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The purpose of the present study was to document the fine
structural distribution of collagen types I-VI and laminin
in various human ocular tissues (cornea, trabecular
meshwork, iris, ciliary body, lens capsule and retinal
vessels) and relate their distribution to the functional
requirements of each tissue.

Twenty-three human eyes (aged 43-82) were suitably
prepared for immunocytochemistry. The distribution of the
extracellular matrix components studied was determined
using the immunogold technique on ultrathin frozen and LR
white sectiong. Two different preparative techniques were
employed to consolidate results. |

Perhaps the most surprising finding among the many
features of great interest, was the presence of type I
collagen in all of the vascular basement membranes studied.
Other interesting features included the interfibrillar
location of type VI collagen in cornea, meshwork and
retinal vasculature, the presence of collagens V and VI in
corneal keratocyte bodies, and the association of collagen
VI and laminin with the corneal basement membrane complex.
the identification of collagen IV and laminin in
extracellular matrix deposits in the cribriform layer was
also of interest as was the association of laminin with
linear deposits in the lens capsule and increased labelling
of types I and IV collagen associated with pericytes in
retinal capillaries.

The preéence of the components studied could be

related to the functional demands of each tissue.
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INTRODUCTION
COLLAGENS

1.1 Go[[agewz |
Collagen is responsible for the structural integrity
and compartmentation of all major organ systems.20 The
collagens differ from one another in the primary sequence
of their constituent polypeptides, in the extent of
posttranslational modifications and in their tissue

distribution.29°

1.1.1 The Extracellular Matrix??

The extracellular matrix is an intricate meshwork of
interacting extracellular molecules. 1In addition to
serving as a universal glue, it forms structures such as
cartilage, tendons, basal laminae, corneas, bone and teeth.
The macromolecules of the extracellular matrix are secreted
by local cells, especially fibroblasts, which are in the
matrix. In specialized structures these macromolecules are
secreted locally by more specialized cells such as
chondroblasts forming cartilage and osteoblasts forming
bone. There are two main classes of extracellular
macromolecules:- collagens, which strengthen and help to
organize the matrix and glycosaminoglycans,a type of
polysaccharides which are usually linked to protein to form
proteoglycans.

Collagen and proteoglycans always coexist. Collagen
is a structure that gives stiffness and a high degree of
tensile strength to the matrix; the highly hydrated
proteoglycans confer rigidity to the matrix as well as
allowing transport of moving molecules and impeding
diffusion of large molecules due to their mesh-like
structure. Collagen and proteoglycans also interact by

influencing collagen fibril formation and growth as well as

-]-



Amino terminal Carboxyl terminal

extension peptide Pro-cx-Chain extension peptide
I 300nm l
A RIS BIRSIIIS L oo

.Triple stranded helix

Trépocollage/

< AN
N N
N N

Stréed \ibril'

65nm

LI

‘abcce v 6679

D period



INTRODUCTION
COLLAGENS

the assembly of the collagen fibrils and their three-

dimensional arrangement.220

1.1.2 Collagen Synthesis

Collagens are a family of highly characteristic
fibrous proteins found in all multicellular animals and
constitute 25% of the total protein in mammals.

Individual ¢011agen polypeptide chains, synthesized by
ribosomes, are injected into the lumen of the rough
endoplasmic reticulum (rER) as pro-ﬁ-chains.

Hydroxylation and glycosylation occur before the
formation of triple helices. It is not known at which
stage in its passage through the cell that triple helica£
- formation occurs. The collagen passes through the Golgi.
apparatus and into condensing granules and secretory
- vesicles en route to exocytosis.114,262 Collagen secretién
differs from some‘sécretory proteins in that collagen is
secreted continuously by the cell, in a fashion similar to
the secretion of immunoglobulins.199,243 Hormones and some
other secretory proteins ére synthesized and stéred in
secretion granules which are released by the cell only upon
the recognition of an appreopriate signal.

When tropocollagen is secreted by the cell to the
exterior, it combines with others to form collagen fibrilé

(Fig 1) . The staggered arrangements of the triple helical

Fig 1: Diagram of collagen synthesis. Collagen <chains
are initially synthesized in the form of pro-%X-chains
(top) that contain extension peptides that will later
be removed. Note that . : the carboxy extension
peptidesof the triple stranded helix are covalently
linked together. Tropocollagen molecules are arranged
in a quarter staggered array in the striated fibril.
Strlated fibril shows detail of five bands (a-e) that
comprise the 65nm repeat D period.



i 19
------- v—c HZ—-C“"U" sesamss ?—?—C Rsaanse
H H CH,
[a] Glycine CH,
0 e
y A CH,
W G L
N—CH 2
C/H \CH
NeH, [c] Lysine
[b] Proline



INTRODUCTION
COLLAGENS

rods with each other is mainly brought about by
electrostatic forces determined by the sequence of the
basic and acidic amino acids. The 234 amino acid residue
long D unit is formed mainly by polar charged and
hydrophobic residues. There are four D units per« -chain
(Fig 1). Not only the highest polar but also the highest
hydrophobic contact occurs when the molecules are shifted

against each other by 234 amino acid residues.100

1.1.3 Collagen Biochemistry291

Collagen polypeptides are rich in glycine and proline,
both of which are important in the formation of a stable
triple helix. Glycine (Fig 2) is the only amino acid small:
enough to occupy the crowded interior of the helix and it ¥
occurs as every third residue in most regions of the
chain. Proline’s cyclical structure facilitates the

bending of the helical chain (Fig 2). |

1.1.4 Classification of Collagens

Collagens can be classified by several criteria:
length of molecule, molecular weight, flexibility of the
molecule and by ultimate supramolecular structure. On
consideration of supramolecular structure collagens can be
classified into three groups: the fibrous collagens, the

non-fibrous collagens and the filamentous collagens.’

Fig 2: Structures of pr1n01pa1 amlno acids in collagen.
(a] Glycine, the simplest amino acid which has just a
hydrogen atom as its side chain [b] Proline,which
differs from the other amino acids in hav1ng a
secondary amino group which produces a kink in an
amino acid sequence; [c¢] Ly31ne,posse551ng one of the
longest side chains of amino acids which causes
considerably greater steric hindrance than gly01ne.
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1- Fibrous Collagens

Fibrous collagens are seen in the transmission
electron microsCope as thick fibres with a characteristic
axial repeat pattern of 67nm (Fig 1). There is
considerable variation in fibril diameter - 25nm in the
.cornea to 200nm ih the sclera. Size distribution may be
uniform within a tissue (e.g. cornea) or highly wvariable
(e.g. sclera). Only types I, II, III and V tropocollagen
molecules form striated collagen fibrils visible in the
electron microscope. When packed together these collagen
fibrils can be seen in the light microscope as collagen
fibres. Aging processes affect collagens fibrils in a-
number of ways: there is an increase in fibril size,
tensile strength and mature crosslinks between triple
helices and a decrease in solubility, reducible crosslinks

and in susceptibility to proteolytic degradation.7

2- Non-Fibrous Collagens

Non-fibrous collagens are the principle collagens of
non-fibrous membranes separating the fibrous stromal tissue
from the cells. Non fibrous membranes vary in thickness
from 25nm in capillaries to 200nm in the lens capsule.
Only type IV collagen has been classified as a non-fibrous
~collagen and it has been localised in all basement

membranes examined so far.

3- Filamentous Collagens

Filamentous collagens form loosely aggregated fibres
with little or no periodicity and can be subdivided into
pericellular and matrix collagens. Types VI, VII, IX and X

~are classified as filamentous collagens.

-4 -



Function

Collagen Molecalar  Tissue Ultrastructure Site of

type formula distribution synthesis

I [, (D] Dermis, bone, Densely packed, Fibroblast, Resistance to
tendon, dentin, thick fibrils with osteoblast, tension .
fasciae, sclera, marked variation odontoblast.
organ capsules, _in diameter chondroblast
fibrous cartilage ) o

II [a; (ID]s Hyaline and elastic No fibers, very thin Chondroblast Resistance to
cartilages fibrils embedded in o intermittent

abundant ground pressure
substance - S

I [o (III)]s Smooth muscle, Loosely packed, - Smooth muscle, , . Structural
endoneurium, thin fibrils with fibroblast, reticular maintenance in -
arteries, uterus, more uniform: cells, Schwann cells, expansible organs
liver, spleen, diameters hepatocyte
kidney, lung

v fa, (V)]s Epithelial and Neither fibers nor ~ Endothelial and Support and

: endothelial fibrils are detected  epithelial cells filtration

basement
membranes

v [e A];and  Placental basement i.d. i.d. id.’

[a B];

membranes

Table 1: Main characteristics of collagehbtypeébiQV.
Modi{égd from Montes,

i.d.:insufficient data.
Bezarra and Junqueira (1984).
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1.1.5 Collagen Types

Seven different polypeptide chains have been
identified. Although there are at least a hundred
different combinations possible when inserting three of
these chains into a triple stranded helix, only thirteen
have been described to date.

As a new type is discovered it is given the next Roman
numeral above the most recently described type. Thus type
I collagen was the first to be described, type II was the
sedond, etc. Types I, II and III collagen are the main
types of collagen found in connective tissue. Type I
constitutes 90% of the collagen in the body. A summary of
the main characteristics of the different collagen types'is

given in Table 1.

i- The Classical Collagens (I, II and III)

Types I, II and III collagens readily polymerize to
form fibrils and fibers and serve primarily in organs
requiring transmission of forces, mechanical support and
stress control. The final processed form of types I, II
and III collagen consist mainly of D period triple helical
domains (97%). Type II collagen is more highly
glycosylated than type I and generally forms smaller
fibrils,162

All tissues in which collagen fibers have been
described by morphologists, contain type I collagen which
forms closely packed, thick collagen fibrils of variable
diameters with a clear banding pattern. Collagen type III
could be detected in all structures to which reticular

fibers (loosely disposed, thin collagen fibrils of more
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uniform diameters) have been localized.170

Type III collagen has only been found in organé that
also contain type I collagen,suéh as uterus, arteries,
'skin, intestines, lung, spleen, liver and~kidney.17° It is
mainly related to smooth muscle cells. Thus it is in the-
extracellular spaces of the concentric layers of muscle
cells of arteries while the adventitial layer and veins are
compesed mainly of type I. It is always present in tissues

and organs that require a motile structural scaffolding.

2= Basement Membrane COliagen

| Designated as type IV collegen,»this collagen type is
significantly longer than interstitial collagens (386nm
compared to 300nm) 135 and unlike the interstitial collagens
is not substantially processed when depoeited in the
matrix.248 However, the triple helical domain is still the
major structural element of the molecule.

The type IV collagen triple helix is thought to
possess four domains (Fig 3a): two noncollagenous domains
(NC1 and NC2) ahd~two triple helical domains (the major
triple helix and a small 7S domain).248 The 7s and NC1
domains are strongly immunogenic, whereas the triple
helical domain is only,weaklyhimmunogenic.75 Timpl et al
(1981) suggested that type IV’cellagen triple helices join
together to form a chicken wire meshwork (Fig 3b).248 A

Fig 3: Molecular arrangement of type IV collagen. [a] Four
domain structure of type IV collagen molecule includes
two triple helical segments (discontinuous major
triple helix and 7-S domain) and two non-collagenous
domains (NCl1l and NC2). [b] Chicken wire network of
type IV collagen. Four molecules attach to each other
at the 7-S domain but only two join each other at the
NC1l domain. Hence the length between two identical
cross-linking sites (800nm) is the length of two type
IV collagen molecules.
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tertiary structure has also been proposed in which layers
of chickenwire lattices may be built up in the plane of the
basement membrane in a staggered fashion to allow
intermolecular crosslinking.®

The direct involvement of type IV collagen has been
-shown in Goodpastures syndrome, a rare form of
glomerulonephritis, which is an autoimmune disease in which
the antigen is the NC1 domain of type IV collagen. This
syndrome has been produced in mice by injecting NC1

domain. 135

3- Type V Collagen

The primary structure of the carboxy propeptide and
triple helical domain of type V collagen is homologous to
types I, II and III. However, major differences exist in
the amino propeptide region which remains part of the
molecule when it is incorporated into a fibril.2134

Immunogold electron microscopy has demonstrated the
presence of type V collagen near basement membranes of
human amnion but distinctly separate from the locations of
laminin and type IV collagen. Labelling for type V
included 12nm nonbanded fibrils enmeshed in the type I
striated collagen fibrils and it has been postulated that
these fibrils have an anchoring function between basement
membranes and the stromal matrix.287 cultures of smooth
muscle cells synthesize and secrete type V collagen over
the entire plasma membrane,167 but within tissue type V
tends to be associated with only the stromal aspects of the
cell surface.>? Type V has been reported to promote cell

attachment and migration.235'
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4~ Type VI Collagen

Type VI collagen is quite distinctive from the other
collagens in having only a third of its length forming
into a triple helix.31 The trimer molecules, which have
the appearance of a dumbbell, assemble into well-defined
dimers and tetramers (Fig 4).246

Although type VI collagen is located in extracellular
spaces which also contain types I and III collagen and
fibronectin, differences in staining patterns indicate a
lack of cd—diétribution with these proteins.246 Basement
membranes appear to be negative,31 nor is type VI collagen
directly associated with banded collagen fibrils, 1,261 put
with finely fibrillar networks. In skin, type VI filamentsy
are highly concentrated around endothelial basement A
membranes,.formipg a loose sheaf around blood vessels,
nerves and fat cells and appearing to separate these
elements from the surrounding banded fibril network. This
network is viewed as a branching array, generally aligned j
in parallel with the banded collagen fibril axes, but also
traversing them. fThere is no apparent direct connection to
the banded fibril network, the elastic microfibrils nor to
the basement membranes .31

The function of type VI collagen is as yet unknown.
Fibroblasts can attach and spread on type VI substrates.
2“» Similar interactions may occur in vivo as collagen VI

filaments are often deposited in close vicinity to

cells.246

Fig 4: Molecular arrangement of type VI collagen. [a]
Single type VI molecule, line representing triple
helical domain and circle and dot the globular
domains. [b] type VI dimer; [c] type VI tetramer; [d]
type VI extended aggregation.
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Aberrations in the synthesis of type VI collagen may
be involved in pathological disorders. Type VI collagen

synthesis was found to be greatly increased in cultured

fibroblasts from a patient with cutis laxa, 246

a rare,
acquired or inherited syndrome characterised by loss of
skin elasticity. It is not unlikely that patients with
other inherited connective tissue disorders (e.g. Marfans'’s

syndrome) show changes in type VI collagen synthesis.246

5- Collagens VII-in

As collagens VII-XII are outwith the scope of this
study, a description of their structure ana function cannot
here be justified. The reader is therefore referred to
review chapters in S8tructure and Function of Collagen

Types.160

1.1.6 Methods of Studying Collagen Distribution

For the study of collagen type distribution in tissues
three methods have been used, namely biochemical, histo-
chemical and immunocytochemical methods.

Biochemical methods are limited in that preferential
extraction of one collagen type over another occurs
(probably due to differences in cross-linking and in
association with other macromolecules), losses result from
the purification procedures and dissecting out a pure
sample of the particular tissue of interest is fraught with
difficulties. However, the most serious disadvantage with
biochemical methods is that they give no information as to
the precise distribution of collagen types within a tissue.

Collagen molecules, being rich in basic aminoacids,

strongly react with acidic dyes. As collagen molecules are

S
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disposed in a parallel orientation they exhibit
birefringence. Sirius Red, an elongated strongly acidic
dye, enhances collagen birefringence as the long axis of
the dye molecules attached to collagen molecules are
parallel.l1l tThis is further enhanced by the Picrosirius-
polarization method which is thought to be able to
differentiate between collagens I-III by differences in
colour. However, colour differences also arise from folds
in tissue sections, section thickness and collagen fibre

thickness.112,193



INTRODUCTION
IMMUNOCYTOCHEMISTRY

1.2 Imomupwocy ﬁacrtegr_‘g{@

Immunocytochemistry is the identification of a tissue
constituent in situ by means of a specific antigen-antibody
reaction in which the antibody is tagged with a visible
label. | |

The first label to be employed was the enzyme
peroxidase in which the enzymatic product (3,3- diamino-
benzidine) was visualized for electron microscopy by osmium
tetroxide.149 other enzyme labels have been used (alkaline
phosphatase and glucose oxidase). Antibodies have also
been labelled with radioactive elements and the
immunoreaction visualized by autoradiography. Electron
dense labels such as ferritin and colloidal gold are also
employed to identify immunocyto-chemical reactions at the
ultrastructural level.

The original direct labelling of the antigen with
tagged antibodies has evolved into an indirect method in
which the first or primary antibody is not conjugated, but
a second 1aYer is added which consists of an antibody
raised against the gamma-globulin (IgG) of the species
which donated the primary antibody. This facilitates
several advantages:-

[1] Anti-IgG sera are usually hyperimmune and of very

high avidity.

[2] Two labelled anti-Ig molecules can bind to each
primary antibody molecule, increasing the
sensitivity of the reaction.

[3] One tagged second layer antibody can be used to
stain any number of first-layer antibodies to

different antigens provided all the primaries have

-11-
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been raised in the same species.b Conjugated

second-layer antibodies are now widely available.
195 |

_1.2.1 Cross—Reactivity

Unless an antibody reacts with an antigenic sequence
“which 4is unique to one substance, there is always the
~.chance of a reactlon to a 51m11ar sequence in another

substance (cross—react1v1ty) ' If the titre'(concentration)

' “ofuantibody in the serum is high enough, the primary

~antibody'can.sometimes be diluted to such an extent that

B nost:of'the'unwantedgreactions become negligible. The size
offthe‘antigenic site affects cross-reactivity. Antigenic

iSiteSjusualiy consist of a sequence of 4-7 amino acids.

The shorter theisequence, the higher the antibody’s chances
of finding similar sequences in other substances. The .

’antibody s affinity (i.e. the three d1mens1ona1 fit of the

antibody molecule to its specific antigen) is also affected
by'the_antigen’s size. The longer the sequence, the higher

1kwill'be the affinity and the lower the chances of

B dislodging the antibody from its antigen during the

vigorous washing processes of the immunocytochemical
procedure. The most satisfactory way of eliminating
A'iunwanted staining is to use affinity-purlfied or monoclonal

antibodies throughout 194,

1.2,2'ImmunocytochemiCa1 Markers

- For many years the peroxidase-anti-peroxidase~method
236 has been the technique of choice for immunocytochemical
localisation of tissue bound antigens.‘ Apart from the

toxity of DAB, one-drawback of the procedure is that the
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fine structure of the immunostained organelles is largely
obliterated by the homogenous depostion of the final
reaction product. Furthermore, conventional
counterstaining with heavy metal salts cannot be performed
profitably on the immunostained sections,which prejudices
the precise interpretation of tissue morphology.zs8 This
outweighs the practical advantage of enzyme-labelled
antibodies over particle—tagged antibodies in the
generation of reaction products by enzymatic activity of
the tag,leading to an enhancement of antigen site
detection.132

It has been‘éuggested that the wide acceptance and
usefulness of enzyme-labelled antibodies was due to their
smaller size relative to particle-tagged antibodies (i.e.
ferritin and gold) enabling them to diffuse past cellular
barriers.132 Newell et al exploited this advantage but
their technique involved saponin digestion of
glutaraldehyde prefixed cells to enhance conjugate
penetrati;n which led to serious loss of

ultrastructure.179,180

Although ferritin-tagged antibodies have been applied
to ultrathin plastic sections, the degree of non-specific
background due to the interaction of tracer with the
embedding matrix has limited the usefulness of this
procedure.249 Ferritin has been sucéessfully used with
ultrathin frozen sections but its relatively low electron

density is a major difficulty.’1,72,189

1.2.3 Gold Conjugates

The interest in the use of gold-tagged antibodies as

an immunocytochemical marker has greatly increased for a

-]13-
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number of reasons:-

(1]

(2]

[3]

[4]

The efficiency with which gold granules can be
detected is much higher than that of the enzyme
reaction products since it renders possible the
localization'of antigenic sites with inhomogenous
electron density.219 Gold probes can therefore be
used in conjuction with optimally fixed and contrasted
thin sections as they do not obscure the
ultrastructural details of the labelled structures.194
This has permitted very fine localisation of antigens,
an example being the demonstration of actin’s
association with several membranes and in the dense
content of zymogen granules of rat pancreas.15

The particulate nature of the gold probe allows the
indirect estimation of the amount of antigenic sites.
Individual gold particles are assumed to be in the
numbers proportional to the number of antigenic sites:
the numbers of particles found over zymogen granules
labelled with different enzyme antisera in rat
exocrine pancreas, were in good agreement with the
respective enzymatic concentrations found by
biochemical analysis of rat pancreatic juice.16

The use of various monoclonal antibodies linked to
gold particles of different sizes has facilitated the
performance of double labelling experiments.13
Monoclonal antibodies have been shown to provide a
first choice material for labelling with colloidal
gold. The simplicity and high yield with which
monoclonal antibody gold reagents are manufactured has

led to the prediction that direct labelling with

monoclonal antibody gold probes will become common
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practice.194

[5] Accumulations of gold-tagged antibodies over antigen-
containing sites can be seen in the light microscope,
the typical red colour forming without having to
incubate with an enzyme substrate.

[6] Gold particles are capable of strong emission of
secondary electrons, making them a very useful marker

for scanning electron microscopy.

1.2.4 The Fixation Dilemma

The quality of ultrastructure and the preservation of
antigenicity is greatly affected by the type of fixative,
its concentration, the duration and temperature of
fixation. Unfortunately, ultrastructural preservation and
the preservation of antigenicity are often in diametrical
opposition. Fixation protocols that produde good
ultrastructure invariably destroy antigenicity and vice
versa. Only the most robust antigens survive the standard
fixation regime of 2% glutaraldehyde followed by 1% osmium
tetroxide which normally ensures very satisfactory
ultrastructural preservation. More sensitive antigens are
adequately preserved with low concentrétions of
' paraformaldehyde, but the concomitant loss of

ultrastructure is severe.

1- Glutaraldehyde

- Although glutaraldehyde is unsurpassed in preserving
fine structure it also excels in the destruction of anti-
genicity, particularly with large protein antigens as their
reacivity depends not only on the primary structure, but

also on conformational features.2? Loss of antigenicity is

-15-



INTRODUCTION
IMMUNOCYTOCHEMISTRY

considered to be primarily caused by the change in tertiary
structure of the proteins}65 which is to be expected since
the dialdehyde is an extremeiy efficient protein
crosslinking agent.?4 However, when considering the
aldehydes one must also remember that both intermolecular
and intramolecular bridges may be formed and that the
numerous crosslinkages may cause masking of antigens by
steric hindrance. This phenomenon is pronounced when the
actual antigen is mixed with high concentrations of other
proteins.211

For a given concentration of glutaraldehyde, loss of
antigenicity is progressive for exposure times up to one
hour, but thereafter there is little further loss.234 in
general, inactivation proceeds progressively and markedly
from 0% to 0.5% glutaraldehyde, but from 0.5% to 2%
antigenicity is not severely depressed any further132
although the résponse of individual antigens varies
quantitatively. For instance, when 0.5% glutaraldehyde is
used for 1l6hrs at room temperature, 40% of the capacity of
bovine trypsinogen to bind to its antibodies is lost, 131
whereas 2% glutaraldehyde used for one hour at 0°C has
little effect on antibody binding capacity of bovine
ribonuclease.189 '

Concerning ultrastuctural preservation, glutaraldehyde
concentrations as low as 0.25% give adequate fine ’
structural preservation in rat liver, but for guinea pig
pancreas it is necessary to use at least 0.5%
glutaraldehyde to obtain adequate preservation since at
lower concentrations obvious extraction of zymogen granules

occurs.132 Glauert (1974) recommended 4°C for

glutaraldehyde fixation but has since concluded that
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tissues from warm-blooded animals are best fixed by
aldehydes at, or just below their physiological
temperature, as the increased rate of penetration outweighs
the increased rate of enzymatic breakdown (personal

communication).

2- Osmium Tetroxide

Although osmium destroys antigenicity, levels of
0.025% osmium tetroxide may well be sufficient to fix
proteins in membranes without subsequent extraction; a
viewpoint that is gaining considerable support.2?
Pancreatic secretory proteins and insulin have been
successfully localised on osmium and glutaraldehyde fixed
Epon embedded sections after etching with sodium
metaperiodate.1? The treatment with strong oxidizing
agents has been éostulated to act by a reoxidizing of the
reduced osmium molecules making them into soluble
tetroxides, leading to their removal. These therefore
might be removed from the crosslinked macromolecules,

unmasking the antigenic sites.17,44 ~

3- Formaldehyde

Compared to glutaraldehyde, formaldehyde is relatively
less destructive to antigenicity but is also less efficient
in preserving cellular stfucture.94 The deleterious effect
' of the fixative on antigenic reactivity may be reversed by

extensive washing which hydrolyzes the weak crossbridges.2?

4- Periodate-Lysine-Paraformaldehyde
Another solution may be to devise a fixative that

would preserve cellular structure by crosslinking primarily
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carbohydrates and lipids.rather than proteins. This
approach may prove useful because many antigens contain
some carbohydrate moieties that could be fixed with little
loss of the antigenicity that resides in the accompanying
protein moiety. In such a procedure, the hydroxyl groups
of carbohydrates are oxidized with periodate to produce
aldehydes which in turn can be made to react with diamino
compounds (e.g. lysine), resulting in the crossiinking of
carbohydrates.94 Paraformaldehyde is added to achieve some
stabilization of proteins and lipids. Basement membrane
antigen has been localised in parietal yolk sac cells with
this mixture allowing adequate tissue preservation, a task
that has not been accomplished by conventional

fixatives.165

1.2.5 Labelling of Resin Embedded Sections

All the preparatory steps in embedding biological
material adversely affect antigenicity. Such emhedding
procedures elicit conformational changes of prbteins by
exposing them to denaturing fixatives,133 organic
solvents34 and high temperatures (during resin
polymerization)e218 Cryoenzymology and cryocrystallography
have shown that solvent induced conformational changes can
be minimized by low temperatures.34 The influence of the
embedding medium on the protein conformation is not well
understood but the environment provided should be as polar
as possible to minimize disruptioh of protein

conformation.118,234

These considerations led Carlemalm et
al34 to introduce Lowicryl K4M and the progressive lowering
of temperature technique.

A similar rationale lies behind the use of LR white
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resin for embedding partially dehydrated tissue (up to 70%
alcohol), thereby maintaining hydration shells around
antigenic epitopes which results in increased antigenic

conservation.181

- 1.2.6 Cryoultramicrotomy

) In cryoultramlcrotomy 1mmunolabe111ng is performed
’:prlor to heavy metal stalnlng and plastic embeddlng, but
_'subsequent to fixation and ultrathin sectioning. This
Mﬁéghﬁiqhe'should have great pdfehfiél in preserving
antigenicity since the only process deleterious to
antigéhié”éfesérvation is fixation.

Thé infusion of 2.3M sucrose into tissue ensures
routine”vitrification by immersion in liquid nitrogen.84
Freezihg‘damage is~essentially non—existént in vitrified
“ﬁétéfial;?{ls;.vCopgequéntly, no improvement in the
presérvaﬁiéﬁ'of ﬁhe sample can be expected by using more
elaborate cooling methods.

'  Grlfflths (1984)83 reckoned that the two best
technlques presently avallable for 1ocallslng antigens on
ultrathln sections were the Tokuyasu thawed frozen-thin
'sectlon technique and the low temperature embedding method;
a view shéred By Roth (péfsonnal communiéation). A direct-
quantitativevcbmparison found up to ten times more‘specific
flabéi;ihg of,ﬁltrathin frozen sections than on Lowicryl
- _sections as did a pFeliminary~study by Griffiths.83
Although the“frozen-thin section technique has
'iﬁcreased in popularity it is still not universally
accepted or appreciated. This is partly because it is
considered to be so technically difficult218 ang partly

because the fine étructural appearance and contrast of the
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cells has been poor.

1- Methyl Cellulose Embedding

When the:thawed cryosectioning technique was
introduced, excellent fine structural preservation was
demonstrated on stéined, air-dried sections.249 fThe
negative staining procedures used helped to protect
sections against air-drying artifacts, but the resultant
high degree of contrast made it incompatable with antibody
labelling studies.84 A compromise of using lower stain
concentrations was unsatisfactory because structures could
not be clearly visualized and air drying artifacts became a
serious problem.251 The introduction of methyl cellulose
to protect thawed frozen sections against surface tension
damage caused by air drying was an essential step in the
development of the technique.250 This subtle prbcedure,
together with the initial aldehyde fixation, determines the
structural preservation as well as section contrast. .

Methyl cellulose was chosen as a hydrophilic embedding
material as it is chemically inert, mechanically strong
when driéd and quite soluble in water near 0°C, but much
less so at room temperature. These characteristics make
the embedding procedure very simple, with the latter
feature contributing to the stability of the embedment

against moisture from air.251
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1.3 Cornea

The cornea and the sclera form a tough protective
envelope enclosing the more delicate ocular structures.
The main function of the cornea lies in its optical
properties as it is the principle refracting tissue of the
eye: the air/cofneal surface interface is the primary
refracting surface Af the ocular optical system. The
almost perfedt transparency is therefore an essential
feature of the cornea and this is thought to be due to the

specific arrangement of the collagen fibrils within it.

1.3.1 Anatomy

Anatomically, the cornea can be divided into five
layers (Fig 5), three of which are largely composed of
collagen of various types (Bowman’s layer, stroma and

Descemet’s membrane).

1- Basement membrane complex

The corneal epithelium is exposed to shearing stress due
to the regular movement of the eyelids across its surface.
It therefore has a specialized structure, the basement
membrane complex, anchoring the epithelium to Bowman’s
layer. This basement membrane complex is also present in
skin but it is in its most highly developed form in the

corneal epithelial/ Bowman’s interface:24 a reflection of

Fig 5: Cornea full thickness. Multilayered epithelium (Ep)
is markedly thicker than endothelium (En) but
underlying Bowman’s layer (B) is not so distinctive as
Descemet’s membrane (D). Stroma (S) occupies about
nine tenths of corneal thickness. Long narrow
fibrocyte processes, separating stromal lamellae, lie
parallel to corneal surface.
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the degree of shearing force to which the corneal
epithelium is exposed.3°

Ultrastructural studies have revealed that it is an
oversimplification to regard the basement membrane as a
single and simple homogeneous layer.24,116 pyamination of

the fine structure reveals a basement membrane complex with

several components (Fig 6).

2- Bowman’s layer

Bowman’s layer is a 8-14um thick101 acellular layer
composed of randomly distributed collagen fibrils that form
a tightly packed meshwork. This meshwork makes Bowman’s
layer very resistant to tearing forces, and therefore many
consider it to provide considefable-protection against
penetration of foreign bodies. - Howéver, rabbits do not
possess a Bowman’s layer despite being more at risk to
foreign bodies as they don’t blink. Although synthesised
by thé epithelium in thevembryonic cornea Bowman’s layer
cannot be regenerated after injury.

The collégen fibrils of Bowman’s layer are uniform in

diameter, thinner and less tightly packed than those in the

Fig 6: Diagrammatic representation of basement membrane
complex. Hemidesmosomes (maculae adhaerentes) rivet
epithelium to underlying lamina densa (basement
membrane) by means of anchoring filaments which cross
the’lam}ga lucida (lamina rara externa) at right
angles. Anchoring fibrils project into Bowman’s
layer from the lamina densa, attaching the lamina
densa to anchoring plaques, which lie in Bowman’s
layer. Thus these anchoring fibrils form a large
scaffold throughout the sub-basal lamina (lamina rara
interna)3 egggapping large numbers of collagen
fibrils. 0, It is the entrapped collagen fibrils
that prevent the anchoring fibril network from being
pulled out of Bowman’s layer. The anchoring fibril
network prevengi-the lamina densa from separating from
Bowman’s layer and hemi-desmosomes prevent the
epithelium from separating from the lamina densa.
Thus is the epithelium anchored to Bowman’s layer.
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corneal stroma. There is disparity bétween morphometric
studies on the precise diameter of the collagen fibrils in’
Bowman’s layer.1°1'1°8'115 There is no distinct border
between Bowman’s layer and the stroma.as_there is a

blending of collagen fibrils between the two layers.

3- Stroma

The stroma is the principle component of the cornea,'
constituting nine tenths of the corneal thickness in the
human (500 m).101 The regular arrangement of collagen
fibrils in the stroma is striking (Fig 7),» The collagen
>fibri1s are not only uniform in diameter (34-40nm) and
equally spaced (20-50nm) but also lie parallel to each
other. On iight microscopic examination the stroma is seen
to be composed of a large number of layers (about 200),
termed lamellae. The lamellae are frequently separated
from each other by keratocytes. Collagen fibrils within a
lamella are parallel to each other, but run in a different
direction to fibrils of adjacent lamellae (Fig 7).

The cornea’s almost perfect transparency_is thought to

be due to the regular arrangement and uniform diameter of

the collagen fibrils vithin the stroma.41

4- Descemet’s Membrane
Descemet’s membrane is composed of basement membrane
material which exhibits a highly ordered three dimensional

lattice pattern when viewed in tangential section. This

Fig 73 Collagen lamellae (L) in correal stroma. Collagen
fibrils within a lamella are parallel to one another,
but fibrils within one lamella run in a different
direction to those in adjacent lamellae. Stromal
lamellae are frequently separated from one another by
flattened fibrocytes (F) sandwiched between them.
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‘basement membrane of the corneal endothelium thickens: with
" age (3-4 m at birth to 10-12 m in adult) with the

appearance of a posterior non-banded region (Fig 8).

"1.3.2 Biochemistry
| The principle biochemical component of the cornea is
collagen (71% dry weight). 123,163 1t js widely accepted
“that»type I collagen is the major collagen type of the
‘_cornea.” Blochemlcal ana1y51s reveals that the mammalian
‘cornea’ contalns substant1al amounts of thls collagen type.
"However, there is a notable species variation; for example
type I constltutes 85% of the total collagen in the human
cornea, 183 943 in the calf‘9 and a "substantial proportlon"
.1n the rabblt 264 g
The most contentious issue concerning collagen types

ﬁlthin the-cornea”Centres around the presence of type III
"collagen. Biochemical analysis has indicated the absence
of type III collagen in“the-rabbiticornea,254 whereas
~uimmunofluofescence studies revealed its presence in ”
,Descemet's membrane.39 Blochemlcal analy51s has shown type .
.III to be present in the human cornea (greater than 10% dry
welght)¢183 1199 Eyen w1th1n the same species, biochemical
data.obtained‘from.solubilized corneal collagen extracts is
irreconcilable. For example, in one biochemical study of

bov1ne cornea, type III collagen could ‘not be detected, 49

'Fig 8: Descemet’s membrane of 64 year old female in
. conventionally processed tissue. A thin zone of non-
banded basement membrane is sandwiched between the
anterior banded region with a 100nm banding pattern-
(A) and the most posterlor reglon of the stroma,
termed the interfacial matrix (IFM). A number of
: collagen fibrils (arrowheads) are present in the
posterior non-banded region (P) near the endothelium
(E) . Bar=0.5um.
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whereas other studies have demonstrated its presence199'227
with one recording levels as high as 20% of the total
collagen content.227

The amount of type V collagen in the mammalian cornea
has been estimated by biochemical analysis to be around 7-
10%,53'137'138 and about 5%in the human cornea.l183,199 1p
this context, it is of interest to note that the ratio of
type V to type I collagen is high in the cornea compared to

other tissues such as sclera, tendon, bone and dermis.26

64,102

1.3.3 Immunohistochemistry

Attempts to document the distribution of collagen
types I-IV in the human cornea using immunofluorescence
have not yielded consistent results. Light microscopic
studies using immunohistochemistry have demonstrated type I
collagen in the corneal stroma of a number of species such
as human, 18,177,257 5yjan,23,93,95,259 purine®? and bovine.
138,175 7The questionable value of light microscopic
immunohistochemistry is illustrated by the fact that type I
collagen has been reported as both present in18,182 3p4
absent from177:257 Boyman’s layer of human cornea.

Most disagreement is related to the presence and
distribution of type III collagen. Ben-Zvi et al
(1986) described type III as being present in early human
life but no longer detectable after 27 weeks gestation.
Newsome et al (1981) could only detect type III collagen in
Bowman’s layer and the anterior stroma, but Nakayasu et al

(1986) obtained equally positive labelling for type III as

for type I collagen in the human cornea. Tsuchiya et al
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(1986) who also localised type III collagen to hﬁman
corneal stroma suggests that Newsome’s negative results
were due to the absence of pretreatment to unmask epitopes.
The controversy may in part be due to the technical
inadequacies of the immunofluorescent technique which
yields little information as to the precise localization of
these antigens. In some instances, the use of autopsy
tissues as controls may have prejudiced the reliability of
the findings. It is therefore essential to determine the
effects of autolysis on the pattern of collagen
localization.

Literature on immunoelectron localization of animal
corneal collagens is relatively sparse23,89,93,95,198 _ipe
majority of the cited studies have been limited to only two
collagen types. Nevertheless, one study has revealed
valuable information on the co-distribution of types I and
V within the same collagen fibril of the avian cornea.?23

Type VI collagen has a ubiquitous distribution
throughout connective tissues24® and has been shown to be
associated with fine lineal aggregates between banded
collagen fibrils of rat tail tendon.117 It has been
localized to fine filamentous structures in the avian
cornea that are quite distinct from striated collagen
fibrils147 and which are probably located between the
striated fibrils.2® fThe distribution of type VI collagen
has not been documented in the human cornea.

As far as I am aware, only one immunoelectron
microscope study177 has been performed on the distribution
of collagen types within the human cornea. This study was
limited to types I, III and V collagen and employed the

immunoperoxidase technique which is limited as a tracer due
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to diffusion of the electron dense tracer molecules. The
immunogold technique was used in the present study in an
attempt to elucidate the fine structural distribution of
six collagen types and laminin in.the aged human cornea, in
order to provide baseline information for further studies
on pathological disturbances. Aged cornea is a
particularly relevant normal control as most pathological
disturbances occur in aged patients.

-

1.3.4 Function

It has been suspected that type V collagen may play a
vital role in controlling collagen fibril diameter?2 as it
has been found to co-distribute with type I collagen within

the same striated collagen fibril.22,23,61

1.3.5 Conclusion

Disagreements concerning the collagen constituents of
the cornea can be explained by the intrinsically unreliable
techniques employed for detection, species variation and
age related changes. Until the precise localization of
extracellular matrix components is established it will not
be possible to proceed with meaningful investigations of
pathological abnormalities in collagené. As the dividing
line between simple ageing changes and the onset of
pathology is very indistinct, it is equally important to

document changes which occur as part of the ageing process.
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1.4.1 Anatomy

Intraocular pressure is determined by the fesistance
in the aqueous outflow system to the passage of aqueous
humour production. The aqueous outflow system is
anatomically divided into several regions (Fig 9), some of

which will be considered in detail.

1- Uveal Meshwork
Aqueous humour first traverses the uveal meshwork in its
escapé from the anterior chamber angle. The uveal meshwork
is composed of cords of tissue two to three layers deep.
Each cord, which is 4-6um in diameter, comprises a
collagenous core and a surrounding layer of endothelial
cells. Collagen fibrils of the core run parallel to the

long axis of the cord.

2- Corneo-scleral Meshwork

By scanning electron microscopy the corneo-scleral
meshwork is seen to differ from the uveal meshwork in that
it is composed of a large number of perforated sheets
rather than thin cords. These sheets branch and interlace
with each other to form a three-dimensional grid within
which are intertrabecular spaces (Fig 10). Trabecular
sheets consist of a collagenous core surrounded by finely
granular basement membrane which is covered by a lining of

endothelial cells.

Fi1g 9: Outflow apparatus. Trabecular meshwork 1s divided
into inner uveal (Uv) and outer corneo-scleral (CS)
portion by a line drawn from tip of scleral spur to
edge of cornea. Sch=Schlemm’s canal; Cr=Cribriform
layer; SS=Scleral spur;
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3= Cribriform Layer

The cribriform layer is also referred to as the "inner
wall of Schlemm’s canal', the "endothelial meshwork" and
erroneously as the "juxtacanalicular apparatus"; erroneous
in that the juxtacanalicular apparatus includes the entire
endothelial lining of Schlemm’s canal. The cribriform
layer differs significantly from the corneo-scleral
meshwork in that it does not possess trabeculae. This
" layer, measuring 10-20 m in thickness, is composed of
several layers of endothelial cells interspersed with
collagen fibrils and a variety of extracellular matrix
components (Fig 11). Aqueous humour traverses the lining

endothelium of Schlemm’s canal through giant vacuoles.4s81,
82 '

1.4.2 Trabecular Extracellular Matrix Components

| In order to ascertain the extent to which
pathological accumulatién and/or alteration of the .
extracellular matrix (ECM) within the meshwork are involved f
in the pathogenesis of primary and secondary glaucoma,
careful documentation of ECM components in the normal aged

meshwork is necessary. With regard to morphological

documentation, numerous investigations using conventional

Fig 10: Corneo-scleral sheet. Dense elastin-like fibres

‘ (type ITI plaques[E]) with their accompanying fine
granular-like material (type III plaques[G]) form the
core. Collagen fibrils [C] are cut in transverse
section as they run round the circumference of the
limbus. B=basal lamina of endothelial cells.

Fig 11: Cribriform layer. Several layers of fibroblast-
like cells [F] lie parallel to the lining endothelium
[E] of Schlemm’s canal [SC]. Intercellular spaces are
filled with extracellular matrix material
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‘electron microscopy, have focussed on the important role of
the various ECM components in changes in.resistance of the
outflow system.8°'1°3'212'213'215'229'244 However, the
precise biochemical nature of the structural proteins which
provide ultrastructural images of the ECM components is
unknown.

Tawara et al244 divided extracellular matrix
components of the trabecular meshwork into two broad
categories : fibrous elements and ground substance. The
fibrous elements consisted of collagen fibrils and elastin-
like fibers. Elastin-like fibers are of high electron
density and are present in the trabecular beams, the
juxtacanalicular tissue and in the outer wall of Schlemm’s
canal. |

Four types of material were collectively classified as
ground substance :- the basal lamina, basal lamina-like
material, fine granular-like material and fine fibrillar-
like material.

The basal lamina refers to the basement membrane of
trabecular endothelial cells and basement membrane-like
material closely apposed to endothelial cells in the
cribriform layer. Basal lamina-like material exists in the
form of a homogenous linear profile not associated with
endothelial cells. The fine granular-like material is
composed of a homogenous component with electron lucent
profiles of granular particulate appearance and is
frequently associated with elastin-like fibres. The fine
fibrillar-like material, present principally in the
juxtacanalicular connective tissue especially near
Schlemm’s canal, consists of a mixture of short fibrils

(10-20nm in diameter) embedded in an electron lucent
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homogeneous matrix.

An alternative classification revolves around "plaque-
like" structures in the trabecular cores and in the
interspaces of the cribriform layer. These electron dense
plaques are classified into three distinct subgroups
depending on their banding characteristics and the density
. of the granular component.""'1‘“"209'215?216 Rohen and
Witmer216® introduced the terms, type I, II and III-plaques,
to differgntiate between these three subgroups. Type I-
plaques are of low electron density forming small patches
of various sizes and their morphology indicates that they
are remnants of basement membrane-like material.212 They
correspond to the basal lamina-like and fine fibrillar-like
material of Tawara et al.244 Type II-plaques are of high
electron density and are distributed throughout the entire
cribriform layer. These plaques appear to be elastic-like
fibres151 and having been shown by Rohen et al?15 to form a
delicate network underneath the endothelium of Schlemm)s |
inner wall were collectively termed the ‘cribriform
plexus’. Tawara et al244 classified them as elastin-like
fibres. Type III-plaques are not as electron dense as type
II-plaques and were termed fine granular-like material by

Tawara et al.244

1.4.3 Immunohistochemistry

There is little documentation of the distribution or
indeed the presencé of collagen types in the human outflow
system. Three early light microscopic immunohistochemical
studies reported the presence but not the precise location
of types I, III and IV collagen in the trabecular meshwork.

127,204,245 