CKs) and CKs 3, 5/8, 
8/18 and 19.

The results of previous studies on this subject have conflicted (refer to (2).3.3.(iii)). 
This was because the resolution attained by the light microscopic immunocytochemical 
techniques that were used was not sufficient to distinguish between the different cell types 
present on the endothelium in this disease.

It was anticipated that epithelial-like cells would express CKs but not vimentin since 
this is the profile of epithelia in general (refer to (l).4.2.(i)). Epithelial-like cells were 
compared with normal comeal and limbal epithelial cells because their epithelial 
characteristics suggested that they might originate from ocular surface epithelium.

Studies on differentiation markers were also carried out to provide information on the 
behaviour of epithelial-like cells. CK 5 is expressed by stratified, and CKs 8/18 by non
stratified, epithelia (refer to (l).4.2.(ii)). CK 19 is a marker for the population of comeal 
epithelial stem cells, located within the limbus, which undergo mitosis and movement 
(refer to (l).4.2.(v).

It was anticipated that normal-appearing cells on ICE syndrome comeas would 
express the same profile of differentiation markers as the endothelial cells of normal 
comeas which they resembled morphologically.

(7).2 RESULTS 

(7).2.1 Normal Corneas.

(i) Light microscopic immunocytochemistry.

Seven normal corneas were examined. Results were the same in all cases (Table 3 and 
Figure 48).

Corneal endothelium was positive for vimentin and negative for CKs and EMA.
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Comeal stromal fibroblasts were positive for vimentin and negative for CKs and 
EMA.

Comeal epithelium was positive in all cell layers for broad spectmm CKs and for CKs 
3 and 5/8 . It was negative for CKs 8/18 and 19, vimentin and EMA,

Limbal epithelium was positive in all cell layers for broad spectrum CKs and for CKs 
5/8. There was a positive signal for CK 19 in most cell layers. A weakly positive signal 
for EMA was consistently present in superficial layers. Signal for CK 3 was absent 
except for occasional cells close to the comeal epithelium which demonstrated weak 
positivity. CKs 8/18 and vimentin were negative.

(ii) Electron microscopic immunocytochemistry.

Examination of the endothelium of three normal comeas confirmed the vimentin 
positivity and the broad spectrum CK/EMA negativity demonstrated at the light 
microscopic level.

(iii) Controls for light and electron microscopic immunocytochemistry.

Immunostaining in negative controls was almost absent. Conversely the positive controls 
demonstrated strong and specific signal localised to appropriate regions of the tissue.
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Table 3

The differentiation markers expressed by normal corneal tissues
(light microscopic immunocytochemistry)

Corneal Corneal Limbal Corneal Stroma
Endothelium Epithelium Epithelium (Fibroblasts)

CKBS 

CK3 

CKs 5/8 

CKs 8/18

+

CKI9

Vimentin +

EMA

Wax-embedded tissue was used with all antibodies except for CK 3 and vimentin for 
which unfixed frozen tissue was used.

LEGEND

CK BS = broad spectrum CKs.
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(7).2.2 ICE Syndrome Corneas.

(i) Light microscopic immunocytochemistry.

(a) The resolution of different endothelial cell types at the light microscopic level.

It was not possible to distinguish epithelial-like cells from normal-appearing endothelial 
cells in the tissue used for light microscopic immunocytochemistry on the basis of their 
morphology.

(b) Immunocytochemical results.

Two groups were demonstrated based on positivity for broad spectrum CKs (Table 4). In 
twelve specimens, endothelial cells were negative for broad spectrum CKs. In six 
specimens, endothelial cells were positive for broad spectrum CKs (Figure 48).

CK-negative specimens.
All were EMA negative.
Tissue suitable for the antibody to vimentin (frozen or Lowicryl-embedded) was 

available in seven specimens from this group; all were positive.
Analysis of CK subtypes was only performed in specimens which were positive for 

broad spectrum CKs.

CK-positive specimens.
Three specimens were EMA positive, two were EMA negative and tissue suitable for 

EMA analysis was unavailable from one.
Four specimens were vimentin negative, one was positive and tissue for vimentin 

analysis was unavailable from one.
Frozen tissue suitable for analysis by the antibody to CK 3 was available from one 

specimen and was negative. In this case, a subsequent experiment was performed in 
which serial sections were stained with the antibody to broad spectrum CKs followed by 
the antibody to CK 3. The endothelial cells were positive for the former antibody and 
negative for the latter.

Five specimens were CKs 5/8 positive and one was negative.
All specimens were negative for CKs 8/18.
Four specimens were positive for CK 19, one was negative and tissue suitable for CK 

19 analysis was unavailable from one.
In all cases immunocytochemical staining of the comeal endothelium was the same 

across the full length of the section; for example, it was never the case that some
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endothelial cells on a particular section were positive for CKs whilst endothelial cells in 
another region of the same section were negative.

Results for the stroma and epithelium of the ICE syndrome corneas were comparable 
to those from normal corneas
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Table 4

The differentiation markers expressed by the cells of ICE syndrome corneal
endothelium (light microscopic immunocytochemistry)

Cornea
N2

CKBS CK3 CKs 5/8 CKs
8/18

CK 19 EMA Vimentin

2 - - +

3 - - N/A

4 + N/A + - N/A N/A N/A

5 - - N/A

6 - - N/A

12 - - +

14 + - + - + + -

15 - - N/A

16 + N/A - - - - +

17 - - +

18 + N/A + - + - -

20 - - +

22 + N/A + - + + -

24
- - +

25 - - +

27
- - +

32 - - N/A

34 + N/A + - + + -

CK subtypes were examined in specimens which were positive for broad spectrum CKs.
Wax-embedded tissue was used for all comeas. It was suitable for all the antibodies 
except those to CK 3 and vimentin.
Unfixed frozen tissue was used for corneas number 2, 14,16, 17, 24, 25,27 and 34.
It was suitable for all the antibodies.
Lowicryl K4M-embedded tissue was used for corneas number 12, 20 and 22 with the 
antibody to vimentin, because no frozen tissue was available from these specimens.

LEGEND
CK BS = broad spectrum CKs. N/A = Tissue suitable for examination with this antibody 
was not available.
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(ii) Electron microscopic immunocytochemistry.

(a) The resolution o f different endothelial cell types at the electron microscopic level.

There was no difficulty in distinguishing epithelial-like cells from normal-appearing cells 
at this level and it was therefore possible to identify which differentiation markers where 
expressed by the two cell types.

(b) Epithelial-like cells.

Lowicryl K4M-embedded tissue from seven ICE syndrome comeas in which endothelial 
cells were present was used for electron microscopic immunocytochemical studies. 
Epithelial-like cells were present in four of the specimens (Table 5). Results were the 
same in all four cases.

Epithelial-like cells were strongly positive for broad spectrum CKs (Figures 49 and 
50). Subtype analysis demonstrated the presence of CK 19 (Figure 52). These CKs were 
localized to the intracytoplasmic intermediate filaments. CKs 8/18 and vimentin (Figure 
53) were absent. The antibodies to CKs 3 and 5/18 did not work on Lowicryl sections.

Epithelial-like cells were strongly positive for EMA, with specific labelling of the 
apical cell surface including microvilli and blebs (Figures 55 and 56).

(c) Normal-appearing cells.

Normal-appearing endothelial cells were present in five specimens (Table 5).
These cells were vimentin positive (Figure 54) and negative for broad spectrum CKs 

(Figure 51), CKs 8/18 and 19, and EMA (Figure 57).
In two of the specimens the appearances were of subtotal-ICE i.e both epithelial-like 

and normal-appearing cells were present. Ultrathin sections cut from these specimens 
included both cell types within the same section, permitting direct comparison of their 
profile of differentiation markers. Normal-appearing cells in these sections were 
vimentin positive and CK and EMA negative. This was in marked contrast to the 
epithelial-like cells in the same ultrathin sections which were, as stated previously, CK 
and EMA positive and vimentin negative.

(iii) Controls for light and electron microscopic immunocytochemistry.

Immunostaining in negative controls was almost absent. Conversely the positive controls 
demonstrated strong and specific signal localised to appropriate regions of the tissue.
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Table 5

The differentiation markers expressed by the cells of ICE syndrome corneal
endothelium (electron microscopic immunocytochemistry)

Cornea
N2

Cell Type CKBS CKs 8/18 CK 19 EMA Vimentin

2 Normal- 
appearing

- - - - +

14 Epithelial-like + - + 4- -

Normal- 
appearing

- - - - 4-

16 Normal- 
appearing

- - - - 4-

18 Epithelial-like + - 4- 4- -

Normal- 
appearing

- - - - 4-

22 Epithelial-like 4- - 4- + -

24 Normal- 
appearing

- - - - 4-

34 Epithelial-like + - 4- 4- -

LEGEND

CK BS = broad spectrum CKs
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Figure 48. Photomontage of light microscopic-level immunocytochemical results, utilising the ABC technique, comparing 
the differentiation markers expressed by ICE syndrome comeal endothelium with those expressed by normal corneal 
endothelium, corneal epithelium and limbal epithelium. A brown colour denotes positivity.

The endothelium of the ICE syndrome specimen is positive for EMA, broad spectrum CKs and CKs 5/8 and 19. It is 
negative for CKs 3 and 8/18 and vimentin.

Normal corneal endothelium is positive for vimentin and negative for CKs and EMA.
Normal corneal epithelium is positive for broad spectrum CKs and for CKs 3 and 5/8 and negative for CKs 8/18 and 19, 

vimentin and EMA.
Normal limbal epithelium is positive in all cell layers for broad spectrum CKs and for CKs 5/8. There is a positive signal 

for CK 19 in most cell layers. A positive signal to EMA is present in superficial layers. Signal for CK 3 is largely absent. 
CKs 8/18 and vimentin are negative.

CK BS = broad spectrum CKs.
Formalin-fixed, wax-embedded tissue was used for CK BS, CKs 5/8, CKs 8/18, CK 19 and EMA. Unfixed, frozen tissue

was used for CK 3 and vimentin.
Normal cornea number 7 and ICE syndrome cornea 14. Magnification x 800.
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Figure 49. The abundant intermediate filaments of these epithelial-like cells are labelled 
by monoclonal antibody to broad spectrum CKs. Note the microvilli on the apical cell 
surface.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Scale bar = 500 nm.
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Figure 50. Antibody to broad spectrum CKs labels the intermediate filaments of this epithelial-like cell.
Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 22. Scale bar = 250

nm.
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Figure 51. The intermediate filaments (arrow) of this normal-appearing endothelial cell 
are sparse and are not labelled by antibody to broad spectrum CKs.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Scale bar = 250 nm.
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Figure 52. Monoclonal antibody to CK 19 labels the abundant intermediate filaments of 
this epithelial-like cell.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Scale bar = 100 nm.
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Figure 53. The intermediate filaments of this epithelial-like cell (arrow) are not labelled 
by antibody to vimentin. Note the microvilli on the apical cell surface.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Scale bar = 100 nm.
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Figure 54. Antibody to vimentin labels the intermediate filaments of this normal 
appearing endothelial cell.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 14. Scale bar = 100 nm.
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Figure 55, Antibody to EMA labels the apical surface membrane, microvilli and blebs of epithelial-like cells.
Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 14. Scale bar = 1 
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Figure 56. The apical surface membrane and microvilli of epithelial-like cells are specifically labelled by the antibody to 
EMA.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 22. Scale bar = 500
nm.
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Figure 57. Labelling by the antibody to EMA of the apical surface membrane of these normal-appearing endothelial cells is 
completely absent. This is in marked contrast to the strong labelling by this antibody of the epithelial-like cells present in the 
same ultrathin section from this case of subtotal-ICE (Figure 55).

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 14. Scale bar = 1
îm.
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(8) STUDIES ON CORNEAL ENDOTHELIAL CELLS - DISCUSSION
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(8).l THE REASONS FOR AND THE DISADVANTAGES OF RELYING ON 
CLINICAL MATERIAL FROM ICE SYNDROME PATIENTS

It was necessary to examine tissue from ICE syndrome patients to define the histological 
appearances of the disease. Clinical material was also appropriate for studies on cellular 
differentiation markers and basement membrane composition.

However there were disadvantages of relying on clinical specimens:-
(i) The button of host tissue removed for the comeal transplant was of relatively 

small size (7.25-7.5 mm) compared to total comeal diameter (approximately 12 mm). It 
is likely that in many subtotal-ICE cases, epithelial-like cells were located outside the 
perimeter of the comeal graft.

(ii) Many comeas had been subjected to glaucoma and its treatment and perhaps to 
uveitis before they were removed.

(iii) Comeas were of necessity not removed until a late stage in disease progression, 
by which time the endothelial cell layer had often been completely lost. The importance 
if this factor has been emphasised before. “One must remember in studying histological 
material of this (ICE syndrome) kind that the eye is not available until it has run through a 
long series of degenerations to blindness” (Waite 1928).

(iv) Attempts to correlate ultrastmctural appearances with ESP performed 
immediately prior to penetrating keratoplasty were frustrated by severe comeal oedema.

(v) Comeal sampling was a one-off event. It was therefore not possible to study 
disease evolution in the context of either cellular or basement membrane pathology.

(vi) Clinical material was in short supply.
Altemative strategies were considered. However cell culture studies were prevented 

by the paucity of clinical material from which to obtain endothelial cells and there is no 
animal model for the ICE syndrome.

(8).2 THE CORNEAL ENDOTHELIUM IN THE ICE SYNDROME - 
EPITHELIAL-LIKE CELLS (“ICE-CELLS”)

(8).2.1 The Characteristics Of Epithelial-Like Cells.

These were well-differentiated cells with an epithelial morphology. They were either 
monolayered or exhibited stratification without kératinisation.

Ultrastmctural immunocytochemistry demonstrated that epithelial-like cells express 
EMA, broad spectmm CKs and CK 19 but not CKs 8/18 or vimentin. Light microscopic 
immunocytochemistry showed that they express CK 5 but not CK 3. This was the same 
profile of differentiation markers expressed by limbal epithelial cells.
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The cells which reacted with the antibody to CKs 5/8 must have been epithelial-like 
cells, even though their characteristic morphology was not resolved at the light 
microscopic level; this was because immunoelectron microscopy showed that epithelial- 
like cells were the only cells on the endothelium of ICE syndrome comeas which express 
CKs Although the antibody to CK 5 also reacted with CK 8, the absence of CK 8 from 
epithelial-like cells was demonstrated by their failure to stain with the antibody to CKs 
8/18.

Non-expression of CK 3 by epithelial-like cells was confirmed by staining serial 
sections with antibodies to broad spectrum CKs and then CK 3. This procedure 
demonstrated that cells which were positive for broad spectrum CKs were negative for 
CK3.

It was not possible to examine the full range of differentiation markers in every 
cornea for several reasons:- some of the antibodies were unsuitable for wax- and/or resin- 
embedded tissue. For example the antibody to CK 3 only worked on frozen tissue, the 
antibody to CKs 5/8 worked on frozen and wax-embedded but not Lowicryl-embedded 
tissue and the antibody to vimentin worked on frozen and Lowicryl resin-embedded but 
not wax-embedded tissue; specimens from the archives of the Institute of Ophthalmology 
were only available in wax-embedded form; the necessity to divide each specimen into 
several portions led to the exhaustion of tissue suitable for immunocytochemistry in 
several cases.

There were some inconsistencies in immunocytochemical results obtained at the light 
microscopic level. For example, endothelial cells (on different thick sections) from one 
ICE syndrome cornea were positive for broad spectrum CKs but negative for CKs 5 and 
19 and positive for vimentin. It seems likely that these results arose from a “sampling 
artifact” in which an area of epithelial-like cells stained CK-positive and a region of the 
cornea containing normal-appearing comeal endothelium was positive for vimentin but 
not CKs 5 and 19. It was not possible to distinguish the different cell types on the basis 
of their morphology at the light microscopic level.

The results for the differentiation markers expressed by normal comeal tissues were 
compatible with those of previous studies (refer to (l).4.2.(iv).

(8).2.2 The Identity And Importance Of Epithelial-Like Cells.

It seems likely that epithelial-like cells are the histological equivalent of the ICE-cell seen 
by ESP and of central importance in the pathology of the ICE syndrome, rather than a 
bizarre secondary phenomenon, for the following reasons:-
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(1) Epithelial-like cells formed a distinct cellular population on ICE syndrome comeal 
endothelium.

Their morphology and the differentiation markers they expressed were similar in all the 
specimens in which they were present, and different to those of normal-appearing cells.

(ii) Epithelial-like cells were present on many of the specimens.

Epithelial-like cells were identified by ultrastmctural examination on eight corneas and 
two trabeculectomy specimens and CK-positive (i.e epithelial-like) cells were 
demonstrated by light microscopic immunocytochemistry on two other comeas. 
Epithelial-like cells were therefore present on a substantial proportion (about thirty 
percent) of the specimens. Cells with a similar morphology have also been described in 
other studies of the ICE syndrome (refer to (2).3.3.(i) and (ii)).

Epithelial-like cells were seen on a trabeculectomy specimen and on the same 
patients’ ipsilateral comea removed three years later. They were present on a 
trabeculectomy specimen and the contralateral comea removed five years later from 
another patient. These cells were therefore present both bilaterally and for long periods.

(iii) The presence on the comeal endothelium of cells with epithelial features is abnormal 
(refer to (1).3.2).

(iv) The presence on the comeal endothelium of cells with epithelial features is, with the 
exception of PPD (refer to (2).4.5) and epithelial ingrowth (refer to (2). 10), unique to the 
ICE syndrome.

(v) The morphology and distribution of epithelial-like cells suggest that they are the 
histological equivalent of the ICE-cell seen by ESP.

Comparison of the ESP and scanning electron microscopical appearances of the comeal 
endothelium is appropriate since both techniques image the apical cell surface (refer to
(2).3.2.(v).(a)).

ICE-cells are characterised by features such as light-dark reversal, a central light spot 
and indistinct intercellular boundaries and are often seen alongside normal endothelial 
cells in the subtotal-ICE pattem (refer to (2).3.2.(v).(c) and (d)).

The ESP description of subtotal-ICE is exactly analogous to the ultrastmctural 
appearances of those ICE syndrome comeas in which epithelial-like and normal- 
appearing endothelial cells were demonstrated alongside each other.
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Sherrard et al correlated ESP performed immediately prior to a comeal graft with 
scanning electron microscopical examination of the endothelium of the excised comea 
(refer to (2).3.2.(v).(h)). They showed that the ICE-cells’ ESP image resulted from cells 
with microvilli and blebs on their surface, although the intemal features of these cells 
were not examined. I was unable to correlate ESP and scanning electron microscopy in 
this way. Nevertheless, the epithelial-like cells demonstrated in the present study were 
similar to those shown by Sherrard etal. My own observations suggest that the rounded 
shape of epithelial-like cells accounts for the ESP appearance of light-dark reversal with a 
small central light spot, as one would expect dismption of the specular reflex from the 
sloping sides of the cells. It is also possible that microvilli and blebs influence the 
specular reflection. The intercellular borders of normal endothelial cells are seen as a 
dark line by ESP because the irregular, overlapping fold of apical cell membrane (the 
“marginal fold”) does not reflect light in the same plane as the remainder of the cell 
surface. In ICE-cells the dark line is replaced by a thin, light peripheral zone i.e there is a 
specular reflex from this region. This may be explained by the finding that neighbouring 
epithelial-like cells abut each other without the apical cell membrane overlap which 
normally destroys the specular reflex.

Why were epithelial-like cells not present on all of the specimens if ICE-cells are 
visualised by ESP in all cases of the ICE syndrome ? The absence of epithelial-like cells 
from many specimens probably resulted from the late stage of the disease at which 
comeas were removed and the relatively small size of the corneal transplant; these 
problems were discussed earlier (refer to (8).l).

(8).2.3 The Origin Of Epithelial-Like Cells.

Epithelial-like cells have an epithelial morphology and express the same differentiation 
markers as limbal epithelial cells.

These findings are compatible with two explanations for the origin of epithelial-like 
cells. One is that they arise from a heterotopic process (Slack 1986) i.e an embryonic 
ectopia of ocular surface epithelium. Alternatively they may result from a metaplasia 
(Slack 1986; Leube and Rustad 1991) of normal corneal endothelial cells to an epithelial 
phenotype in response to a noxious stimulus.

Metaplasia is the conversion in postnatal life of one differentiated cell type to another. 
It is a common phenomenon thought to arise at the level of stem cells following switching 
of the master regulatory genes which dictate the pattem of cellular differentiation. The 
stimulus for metaplasia may be infection, an abnormal hormonal milieu or trauma in a 
broad sense, including toxic chemicals such as tobacco. Metaplasia may regress if its 
cause is removed.
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Both processes are consistent with ESP descriptions of the evolution of the ICE 
syndrome (refer to (2).3.2.(v).(e)). For example, metaplasia of remaining normal 
endothelial cells could account for the change observed by ESP from the subtotal or 
disseminated patterns to total-ICE. Alternatively proliferation/movement of epithelial- 
like cells derived from either heterotopia or metaplasia could have the same effect.

Metaplasia is consistent with the typical age of onset of the ICE syndrome which is a 
disease of adulthood. However, although various stimuli may be followed by a 
metaplastic change of comeal endothelial cells to fibroblasts (refer to (2).l.l.(iv)), there 
are no known causes of metaplasia of these cells to an epithelial phenotype. In particular, 
neither glaucoma nor uveitis induce this change (refer to (2).6 and (2).7). Nonetheless, 
reports in which DNA sequences specific for Herpes Simplex Virus Type 1 were 
identified in ICE syndrome comeas or in which elevated levels of antibodies to Epstein- 
Barr virus were shown in patients with the ICE syndrome (refer to (2).3.4.(ii)) raise the 
possibility that epithelial-like cells may represent a metaplastic response of endothelial 
cells to viral infection. Metaplasia is reversible when its stimulus is withdrawn and yet 
ESP studies have shown ICE-cells to be present throughout the often very prolonged 
course of the disease. However this might simply indicate that the stimulus for 
metaplasia is persistent, as one might expect for example in chronic viral infection. 
Moreover, a case in which ICE-cells regressed has been recorded (refer to (2).3.2.(v).(e)).

It seems possible that heterotopia could result from the complex events of ocular 
anterior segment morphogenesis as these include the infolding of surface ectoderm to 
form the lens and a period during which comeal epi-and endothelia are in direct contact 
with each other (refer to (1).2.2 and see Figure 3). There are precedents for this type of 
pathology since dermoid cysts sometimes occur at the limbus (Spencer and Zimmerman 
1985). Heterotopia might be expected to manifest itself earlier than the typical age of 
onset of the ICE syndrome; however a prolonged period between initial insult and the 
onset of clinical disease could result from there being a small number of ectopic cells or 
from a low mitotic rate of these cells. Altematively a “trigger” might be required to begin 
proliferation, perhaps some other ocular pathology such a viral infection; this would offer 
an altemative explanation for the reports on Herpes Simplex and Epstein-Barr vimses.

Other explanations for the origin of epithelial-like cells seem unlikely. There is no 
normal cell population in the ocular interior with an epithelial phenotype from which 
neoplasia, hypeiplasia or a hamartomatous malformation might originate. They cannot 
result from displacement of ocular surface epithelium due to fistularising surgery since 
they are observed by specular photomicroscopy at the onset of clinical disease; it seems 
improbable that such displacement could occur de novo in the adult. Microvilli and blebs 
are manifestations of comeal endothelial cell division and migration (refer to (2).2); 
although this does not explain their abundant desmosomes and intermediate filaments or 
their epithelial profile of differentiation markers, it is nevertheless possible that some
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aspects of the epithelial-like cell phenotype such as blebs represent a state of cellular 
“activation”.

In summary the characteristics of epithelial-like cells suggest that this abnormal 
population, which may be of central importance in the pathology of the ICE syndrome, 
derives from either heterotopic or metaplastic processes.

(8).2.4 The Behaviour Of Epithelial-Like Cells And Their Expression Of 
Intermediate Filaments.

(1) Epithelial-like cells and extra-comeal disease in the ICE syndrome.

Extra-comeal disease in the ICE syndrome probably follows the spread of epithelial-like 
cells onto the iris and trabecular meshwork. An abnormal cellular layer covering these 
tissues and in continuity with the comeal endothelium has often been demonstrated and in 
one ultrastmctural report this abnormal layer contained epithelial-like cells (refer to
(2).33.(ii)). Involvement of tissues contiguous with the endothelium may result from the 
epithelial nature of epithelial-like cells. These cells may be “programmed” to movement 
and proliferation when present in the interior of the eye, since epithelial ingrowth after 
surgery is accompanied by this behaviour (refer to (2). 10). However, the finding that 
epithelial-like cells express CK 19 offers another explanation for their spread. In normal 
eyes CK 19 may be a marker for the population of comeal epithelial stem cells located 
within limbal epithelium, cells which characteristically undergo mitosis and movement 
(refer to (l).4.2.(v)). Expression of CK 19 may indicate that epithelial-like cells are 
intrinsically similar to limbal stem cells in their behaviour.

It is also possible that residual normal endothelial cells proliferate and account for 
some instances of the ectopic cellular membranes found in the ICE syndrome since 
endothelial overgrowth occurs in many ocular disorders (refer to (2).9).

(ii) Epithelial-like cells and stratification.

CK 5 is a marker for epithelial stratification whilst CKs 8/18 distinguish simple, non- 
stratified epithelia. The expression of CK 5 and absence of CKs 8/18 is consistent with 
the statification shown in some areas by epithelial-like cells and raises the possibility that 
those epithelial-like cells arranged as a monolayer might become stratified later.
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(8).2.5 The Relationship Between Epithelial-Like Cells And The Tlammered-
Silver” Appearance Of The Corneal Endothelium.

ESP always shows ICE-cells in the same regions of the comeal endothelium as those 
which demonstrate the “hammered-silver” slit lamp appearance. In a case report in which 
regression of ICE-cells was documented, the hanunered-silver appearance also 
disappeared (refer to (2).3.2.(v).(g)). The hanunered-silver appearance may result from 
the altered anatomy of epithelial-like or ICE-cells by comparison with normal endothelial 
cells, perhaps their rounded shape or dense coating of microvilli. Altematively the 
abnormalities shown in DM (refer to (9).2.2) may be responsible although similar 
changes are found in diverse comeal endotheliopathies, whilst the hammered-silver 
appearance is unique to the ICE syndrome.

(8).2.6 Corneal Oedema In The ICE Syndrome.

All the ICE syndrome comeas used for this study were so oedematous as to necessitate 
their replacement. The endothelial denudation seen in many specimens seems sufficient 
explanation for comeal failure since the function of this cell layer is to maintain comeal 
deturgescence (refer to (1).3.3 and (2).l.l.(i)). Epithelial-like cells may be deficient in 
this function since they lacked the marginal fold and tight junctions of normal endothelial 
cells and their presence could contribute directly to comeal failure.

(8)3 THE CORNEAL ENDOTHELIUM IN THE ICE SYNDROME - NORMAL- 
APPEARING CELLS AND ENDOTHELIAL DENUDATION

The morphology of normal-appearing cells was similar to that of the endothelial cells of 
normal comeas and both expressed vimentin but not EMA or CKs. Normal-appearing 
cells are therefore different from epithelial-like cells and may indeed be normal comeal 
endothelial cells.

Many of these cells were necrotic and there was often partial or complete loss of the 
endothelial mosaic. Glaucoma and uveitis may damage normal comeal endothelium 
(refer to (2).6 and (2).7) and in addition it seems possible that epithelial-like cells could 
have a toxic effect on neighbouring normal-appearing endothelial cells. Extensive 
overgrowth by epithelial-like cells was not seen, so that the death of normal endothelial 
cells cannot be explained by this mechanism.
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(8).4 THE CORNEAL ENDOTHELIUM IN THE ICE SYNDROME -
STELLATE-SHAPED AND INFLAMMATORY CELLS

The fact that wounding stimulates a non-specific metaplasia of comeal endothelial cells to 
a stellate-shaped phenotype (refer to (2).l.l.(iv)) may explain the presence of these cells.

Altematively they may be derived from nearby tissues such as trabecular meshwork. 
Iris melanocytes may spread onto diseased comeal endothelium (refer to (2). 11) but 
stellate-shaped cells were not pigmented.

When present on otherwise denuded comeal endothelium, stellate-shaped cells may 
represent the typical morphology of isolated endothelial cells since similar cells are seen 
in the end-stage Fuchs’ of endothelial dystrophy (refer to (2).5).

Many of these cells had lamellipodia and may therefore have been motile 
(Abercrombie etal. 1970; Abercrombie etal. 1971; Haemmerli and Feliz 1982).

The significance of inflammatory cells to the pathology of the ICE syndrome is 
unclear since they were present in a minority of comeas.

(8).5 SIMILARITIES BETWEEN THE ICE SYNDROME AND OTHER 
DISEASES

(8).5.1 PPD.

Clinical, ESP and histological similarities are evident from the literature on these 
conditions (refer to (2).4) and the findings of this study reinforce these similarities; the 
epithelial-like cells described here resemble the epithelial cells present in PPD. It may be 
that the abnormal gene responsible for PPD causes a heterotopia or metaplasia of comeal 
endothelial cells similar to that postulated to account for the presence of epithelial-like 
cells in the ICE syndrome.

(8).5.2 Epithelial Ingrowth.

The ectopic ocular surface epithelial cells present on the comeal endothelium in epithelial 
ingrowth are associated with the eventual destmction of the population of native 
endothelial cells (refer to (2). 10). Ultrastmcturally, appearances similar to those of 
subtotal-ICE are sometimes seen (Zavala and Binder 1980).

The similarities between epithelial ingrowth and the ICE syndrome suggest that 
epithelial cells behave in a “programmed” way when introduced into the interior of the 
eye, no matter what their origin.
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(8).2.5 The Relationship Between Epithelial-Like Cells And The ‘̂Hammered-
Silver” Appearance Of The Corneal Endothelium.

ESP always shows ICE-cells in the same regions of the comeal endothelium as those 
which demonstrate the “hammered-silver” slit lamp appearance. In a case report in which 
regression of ICE-cells was documented, the hammered-silver appearance also 
disappeared (refer to (2).3.2.(v).(g)). The hammered-silver appearance may result from 
the altered anatomy of epithelial-like or ICE-cells by comparison with normal endothelial 
cells, perhaps their rounded shape or dense coating of microvilli. Altematively the 
abnormalities shown in DM (refer to (9).2.2) may be responsible although similar 
changes are found in diverse comeal endotheliopathies, whilst the hammered-silver 
appearance is unique to the ICE syndrome.

(8).2.6 Corneal Oedema In The ICE Syndrome.

All the ICE syndrome comeas used for this study were so oedematous as to necessitate 
their replacement. The endothelial denudation seen in many specimens seems sufficient 
explanation for comeal failure since the function of this cell layer is to maintain comeal 
deturgescence (refer to (1).3.3 and (2).l.l.(i)). Epithelial-like cells may be deficient in 
this function since they lacked the marginal fold and tight junctions of normal endothelial 
cells and their presence could contribute directly to comeal failure.

(8)3 THE CORNEAL ENDOTHELIUM IN THE ICE SYNDROME - NORMAL- 
APPEARING CELLS AND ENDOTHELIAL DENUDATION

The morphology of normal-appearing cells was similar to that of the endothelial cells of 
normal comeas and both expressed vimentin but not EMA or CKs. Normal-appearing 
cells are therefore different from epithelial-like cells and may indeed be normal comeal 
endothelial cells.

Many of these cells were necrotic and there was often partial or complete loss of the 
endothelial mosaic. Glaucoma and uveitis may damage normal comeal endothelium 
(refer to (2).6 and (2).7) and in addition it seems possible that epithelial-like cells could 
have a toxic effect on neighbouring normal-appearing endothelial cells. Extensive 
overgrowth by epithelial-like cells was not seen, so that the death of normal endothelial 
cells cannot be explained by this mechanism.
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(8).4 THE CORNEAL ENDOTHELIUM IN THE ICE SYNDROME -
STELLATE-SHAPED AND INFLAMMATORY CELLS

The fact that wounding stimulates a non-specific metaplasia of comeal endothelial cells to 
a stellate-shaped phenotype (refer to (2).l.l.(iv)) may explain the presence of these cells.

Altematively they may be derived from nearby tissues such as trabecular meshwork. 
Iris melanocytes may spread onto diseased comeal endothelium (refer to (2). 11) but 
stellate-shaped cells were not pigmented.

When present on otherwise denuded comeal endothelium, stellate-shaped cells may 
represent the typical morphology of isolated endothelial cells since similar cells are seen 
in the end-stage Fuchs’ of endothelial dystrophy (refer to (2).5).

Many of these cells had lamellipodia and may therefore have been motile 
(Abercrombie etal. 1970; Abercrombie etal. 1971; Haemmerli and Feliz 1982).

The significance of inflammatory cells to the pathology of the ICE syndrome is 
unclear since they were present in a minority of comeas.

(8).5 SIMILARITIES BETWEEN THE ICE SYNDROME AND OTHER 
DISEASES

(8).5.1 PPD.

Clinical, ESP and histological similarities are evident from the literature on these 
conditions (refer to (2).4) and the findings of this study reinforce these similarities; the 
epithelial-like cells described here resemble the epithelial cells present in PPD. It may be 
that the abnormal gene responsible for PPD causes a heterotopia or metaplasia of comeal 
endothelial cells similar to that postulated to account for the presence of epithelial-like 
cells in the ICE syndrome.

(8).5.2 Epithelial Ingrowth.

The ectopic ocular surface epithelial cells present on the comeal endothelium in epithelial 
ingrowth are associated with the eventual destruction of the population of native 
endothelial cells (refer to (2). 10). Ultrastmcturally, appearances similar to those of 
subtotal-ICE are sometimes seen (Zavala and Binder 1980).

The similarities between epithelial ingrowth and the ICE syndrome suggest that 
epithelial cells behave in a “programmed” way when introduced into the interior of the 
eye, no matter what their origin.
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(9).2.2 ICE Syndrome Corneas.

Twenty seven comeas were examined.

(i) Light microscopy.

In some cases the basement membrane appeared normal. In others it was thickened and 
several layers were delineated (Figures 22 and 23). Only two specimens demonstrated 
guttata and in one of these there was only a single guttate excrescence. The basement 
membrane was acellular in all specimens except one in which it contained a few flattened 
cells.

In one specimen abnormal projections of basement membrane covered by cells were 
seen (Figure 29).

(ii) Transmission electron microscopy.

(a) Basement membrane morphology.

Three distinct morphologic patterns were identified (Table 2). There were no apparent 
correlations with subject age or disease duration. Variation in the pattem of basement 
membrane morphology was seen in only one cornea.

Pattern One: bilayered FCL.
This was the most common pattem, being observed in nineteen comeas. These 
specimens (Figures 60 and 62) displayed a uniform appearance in which the ABZ and 
PNBZ were morphologically normal but posterior to DM proper was a PCL which 
consisted of two layers. Overall basement membrane thickness was increased compared 
to normal because of the PCL. The layers of DM/PCL from anterior to posterior were:- 

(i) and (ii) An ABZ and PNBZ of normal appearance.
(iii) A layer containing lattice-material whose morphology was similar to that present 

in the ABZ, except that it was more electron-dense (Figure 63). Its orientation was the 
same in this abnormal layer as in the ABZ i.e the nodes generally pointed along the 
antero-posterior axis of the cornea and so appeared upright in ultrathin sections cut in a 
plane perpendicular to the comeal surface. Lattice-material either formed spindle-shaped 
aggregates (Figure 63) or was aligned into masses of greater size, somewhat resembling 
the normal ABZ.

The lattice-material was embedded in an amorphous matrix (Figures 62 and 63). 
There were also some microfibrils and striated collagen fibrils in this layer but they were 
minority components.
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(iv) A layer of microflbrils was located between the layer containing lattice-material 
and the basal surface of the endothelial cells. Microfibrils (Figure 64) were fine, non
branching structures up to 25 nm in diameter. They were without clear cross-striations in 
routinely processed tissue; however in the ultrathin cryosections used for immunoelectron 
microscopy many microflbrils appeared cross-striated (Figure 75). In some specimens 
they were arranged in loose interweaving bundles, in others they were not grouped 
together in any discernable way.

Microflbrils were embedded in an amorphous matrix which was considerably less 
electron-dense than that seen in the layer containing lattice-material (Figure 62). In the 
most posterior region of the microfibril layer, i.e the region closest to the endothelial 
cells, there was often no amorphous matrix and only microflbrils were present. There 
were also a few lattice-material aggregates or striated collagen fibrils, but there was no 
elastic tissue in this layer or in any region of any ICE syndrome comea.

Pattern Two: lattice-material o f the ABZ absent or abnormal.
In four corneas the ordered array of lattice-material normally seen in the ABZ was either 
totally absent or severely disrupted (Figures 43,61 and 65). The residual basement 
membrane consisted of amorphous material which contained numerous electron-lucent 
spaces. None of these specimens possessed a PCL.

In one of the four comeas (number 22) DM was morphologically normal in ultrathin 
sections from one of the five regions examined. This was the only case in which there 
was variation in the pattem of basement membrane morphology in different regions of an 
ICE syndrome specimen.

Pattern Three: normal morphology.
In five comeas, (including the specimen in which most regions demonstrated an abnormal 
ABZ), DM morphology was normal.

(b) Basement membrane-cellular correlations

Comparison between basement membrane and cellular morphology did not reveal 
consistent associations because the cell types present varied in different regions of the 
comeal endothelium of each specimen.
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Figure 59. The interfacial m atrix lies between the collagen fibrils of the corneal stroma (4) and the lattice-material 

o f the anterior banded zone (1). It consists of two layers; anteriorly there are randomly arranged collagen fibrils (3) 

and posteriorly there is amorphous material which contains vacuoles in this specimen (2).

Transm ission electron micrograph of Spurr’s resin-embedded tissue. Normal cornea num ber 4. Scale bar = 500

nm.
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Figure 59. The interfacial matrix lies between the collagen fibrils of the comeal stroma (4) and the lattice-material of the 
anterior banded zone (1). It consists of two layers; anteriorly there are randomly arranged collagen fibrils (3) and posteriorly 
there is amorphous material which contains vacuoles in this specimen (2).

Transmission electron micrograph of Spurr’s resin-embedded tissue. Normal cornea number 4. Scale bar = 500 nm.
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Figure 60. Drawing showing the arrangement of the PCL seen in many ICE syndrome specimens.
The PCL is located between the PNBZ of DM proper and the endothelial cells. It consists of an anterior layer of lattice- 

material and a posterior layer of microfibrils (compare with Figure 62).
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Figure 61. Drawing of the abnormal ABZ seen in some ICE syndrome specimens.
The lattice-material of the ABZ is absent and the remaining basement membrane consists of amorphous 

material (compare with Figures 43 and 65).

VOw



POSTERIOR

Cell

Amorphous matrix 
[Posterior non banded zone]

Descemet’s membrane

Corneal stroma

Striated collagen fibrils

ANTERIOR
j ) 1 ) TT '  ̂ i i i { H 4

abnormal ABZ Fig.61



193



Figure 62. An example of the PCL present in many of the ICE syndrome corneas.
Posterior to the comeal stroma and the IFM are two layers of the same appearance as 

the ABZ and PNBZ of normal DM (compare with Figure 16). The PCL, located 
posterior to the PNBZ, comprises an anterior layer of lattice-material enmeshed in an 
amorphous matrix and a posterior layer of microfibrils in a less electron-dense matrix. 
The posterior surface of the microfibrillar layer lies in contact with the basal surface of a 
normal-appearing endothelial cell.

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome 
cornea number 16. Scale bar = 5 /<m.
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Figure 63. A spindle-shaped aggregate of lattice-material in the PCL of an ICE syndrome specimen. This material 
is similar to the lattice-material of the ABZ except that the rods are more electron-dense.

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome cornea number 11. Scale 
bar = 100 nm.
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Figure 64 Microfibrils in the PCL of this ICE syndrome specimen are seen as fine, non-branching thread-like 
structures.

Transmission electron micrograph of Spurr’s resin-embedded tissue. ICE syndrome cornea number 27. Scale 
bar = 100 nm.
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Figure 65. An exam ple of an ICE syndrom e specim en with an abnorm al ABZ.

T he lattice-m aterial of the A B Z is poorly defined and disorganised. The residual basem ent m em brane is 

am orphous and contains num erous electron-lucent spaces. There is no PCL. (Corneal strom a is below arrow).

Com pare this appearance w ith another ICE syndrome specim en in which the A BZ is abnorm al (Figure 43) and 

also with normal DM  (Figure 16) and an ICE syndrom e specim en with a PCL (Figure 62). 

w An epithelial-like cell is present in this region of the corneal endothelium .

Transm ission electron m icrograph of Spurr’s resin-em bedded tissue. ICE syndrom e cornea num ber 34. Scale 

bar = 1 fim.
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(10) STUDIES ON DESCEMET’S MEMBRANE - COMPOSITION 
(immunocytochemical studies)
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(lO).l AIMS

(10)1.1 Normal Corneas.

The composition of normal DM was examined using electron microscopic 
immunocytochemistry.

This technique had not been previously applied to human DM when this thesis was 
begun. However a study was published whilst this work was in progress (Marshall et al. 
1991a; Marshall et al. 1991b) enabling helpful comparisons to be made with some of my 
own results.

Aspects of these studies considered to be of particular interest and not examined by 
Marshall et al were:-

(a) The nature of the lattice-material in the ABZ was unknown. It seemed likely that 
it contained Type VIII collagen since this substance forms a similar assembly in bovine 
DM (refer to (1).6.2 and (3).8.4.(i)). However lattice-material may be assembled from 
various substances including Type VI collagen (refer to (3).3.3).

(b) The localisation of fibronectin within DM at the ultrastructural level had not been 
previously attempted (refer to (l).7.3.(ii)).

(c) The presence of P component in DM had not been previously examined although 
it has been shown in other basement membranes (refer to (3).4.2.(ii) and (3).7.4.(ii)).

(10)1.2 ICE Syndrome Corneas.

The composition of ICE syndrome DM had not been previously investigated (refer to
(2).3.3.(iv)) and in fact very little was known about this subject in the context of any 
comeal endotheliopathy (refer to (2).1.2.(ii)).

In these studies electron microscopic immunocytochemistry was used to establish the 
composition of the lattice-material and microfibrils previously shown by ultrastructural 
examination to form a PCL in the basement membrane of ICE syndrome comeal 
endothelium.

(10). 1.3 The Selection Of Extracellular Matrix Components For Study.

The presence of the following substances was examined in normal and ICE syndrome 
DM; collagen Types I, III, IV, V, VI and VIII, tenascin, fibronectin, laminin, amyloid A 
and P component.

Selection was based on information from various sources:-
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(i) The components of normal human and animal DM which include collagen Types I 
(in fetal human DM only), III, IV, V, VI and VIII, laminin and fibronectin (refer to (1).7.1 
and (1).7.3).

(ii) The substances secreted by animal comeal endothelial cells in vitro which include 
collagen Types I, III, IV, V, VI and VIII, laminin and fibronectin (there are no equivalent 
data on human endothelial cells) (refer to (1).7.1 and (1).7.3)).

(iii) The components of other basement membranes which include collagen Type IV, 
laminin, fibronectin, tenascin and P component (refer to (3).7.4),

(iv) Substances which form or are closely associated with microfibrils which include 
collagen Types VI and VIII, fibronectin, amyloid A and P component (refer to (3).4.2).

(v) Collagen Type VIII forms the lattice-material of bovine DM (refer to (1).6.2 and
(3).8.4.(i)). It has been claimed that collagen Type VI forms lattice-material in human 
trabecular meshwork and this collagen has been shown to assemble into lattice-material in 
vitro (refer to (3).3.3). In addition, changes in the micro-environment may be capable of 
inducing the formation of lattice-material from substances which normally assemble 
differently (refer to (3).l).

(vi) In Fuchs’ endothelial dystrophy analysis of the endothelial basement membrane 
has demonstrated collagen Types IV and VIII, although the electrophoretic technique 
used did not distinguish between the components of DM and those of the PCL (refer to 
(2).L2.(ü)).

(vii) Studies of PCLs induced in animal models have demonstrated the secretion of 
collagen Types I, III, IV and V (refer to (2).1.2.(ii)).

(viii) Collagen Types I, III and V are secreted by comeal endothelial cells in vitro 
after exposure to polymorphonuclear leucocytes (refer to (2). 1.2.(ii)).

(viii) Tenascin (refer to (3).9) was examined because of its association with wound 
healing in general and in particular with the repair of corneal wounds in rabbit eyes. Its 
presence in the human cornea had not to my knowledge been previously studied.

(ix) Since amyloid A component was been shown in this thesis to be absent from 
normal and ICE syndrome DM by Congo Red staining (refer to (11).2.3), monoclonal 
antibody to it was used as a control of irrelevant specificity.

(10).2 RESULTS

(10).2.1 Normal Corneas.

Tissue from seven paraformaldehyde-fixed, Lowicryl K4M-embedded and three 
paraformaldehyde-fixed, frozen normal corneas was examined by electron microscopic 
immunocytochemistry. Results were the same in all cases.

203



Collagen Types I, III, V and VI were absent from DM proper, although they were 
present in the IFM (Figure 73).

Type IV collagen was distributed throughout the IFM, ABZ and PNBZ (Figure 69). 
The lattice-material of the ABZ was labelled by monoclonal antibody to collagen 

Type V ni (Figure 77).
Fibronectin (Figure 83) was seen in a trilaminar distribution, being predominantly 

present in the posterior part of the PNBZ and in the ABZ and IFM. The third region 
between these two laminae appeared to contain less fibronectin. Fibronectin was absent 
from the comeal stroma.

P component was distributed throughout the PNBZ and ABZ. There was a sharp 
demarcation between the ABZ and the IFM/comeal stroma where P component was 
absent (Figure 81).

Very little laminin was present and tenascin was absent.
There was no significant intracellular staining.
Fibrils in the comeal stroma adjacent to DM were labelled by antibodies to collagen 

Types I, in , V and VI (Figure 73).

(10).2.2 ICE Syndrome Corneas.

Tissue from seven paraformaldehyde-fixed, Lowicryl K4M-embedded and three 
paraformaldehyde-fixed, frozen ICE syndrome specimens was examined. All of these 
specimens had a PCL. Results were the same in all cases.

(i) The composition of microfibrils.

The microfibrils in the posterior layer of the PCL were labelled by antibodies to collagens 
Type I (Figure 67), III (Figure 68), IV (Figures 70 and 71), V (Figure 74), VI (Figure 75), 
fibronectin (Figure 85) and tenascin (Figure 86).

Similar labelling of microfibrils was obtained with two different polyclonal antibodies 
to Type IV collagen, one of which (from Euro-Diagnostica, see Table 6) was affinity 
purified.

(11) The appearance of microfibrils.

In ultrathin cryosections microfibrils sometimes appeared cross-striated (Figure 75). 
Striations were not resolved in Lowicryl K4M-embedded material.
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(iii) The composition of the lattice-material of the PCL.

The lattice-material in the anterior layer of the PCL was strongly labelled by antibody to 
Type V in collagen (Figures 78 and 79). None of the other antibodies labelled lattice- 
material whether in the ABZ of normal or ICE syndrome corneas or in the PCL; for 
example lattice-material was not labelled by antibodies to collagen Types I (Figure 66), 
IV (Figure 72), V (Figure 73) or VI (Figure 76), laminin (Figure 80), fibronectin (Figure 
84) or P component (Figure 82).

(iv) The composition of amorphous material in the PCL.

The amorphous material in which lattice-material and microfibrils were embedded was 
labelled by antibody to laminin (Figure 80).

(v) The composition of morphologically normal regions of DM (the IFM, ABZ and 
PNBZ) in ICE syndrome corneas with a PCL.

The composition of these regions in ICE syndrome specimens was similar to their 
composition in normal corneas. The lattice-material in the ABZ was labelled by antibody 
to Type VIII collagen as was the case in the normal corneas.

(vi) Cellular staining.

There was no significant intracellular staining.

(vii) The comeal stroma.

Fibrils in the corneal stroma adjacent to DM were labelled by antibodies to collagen 
Types I, III, V and VI as was the case in the normal specimens.

In two specimens (numbers 18 and 19) tenascin was present within the posterior 
comeal stroma extending up to and including the IFM (Figure 87). However, tenascin 
was absent from the ABZ and PNBZ of these specimens.

(viii) Controls for ICE syndrome and normal specimens.

Immunostaining in negative controls was almost absent. Signal was abolished by pre
incubating the antibodies to collagen Type IV with purified Type IV collagen.
Conversely the positive controls demonstrated strong and specific signal localised to 
appropriate regions of the tissue.

205



Figure 66. Lattice-material in the anterior layer of the PCL of this ICE syndrome 
specimen is not labelled by antibody to collagen Type I. Compare with the strong 
labelling of microfibrils in the PCL of the same specimen (Figure 67).

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome 
cornea number 16. Scale bar = 1 |im.

Figure 67. Microfibrils in the posterior layer of the PCL of this ICE syndrome specimen 
are labelled by antibody to collagen Type I.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome 
cornea number 16. Scale bar = 1 |im.
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Figure 68. Antibody to collagen Type III labels microfibrils in the PCL of this ICE 
syndrome specimen.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 
17. Scale bar = 200 nm.
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Figure 69. Type IV collagen is present throughout DM in this normal cornea. (The 
arrow indicates the junction between DM and the comeal stroma).

Transmission electron micrograph of Lowicryl K4M-embedded tissue. Normal 
cornea number 3. Scale bar = 1 pim.
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Figure 70. Antibody to collagen Type IV labels microfibrils in the posterior layer of the PCL. Endothelial cell loss 
has occurred in this ICE syndrome cornea.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 19. Scale 
bar = 500 nm.
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Figure 71. Microflbrils in the PCL of this ICE syndrome specimen are labelled by 
antibody to collagen Type IV.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 27. Scale bar = 100 nm.

Figure 72. Lattice-material in the PCL of this ICE syndrome specimen is not labelled by 
antibody to collagen Type IV. Compare with the strong labelling of microflbrils in the 
PCL of the same specimen (Figure 70).

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 19. Scale bar = 300 nm.
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Figure 73. Antibody to collagen Type V labels the IFM and the comeal stroma but not 
the lattice-material of the ABZ. Similar labelling of these regions was seen with 
antibodies to collagen Types I, III and VI.

Transmission electron micrograph of a cryosection. Normal cornea number 3. Scale 
bar = 500 nm.
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Figure 74. Antibody to collagen Type V labels microflbrils in the PCL of this ICE 
syndrome specimen.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 
17. Scale bar = 500 nm.
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Figure 75. Antibody to collagen Type VI labels microflbrils in the posterior layer of the 
PCL. Striations can be clearly seen within the microflbrils (arrow). Endothelial cell loss 
has occurred in this ICE syndrome specimen.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 
17. Scale bar = 100 nm.
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Figure 76. Antibody to collagen Type VI labels microfibrils but not lattice-material 
(arrows) in the PCL of this ICE syndrome specimen.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 2. 
Scale bar = 100 nm.
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Figure 77. Antibody to collagen Type VIII labels the lattice-material of the ABZ but not 
the collagen fibrils of the comeal stroma.

Transmission electron micrograph of a cryosection. Normal cornea number 3. Scale 
bar = 500 nm.
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Figure 78. Antibody to collagen Type VIII labels lattice-material in the PCL of this ICE syndrome specimen.
Monoclonal antibody 9H3 to collagen Type VIII labels the rods of the lattice-material of bovine DM (refer to 

(14).4) Rods, which link the nodes of lattice-material, were usually not resolved in cryosections of human DM and 
labelling with this antibody therefore appears “intemodal”.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 27. Scale bar = 100 nm.
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Figure 79. Antibody to collagen Type VIII labels lattice-material in the PCL of this ICE syndrome specimen. 
Transmission electron micrograph of a cryosection. ICE syndrome cornea number 17. Scale bar = 100 nm.
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Figure 80. Antibody to laminin labels the amorphous matrix in which lattice-material in the PCL of this ICE 
syndrome specimen is embedded but not the lattice-material itself.

Transmission electron micrograph of a cryosection. ICE syndrome cornea number 27. Scale bar = 100 nm.
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Figure 81. There is a sharp demarcation in the quantity of P component between the 
ABZ of DM where it is concentrated and the IFM/comeal stroma where P component is 
absent.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. Normal 
cornea number 5. Scale bar = 200 nm.
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Figure 82. Lattice-material in the PCL of this ICE syndrome specimen is not labelled by antibody to P component.
Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 19. Scale bar 

500 nm.

Figure 83. Fibronectin is concentrated in the posterior part of the PNBZ and in the ABZ/IFM. The region in-between 
appears to contain less fibronectin. There is no fibronectin in the corneal stroma. (The PNBZ is between the arrows). 

Transmission electron micrograph of Lowicryl K4M-embedded tissue. Normal cornea number 3. Scale bar = 3 jÀvn.
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Figure 84. Lattice-material in the PCL of this ICE syndrome specimen is not labelled by antibody to fibronectin.
Compare with Figure 85 showing the labelling by antibody to fibronectin of microfibrils in the posterior layer of 

the PCL of the same specimen.
Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 19. Scale 

bar = 500 nm.

Figure 85. Antibody to fibronectin labels microfibrils in the posterior layer of the PCL. Endothelial cell loss 
has occurred in this ICE syndrome specimen.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE syndrome cornea number 19. Scale 
bar = 500 nm.



Fig.84 Fig.85



237



Figure 86. Microfibrils in the PCL of this ICE syndrome specimen are labelled by 
antibody to tenascin.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea number 18. Scale bar =100 nm.
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Figure 87. In this ICE syndrome specimen tenascin is present within the posterior 
comeal stroma and the IFM; however tenascin is absent from the ABZ and PNBZ of DM.

Transmission electron micrograph of Lowicryl K4M-embedded tissue. ICE 
syndrome cornea 19. Scale bar = 200 nm.
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(11) STUDIES ON DESCEMET S MEMBRANE - COMPOSITION
(histochemical studies)
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( l l) .l  AIMS

The presence of various substances was assessed in the endothelial basement membrane 
of normal and ICE syndrome corneas. Seven ICE syndrome corneas shown by routine 
transmission electron microscopy to possess a PCL and three normal corneas were 
examined.

Elastic Tissue was examined using Verhoeff’s iron haematoxylin technique. It was 
anticipated that elastic tissue would be absent since it was not seen by ultrastructural 
examination of either normal or ICE syndrome DM.

Oxytalan was examined using the oxidised aldehyde fuchsin technique because 
ultrastructural examination demonstrated the presence of microfibrils in the PCL of ICE 
syndrome corneas and because oxytalan has been shown in the endothelial basement 
membrane of corneas from patients with Fuchs’ endothelial dystrophy (refer to
(2).1.2.(ii)).

Amyloid was examined using the Congo red technique because of the presence of 
microfibrils in the PCL of ICE syndrome corneas (refer to (9).2.2.(ii)).

(11).2 RESULTS

(11) 2.1 Elastic Tissue.

Elastic tissue was absent from all of the specimens.

(11).2.2 Oxytalan.

The endothelial basement membrane of all the normal corneas was negative for oxytalan. 
Conversely this region was positive in all the ICE syndrome corneas (Figure 88). The 
stroma and epithelium of all the specimens were negative.

(11).2.3 Amyloid.

Amyloid was absent from all specimens.
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Figure 88. Oxytalan is absent (green) from the endothelial basement membrane of this 
normal cornea and present (purple) in the ICE syndrome cornea..

Thick sections of formalin-fixed, wax-embedded tissue. ICE syndrome cornea 
number 30, normal cornea number 4. Magnification x 800.
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(12) STUDIES ON DESCEMET’S MEMBRANE - DISCUSSION
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(12).l OVERVIEW OF RESULTS

(12)1.1 Normal Corneas.

Normal DM (Figure 58) consists of two layers; the ABZ which contains lattice-material 
and the amorphous PNBZ. The IFM is the transitional zone between DM and the comeal 
stroma.

Type IV collagen is distributed throughout DM. Lattice-material contains Type VIII 
collagen. Fibronectin is predominantly present in the posterior part of the PNBZ and in 
the ABZ/IFM. P component is distributed in the PNBZ and ABZ.

(12).1.2 ICE Syndrome Corneas.

DM is morphologically abnormal in most cases (Figures 60 and 61). In the most common 
pattern a PCL, composed of an anterior layer of lattice-material and a posterior layer of 
microfibrils, is located posterior to DM proper which is of normal appearance. The 
second and less frequently observed abnormal pattern is the abnormality or absence of the 
lattice-material of the ABZ. In these cases there is no PCL. DM appears normal in a 
minority of specimens.

Comparison between basement membrane and cellular morphology does not reveal 
consistent associations.

The composition of DM is abnormal. Lattice-material in the PCL contains collagen 
Type Vin and microfibrils contain collagen Types I, III, IV, V and VI, fibronectin, 
tenascin and oxytalan.

(12).2 DM IN THE ICE SYNDROME - THE PCL 

(12).2.I Lattice-material.

Lattice-material was labelled exclusively by antibody to collagen Type VIII. This was 
true for the normal material in the ABZ as well as the abnormal lattice-material laid down 
in the PCL of diseased corneas. None of the other substances investigated were found to 
be components of lattice-material.

The monoclonal antibody to Type VIII collagen appeared to label the “internodal” 
region of lattice-material, probably because the resolution attained in ultrathin 
cryosections was not usually sufficient to demonstrate the rods between nodes (Figures 78 
and 79). The same antibody specifically labelled the rods of the lattice-material of bovine 
DM (Sawada et al. 1990), but rods are thicker in bovine than human DM (Jakus 1956).
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The finding that the normal lattice-material of the ABZ contains collagen Type VIII is 
in agreement with a study in which this collagen was shown by light microscopic 
immunocytochemistry to be present in the anterior region of human DM (Tamura et al. 
1991); it is in this region that the lattice-material of the ABZ is located. It has been 
shown previously that the lattice-material of bovine DM contains Type VIII collagen 
(Sawada etal. 1990). However, there are differences in the morphology and distribution 
of the lattice-material of normal human and bovine DM (Jakus 1956), so that the 
composition of this material could not have been assumed to be the same in the two 
species.

The identification of collagen Type VIII in the abnormal lattice-material laid down in 
the PCL is compatible with the morphological similarity of normal and abnormal lattice- 
material.

Collagen Types I, III, IV, V and VI, fibronectin, P component, tenascin and laminin 
are not components of either normal or abnormal lattice-material. Collagen Type IV, 
fibronectin and P component are present in the ABZ. However they are also present in 
other parts of DM and are not components of abnormal lattice-material in the PCL. They 
are therefore probably not components of lattice-material itself but part of the amorphous 
matrix in which the lattice-material is embedded. These results agree with previous 
reports in which the normal lattice-material of the ABZ was not labelled by antibodies to 
collagen Types I-VI or laminin at the ultrastructural level (Marshall et al. 1991a;
Marshall etal. 1991b). However in a similar study of trabecular meshwork, lattice- 
material was labelled by antibody to collagen Type VI (Ltitjen-Drecoll etal. 1989).
There are two possible explanations for this discrepancy. Firstly, the apparent labelling 
of collagen Type VI in trabecular meshwork may have been an artifact of the 
immunoperoxidase technique used, as the resolution attained by this method is limited 
(Courtoy etal. 1983). The finding that collagen Types III and IV were present in lattice- 
material produced by comeal endothelial cells in vitro (Sawada etal. 1984) was 
withdrawn for this reason (Sawada et al. 1987). Secondly, it may be that whilst the 
lattice-material of DM contains Type VIII but not Type VI collagen, the same material in 
trabecular meshwork contains Type VI collagen either in addition to collagen Type VIII 
or perhaps as the main component. However, whilst it is true that Type VI collagen may 
be induced to form lattice-material in vitro (refer to (3).3.3), its native form appears to be 
microfibrillar (refer to (3).4.2.(i))

These results show that large amounts of Type VIII collagen are present in discrete 
regions of both healthy and diseased DM.

Type VIII collagen is present in the normal lattice-material of the ABZ which, as part 
of DM, forms an uninterrupted layer on the inner surface of the cornea. The structure, 
extent and location of the ABZ suggest that it may influence the mechanical properties of 
the cornea.
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The importance of the abundant Type VIII collagen laid down in the PCL is 
uncertain. Collagen Type VIII may influence cellular behaviour and differentiation 
during mouse embryogenesis (Sage and Iruela-Arispe 1990). Collagen Types VIII and X 
are highly related to each other and together form the family of “short-chain” collagens 
(Yamaguchi etal. 1991a). The presence of Type X collagen is necessary if normal 
chondrocyte differentiation is to occur (Kwan etal. 1989), implying that Type VIII 
collagen may have a similar role in the context of comeal endothelium. It is therefore 
possible that Type VIII collagen influences the behaviour of the endothelial cells of 
diseased corneas. For example one might speculate that secretion of large quantities of 
Type VIII collagen into the PCL represents an attempt at healing and the recreation of a 
normal cellular phenotype. This would explain the presence of lattice-material in the 
PCL found in all comeal endotheliopathies.

(12).2.2 Microfibrils.

Collagen Types I, III, IV, V and VI, tenascin and fibronectin are demonstrated by 
electron microscopic immunocytochemistry in the microfibrils of the PCL. The oxidised 
aldehyde fuchsin test is performed at the light microscopic level and therefore does not 
definitively identify which of the elements of the PCL is positive for oxytalan. However, 
since oxytalan is a component of microfibrils (refer to (3).4.2.(i)) it seems likely that it is 
microfibrils rather than lattice-material which stain positive for this substance.

The finding of collagen in microfibrils is probably explained by the small diameter of 
what are actually striated collagenous fibrils, since striations in collagen fibrils less than 
25 nm in diameter are often not resolved in tissue processed for transmission electron 
microscopy (Hay 1991; Linsenmayer 1991). Interestingly, striations are visible within 
many of the microfibrils when they are examined in ultrathin cryosections.

The association between collagen Type IV and microfibrils is unexpected since this 
substance normally assembles into networks, which appear amorphous, rather than fibrils 
(refer to (3).7.4.(i)). However identical results were obtained with two different 
antibodies and signal was abolished by pre-incubating the antibodies to Type IV collagen 
with purified antigen. One might speculate that this unusual form of assembly results 
from the abnormal environment within the basement membrane.

A large number of substances are shown to be components of microfibrils and often 
virtually every microfibril is stained, especially in ultrathin cryosections (Figures 74 and 
75 demonstrate the presence of Types V and VI collagen respectively in microfibrils in 
the same specimen). These findings suggest that at least some of the microfibrils are 
heterotypic in a manner analogous to the collagen fibrils of the comeal stroma (refer to
(3).5.2).
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(12).2.3 The Origin And Evolution Of The PCL.

It was not possible to ascertain the origin of the PCL due to the simultaneous presence of 
several different cell types on ICE syndrome comeal endothelium. The validity of any 
such correlation would in any case be debatable in the absence of information on cellular 
movement or basement membrane turnover. There was no significant intracellular 
labelling with any of the antibodies to basement membrane components.

The PCL might be secreted by any one or a combination of the different cell types of 
ICE syndrome comeal endothelium. Epithelial-like cells are one candidate, although they 
are associated exclusively with this syndrome whilst PCL formation occurs in all comeal 
endotheliopathies (refer to (2).1.2.(i)). Altematively, the PCL might be a product of the 
normal cells which co-populate the endothelium. This would explain why PCLs are laid 
down in other disorders and is also consistent with data from experimental studies on the 
behaviour of normal comeal endothelial cells; these secrete collagen Types 1, 111, IV and 
V, all of which are present in ICE syndrome PCL, after injury or exposure to 
inflammatory cells (refer to (2).1.2.(ii)). These stimuli may be operative in the context of 
the ICE syndrome since both endothelial cell damage and the intimate association of 
inflanunatory cells with the endothelial mosaic are seen.

The bilayered arrangement of the PCL seen in this disease might arise by secretion of 
different substances at different phases of disease evolution or by aggregation of 
microfibrils and lattice-material into separate layers after simultaneous secretion. The 
fact that no specimen demonstrated either layer on its own supports the latter hypothesis. 
It is unclear as to whether the deposition of PCL components leads to their permanent 
presence within the PCL or whether they are subsequently degraded.

(12).3 DM IN THE ICE SYNDROME - THE ABNORMAL ABZ

The lattice-material of the ABZ was abnormal or missing in four specimens. This 
suggests that in some ICE syndrome comeas there is abnormal removal of the Type Vlll 
collagen/lattice-material from the ABZ, an event that may be unique to the ICE syndrome 
since it has not been described in any other comeal endotheliopathy (refer to (2).1.2.(i)). 
This may result from the abnormal secretion by the cells of the comeal endothelium of 
proteolytic enzymes since Type Vlll collagen is known to be sensitive to proteolysis 
(refer to (3).8.2).

(12).4 FIBRONECTIN AND P COMPONENT

The fibronectin and P component in DM may be derived from two sources: either 
secretion by comeal endothelial cells or by diffusion from aqueous humour, although
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only fibronectin (Reid etal. 1982) has been identified in this fluid. (The Optisol organ 
culture fluid in which the normal comeas were stored prior to processing does not contain 
fibronectin - refer to (14). 13.7).

The interpretation of the distribution of fibronectin and P component depends on the 
behaviour of DM as a whole. It has been suggested (refer to (1).10.2) that this basement 
membrane is laid down continuously throughout life and that turnover of its constituents 
does not occur. The composition of DM is therefore in effect a historical record, the 
region closest to the endothelial cell reflecting current circumstances. If this were true, 
one would infer that P component is laid down at a steady rate from the time that 
formation of DM begins. There was less fibronectin in the anterior PNBZ than posterior 
PNBZ; formation of the PNBZ first occurs at about the time of birth (refer to (1).10.2) 
implying that less fibronectin is laid down in early life than either in utero (when the 
ABZ is formed) or in later adulthood.

It seems likely however that at least some of the constituents of DM are in a state of 
flux. If this is the case other explanations must be sought for the distribution of 
fibronectin and P component.

They may bind to other substances within DM; although fibronectin and P component 
are ligands for each other in vitro (refer to (3).4.2.(ii)) their different distribution in the 
PNBZ indicates that they do not co-localise in DM.

Altematively both substances may diffuse throughout the basement membrane. The 
IFM is morphologically distinct from both DM and comeal stroma. There is a sharp 
demarcation in the presence of fibronectin and P component at the IFM since neither are 
present in the comeal stroma. These findings raise the possibility that the region of the 
IFM may act as a barrier which impedes the diffusion of molecules into the comeal 
stroma.

(12).5 TENASCIN

Tenascin is a component of microfibrils in the PCL and is present in the posterior comeal 
stroma and IFM of some ICE syndrome specimens. There is no tenascin in normal 
comeas.

The presence of tenascin in the PCL may reflect its association with wounding (refer 
to (3).9). The tenascin in the comeal stroma may also be laid down following injury to 
this region from long-standing comeal oedema and subsequent scarring. However it is 
not clear why tenascin is concentrated in the posterior comeal stroma and also why it is 
not found in all ICE syndrome comeas.

An intriguing aspect of tenascin’s distribution within the posterior stroma is its 
demarcation at the IFM, since none is present in the ABZ. This is a mirror image of the
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distribution of fibronectin and P component in this region (refer to (12).4). It has been 
previously suggested here that both fibronectin and P component may diffuse in an 
anterior direction through DM until they reach the IFM, through which they are unable to 
pass. One might speculate that tenascin diffuses within the posterior comeal stroma but is 
also unable to penetrate the IFM which therefore acts as a barrier to the passage of 
molecules.

(12).6 OBSERVATIONS ON THE IMMUNOCYTOCHEMICAL TECHNIQUES 
USED TO STUDY DM

(12) 6.1 The Applicability Of Immunocytochemical Techniques.

The resolution of ultrastructural immunocytochemistry was sufficient to identify the 
composition of macromolecules in DM. This would not have been possible had other 
techniques such as electrophoresis or chromatography been used. However the resolution 
of electron microscopic immunocytochemistry was not great enough to provide 
information on the precise arrangement of monomers in macromolecules. One exception 
was the use of the monoclonal antibody to collagen Type VIII. This antibody reacts with 
a defined domain of the collagen molecule so that its staining characteristics permit 
conclusions to be drawn about the alignment of individual collagen Type VIII molecules 
in lattice-material. The previous discussion of this subject in the context of the lattice- 
material of bovine DM (refer to (1).6.2) is equally applicable to the lattice-material of 
human DM since these studies were performed with the same antibody.

(12).6.2 Uneven labelling.

Labelling of structures such as microfibrils is uneven in two ways; firstly only part of any 
single microfibril is labelled and secondly the number and position of gold particles 
decorating different microfibrils varies (for example, see Figures 71, 74 and 75). Uneven 
labelling is seen in both plastic-embedded and frozen tissue although it is more prominent 
in the former.

One explanation for this effect is that the primary antibodies cannot penetrate plastic 
and therefore antigens are only available for binding if they are located on the section 
surface (Bendayan etal. 1987; Kellenberger etal. 1987). Similarly, in ultrathin 
cryosections the colloidal gold-labelled secondary antibody is unable to penetrate into the 
tissue because of its large size (Bendayan etal. 1987). Another factor contributing to 
uneven labelling may be that the ligand to which antibodies bind is located within a 
specific region of the target molecule. Finally, since many different substances are

251



components of microfibrils in the PCL, it is possible that some microfibrils are composed 
of mixtures of these substances i.e are heterotypic (refer to (12).2.2).

(12).6.3 The Failure Of Initial Attempts To Identify The Composition Of Lattice- 
Material.

Initial immunocytochemical studies on Type VIII collagen were performed with a 
polyclonal antibody against antigen extracted from ovine DM. This was obtained from 
Dr R. Kittleberger at the Malaghan Institute, University of Wellington Medical School, 
Wellington, New Zealand. However this antibody did not cross react with human Type 
Y in  collagen. Various methods were tried which included combinations of the 
following:- (i) Use of frozen, Lowicryl-, and epoxy-embedded tissue, (ii) Omitting 
fixation and varying the concentration of paraformaldehyde fixative and its duration of 
use. (iii) Attempting to “unmask” the antigen by exposing sections to proteolysis, etching 
them with hydrogen peroxide or immersing them in different concentrations of the 
detergent, Triton X-100. (iv) Using extended incubation times for the primary antibody 
of up to 48 hours, (v) Pre-embedding immunocytochemistry was also attempted (Keene 
etal. 1988).

None of these procedures were successful and the monoclonal antibody to collagen 
Type VIII obtained from Dr H. Sawada was used instead.

(I2).7 HOW IMPORTANT ARE ABNORMALITIES OF DM IN THE ICE 
SYNDROME ?

Is the PCL important or simply an impressive epiphenomenon ? There are two reasons to 
suggest that it may be of genuine significance in the pathobiology of the ICE syndrome.

Firstly, the bilayered arrangement of the PCL is strikingly similar in all the ICE 
syndrome specimens in which a PCL is present. This suggests that PCL structure may be 
dictated by specific mechanisms operative in this disorder rather than merely reflecting a 
general state of endothelial disease. The absence of the guttate PCL formations 
characteristic of Fuchs’ endothelial dystrophy lends support to this hypothesis.

Secondly, the importance of the influence exerted by the components of basement 
membranes on cellular behaviour is well established (refer to (3).7.6). Hay states “the 
idea that ECM (extracellular matrix) is an inert supporting material.... a mere scaffolding 
.... is now bygone .... The metabolism and fate of the cell, its shape and many of its 
properties are continuously related to and dependent upon the composition and 
organisation of the matrix .... The matrix .... talks back to the cells that create it” (Hay 
1991). The term “dynamic reciprocity” has been proposed to describe this relationship 
(Sage and Bomstein 1991).
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In the specific context of corneal endothelium, changes in cell morphology and 
behaviour have been shown in vitro in response to laminin (refer to (l).7.3.(i)), 
fibronectin (refer to (l).7.3.(ü)) and Type VIII collagen (refer to (3).8.6). The potential 
importance of Type VIII collagen in this context was discussed earlier (refer to (12).2.1). 
The presence of tenascin is often associated with cellular injury although its precise 
functions in this respect are unknown (refer to (3).9). These substances are all present in 
ICE syndrome PCL where they may modulate the behaviour of diseased comeal 
endothelial cells, perhaps influencing such activities as movement, adhesion, division and 
differentiation.
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(13) SUMMARY AND SUGGESTIONS FOR FURTHER RESEARCH
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(13).l STUDIES ON CORNEAL ENDOTHELIAL CELLS

In order to define the cellular appearances of the ICE syndrome, and in particular those of 
the ICE-cell seen by ESP, a large number of comeal and trabecular meshwork specimens 
from patients with the ICE syndrome were examined by light, transmission and scanning 
electron microscopy. Comparison was made with specimens from normal eyes.

These studies show that ICE syndrome comeal endothelium is mainly populated by 
two cell types:- “epithelial-like cells” which have an epithelial morphology and are 
postulated to be the histological equivalent of the ICE-cell, and “normal-appearing cells” 
which resemble those of normal comeal endothelium and are postulated to be the 
histological equivalent of the normal endothelial cells often seen by ESP alongside ICE- 
cells.

The main purpose of subsequent studies on these cells was to investigate their origin. 
Light and electron microscopic immunocytochemistry were used to analyse which 
differentiation markers were expressed by epithelial-like and normal-appearing cells. 
Comparison was made normal comeal tissues. The differentiation markers assessed were 
EMA and the intermediate filaments vimentin, broad spectrum CKs and CKs 3, 5, 8, 18 
and 19.

Epithelial-like cells were seen to share the same profile as cells from limbal 
epithelium, since both express EMA and CKs 5 and 19 but not CKs 3, 8 or 18 or 
vimentin. Normal-appearing cells express the same differentiation markers as the 
endothelial cells from normal comeas i.e. vimentin but not CKs or EMA.

These findings suggest that epithelial-like cells arise either from an embryological 
ectopia, i.e. a heterotopia, of ocular surface epithelium or else from a metaplasia of 
normal endothelial cells due to an unknown stimulus. Normal-appearing cells may 
indeed be normal comeal endothelial cells.

Future research should concentrate on epithelial-like or ICE-cells.
If these are heterotopic a cause for their proliferation later in life must be found since 

the disease usually manifests during adulthood. Altematively, if they are metaplastic the 
stimulus for this change must be identified. Recent reports of the presence of viral DNA 
in ICE syndrome comeas may explain either process and could be confirmed using in situ 
hybridisation or polymerase chain reaction techniques.

The effect of epithelial-like cells on other ocular tissues could be studied in various 
ways. For example co-culture experiments with normal endothelial cells could be 
undertaken in vitro; this and similar in vitro research would be greatly assisted by the 
immortalisation of a clone of ICE-cells. It would be interesting to discover whether 
epithelial-like cells secrete cytokines since these substances might disturb the milieu of 
the anterior chamber and damage normal endothelial cells. This could be done using in
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situ hybridisation and immunocytochemistry on tissue sections or by chromatographic 
and electrophoretic analysis of tissue cultured cells.

It was not possible in this study to identify the ectopic cells which cover the trabecular 
meshwork and iris in the ICE syndrome. It therefore remains possible that these are 
normal comeal endothelial cells since overgrowth of these cells occurs in many diseases. 
The issue could be settled by ultrastmctural examination of suitable tissue.

(13).2 STUDIES ON DM

In order to define the typical morphology of DM in the ICE syndrome a large series of 
specimens was examined by light and transmission electron microscopy and compared 
with normal DM.

Three morphologic patterns were identified in ICE syndrome DM. The pattern 
present in any particular cornea did not vary in different regions, except in one specimen. 
The most frequently observed appearance was of a PCL located between the endothelial 
cells and DM proper. In all cases the PCL consisted of an anterior layer of lattice- 
material and a posterior layer of microfibrils. Other specimens did not have a PCL but 
the lattice-material of the ABZ was abnormal or absent. DM was morphologically 
normal in a minority of specimens.

The question of the composition of both normal and diseased DM was addressed in 
subsequent experiments. Electron microscopic immunocytochemistry was used to 
investigate collagens Type I, III, IV, V, VI and VIII, fibronectin, laminin, tenascin, 
amyloid A and P component. Histochemical tests for amyloid, oxytalan and elastic tissue 
were also performed.

Normal DM contained collagen Type VIII in the lattice-material of the ABZ. P 
component was present throughout DM. Fibronectin was distributed non-uniformally 
within normal DM, the largest quantities being present in the posterior region of the 
PNBZ and in the ABZ and the IFM.

Studies on the PCL of ICE syndrome DM showed lattice-material to contain collagen 
Type V in  whilst collagens Type I, III, IV, V and VI, fibronectin, tenascin and oxytalan 
were microfibrillar components.

Much remains to be learnt about DM both in health and disease. The functional 
significance of its various components, and of their alterations in disease, could be 
investigated by tissue culture of corneal endothelial cells on artificial matrices containing 
these substances; the influence of the PCL could also be studied by growing cells on 
membranes containing DM/PCL stripped from clinical specimens.

Future research should also seek to investigate the source and turnover of the 
components of normal DM and of the PCL in diseased comeas. The most appropriate 
technique to show which cells secrete the PCL is in situ hybridisation which would
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identify mRNA production for the various basement membrane components 
demonstrated by immunocytochemistry. Ultrastructural in situ hybridisation could be 
used to distinguish the different cell types present (Binder etal. 1986). Epithelial-like 
cells and normal human endothelial cells could be tissue cultured and their secretion of 
basement membrane components and production of proteolytic enzymes studied. Animal 
models of PCL formation could be more intensively studied than has hitherto been the 
case. For example the timing of collagen secretion could be examined by the application 
of a comeal injury to produce a PCL followed by the administration of radio-labelled 
amino acids at set times. Newly produced collagens in harvested basement membrane 
could subsequently be analysed by techniques such as electrophoresis.
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(14) APPENDIX
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(14).l USE OF SPECIMENS

A total of 7 normal and 35 ICE syndrome corneas as well as 3 trabecular meshwork 
specimens and 3 failed comeal grafts from ICE syndrome patients were available for 
examination.

The number of specimens used for each technique was as follows

(14)1.1 Studies On Cellular And Basement Membrane Morphology.

32 ICE syndrome corneas (all except numbers 23, 28 and 29) were examined by light 
microscopy (Table 2).

26 ICE syndrome corneas (all except numbers 1,3,4, 6, 8, 10,13, 15 and 32) were 
examined by scanning electron microscopy (Table 2). In addition 3 trabecular meshwork 
specimens and 3 failed corneal grafts from ICE syndrome patients were examined by 
scanning electron microscopy.

27 ICE syndrome corneas (all except numbers 4, 8, 9, 15, 21, 23, 28 and 29) were 
examined by transmission electron microscopy (Table 2).

In total, 32 corneas from ICE syndrome patients were examined ultrastructurally.
7 normal corneas were examined by light, scanning and transmission electron 

microscopy.

(14).1.2 Immunocytochemical Studies On Cellular Differentiation Markers.

Light microscopic immunocytochemistry was carried out on 18 ICE syndrome corneas 
(Table 4) and 7 normal corneas (Table 3).

Electron microscopic immunocytochemistry on Lowicryl K4M-embedded tissue was 
carried out on 7 ICE syndrome corneas (numbers 2, 14, 16, 18, 22, 24 and 34) (Table 5) 
and 3 normal corneas.

(14).1.3 Immunocytochemical Studies On The Composition Of DM.

Electron microscopic immunocytochemistry with Lowicryl K4M-embedded tissue was 
carried out on 7 ICE syndrome corneas (numbers 2, 16, 17,18, 19, 27 and 30) and 3 
normal corneas.

Electron microscopic immunocytochemistry with frozen tissue was carried out with 3 
ICE syndrome and 3 normal corneas.
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(14).1.4 Histochemical Studies On The Composition Of DM.

Histochemical studies were carried out on wax-embedded tissue from 7 ICE syndrome 
corneas (numbers 2,16, 17,18,19, 27 and 30) and 3 normal corneas.

(14).2 SCANNING ELECTRON MICROSCOPY

(14).2.1 Fixation.

Specimens were fixed in freshly made 2.5% glutaraldehyde in 0.1 M phosphate buffer at 
room temperature for 1 hour and then stored in 0.1 M phosphate buffer until processed 
(specimens were processed within 1 week).

(14).2.2 Specimen Processing.

Specimens were rinsed in 0.1 M phosphate buffer at 4^0 for half an hour to remove any 
remaining glutaraldehyde. Processing was at room temperature in glass vials in a fume 
cupboard on a slowly rotating mixer as follows:-
1. O.IM phosphate buffer rinse (3x15 minutes).
2. 1% osmium tetroxide (Oxkem) in O.IM phosphate buffer (1 hour).
3. O.IM phosphate buffer rinse (15 minutes).
4. Distilled water rinse (3x10 minutes).
5. 30%, 50%, 70%, 85%, 95% ethanol (15 minutes each).
6. 100% ethanol (3x15 minutes).
7. Specimens were dried with a critical point drier (E3000, Polaron), mounted 
epithelium-side downwards on stubs with double sided sticky tape and coated with gold 
using a sputter coater (E5000/1, Polaron).

(14).2.3 Examination.

Specimens were examined with a Cambridge Stereoscan 200 scanning electron 
microscope (Cambridge Instruments) fitted with a Deben Instruments Pixie 8 image 
processor (Deben Research).
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(14).3 ROUTINE TRANSMISSION ELECTRON MICROSCOPY 

(14).3.I Fixation.

Specimens were fixed in freshly made 3% glutaraldehyde in O.IM phosphate buffer for 4 
hours at 4°C and then stored in O.IM phosphate buffer until processed (specimens were 
processed within 1 week).

(14).3.2 Embedding.

Specimens were rinsed in O.IM phosphate buffer at 4°C for half an hour to remove any 
remaining glutaraldehyde. Processing was at room temperature in glass vials in a fume 
cupboard on a slowly rotating mixer as follows:-
1. 2% osmium tetroxide in distilled water (1 hour and 15 minutes).
2. Two brief changes of distilled water.
3. 2% aqueous uranyl acetate (30 minutes).
4. 30% ethanol in distilled water (5 minutes).
5. 50% ethanol (5 minutes).
6. 90% ethanol (5 minutes).
7. Absolute ethanol dried by storing over Type 3A molecular sieve from BDH. (3 x 20 
minutes).
8. Propylene oxide (15 minutes).
9.1:1 propylene oxide:Spurr's resin (30 minutes).
10. Spurr’s resin (1 hour).
11. Spurr’s resin (overnight).
12. Spurr’s resin (2 hours).
13. Tissue was embedded in Spurr’s resin and polymerized for 2-3 days in an oven at 
60OC.
Spurr’s resin (Agar scientific) was prepared by mixing the following substances for one
hour using a magnetic stirrer in a fume cupboard:-
Vinyl cyclohexene dioxide 200g
DER736 120g
Nonenyl succinic anhydride 520g
Dimethylaminoethanol 8ml

(14).3.3 Ultramicrotomy.

Specimens were mounted on a Reichert Ultracut ultramicrotome. Thick sections (0.5 |Lim) 
were cut with glass knives made with a knifemaker (LKB Knifemaker 7801B, Leica) and
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floated onto a bath of freshly distilled water in a plastic trough (LKB TRUF-2208-KX), 
Leica) attached with melted dental wax to the glass knife. Glass for knifemaking was 
purchased from LKB. The sections were transferred to glass slides and dried using a hot 
plate (LKB Multiplate 2208, Leica). Sections were stained with toluidine blue on the hot 
plate and examined by light microscopy to locate regions of interest for ultrathin 
sectioning.

Toluidine blue stain was made by dissolving l.Og sodium tetraborate in 120 ml 
distilled water and adding 0.2g pyronin Y (Sigma) and l.Og toluidine blue (Agar 
Scientific). The stain was filtered before use.

Ultrathin gold- or silver-coloured sections were collected onto the dull side of 
uncoated 300-mesh copper grids (Agar Scientific). Grids were stored in a grid-box (Agar 
Scientific) until used.

(14).3.4 Staining Of Ultrathin Sections.

Grids were stained with saturated uranyl acetate in 50% ethanol (30 minutes) followed by 
Reynolds lead citrate (10 minutes). Both solutions were spun in a centrifuge at 10,0(X)g 
for 10 minutes before use.

Reynolds lead citrate (Reynolds 1963) was prepared by mixing 1.33g lead nitrate with
1.76g trisodium citrate in 30ml distilled water, shaking vigorously for 1 minute and then 
allowing to stand for 30 minutes. 8.0 ml of IM sodium hydroxide were then added and 
the solution mixed by inversion.

Saturated uranyl acetate in 50% ethanol was prepared by adding uranyl acetate (BDH) 
to a solution of 50% ethanol in distilled water.

(14).3.5 Examination.

Grids were examined with a Philips EM201 transmission electron microscope equipped 
with a goniometer stage with a rotating specimen holder (Philips PW 6554/01).

(14).4 PRIMARY ANTIBODIES

With one exception, antibodies were purchased from commercial sources (Table 6). The 
antibody against collagen Type VIII was a gift from Dr H. Sawada MD at Osaka 
University Medical School, Osaka, Japan. This monoclonal antibody raised against Type 
Yin collagen extracted from bovine DM is well characterised and reacts with the 
collagenous domain of the molecule. Electron microscopic immunocytochemistry has 
shown binding to the “rods” of the lattice-material of bovine DM (Sawada et al. 1990).
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Table 6.

Primary antibodies and positive controls

Similarly-processed human tissue was used for the positive controls.

The antibody to broad spectrum CKs reacted with all of the CK subtypes.

The antibody to CKs 5/18 required enzymatic digestion prior to use on wax- 
embedded tissue.

Antibodies raised in mice were monoclonal. All other antibodies were polyclonal.

All antibodies were raised against antigen extracted from human tissue except for 
the antibodies against collagen Type VI (human and bovine), collagen Type VIII 
(bovine) and vimentin (pig).

LEGEND

CKBS broad spectrum CKs

LM light microscopy

EM electron microscopy

K4M Lowicryl K4M-embedded tissue

FR frozen tissue

WAX wax-embedded tissue
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Table 6. Primary antibodies and positive controls

Antigen Source of antibody Raised
in

Dilution of 
antibodies

Positive
controls

Collagen 
Type I

Institut Pasteur de Lyon 
(10111)

Rabbit EM(K4M) 1:1000 Comeal stroma

Collagen 
Type in

Monosan (PS49) Rabbit EM(FR) 1:9 Comeal stroma

Collagen 
Type IV

Institut Pasteur de Lyon 
(10411)

Rabbit EM(K4M) 1:150 DM
Kidney

Collagen 
Type rV

Euro-diagnostica
(PCO)

Rabbit EM(K4M) 1:10 DM
Kidney

Collagen 
Type V

Monosan (PS51) Rabbit EM(FR) 1:5 Comeal stroma

Collagen 
Type VI

Southern Biotechnology 
(1360-01)

Goat EM(FR) 1:200 Comeal stroma

Collagen 
Type V ni

Dr H. Sawada (9H3) Mouse EM(FR) 1:2 DM

Laminin Chemicon (AB949) Rabbit EM(FR) 1:50 DM
Kidney

Tenascin Chemicon (AB1906) Rabbit EM(K4M) 1:100 Breast (carcinoma)
Fibronectin Dako (A245) Rabbit EM(K4M) 1:100 DM

Kidney
Amyloid A Dako (M759) Mouse LM(WAX) 1:4 

LM(FR) 1:4 
LM(K4M) 1:4 
EM(FR) 1:4 
EM(K4M) 1:4

Kidney (renal 
amyloidosis)

P component Dako (A302) Rabbit EM(K4M) 1:10 Kidney
Growth

hormone
Dako (LI 814) Rabbit LM(WAX) 1:10 

LM(FR) 1:10 
EM(FR) 1:10 
EM(K4M) 1:10

Pituitary gland

CKBS ICN Row (69-145) Mouse LM(WAX) 1:100 
LM(FR) 1:100 
EM(K4M) 1:100

Comeal epithelium 
Skin

CK3 ICNHow (69-143) Mouse LM(FR) 1:100 Comeal epithelium
CKs 5/8 Eurodiagnostics

(RCK-102)
Mouse LM(WAX) 1:10 

LM(FR) 1:20
Comeal epithelium 
Skin

CKs 8/18 Becton-Dickinson
(92-0005)

Mouse LM(WAX) 1:20 
EM(K4M) 1:20

Breast

CK19 Dako (M772) Mouse LM(WAX) 1:3 
EM(K4M) 1:3

Limbal epithelium 
Breast

Vimentin Dako (M725) Mouse LM(FR) 1:20 
LM(K4M) 1:4 
EM(K4M) 1:4

Comeal stroma 
(fibroblasts)
Skin (blood vessels)

EMA Dako (M613) Mouse LM(WAX) 1:3 
LM(FR) 1:10 
EM(K4M) 1:3

Breast
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(14)^ DETERMINATION OF THE SUITABILITY AND TITRE OF 
ANTIBODIES

The suitability of each antibody for use on wax- and Lowicryl-embedded and frozen 
tissue was assessed by applying it to a section of similarly processed tissue known to 
contain its target antigen, i.e a positive control. False negative results (refer to 
(5).l.l.(vi)) were frequently observed. Although all the antibodies “worked” on frozen 
tissue, this was not the case with tissue processed into wax or Lowicryl (Table 6). The 
restricted applicability of many antibodies had two practical implications for the 
immunocytochemical procedures used in this project. Firstly, although Lowicryl K4M- 
embedded tissue was used wherever possible because it combined convenience with 
adequate structural preservation, it was nevertheless often necessary to use frozen tissue. 
Secondly, the tissue available from specimens was not always suitable for examination by 
every antibody used in this study. For example, only wax-embedded material was 
available for immunocytochemical purposes from specimens from the archives of the 
Institute of Ophthalmology.

A preliminary tenfold dilution series was performed for each antibody on wax- and 
Lowicryl- embedded and frozen tissue to assess the dilution at which the highest signal- 
to-noise ratio was achieved.

(14).6 LIGHT MICROSCOPIC IMMUNOCYTOCHEMISTRY ON WAX- 
EMBEDDED TISSUE

(14).6.I Specimen Preparation.

Specimens were fixed in 10% neutral buffered formalin and embedded in paraffin wax 
using a VIP Tissue Processing System (Miles).

(14).6.2 Microtomy.

3-4 pm thick sections were cut using a base sledge microtome (Leitz), floated on to a 
water bath at 50°C to remove wrinkles, picked up on slides coated in aminopropyltri- 
ethoxysilane (APES) (Sigma) and then drained of excess water. The sections were dried 
overnight in an oven at 37°C and stored.

Slides were coated in APES by rinsing them in acetone, draining and then immersing 
in 2% APES v/v in acetone. They were then drained, washed in running tap water 
(RTW), rinsed in distilled water and air dried.
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(14).6.3 Avidin-Biotin-Complex (ABC) Technique.

1. Sections were dewaxed in xylene (2x5 minutes) and rinsed twice in absolute alcohol.
2. Slides were immersed in 10% hydrogen peroxide in methanol (10 minutes).
3. RTW rinse.
4. When tissue digestion was necessary (Table 6), sections were warmed in distilled water 
at 37°C (15 minutes) and then digested in 0.01% Type XXIV protease (Sigma) in pH 7.6 
TRIS buffered saline (TBS) in a water bath at 37°C (about 5 minutes).
5. RTW rinse.
6. TBS rinse.
7. Sections were ringed using a demarcation pen (Dako) and placed in a humidity 
chamber.
8. Sections were covered in normal serum (Sigma) to block non-specific reactions (15 
minutes). Horse normal serum was used for mouse monoclonal primary antibodies and 
swine normal serum for rabbit polyclonal primary antibodies, both diluted 1:10 in TBS.
9. Normal serum was tipped off and replaced by primary antibody diluted in TBS (60 
minutes).
10. Three rinses in TBS (3x5 minutes).
11. Sections were covered in biotinylated secondary antibody (Vector) diluted 1:200 in 
TBS (60 minutes). Horse anti-mouse secondary was used for mouse monoclonal 
primaries and swine anti-rabbit secondary for rabbit polyclonal primaries.
12. Three rinses of TBS (3x5 minutes).
13. ABComplex (Vector), prepared 30 minutes prior to use by mixing TBS:reagent 
A:reagent B in proportions of 96:2:2, was then applied (60 minutes).
14. Three rinses of TBS (3x5 minutes).
15. Sections were covered in 3’-diaminobenzidine (DAB) substrate solution for 5-10 
minutes or until a brown colour was seen. DAB solution was freshly prepared by adding 
4 ml of a 0.5% DAB solution (Sigma) to 36ml of phosphate buffered saline (PBS) and 
then mixing thoroughly with 2 ml of 6% hydrogen peroxide.
16. RTW wash.
17. Sections were counterstained in Mayer’s haematoxylin (1 minute), washed in RTW 
to remove excess counterstain, differentiated in 1% acid alcohol (15 seconds) and washed 
again in RTW.
18. Sections were dehydrated in ascending grades of alcohol, cleared in xylene and 
mounted under coverslips in Styrolite mounting medium (BDH).

RESULTS: Antigenic sites were stained dark brown, nuclei were stained blue.
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(14).7 LIGHT MICROSCOPIC IMMUNOCYTOCHEMISTRY ON FROZEN
TISSUE

(14).7.1 Specimen Preparation.

Slices of unfixed cornea were immersed in Tissue-Tek O.C.T cryoprotectant (Miles) on a 
cork disc and snap frozen in isopentane cooled to just above freezing in liquid nitrogen. 
Specimens were stored in a freezer at -70°C until used.

(14).7.2 Microtomy.

8 pim thick frozen sections were cut on a cryostat (Slee) at -25°C, picked up on APES- 
covered slides and air dried at room temperature for up to 1 hour before use.

(14).7.3 Avidin-Biotin-Complex Technique.

1. Sections were fixed in acetone (15 minutes).
2. PBS rinse.
3. Primary antibody diluted in PBS was then applied (1 hour).
4. PBS rinse (3x10 minutes).
5. The subsequent proceedure was as per step 12. in the ABC technique for formalin- 
fixed, wax-embedded tissue except that PBS was substituted for TBS.

(14).8 ELECTRON MICROSCOPIC IMMUNOCYTOCHEMISTRY ON 
FROZEN TISSUE 

(14).8.1 Specimen Preparation.

Specimens were fixed in freshly made 4% paraformaldehyde in O.IM phosphate buffer (1 
hour at 4°C), cut into small, wedge-shaped pieces approximately 3x1 mm in size, 
cryoprotected in 2.3M sucrose in PBS (1 hour), mounted on grooved cryo-pins (Reichert- 
Jung) and snap frozen in liquid nitrogen. Specimens were stored in plastic containers in 
liquid nitrogen.
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(14).8.2 Cryo-idtramicrotomy.

Mounted specimens were placed in a cryo-ultramicrotome (FC-4D, Reichert-Jung). 0.5 
pim thick orientation sections were cut at about -78°C, picked up on a wire loop with a 
droplet of 2.3M sucrose in PBS, placed onto uncoated glass slides and stained with 
toluidine blue.

After shaping a small square or oblong mesa with the edge of a glass knife at about 
-80°C, blue-coloured ultrathin sections were cut at -87°C, picked up with a droplet of 
2.3M sucrose in PBS and placed onto 400-mesh pioloform- and carbon-coated nickel 
grids. The sections contained the comeal endothelium and immediately adjacent stroma. 
Microtomy was carried out using tungsten-coated glass knives.

An Edwards E12E vacuum unit was used for coating knives and grids in tungsten and 
carbon respectively. The following procedure was used for coating grids in pioloform:-
0.6. pioloform (Agar scientific) was dissolved in 100 ml chloroform. A thin film was 
produced by dipping a clean glass slide in the pioloform solution, allowing it to dry and 
floating the film onto distilled water. Grids were placed dull side down onto the film and 
then picked up on filter paper.

(14).8.3 Electron Microscopic Immunocytochemistry (Tokuyasu 1986).

Grids were stored section-side down on droplets of PBS+1% bovine serum albumin 
(BSA) (Sigma) for up to several hours and were then floated onto 20 pi\ droplets of the 
following solutions:-
1. 1% gelatin (Sigma) in PBS (10 minutes).
2. 0.02M glycine (Sigma) in PBS (3 minutes).
3. PBS+1% BSA (2x1 minute).
4. Primary antibody diluted in PBS+1% BSA (1 hour).
5. PBS+1% BSA (5x1 minute).
6. Secondary antibody diluted 1+10 with PBS+1% BSA (1 hour). Secondary antibodies 
conjugated to 10 nm colloidal gold particles were purchased from Biocell Research 
Laboratories:- goat-anti-rabbit IgG (EM.GARIO), goat-anti-mouse IgG (EM.GAMIO) 
and rabbit-anti-goat IgG (EM.RGHAIO).
7. PBS (2 minutes).
8. 2.5% glutaraldehyde in PBS (1 minute).
9. 5 drops of distilled water (5x1 minute).
Grids were then stained in uranyl acetate oxalate (5 minutes) and embedded in 1:1 2% 
aqueous uranyl acetate: 1.5% methyl cellulose (Sigma) (3 minutes).

RESULT: the lOnm gold particles with which the secondary antibodies were labelled 
were visualised as round electron-dense particles.
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(14).9 IMMUNOCYTOCHEMISTRY ON LOWICRYL K4M-EMBEDDED
TISSUE.

(14).9.1 Specimen Processing.

Specimens were fixed in 4% paraformaldehyde (Agar Scientific) in O.IM phosphate 
buffer (4 hours at 4°C) and rinsed in phosphate buffer (2x5 minutes).

Processing into Lowicryl K4M resin (Agar Scientific) was carried out in a freezer at 
-25°C in the following solutions: 30%, 50%, 70% and 90% ethanol (5 minutes each), 
absolute ethanol (2x15 minutes), 1:1 absolute ethanob.Lowicryl K4M (25 minutes), 1:2 
absolute ethanol:Lowicryl K4M (25 minutes), Lowicryl K4M (1 hour and then overnight 
in fresh resin).

Specimens were placed in closed polythene capsules (Taab Laboratories) brimming 
with Lowicryl K4M and polymerised at -30°C under 360 nm ultraviolet light in a UVF 35 
polymeriser (Agar Scientific) for 1 day. Polymerisation was continued under ultraviolet 
light for two days at room temperature.

Lowicryl K4M resin was prepared by mixing 8.1 g crosslinker A, 51.9g monomer B 
and 0.3g initiator C and stored at -30°C.

(14) 9.2 Microtomy Of Lowicryl K4M-Embedded Tissue.

Microtomy of Lowicryl K4M-embedded tissue was carried out in the same way as for 
Spurr’s resin-embedded tissue, except that:- 1. Thick sections to be used for 
immunochemistry were placed onto APES-coated rather than plain glass slides, allowed 
to dry at room temperature and stored until used. 2. Ultrathin sections containing the 
comeal endothelium and immediately adjacent stroma were collected on uncoated 100- 
mesh high transmission nickel grids (Agar Scientific).

(14) 9.3 Light Microscopic Immunocytochemistry.

1. Sections were ringed using a demarcation pen and placed in a humidity chamber.
2. Sections were covered with 1% ovalbumin (Sigma) in PBS* (30 minutes).
3. The 1% ovalbumin was tipped off and sections were covered with primary antibody 
diluted in PBS* (2 hours).
4. The primary antibody was tipped off and sections were rinsed in 5 changes of PBS* 
(5x3 minutes).
5. Sections were covered with secondary antibody diluted 14-10 with PBS* (Ihour). The 
same secondary antibodies were used as with electron microscopic immunocytochemistry 
on frozen tissue.
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6. The secondary antibody was tipped off and sections were rinsed in 4 changes of PBS* 
(4x3 minutes), followed by several rinses in distilled water.
7. Sections were covered with silver enhancing solution (Biocell), prepared by mixing 
equal quantities of solutions A and B (10 minutes). Silver enhancement increased the 
size of the colloidal gold particles conjugated to the secondary antibody rendering them 
visible by light microscopy (Hoigate etal. 1983).
8. Sections were rinsed several times in distilled water, dried at room temperature and 
counterstained with toluidine blue.
9. Sections were mounted under coverslips in DPX mounting medium.
10. Examination and photography was with a light microscope equipped with 
epipolarised light (Zeiss Plan-Neofluar).

(*PBS contained 0.1% BSA, 0.02M sodium azide and 0.05% Tween 20 (Sigma))

RESULT: the silver-enhanced gold appeared light blue when viewed with epipolarised 
light and black when viewed by transmitted light.

(14) 9.4 Electron Microscopic Immimocytochemistry.

Immunocytochemistry was carried out by immersing grids in 20 pi\ drops of the following 
solutions in a covered container:-
1. 1% ovalbumin in PBS* (30 minutes).
2. Primary antibody diluted in PBS* (2 hours).
3. 10 drops of PBS* (10 minutes total).
4. Secondary antibody diluted 1+10 with PBS* (1 hour). The same secondary 
antibodies were used as with EM-inununocytochemistry on frozen tissue.
5. 5 drops of PBS* (10 minutes total).
6. 2.5% glutaraldehyde in PBS (3 minutes).
7. Grids were then jet-washed in distilled water and stained in saturated uranyl acetate in 
50% ethanol (20 minutes) followed by Reynold’s lead citrate (3 minutes)

(*PBS contained 0.1% BSA, 0.02M sodium azide and 0.05% Tween 20).

RESULT: the 10 nm gold particles with which the secondary antibodies were labelled 
were visualised as round electron-dense particles.
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(14).10 CONTROLS USED FOR IMMUNOCYTOCHEMISTRY

A positive control was used for each antigen (Table 6). The negative controls used were:- 
(i) Omission of the primary antibody, (ii) Substitution of the primary antibody with non- 
immune serum from the same species. Non-immune sera from rabbits (X903) and goats 
(X907) were purchased from Dako and used in immunocytochemical procedures at 
approximately the same total immunoglobulin concentration as rabbit- and goat-derived 
primary antibodies, (iii) Substitution of the primary antibody with an antibody of 
irrelevant specificity diluted to the same concentration. Mouse monoclonal antibody to 
amyloid A component (Dako M759) was used as a control for mouse monoclonals since 
histochemical tests had shown amyloid A to be absent from DM. Rabbit polyclonal 
antibody to growth hormone (Dako LI 814) was used as a control for rabbit polyclonals. 
(iv) Absorption controls for the antibodies to collagen Type IV were carried out as 
follows:- Purified, lyophilised collagen Type IV (Sigma) was dissolved in 0.2M acetic 
acid to a concentration of 2.5 mg/ml. The collagen solution was dialysed overnight at 
4°C against 50mM TRIS HCl pH7.6 containing 200 mM NaCl.

Dialysis tubing was prepared by boiling it in 0.2M Na2C03 for 30 minutes, rinsing 3 
times in distilled water, boiling for 60 minutes in 0.7M acetate buffer pH 5.0 containing
0.5.mM EDTA and rinsing 3 times in distilled water. Dialysis tubing was stored in 
ethanol.

Absorption controls were performed by incubating the antibodies to Type IV collagen 
with antigen overnight at 4°C. Immunocytochemistry was then carried out as described 
above.

(14).ll HISTOCHEMICAL TECHNIQUES

5 |im thick sections of neutral formalin-fixed, wax-embedded tissue, collected onto 
APES-coated slides, were used for histochemical studies.

(14).11.I Verhoeffs Iron Haematoxylin Technique For Elastic Tissue (Verhoeff 
1908; Gomori 1950).

Sections were immersed in the following solutions:-
1. Distilled water rinse.
2. Iron haematoxylin solution (30 minutes).
3. Distilled water rinse.
4. 2% ferric chloride (brief immersion to differentiate).
5. Distilled water rinse.
6. 95% alcohol (5 minutes).
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7. Distilled water rinse.
8. Dilute Van Gieson counterstain.
9. Sections were then blotted dry, dehydrated and cleared in ascending grades of alcohol 
and mounted under coverslips.

RESULT: Elastic fibres, myelin and nucleic acids stain black.

Verhoeff s iron haematoxylin was prepared from the following substances:- 
5% alcoholic haematoxylin 20 ml.
10% ferric nitrate 10 ml.
Lugols’ iodine 10 ml (prepared from iodine and potassium iodide)

Van Gieson's solution was prepared from the following substances 
Saturated aqueous picric acid 50 ml.
1% acid fuchsin 9 ml.
Distilled water 50 ml.

(14)11.2 Oxidised Aldehyde Fuchsin Technique For Oxytalan (Edwards 1968)*

Sections were immersed in the following solutions:-
1. Distilled water rinse.
2. 10% caroat (60 minutes).
3. Distilled water rinse.
4. 70% alcohol rinse.
5. Aldehyde fuchsin (10-20 minutes).
6. 70% alcohol rinse.
7. Distilled water rinse.
8. 1% light green counterstain (Merck).
9. Sections were then dehydrated and cleared in ascending grades of alcohol and 
mounted under coverslips.

RESULT: Oxytalan and elastic tissue stain purple.

Caroat (Deggussa) is a triple salt of potassium peroxymonosulphate, potassium bisulphate 
and potassium sulphate.
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Aldehyde fuchsin was prepared from the following substances:- 
Pararosanilin 0.25g (Merck).
70% alcohol 98 ml.
Concentrated HCl 1 ml.
Paraldehyde 1 ml.

Masson’s light green was prepared from the following substances:- 
Light green 2 g.
Acetic acid 1 ml.
Distilled water 100 ml.

(14).11.3 Congo Red Technique For Amyloid (Eastwood and Cole 1971).

Sections were immersed in the following solutions
1. Distilled water rinse.
2. Mayer’s haematoxylin stain.
3. Congo red solution (10-20 minutes).
4. 70% alcohol (few seconds).
5. Sections were then dehydrated and cleared in ascending grades of alcohol and 
mounted under coverslips.

RESULT: Amyloid stains red; elastic fibres stain red weakly.

Congo red solution was prepared from the following substances:- 
Glycine buffer pH10 50 ml.
Ethanol 50 ml.
Congo red 0.5 g (Merck).

Glycine buffer pHlO was prepared from the following substances:- 
Glycine 0.23 g.
NaCl 0.18 g.
NaOH 0.16 g.
Distilled water 100 ml.
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(14).12 CONTROLS USED FOR HISTOCHEMISTRY

A positive control, consisting of a tissue known to contain the substance being examined, 
was used for each histochemical test. In Verhoeff’s iron haematoxylin test for elastic 
tissue, the retention of staining of nuclei served as an internal control for over
differentiation with ferric chloride.

(14).13 RECIPES FOR FIXATIVES AND BUFFERS

(14).13.1 Phosphate Buffered Saline pH7.2.

The following salts were mixed in 500 ml distilled water and the pH adjusted by adding 
acid or basic salt as necessary:- 
Na2HP04.2H20 1.625g.
NaH2P04.2H20 0.255g.
NaCl 4.25g.
Sodium azide 0.65g.

(14).13.2 Tris Buffered Saline pH 8.2.

4g NaCl and 0.325g TRIS were mixed in 500 ml distilled water and the pH was adjusted 
to 8.2 by adding 0.2M HCl.

(14).13.3 O.IM Phosphate Buffer pH 7.2.

28 ml of solution A were mixed with 72 ml of solution B and added to 100 ml distilled 
water.
Stock solution A: 15.6g NaH2P0 4 . 2H2O in 500 ml distilled water.
Stock solution B: 17.8g Na2HP0 4 . 2H2O in 500 ml distilled water.

(14).13.4 Neutral Buffered Formalin Fixative.

Neutral buffered formalin fixative was prepared from the following substances:-
NaH2P04.2H20 45.28g
Na2HP04.2H20 81.45g
40% formaldehyde 1 litre
Distilled water 9 litres
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(14).13.5 3% Glutaraldehyde In O.IM Phosphate Buffer Fixative.

1.5 ml 50% glutaraldehyde were added to 23.5 ml O.IM phosphate buffer. The 2.5% 
glutaraldehyde fixative for scanning electron microscopy was made by adjusting the 
quantity of glutaraldehyde added.

(14).13.6 4% Paraformaldehyde In O.IM Phosphate Buffer Fixative.

50 ml 0.2M phosphate buffer were mixed with 50 ml stock 8% paraformaldehyde.
8% paraformaldehyde was made in the following way: 4g paraformaldehyde in 50 ml 

distilled water were mixed on a hot plate with a magnetic stirrer at 60-70°C for about 15 
minutes. A few drops of IM sodium hydroxide solution were added to dissolve the 
paraformaldehyde and the residue was then filtered.

(14).13.7 The Composition Of Optisol Organ Culture Fluid.

Optisol organ culture fluid has the following composition (this information was supplied 
by Chiron Intraoptics)

Hybrid of Minimal Essential Medium and TC 199
2.5% chondroitin sulphate
Bicarbonate & HEPES buffer
Gentamicin sulphate
0. ImM sodium pyruvate
0.1 mM non-essential amino acids
Additional antioxidant
1% dextran 40
Ascorbic acid
Vitamin Bi2
ATP precursors

Optisol does not contain fibronectin - M.J. Bench, Chiron Intraoptics, personnel 
communication.
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(14).14 PHOTOGRAPHY

Colour photomicrographs were taken with Ektachrome professional 35 mm film (Kodak).
Scanning electron micrographs were taken with FP4 35 mm film (Kodak). The film 

was developed in Ilford ID-11 (Ilford) at 20°C for 6 minutes. The developed films were 
rinsed in tap water to stop further development, fixed in Hypam fixer (Ilford) and then 
washed in running tap water for 30 minutes. They were then rinsed in distilled water plus 
a few drops of Ilfotol wetting agent (Ilford) and dried in a drying cabinet.

Negatives were printed on Ilfospeed multigrade III resin-coated paper (Ilford) and 
developed using Ilfospeed multigrade developer (Ilford). Prints were fixed with Hypam 
fixer, washed in running tap water for 30 minutes, rinsed in distilled water plus Ilfotol, 
and dried with a Durst RCD 3400 dryer.

Transmission electron micrographs were taken on 35 mm Eastman Fine Grain 
Release Positive unperforated film (Agar Scientific) and developed in HC-110 Kodak 
developer at 20°C for 6 minutes. The developed films were washed, dried and printed as 
for scanning electron microscopy.

(14).15 ADDRESSES OF SUPPLIERS

Agar Scientific, Stansted, UK 
Becton-Dickinson, Oxford, UK 
BDH, Poole, UK
Biocell Research Laboratories, Cardiff, UK
Cambridge Instruments, Cambridge, UK
Chemicon, London, UK
Chiron Intraoptics, Milton Keynes, UK
Dako, High Wycombe, UK
Deben Research, Ipswich, UK
Difco, West Molesey, UK
Euro-Diagnostica, Bude, UK
Kodak, Hemel Hempstead, UK
ICN Flow, High Wycombe, UK
Ilford, Knutsford, UK
Institut Pasteur de Lyon, Lyon, France
Leitz, Cambridge, UK
Merck, Poole, UK
Miles, Slough, UK
Monosan, Market Harborough, UK
Phillips, Cambridge, UK
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Polaron, Watford, UK 
Reichert, Milton Keynes, UK 
Sigma, Poole, UK 
Slee, London, UK
Southern Biotechnology, Alabama, USA 
Taab, Reading, UK 
Vector, Peterborough, UK 
Zeiss, Welwyn Garden city, UK
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(15) UPDATE

A recent publication on the ICE syndrome describes the ultrastructural features of a 
cornea and applies an immunogold technique to DM (Lee et al. 1994). Two main 
cellular populations were seen, one with epithelial characteristics and the other 
resembling normal comeal endothelial cells; these were similar to the epithelial-like and 
normal-appearing cells described here albeit with some differences such as the association 
of blebs with normal as well as epithelial cells. These appearances were interpreted as 
representing a process of transformation of normal into ICE-cells resulting from a stress 
response to an unspecified stimulus. DM was normal except for the presence of bundles 
of fibrils subjacent to the ICE-cells; the fibrils contained collagen Types III and V but not
I. It was suggested that the inflammatory cells observed within the endothelium may 
have stimulated the secretion of the fibrils as well as causing endothelial cell necrosis. 
Interestingly, an accumulation of fibrils in an otherwise normal DM was not a feature of 
my specimens; perhaps it represents an early stage in the formation of a PCL.
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