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SUMMARY

The present investigation of the primate outflow
apparatus comprises of two parts. Part I is concerned with
the physiological and morphological effects of
hyaluronidase on the outflow apparatus of the pig tailed
macaque. Part II is a study of age-related changes in the
human outflow apparatus.

The aim of the first part of the investigation was to
discover whether @glycosaminoglycans in the trabecular
meshwork, particularly the cribriform layer, contributed
towards the resistance to aquecus outflow through this

pathway. Nine pig tailed macagues (Macaca nemestrina)

received an intracameral injection of 300 I.U. of
testicular hyaluronidase (in 100 Pl of Bardny's fluid) in
one eye and the fellow eye served as a control, receiving
Birdny's fluid alone. One hour after the injections the
flow rates at 18 mm Hg and 22 mm Hg from a perfusion system
were determined in order to calculate outflow facility.
The eyes were perfuse fixed in situ at 18 mm Hg, half an
hour after the physiological determinations.

Four eyes, two controls and two experimentals, were
excluded from the study due to manipulative failures during
the experiment., There was a great deal of variation in the
results between animals. Despite this it was found that
the flow rates 1in the hyaluronidase-treated eyes were
significantly greater than the controls in three of five

pairs at 18 mm Hg and in all five pairs at 22 mm Hg. Due

20,



to the wvariation between animals the group results did not
prove to be statistically significant. There was no gross
morphological difference between control and hyaluronidase-
treated eyes, with the exception of slightly greater
distension and fewer 'giant wvacuoles' in the enzyme treated
eyes. The outflow apparatus in both groups of eyes showed
marked alterations in configuration compared with the
normal unperfused tissue. These changes included
rounding up of trabecular endothelial cells; disruption of
the cribriform layer; "blow-outs" or focal ballooning of
the lining endothelium of Schlemm's canal and herniation of
cribriform tissue into collector channel openings. These
changes were more severe than would have been predicted on
the basis of pressure effects alone and may in fact have
been due to physiological manipulation and over perfusion
with mock agueous.

In Part II, a wide age range of human eyes, which had
heen immerse fixed after enucleation in the treatment of
various ocular and orbital disorders of the posterior pole,
were morphologically investigated. There was a great deal
of variation in the morphological appearance of the outflow
tissues not only between eyes of similar ages but also
within one eye. Despite the variation, several age-related
changes were qualitatively and quantitatively described.
These included : the thickening of the trabeculae due to
increased deposition of connective tissue elements; the
trabeculae in older eyes often appeared denuded of their

cell cover which seemed to cause focal degeneration and the

21.



release of connective tissue materials which appeared to
accumulate in the outer meshwork; there was an increase
with age in the electron dense plaques in the cribriform
layer and a decrease in the ground substance; 'giant
vacuoles' in the lining endothelium of Schlemm's canal were
rare 1in older eyes (over 50 years),; the incidence of
localised canal closure due to apposition of the inner and
outer walls was greater in older eyes.

The present study of age-related changes in the human
outflow apparatus will hopefully contribute to future
morphological studies of the outflow apparatus from

patients suffering from primary open angle glaucoma.
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THE PRESENT INVESTIGATION

The tissues which comprise the outflow system of the
primate eye serve to drain the aqueous humour from the
anterior chamber and return it to the venous system. The
agqueous humour before reaching the episcleral venous plexus
must pass through the outflow tissues comprising the trabe-
cular meshwork, Schlemm's canal, a series of collector
channels and agueous velins.

The present investigation of the outflow apparatus in
the primate eye can be divided into two main parts. The
first (Part I) concerns the physiological and morphological
effects of hyaluronidase on the outflow tissues of the pig-

tailed macacque (Macaca nemestrina). The second (Part I1)

describes the age-related changes in the morphology of the
human outflow apparatus.

It is necessary to the understanding of both parts of
this thesis that a general introduction be given to the
structure and function of the normal primate outflow
apparatus. Particular attention will be paid to the

pathways of aqueous outflow and the site of resistance to

this flow.

THE AQUEOUS HUMOUR

a) Functions

The agueous humour 1is a transparent colourless fluid

contained mainly within the anterior and posterior chambers
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of the vertebrate eye (Fig 1). It is formed continuously
in the ciliary processes from where the fluid flows through
the posterior chamber, around the pupil and into the
anterior chamber (Fig 2). Aqueous humour has two principle
functions: firstily it is the medium which provides the
necessary nutrients for the metabolic function of the lens
and cornea which are avascular, it also removes toxic waste
from these tissues and the iris, second, and equally
important, the function of the aqueous is hydro-mechanical,
ie maintainance of intraocular pressure. The intraocular
pressure depends on the balance between the rate of agueous
production and the resistance to outflow, within the intact
corneoscleral coat of the eye. Both functions of the
aqueous 1in addition to its optical transparency are of
primary importance to the normal functioning of the eye.

b) Composition

The aqueocus has a volume of about 250 Pl in primates.
The most obvious difference between the composition of
agueous humour and blood plasma 1is in the protein content.
In plasma the protein concentration is 6-7 g/100 ml, in
human agueous in man it is only 5-15mg/100 ml. The sodium
and potassium ion content of agueous are similar to those
of plasma, the chloride ion content is lower in the
posterior chamber but rises as the fluid passes through the
anterior chamber, and is balanced by an excess of
bicarbonate ions. Other 1inorganic constituents include
calcium, magnesium,phosphate, sulphate and hydrogen ions.

The pH is 0.2 units greater than that of plasma (Kinsey and
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Reddy 1964). The organic constituents are numerous,
however the most important seems to be the high levels of
ascorbic acid and lower levels of glucose. The subject is
covered more fully by Kinsey and Reddy (1964).

¢) Production

The first step in aqueous production appears to be the
formation of a plasma filtrate in the stroma of the ciliary
processes, which have a very rich capillary bed. The
production of agqueous seems to be by two means. Firstly,
active secretion: an active sodium pump is located in the
non-pigmented ciliary epithelium. Carbonic anhydrase also
seems to be involved in this process of secretion (Maren
1976). Cole's hypothesis (1977) is Dbased on the
understanding of the ultrastructure of the blood-agueous
barrier, ie vascular endothelium, its basement membrane,
stromal tissue and two layers of epithelial cells with a
tight junction in a junctional complex at the apices of the
non-pigmented ciliary epithelium (reviewed by Raviola
1977). The intercellular spaces of the non-pigmented cells
are thus open to the posterior chamber. The hypothesis
states that solutes (chiefly sodium) are pumped into this
cleft, making it hypertonic and thus establishing a
gradient across which water moves, creating a standing
gradient osmotic flow. The water then passes out into the
posterior chamber (Cole 1977).

The second means of agueous production is by
ultrafiltration, which unlike the previous process is

believed to be dependent on intraocular pressure and rates
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of blood flow, and not energy driven. The tight junctions
in non-pigmented ciliary epithelium may be 'leaky' allowing
some pressure dependent flow of salt and water (Green and
Pederson 1972, Pederson and Green 1975). Of the two means
of production the active component seems the more
important. The subject of agueous humour formation has
been reviewed by Cole (1974, 1977). The subject of amino
acid transport across the blood agqueous barrier is reviewed
by Reddy (1979).
d) Drainage

It is generally accepted that the bulk of the agueous
leaves the anterior chamber by the structures 1in the
iridocorneal angle (Fig 2). Small but negligible amounts
of aqueous are 1lost through the vitreous body and optic
nerve head (Hayreh 1966), the iris stroma and cornea
(Svedbergh 1974, Bill 1974). The conventional route of
aqueous drainage 1is by way of the trabecular meshwork,
Schlemm's canal, collector channels and into the general
circulation via the episcleral and conjunctival veins (Fig
2). Aqueous may also leave the anterior chamber by the
'unconventional' or uveoscleral route (Bill 1965, 1977b),
through the meshwork and iris root, then posteriorly
between the ciliary muscle fibres into the supraciliary and
suprachoroidal spaces. From here it probably leaves the
eye through the loose connective tissues around nerves and
blood vessels which pass through the sclera (Inomata, Bill
and Smelser 1972b, Inomata and Bill 1977, Sherman, Green

and Laties 1978). Estimations of the contribution of this
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route to the agqueous drainage vary from about 3% in rabbits
(Cole and Munro 1976) to 35-55% in monkeys (Bill 1971) and
around 5-15% in humans (Bill and Phillips 1971).

e) Agueous Dynamics

As previously mentioned the intraocular pressure is
determined by the Dbalance between the rate of agueous
production and ease of outflow. It can be measured by
manometry in the experimental situation by the introduction
of a cannula attached to a pressure measuring device. This
is obviously not feasible for the human eye and non-
invasive tonometric devices which rely on corneal or
scleral indentation have been developed to measure
intraocular pressure. The two types of tonometers in
current clinical use are those developed by Schiotz and
Goldmann.

The intraocular pressure in 95.5% of normal human eyes
in the first five decades of 1life 1lies 1in the range
10.5-20.5 mm Hg, with a mean of 15-16 mm Hg (Leydecker,
Akiyama, Neumann 1958). The pressure has a diurnal
fluctuation of 2-5 mm Hg, and is highest in the early
morning and lowest at midnight. The intraoccular pressure
in a free ranging colony of Rhesus monkeys was 14.9%2.1 mm
Hg (Bito, Merrit, De Rousscau 1979), which 1is remarkably
similar to humans.

The outflow of agueous humour, depends on several

factors and can be expressed as
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Equation 1.
where F is the flow rate (pl/min), Pi is the intraocular
pressure in mm Hg and Pe is the episcleral venous pressure
in mm Hg. Assuming that flow follows Poiseuille's Law, R
is the resistance within the outflow system.

In the experimental situation, where episcleral venous
pressure 1is rarely known, it is convenient to measure
resistance in terms of facility (C), which is the inverse
of resistance ( %f ) and is expressed in units of Pl/min/mm

Hg.

Equation 2.
that 1is, the change 1in flow rate for a given rise in
pressure. This 1is a well established method for the
determination of facility of aqueous outflow (Bardny 1964).
Two variations in technigque are employed in the
experimental situation.

i) To maintain perfusion or flow at a constant rate
and to measure the rise in pressure produced by an increase
in the perfusion rate (Sears 1960).

ii) To measure flow into the eye at incremental

pressure rises (Becker and Constant 1956a, Bardny 1964).
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In humans the outflow facility is measured by the non
invasive techniques of tonography (Kolker and Hetherington
1976) and fluophotometry. The former of these techniqgues
have provided most data concerning outflow facility in
humans, and estimates have been made by several authors,
0.31 (Becker and Constant 1956b), 0.33-0.23 (Becker 1958,
Grant 1963), 0.285 (Kupfer and Ross 1971) and 0.28 (Kolker
and Hetherington 1976). The facility seems to be generally
higher in sub-human primates, bhut varies from species to
species.,

There are several factors which affect intraocular
pressure as a result of eguation 1.

i) The first of these is episcleral venous pressure.
This has been shown to be between 9-11 mm Hg in the normal
human eye (Brubaker 1967, Kupfer and Ross 1971). When
episcleral vencus pressure 1is increased the intraocular
pressure also rises (Macri 1961).

ii) Variations in the rate of blood flow through the
capillary bed of the ciliary body affects agueous
production. For example, in experimental situations in
which the common carotid artery 1is ligated there is a drop
in intraocular pressure (Bardny 1947) which 1is probably
caused by a decrease in ultrafiltration (Bdrdny 1947, Bill
1970B, Tokoro 1972, Masuda 1974). Ultrafiltration itself
is also sensitive to changes in intraocular pressure. A
rise in intraocular pressure causes a decrease in this
method of aqueous production, which in the experimental

situation occurs when the reservoir 1is raised to a new
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higher level in facility determinations. Conseqguently the
drop in inflow allows more fluid to enter the eye from the
perfusion system than may have been expected, giving a
falsely high reading for facility, the pseudofacility (Bill
and Bardny 1966).

iii) The blood osmolality also effects the intraocular
pressure, and 1is easily demonstrated during the ‘'water
drinking test' (Armaly 1970) which is used to provoke a
raised intraocular pressure, and detect glaucoma suspects.

iv) The third part of the equation to have an effect on
intraocular pressure 1is the resistance to aqueous outflow
(R). Increased resistance will result in raised
intraocular pressure.

Since the relationship between resistance and
intraocular pressure is the principal theme of this thesis,
the potential sites for resistance within the outflow

system will be discussed in more detail later.

THE MORPHOLOGY AND NOMENCLATURE OF

THE PRIMATE OUTFLOW APPARATUS

The following description applies in a general way to
the primate outflow apparatus. There are considerable
variations between species and these have been documented
by previous authors (Tripathi 1974, 1977a, Grierson 1978).
A more detailed consideration of the pig tailed macaque

(Macaca nemestrina) and human outflow systems will be

discussed in Part I and Part II respectively. Table 1
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Structure Human Pig tailed
macaque

Iris processes Rare Rare

Operculum Absent Present

Uveal meshwork ' Cord-like Flat broader
trabeculae trabeculae

Scleral spur Present Absent

Collagenous septae Occasional Frequent

in Schlemm's canal

Distinect uveal

and corneoscleral Obvious Less obvious

meshwork layers

Table 1: Table outlining the major differences in anatomy of
the human and pig tailed macaque outflow systems.



gsummarises some of the major differences 1in these two
species.

The limbal region of the eye is the zone of transition
between the transparent cornea and the opaque sclera. On
the inner surface of the limbus there is a circumferential
recess, the scleral sulcus, which accomodates the canal of
Schlemm and the outer components of the trabecular
meshwork. In man, where the corneal diameter is 11.7 mm
horizontally and 10.6 mm vertically, the circumference of
Schlemm's canal is about 36 mm.

The trabecular meshwork 1is a three sided prismatic
wedge shaped band of tissue, whose apex unites anteriorly
with the corneal lamellae at Schwalbe's line, which is the
termination of Descemet's membrane (Fig 3). Posteriorly
the broad base of the meshwork is connected in part to the
scleral spur, if developed as in the human eye to the
anterior limit of the ciliary muscle {fibres and to the
connective tissue of the iris root (Fig 3). The inner
surface of the trabecular tissue is in direct communication
with the aqueous humour in the anterior chamber, while the
outer aspect forms the inner wall of Schlemm's canal. The
trabecular meshwork, as the name implies, consists of flat
lamellae or sheets which are separated by fluid filled
intertrabecular spaces. These lamellae are incomplete in
nature and have large perforations, known as intratrabecu-
lar spaces. The labyrinth of inter and intratrabecular
spaces, which allows the outward movement of agueous,

becomes more tortuous in the outer part of the meshwork
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adjacent to Schlemm's canal (Fig 3 and 4a and b).

This general description of the 1location 1limits and
general shape of the outflow system is similar to previous
descriptions (Salzmann 1912, Hogan, Alvorado and Weddell
1971, Rohen and Litjen-Drecoll 1971, Tripathi 1974, 1977a).

In sections taken in the meridional plane (Fig 5 a and
b) the trabecular meshwork appears as a series of short
collageneous rods lined by endothelial cells, orientated in
the antero-posterior plane (relative to the axis of the
eye), fanning out toward the posterior limit. Thus there
are some 3-7 layers of trabeculae in the anterior part and
10-25 in the posterior part. The trabecular meshwork can

be divided into three main regions, the uveal meshwork, the

corneoscleral meshwork and the cribriform layer (Fig 3 and

Fig &). The meshwork 1is divided into an inner uveal
portion and an outer corneoscleral portion by a line drawn
from the tip of the scleral spur to the edge of the cornea
(Fig 3). This distinction is less obvious in some species
of sub-~human primates which lack a scleral spur (Table 1).
The thickness of the individual trabeculae varies with
age, species and morphometry and has been quoted as being
2-4 P (Tripathi 1974) and 5 P (Hogan, Alvorado and Weddell
1971). The ultrastructure of the trabeculae has been
debated since Saltzmann (1912) described the four layers by
light microscopy. Subsequent workers who mostly agree on
the basic organisation, disagree in the interpretation of
the morphology and nature of the components (Garron and

Feeney 1959, Leeson and Speakman 1261, Spelsberg and
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Chapman 1962, Fine 1964, Iwamoto 1964, Tripathi 1969, 1974,
Vegge and Ringvold 1971, Hogan, Alvorado and Weddell 1971,
Rohen and Litjen-Drecoll 1971, Agarwal, Singh, Mishra and
Khosla 1972). Each trabeculae can be divided into four
layers; central collagenous core, elastic-like fibres,
cortical region and endothelial cell cover.

Central collagenous core consists of collagen fibres

(64 nm periodicity, 30-50 nm diameter), generally
orientated parallel to the long axis of each trabeculae,
but may be more random in nature (Fig 6). The core may
also contain some ‘curly collagen' and elastic~like
material (Fig 6).

Elastic-like fibres appear in meridional sections by

light microscopy on toluidine blue stained sections as
small black dots around a core, and in coronal sections as
bands, suggesting they are circumferentially orientated.
They are more common in the corneoscleral than the uveal
meshwork (Fig 5). By transmission electron microscopy of
meridional sections they are seen to have two distinct
zones, a core which may be either electron lucent or
electron dense depending on several factors such as age and
staining techniques (Fig 6) and a sheath which appears
granular or fibrillar in nature, and may show some
periodicity.

These elastic-like fibres stained as dark purple dots
by Weigert's stain, and greenish dots by Giemsa similar to
elastic fibres of guinea pig aorta, in a light microscopic

study by Iwamoto (1964). The elastic-~like fibres are
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embedded in randomly orientated collagen fibres and an
amorphous ground substance.

Cortical region is composed of a basement membrane or

'glass membrane' which has a variable thickness, and may
appear granular or fibrillar but is more usually amorphous.
Embedded in this material, or in close association with it,
are the clumps of wide banded collagen or 'curly collagen',
with its distinctive 100 nm periodicity (Fig 6).

Endothelial cell cover is the final 1layer of the

trabeculae, and in most areas(&completely surrounds the
connective tissue core. The cells rest on the basement
membrane region and have a series of surface spe-
cialisations which are presumably important in adhesion of
the cell to the trabeculae. The first of these are the
numerous hemidesmosome-like cytoplasmic condensations,
which occur along the undulating cell margin (Fig 6 and Fig
7). The second form of specialisation are the small
cytoplasmic pegs (Fig 7) and lastly there are more rarely
invaginations in the cell cytoplasm (Fig7).

Neighbouring cells are attached by macula adhaerentes
and gap Jjunctions (Grierson and Lee 1974a). Extensions of
the cells cross the intertrabecular spaces, and also form a
fine incomplete 'membrane' over the intratrabecular 59@3{5)
which effectively reduces the diameter of the aperture (Fig
7).

The trabecular endothelial cells have a large ovoid
nucleus, and the cytoplasm 1is richly endowed with

organelles, the more frequent of which are golgi apparatus,
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rough endoplasmic reticulum, free ribosomes and
microfilaments. The mitochondria are wusually small and
dense. Other organelles include smooth endoplasmic
reticulum, primary lysosomes, lysosomal complexes, lipid
vesicles, melanin granules, glycogen and occasionally cilia
and centrioles. The organelles seem to suggest the cell is
active in carbohydrate and protein synthesis.

The microfilaments in these cells have been identified
as two types, the small diameter actin-like filaments (5-7
nm) and the larger intermediate or tonofilaments (10 nm
diameter). Gipson and Anderson (1979) using anti actin
histochemical markers noted plagques of staining product in
the endothelial cells, which appeared to be associated with
cell to cell and cell to trabeculae adhesion. The larger
intermediate filaments although mayhbe having some
contractile properties are thought to be mainly
cytoskeletal in function. Several authors have speculated
as to the function of the microfilaments in trabecular
tissues (Spelsberg and Chapman 1962, Vegge 1963, Holmberg
1965, Inomata, Bill and Smelser 1972a, Tripathi 1974,
Ringvold 1978, Grierson and Rahi 1979, Gipson and Anderson
1979). The organisation of the trabeculae is summarised
diagramatically in Fig 7. The third region of the
trabecula{ meshwork, the cribriform layer, has in the past
received a lot of attention and consequently there has bheen
some confusion as to nomenclature. It has been called
"cell rich tissue" (Saltzmann 1912), "cotton-wool tissue"

(Wolff 1954), '"pore-tissue" (Flocks 1956), "trabeculum
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cribriforme"” (Rohen and Liitjen Drecoll 1971), "filtration
tissue" (Garron 1959), "juxtacanalicular connective tissue"
(Fine 1964), "trabecular wall of Schlemm's canal" (Tripathi
1969) and finally the "endothelial meshwork" (Speakman
1960).

The nomenclature which is used in this thesis,
cribriform layer has been arrived at after much debate with
other workers in this <field. The most accepted term
'endothelial meshwork' led to confusion, since one often
has to refer to "endothelial 1lining of the endothelial
meshwork" or "endothelial cells in the endothelial
meshwork". "Juxtacanalicular" is not an ideal term since
it does not exclude the outer wall of the canal.

The anatomical boundaries of the "trabeculum
cribriforme" described by Rohen and Liitjen-Drecoll (1871)
were applied in the present investigation, ie the 1lining
endothelium of Schlemm's canal on the outer aspect and the
first distinct intertrabecular space of the corneoscleral
meshwork on the inner aspect. This area lacks the
trabecular organisation and consists of several layers of
flat fibroblast-like cells, which lie in sheets parallel to
the 1lining endothelium of Schlemm's canal, embedded in
extracellular components. The endothelial cells in this
tissue are similar in appearance to those covering the
trabeculae, but they have many long cytoplasmic extensions
which are attached to neighbouring cells forming a net-like
arrangement (hence the term cribriform). These cells also

have associations with both the lining endothelium of
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Schlemm's canal and the trabecular endothelial cells of the
corneoscleral meshwork. The microfilaments in the
endothelial cells of the cribriform layer are more evenly
distributed throughout the cytoplasm than in trabecular
endothelial cells (Gipson and Anderson 1979, Grierson and
Rahi 1979).

The extracellular matrix of the cribriform layer
contains the following: loose collagen fibrils; ‘curly
collagen'; elastic-like material, electron dense plaques
and fine granular ground substance. The ground substance
is particularly apparent Jjust beneath the lining
endothelium of the canal (Fig 8). Glycosaminoglycans,
probably Dboth free (hyaluronate) and 1in proteoglycan
complexes, are a major component of this tissue (vide
infra).

The 1lining endothelium of the inner wall of Schlemm's
canal is characterised by the presence of 'giant vacuoles'
(Fig 8). These are not wvacuoles in the strict scientific
sense, namely intracytoplasmic, since when examined by
serial sections they are found to communicate with the
underlying cribriform layer. Less frequently the vacuoles
are found to have an opening or pore on the canal aspect,
thus a small percentage function as through and through
transcellular channels. They are membrane bound ovoid
structures which mostly appear to be 'empty' (Fig 8), but
occasionally fragments of cellular and extracellular debris
are found within the cavity. A more detailed description

of 'giant vacuoles' will be given 1later when describing
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their quantification.

The cells of the lining endothelium form an
uninterrupted monolayer in the normal outflow apparatus.
The individual cells of the monolayer are elongate spindle

shaped cells with their long axis orientated cir-

cumferentially. The nuclei are prominent ovoid structure
which, 1like the 'giant vacuoles', bulge into the canal
lumen. By scanning electron microscopy the lining

endothelium is seen to contain openings of 1-2 pm in
diameter and these are located on the swellings or bulges
and also in flat regions of the cells. Such openings are
referred to as vacuolar and non-vacuolar pores, and were
first described by Bill (1970) and subsequently by many
other workers.,

Schlemm's canal is an elliptical shaped vessel lined by
endothelium., The relative dimensions of the canal depends
to some extent on species. The canal is drained by a
series of collector channels which are distributed evenly
around the circumference, and number about 25-35 in the
human eye (Ashton 1951, Hogan, Alvorado and Weddell 1971).
Some pass directly to the surface of the sclera as aqueous
veins (Asher 1942), others join the deep scleral plexus to
merge ultimately with the episcleral and conjunctival
venules. These c¢collector channels are relatively large,
20-90 Pm in diameter (Rohen 1969, Bill and Svedbergh 1972,

Tripathi 1974).

THE TRABECULAR MESHWORK AS A FILTER
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The trabecular meshwork functions very effectively as a
self-cleansing filter. Any material such as debris from
the iris stroma which is carried with the agueous into the
meshwork 1is either extruded into the <canal (via ‘giant
vacuoles') or else is dealt with by phagocytosis either by
active tissue histiocytes or by the native trabecular
endothelial cells. Whether the monocytic macrophage-like
histiocytes stay in the meshwork for any length of time is
unknown, but they do appear to play an important role in
the meshwork, The trabecular endothelial cells appear to
be capable, given the proper stimulus, of detaching from
the trabeculae to take up a mor%T;SZgocytic role. Examples
of this have been shown in experimental stituations (Rohen
and vwvan der Zypen 1968, Lee 1971) din pseudoexfoliation

(Ringvold and Vegge 1971), and in traumatic hyphaema

(Grierson and Lee 1973),.
CURRENT CONCEPTS ON THE ROUTE OF AQUEOUS OQUTFLOW

It is generally accepted by morphologists and
physiologists that the bulk of agueous drainage is by the
conventional route of the trabecular meshwork and Schlemm's
canal. The actual mechanism by which agueous passes
through the 1lining endothelium has been the +topic of
research and discussion for more than fifty years. The
detailed history of the debate is beyond the scope of this

presentation and has been reviewed comprehensively by
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Holmberg (1965) and Tripathi (1974, 1977a). The concept
which has emerged over the last 15 years is that the 'giant
vacuoles' are responsible for bulk movement of agueous
humour into the lumen of Schlemm's canal. In serial
sections of these structures, the majority have been shown

to have a meshwork pore, a few have a lumen pore and a few

will possess both thus acting as transcellular channels,

allowing the passage of aqueous across the pressure
differential (Holmberg 1959, 1965, Grierson and Lee 1975a,
1975b, 1978, Tripathi 1968, 1969, 1971, 1974, 1977a, Kayes
1967, Inomato, Bill and Smelser 1972a). Scanning electron
microscopical studies have confirmed the presence of lumen
pores (Bill 1970a, Lee 1971, Bill and Svedbergh 1972,
Segawa 1973). Non-vacuolar pores have also been seen in
ultrastructural (Segawa 1973, Bill and Svedbergh 1972,
Fink, Felix and Fletcher 1972) and topographical
investigations (Segawa 1973, Bill and Svedbergh 1972).
Tracers introduced into the anterior chamber very
guickly find their way into the 'giant wvacuoles' (Feeney
and Wissig 1966, Rohen and van der Zypen 1968, Bill 1970,
Lee 1971, Inomata, Bill and Smelser 1972a). Tripathi
introduced the hypothesis of the 'vacuolation cycle' to
explain the mechanism of aqueous transfer by the vacuoles
(Tripathi 1971). He proposed that a vacuole formed
initially as an 1invagination on the trabecular aspect of
the lining endothelial cell which enlarged to form a blind
outpouching. A pore on the lumen aspect was formed pro-

bably at a weak point 1in the cytoplasm, such as a
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fenestration or minipore, thus creating the transcellular
channel. Since only a small percentage of vacuoles were
transcellular channels (approximately 2%) it was proposed
that this was a cyclical event, with each vacuole having a
short 1life-span. It has been pointed out by Grierson and
Lee (1978) that not all invaginations need ever become
transcellular channels, and that once formed a channel may
stay functional as long as is necessary.

Some authors have disputed the existence of 'giant
vacuoles' and have argued that they are autolytic or post-
mortem artefacts (Ashton 1960, Shabo, Reese and Gaasterland
1973), while others have found higher incidence in eyes in
which fixation was delayed (Fine 1966, Segawa 1971,
Grierson and Johns on. 1981). However, it has been clearly
shown that post-mortem vacuoles are morphologically
distinct from true ‘'giant vacuoles', which do not increase
in incidence post-mortem (Grierson and Johns one 1981).

Several studies have shown that ‘giant vacuoles'
increase in number and size with incremental increase 1in
intraocular pressure (Johnstone and Grant 1973, Grierson
and Lee 1975a, 1975b, 1977a, 1978, Kayes 1975) as do the
numbers of vacuolar and non-vacuolar pores (Lee and
Grierson 1975, Grierson and Lee 1978). No vacuoles or
pores are found when the intraocular pressure is maintained
at 0O mm Hg for one hour, which is in conflict with the
suggestion that they are autolytic in nature. The linear
increase 1in 'giant vacuole' 1incidence and intraocular

pressure is true within the physiological range of 8-30 mm
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Hg, at 50 mm Hg there are fewer than at 22 or 30 mm Hg
probably due to occlusion of Schlemm's <canal by the
distended outer meshwork (Grierson and Lee 1975a).

The relationship between physiologically measured flow
rates and vacuolar incidence has not been investigated as
thoroughly as that of vacuoles and pressure, although a
general agreement was found by Grierson, Lee and Abraham
(1979b) in a study of the physiological and morphological
effects of pilocarpine on control and pilocarpine treated
baboon eyes.

The trabecular tissues demonstrate remarkable
pliability in response to altered intraocular pressure,
particularly in the outer or cribriform layer. In the

hypotensive situation (Fig 9a) the cells of the cribriform

layer 1lie parallel +to the 1lining endothelium, in the
horizontal plane, with most of the intercellular spaces
being occupied by extracellular materials with very little
‘empty space' for the passage of aqueous. There are few
bulges (due to nuclei and vacuoles) in the flat 1lining

endothelium. In the hypertensive situation (Fig 9b) the

tissue becomes distended with a greatly increased amount of
free space for fluid passage (Grierson and Lee 1974b, 1975,
Johnstone and Grant 1973, Kayes 1975, Svedbergh 1976)., The
endothelial cells of the cribriform layer take on a more
perpendicular arrangement and bulges due to both nuclei and
'giant vacuoles' are more noticeable in the lining
endothelium. Cell to cell contact was maintained within

the range of 8-30 mmHg after one hour of maintained
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intraocular pressure in rhesuys monkeys (Grierson and Lee
1974b, 1975a) and in human eyes fixed almost immediately
after enucleation due to malignant melanoma (Johnstone and
Grant 1973). The attachments of the lining endothelium to
the underlying cellular and extracellular elements of the
cribriform layer may function as an anchorage and be
necessary for vacuolation (Johnstone 1979). 1In the absence
of a true basement membrane, cytoplasmic microfilaments and
cell to cell junctions may play a very important role in
maintaining tissue integrity and elasticity (Grierson and
Lee 1975a, Grierson, Lee and McMenamin 198l). Others have
suggested that elastic elements in the tissue may also be
important (Inomata, Bill and Smelser 1972a).

This change in configuration of the trabecular tissues
at high intraocular pressures is also characterised by the
loss of extracellular elements, which are assumed to be
'washed out' through transcellular channels (Grierson and
Lee 1975a, 1977b, Kayes 1975).

Grierson and Lee (1975a) could find no increase 1in
organelles associated with energy production or protein
synthesis in eyes maintained at higher pressures.
Metabolic inhibitors (Bardny 1963) and changes in
temperature (van Buskirk and Grant 1974) do not effect
outflow facility. This evidence would suggest that the
change in configuration of the tissue is not energy
dependent but merely a passive response to an increased
pressure gradient.

The disappearance of transcellular channels in the
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hypotensive state is very important to the value-like
function of the meshwork, thus preventing blood from
refluxing into the anterior chamber (Johnstone and Grant
1973, Grierson and Lee 1974b, Kayes 1975). Some workers
found that plasma and red blood cells did refliux into the
anterior chamber (Bartels, Pederson, Gaasterland and Armaly
1979) in monkey eyes in which the eye was depressurised in
5 seconds, which may be too rapid for any existing
transcellular channels to close.

In monkey eyes maintained at high intraocular pressures
( > 30 mm Hg), Schlemm's canal may become occluded, the
inner wall in some areas herniates into +the openings of
collector channels and disruptions of the lining
endothelium also occur (Grierson and Lee 197ba, Svedbergh
1976).

Other routes of agueous movement into Schlemm's canal
have been proposed, but few have the supportive evidence of
'‘giant vacuoles',

Sonderman's canals (internal collector channels)

These channels have been suggested as providing a route
between the trabecular meshwork and Schlemm's canal
(Sonderman 1933, Ashton, Brini and Smith 1956, Iwamoto
1967, Hogan, Alvorado and Weddell 1971). Although
diverticulae of Schlemm's canal have been seen by other
authors, on serial sectioning they have been endothelial
lined blind outpouchings, which are not in free
communication with the trabecular meshwork (Holmberg 1965,

Kayes 1967, Tripathi 1974a). It has been stressed that
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Sonderman's canals would be too large to obey the laws of
aqueous dynamics (Hdmberg 1965).

Micropinocytosis

The evidence against this being an important mechanism
of aqueous movement as suggested by some workers (Fine
1964, Feeney and Wissig 1966, Rohen 1969) are that they not
only decrease with raised intraocular pressure (Grierson
and Lee 1973a, 1975b) but they would also be energy
dependent, which does not seem to be true for agueous
outflow (vide supra).

Intercellular drainage

Fluid movement between the lining endothelial cells has
also been proposed as a mechanism of agueous movement into
the canal (Feeney and Wissig 1966, Fine 1966, Rohen 1969,
Shabo, Reese and Gaasterland 1973). The intercellular
junctions of the monolayer appear to be =zonulae occlu-
dentes, ie continuous bands of membrane fusion (Feeney and
Wissig 1966, Tripathi 1968, Hogan, Alvorado and Weddell
1971, Inomata, Bill and Smelser 1972a, Grierson and Lee
1975a), but definitive proof is still lacking, and in fact
others have claimed that the junctions were indeed focal
(Shabo, Reese and Gaasterland 1973). The lack of
penetration of particulate tracers through the
intercellular clefts; the theoretical calculations of Bill
(1975); and the fact that the cells do not separate when
overperfused, all seem to suggest that intercellular clefts
do not serve as a major route in the transfer of aqueous

into Schlemm's canal.
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THE L.OCUS OF RESISTANCE TO AQUEOUS OUTFLOW

On the accumulated evidence of both morphologists and
physiologists it seems that the bulk of the resistance to
aqueous outflow lies in the trabecular meshwork. In vitro
studies on enucleated human eyes (Grant 1958, Ellingsen and
Grant 1971a) suggested that the trabecular tissues
accounted for 75% of the total resistance, while similar
studies in enucleated rhes(ys monkey eyes provided estimates
of 83-97% (Ellingsen and Grant 1971b) and 68% (Peterson and
Jocson 1974).

It has been suggested that the main resistance to
outflow may lie between Schlemm's canal and the episcleral
venous system (Perkins 1955, Sears 1966). It may certainly
be the case that increased resistance at higher intraocular
pressures may be explained on the basis of closure of
Schlemm's canal (reviewed by Moses 1977). If the main site
of resistance in the normal primate eye did lie external to
the trabecular meshwork it would be very difficult to
reconcile the changes in morphological configuration within
the trabecular meshwork with altered intraocular pressures
or after treatment with drugs which are known to increase
agqueous outflow (pilocarpine). The changes include quan-
titative 1increases in ‘'giant vacuoles' and transcellular
channels. It seems difficult to ignore therefore that
resistance 1is localised 1in the trabecular meshwork, the

next question which arises is where exactly is the
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resistance situated?

Many morphologists find it difficult to accept that the
large inter and intratrabecular spaces could account for a
significant proportion of the resistance to aqueous outflow
(Tripathi 1974, Svedbergh 1976, Watson and Grierson 1981,
Grierson, Lee and McMenamin 1981). It seems more likely
that the cribriform layer with its narrow and tortuous free
spaces and abundant extracellular materials or the
uninterrupted monolayer of the 1lining endothelium of
Schlemm's canal could be the major source of resistance to
agueous movement. Tripathi (1968) suggested that the
resistance lay in the lumen pores of the 'giant vacuoles'
and later Cole and Tripathi (1971) calculated on
theoretical grounds and on recent ultrastructural evidence,
that only 2% of vacuoles had lumen pores, that the pores
could explain the pressure dependency of aqueous outflow.

Other authors have more recently re-—-examined the
morphological evidence and with the use of mathematical
models derived from the dimensions and shape of the 'giant
vacuoles' and pores have concluded that these structures
could not account for more than a small proportion (5-10%)
of the total resistance to aqueous outflow (Bill and
Svedbergh 1972, Grierson, Lee, Moseley and Abraham 1979,
Eriksson and Svedbergh 1980). These studies 1led the
authors to conclude that the main site of resistance was
localised in the cribriform layer. This 1is supported by
the following evidence, some of which is derived from

experimental work and some from pathological situations in
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the human eye:

i) When particulate material is introduced into the
anterior chamber, the particles tend to accumulate in the
cribriform layer (Inomata, Bill and Smelser 1972a).
Although this fact in itself reveals 1little about the
nature of aqueous movement, it does show that larger
particles are impeded in their progress by this layer of
tissue.

ii) Underperfusion

In eyes which have undergone trabeculectomy drainage
procedures and the remainder of the trabecular meshwork is
by-passed and thus underperfused (Litjen-Drecoll and Bardny
1974). In this situation there is abundant extracellular
materials and little free or 'empty space' in the
cribriform layer.

iii) Overperfusion

This may be due to the action of drugs such as
pilocarpine (Grierson, Lee and Abraham 1978) or else as a
result of raised intraocular pressure (Johnstone and Grant
1973, Grierson and Lee 1974Db, 1975a, Kayes 1975).
Overperfusion is characterised by distension of the outer
meshwork, 'wash-out' of extracellular elements and
increased vacuolar incidence, which all suggest a decrease
in resistance. Other agents known to have a physiological
resistance lowering effects have also been shown to change
the configuration of the outer meshwork, for example,
cytochalasin B (Svedbergh, Litjen-Drecoll, Ober and Kaufman

1978, Johnstone, Tanner, Chau and Kopecky 1980) and Nag
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EDTA (Bill, Liitjen-Drecoll and Svedbergh 1980).

iv) Glycosaminoglycans

These substances are an important component of the
cribriform layer and may play a role in altering resistance
to aqueous outflow (see introduction to Part I of this
thesis for full consideration of this topic).

v) Morphological studies of primary open angle glaucoma
have shown an accumulation of extracellular elements in the
drainage wall (Rohen and Witmer 1972, Rodrigues, Spaeth,
Silalingam and Weinreb 1976, Segawa 1975, 1979). It has
been suggested that these may be the primary cause of
increased resistance in this disease.

vi) Aggregations of fibrillar material in the cribriform
region have Dbeen observed 1in corticosteroid glaucoma
(Rohen, Limmer and Witmer 1973, Grierson, Lee and McMenamin

1981).

PRIMARY OPEN ANGLE GLAUCOMA

Primary open angle glaucoma (chronic simple glaucoma)
is a disease which 1s characterised by raised 1levels of
intraocular pressure which are sufficient to cause damage
to the optic nerve and nerve <fibre layer of the retina,
producing field loss (Kolker and Hetherington 1976). This
disease occurs predominantly in older individuals and 1is
the commonest of all of the glaucomas. The disease occurs
in approximately 2% of the population over 40 years of age.

The cause of the raised intraocular pressure 1is
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abnormally high resistance in the aqueous outflow pathways.
It is only by studying aqueous dynamics and the functional
morphology of the primate outflow apparatus, particularly
those factors which affect resistance, that advances will
be made in the understanding of the aetiology and

pathogenesis of primary open angle glaucoma.

THE AIMS AND APPROACH TO THE CURRENT INVESTIGATION

This thesis consists of two main parts. Part I is the
study of the physiological and morphological effects of
hyaluronidase on the outflow apparatus of the pig tailed
macaque. Part II is a morphological study of aging changes
in the human eye.

Although both Parts I and II have their own main
introductory and discussion chapters (see contents) and
could be read separately, it is hoped +that this main
introductory chapter will help in the understanding of both
Parts I and II.

The overall aim of this thesis is to improve the
understanding of the function and morphology of the primate
outflow apparatus, with particular reference to factors
which may play a role in resistance to agueous outflow. To
this end the approach has been multifaceted, with the
emphasis on the quantitation of the morphological
appearance of the outflow system as seen by 1light
microscopy, scanning and transmission elecron microscopy.

A more detailed guide to the aims and approach to each
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of the +two parts will be given 1in their respective

introductory chapters (see contents).
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PART 1

THE PHYSIOLOGICAL AND MORPHOLOGICAL EFFECTS
OF HYALURONIDASE ON THE OUTFLOW APPARATUS
IN THE EYE OF THE PIG TAILED MACAQUE

(Macaca nemestrina)
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INTRODUCTION TO PART I
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THE PRESENCE OF GLYCOSAMINOGLYCANS

IN THE TRABECULAR MESHWORK

An important component of the extracellular matrix in
vertebrate connective tissues are the polysaccharides
formayj called mucopolysaccharides but now generally
referred to as glycosaminoglycans (GAGs). With the
exception of hyaluronate, they do not normally occur as
free polymers in vivo but as proteoglycans in which many
glycosaminoglycan chains are linked to a protein core.
Glycosaminoglycans are linear polymers of repeating
disaccharide units which consist of hexosamine  and
hexuronic acid (except Lkeratan sulphate which <contains
glucosamine and galactose). The molecules rarely contain
only a single type of disaccharide unit. The dominant type
of disaccharide unit for +the more important GAGs of
extracellular matrices are shown in Fig 10a. The GAGs are
characterised by their charged anionic groups : the
carboxylate group (-CO0™) the sulphate ester group
(-0-803-) and the sulphamino group (-N-S037).

Proteoglycans consist of a protein core (molecular
weight 2 x 105) to which chondroitin sulphate chains (mol
wt 4-8 x 103) are attached in clusters of about 4 chains
(Fig 10b). There may be up to 20-30 clusters on the
protein core. Keratan sulphate may also be bound to this
core. The protein core possesses a globular region at its

end by which it may bind to the large hyaluronate molecules

56.



L4 wnon

X o
hyolurongte mm M
‘.01 04 e ~o

LA

[+s]
CH,
o enoso. o
ghondrorr/n AW , oMt
-suiphaote AN Coe hS
~D3 gs O\,/cg;.\o
cn, -

. soguan oH .
chondroitin - o
4-sulphate AN Lo

‘o g cop o
cn,
oso;:‘ oo o coP -
dermatan .
suiphate . 1,04 - - *
~, o]
3

°"cu,ou o oH Ea: ‘
keratan “
sulphate T\ Lo .

(2327 4
x0x

o cn0s0!
b) LINK REGION
(GicUA - GaiNoC} - GIcUA — Gol~ Gol— Xyl — SerZ | PROTEIN
| ol ¢ Gol~ Gol— Xyl Srr\} CORE
50,

B CHONDROITIN SULPHATE

. RICH BINDING REGION

)

KERATAN SULPHATE RICH BINDING REGION "

GLOBULAR PROTEIN
AND PROTEIN CORE
MOL WT 2<10

C’FSOTEA(;GLYCAN PROTEIN
NOMER CORE
LINK
REGION

\
é,»
/

/

'-\HYALURONArE
' LORE

Figure 10: a) Diagrams of the disaccharide units in the major extra-

cellular GAGS.
b} Diagram of a cartilage proteoglycan unit showing the

the relationship between the protein core and GAGs.
¢} A hyaluronate core with attached proteoglycan monomers.

Diagrams from Coupexr and Laurent (1978).




(Fig 10¢) forming large aggregates (mol wt 50 x 105). Most
knowledge of proteoglycans is based on cartilage
proteoglycans, They can also interact with other proteins
for example collagen, in which case 2-4 proteoglycans link
to each collagen molecule. Proteoglycans are synthesised
intracellularly and secreted into the extracellular matrix.

Water may be bound by hydrogen bonds and polar bonds to
the hydroxyl groups and charged groups on the
polysaccharide chains (1-2.5 water molecules per
disaccharide unit depending on which GAGs are present -Fig
10a). The highly entangled gel-like nature of the
polysaccharides tend to retain water by osmotic forces and
resist water movement through areas where they occur (0Ogson
1970, Comper and Laurent 1978). They have many roles in
connective tissues, affecting the movement of electrolytes,
their viscoelastic ©properties are important to their
functioning as a lubricant in synovial fluid and as a shock
absorber in intervertebral discs.

Hyaluronate was first isolated from the vitreous humour
of the eye by Meyer and Palmer (1934). In man the
hyaluronate concentration in the vitreous is 140%t338 pg/ml
(Balazs 1965) and in aqueous humour is 1.1+0.1 Pg/ml
{Laurent 1980).

The earliest evidence of glycosaminoglycans in the
outflow system (Vrabec 1957, Zimmerman 1957) revealed that
these substances were present in the intertrabecular spaces
of both sheep and human eyes. Zimmerman (1957), studying

human eyes enucleated in the treatment of malignant
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melanoma of the choroid, reported that the GAGS were more
concentrated in the outer meshwork. Ashton (1960) could
not support this finding and suggested that the staining
reaction was dependent on fixation techniques. Duke and
Siegelman (1961) also disputed Zimmerman's findings and
said that the finding of mucopolysaccharides in the
intertrabecular spaces and cribriform layer was a feature
peculiar to eyes containing choroidal melanomas which by
the nature of their expansion cause compression of the
vitreous. Ashton (1960) did, however, show metachromatic
staining within the trabecular cores.

Segawa (1970) using both light and electron microscopy
provided ultrastructural evidence of GAGs in the trabecular
meshwork. Using a cationic dye, colloidal iron which
stains GAGs, and 1is sufficiently electron dense to be
visualised in the electron microscope, he described
staining of the surfaces of all the endothelial cells,
including the lining of the 'giant vacuoles'; the
extracellular matrix was also filled with stained material.
Stained areas all exhibited sensitivity to pre-incubation
with testicular hyaluronidase, with the possible exception
of the trabecular cores and the luminal aspect o{jﬂining
endothelium of Schlemm's canal. Armaly and Wang (1975) who
studied the outflow apparatus of the rhesus monkey found
that the staining reaction of GAGs and their subsequent
sensitivity to pre and postincubation with testicular
hyaluronidase was variable. They could not unequivecably

demonstrate GAGs 1in the tissue by light microscopy using
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two modes of fixation and stained with either colloidal
iron (counter stained with Van Gieson), alcian blue or
toluidine blue. However, electron microscopy proved more
successful and the localisation of the GAGs using colloidal
iron and their sensitivity to hyaluronidase was similar to
that demonstrated by Segawa (1970).

The ultrastructural evidence for the presence of GAGs
in the outflow apparatus of several mammalian species are
summarised in Table 2. In this literature the location of
GAGs was found to be similar in all the species studied.
Several authors using the cationic dyes, colloidal iron and
colloidal thorium (Armaly and Wang 1975, Grierson and Lee
1975¢c, Grierson and Lee 1977b) have found a reduction in
staining after long incubations in testicular hyaluroni-
dase. Since testicular hyaluronidase, one of three main
types of hyaluronidase, is not specific to hyaluronic acid
in its action but also degrades chondroitin-4-sulphate and
chondroitin-6-sulphate then one must conclude from these
studies that all of these GAGs may be present to some
extent in the trabecular meshwork.

More detailed enzymatic digestion studies have been
carried out recently (Segawa 1975, Mizokami 1977), which
have shed more light on the character of the GAGs. Segawa
(1975) studied trabeculectomy specimens from thirty caseé
of primary open angle glaucoma. Utilising both ruthenium
red and phosphotungstic acid he found almost complete
disappearance of the staining in the thick basement

membrane ("glass membrane") of the trabeculae and the
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elastic fibre sheath as well as the amorphous material in
the cribriform layer, after exposure to human plasmin,
papain and chondroitinase ABC. There was only a slight
reduction 1in staining after exposure to streptomyces
hyaluronidase which specifically degrades hyaluronic acid.
This evidence 1led the author to conclude that the non-
fibrillar components of the trabecular meshwork in these
glaucomatous eyes were "chondroitin sulphate-protein
complexes".

Mizokami (1977) carried out histochemical studies of
the GAGs 1in the normal human trabecular meshwork. He
demonstrated that GAGs which are masked by electrostatic
binding to proteins can be visualised after treatment
with 2-mercaptoethanol (2-ME). This substance attacks the
disulphide bonds 1in high molecular weight proteins by a
reducing process and 1is one way of "demasking" GAGs. The
GAGs were_identified before and after treatment with 2-ME
by enzyme digestion. From the results he concluded that
the amorphous material in the cribriform layer was composed
mainly of chondroitin-4-sulphate, chondroitin-6-sulphate
and "masked" hyaluronic acid. The basement membrane
material in the trabeculae contained both hyaluronic acid
and dermatan sulphate. Knepper, Farbman and Telser (1981)
have recently identified, by =zone electrophoresis, and
subseguent enzyme digestion the glycosaminoglycans in the
rabbit "agueous outflow pathways and iris-ciliary body" as
being hyaluronic acid, keratan sulphate, heparan sulphate

and hybrid dermatan sulphate-chondroitin sulphate.
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The basement membrane material in the trabeculae and
cribriform layer in +the human eye has also been shown
recently by immunofluorescence and immunoperoxidase
(Rodriques, Katz, Foidart and Spaeth 1980) to contaln type
IV collagen, fibronectin and laminin.

On the basis of the evidence from previous work it can
be concluded beyond reasonable doubt that GAGs are
important constituents of the extracellular matrix in the
primate outflow apparatus. The fact that cultured
trabecular endothelial cells are able to produce GAGs
provides evidence that these materials may be synthesised
locally (Schachtschabel, Bigalke and Rohen 1977, Polansky,
Gospodarowicz, Weinreb and Alvorado 1978). This has been
supported by in vitro studies of the biochemistry of calf
trabecular meshwork (Anderson, Wang and Epstein 1980).
Biochemical studies of the angular tissues in the rabbit
eye (Hayasaka and Sears 1978) have shown high lysosomal
enzyme activities particularly lysosomal hyaluronidase and

ﬁ—glucuronidase. Similar studies on human eyes enucleated
due to tumours of the orbit and maxillary sinus have also
shown the concentration of 1lysosomal hyaluronidase to be
high in the "inner region of the corneoscleral junction"
(Hayasaka, Hara, Shiono and Mizuno 1980). These lysosomal
enzymes play an important role in the catobolism of
glycosaminoglycans (Barret 1969, Tappel 1969). It
therefore seems likely that GAGs are synthesised and

degraded locally by the trabecular endothelial cells.
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THE ROLE OF GLYCOSAMINOGLYCANS IN

THE RESISTANCE TO AQUEOUS OUTFLOW

Interest in the possibility that the GAG content of the
outflow system might be important in primary open angle
glaucoma was initiated by Meyer in 1947. He tentatively
suggested, on the basis that he had found both hyaluronic
acid and hyaluronidase in the aqueous humour of cattle
eyes, that glaucoma - which even then was suspected as
being due to increased resistance in the outflow pathways -
was due to the presence of a hyaluronidase inhibitor in the
agueous. The obvious corollary was that hyaluronidase, by
reducing the abnormally high resistance, could be used in
the treatment of ocular hypertension.

Perfusion of +the anterior chamber (Linn and Ozment
1950, Weekers, Watillon and de Rudder 1956) or sub-
conjunctival injection (Stanworth 1966) of hyaluronidase
preparations in glaucomatous eyes had only mixed success in
temporarily reducing the intraocular pressure but this was
far outweighed by the side-effects of the treatment which
produced an unacceptable inflammatory reaction.

The first experimental attempts to investigate the
physiological effects of hyaluronidase on agueous dynamics
were carried out by Badrdny and his associates (Bdrdny and
Scotehbrook 1953, Bardny and Woodin 1954, Bardny 1956a,
Bardny 1956b - seen Table 3). Perfusion of bovine eyes
in vitro with hyaluronidase resulted in a very rapid 50%

reduction in resistance. The concentration of the enzyme
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Table 3: A summary of previous experiments which have studied the effects of hyaluronidase

on aqueous outflow dynamics in the mammalian eye.

Concentration
Author Species of Physiological Notes
hyaluronidase Effects
Linn & Ozment Rabbit (vivo) 10 TRU No change in IOP Inflamma-
(1950) response
Human (vivo) 1 TRU Decrease in IOP Temporar
benefici:
Birany & Bovine (vitro) 0.25 - 4 VRU 50% decrease in R
Scotchbrook
(1953)
Bdrdny & Woodin Bovine (vitro) 0.05 - 5 VRU 50% decrease in R
(1954)
Bdrdany Bovine (vitro) 0.075 VRU 50% decrease in R Differen
(1956)a. Rabbit (vitro) 2.5 VRU " " moom and diffe
Horse (vitro) 5 VRU " " "on concentr:
Pigs (vitro) - " " "o have same
Bariny Bovine (vitro) 5 VRU 50% decrease in R
(1956)b. Bacterial " " "o
Bee Venom n " " n
Testicular " " *toon
Snake venom " " v
Frangois, Rabaey Rabbit (vitro) 20 VRU 50% decrease in R
& Neetens (1958) Human (vitro) 20 VRU 25-30% decrease in
Pedlar (1956) Bovine (vitro) 4 VRU 17% decrease in R After one
: perfusio
47% decrease in R After 30
perfusiol
Human (vitro) 8 VRU 46% decrease in R In pairec
only
Weekers, Watillon Human (vivo) - - Acute ini
& de Rudder (1956) Bovine (vitro) 250 VRU 50% decrease in R reactioil
Berggren & Vrabec Bovine (vitro) 3 VRU 50% decrease in R
(1957) Sheep (vitro) 3 VRU ?
Rabbit (vitro) 2.5 & 25 VRU 30% decrease in R
Melton & De Ville Cats (vitro) 10 units Negligible effect "Washout
(1960) Dogs (vitro) 10 units " " "
Rabbit (vitro) 10 units 30% decrease in R No "washc
Guinea pigs (vitro) 10 units 50% decrease in R " "
Grant (1963) Human (vitro) 50 TRU Variable effect Effect i
eyes but
in post-r
Stanworth (1966) Human (vivo) 1500 I1.U. Decrease in IOP Subconjut
in glaucc
Inflamma-
and alte:
Peterson & Jocson Rhesus monkey 150 I1.U. 40% decrease in R Variable
(1974) (vitro) (24-65%)
Van Buskirk & Canine (vitro) 150 I.U. 80% decrease in R "Washout'
Brett (1978) important
" 300 I.U. 85% decrease in R No diffe:
effect b«

concentr:
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did not alter the magnitude of the decrease and the authors
stated that 0.05 VRU (viscosity reducing units) was the
minimum concentration required for an effect (BArdny and
Woodin 1954). Different types of hyaluronidase (Bardny
1956b -Table 3) all produced a similar effect, which in
retrospect is surprising since different types of
hyaluronidase have different activities (vide supra)
(Buddeche and Kresse 1974, Barret 1969, Morton 1976). Even
different species of non-primates (horse, bovine and
rabbit) all showed a similar 50% decrease in resistance
(Bardny 1956a). On the evidence it was suggested that a
hyaluronidase sensitive barrier existed 1in +the aqueous
outflow pathways. Similar results have been found by other
workers using non-primates (Frangois, Rabaey and Naetens
1956, Pedlar 1956, Berggén and Vrabeg¢ 1957, Melton and de
Ville 1960, Van Buskirk and Brett 1978). However, many
authors noted that prolonged perfusions with control
solutions with mock aqueous alone led to a gradual decrease
in resistance. This was called the "washout effect" and it
was considered that hyaluronidase accelerated this effect
by the removal of resistance producing substances from the
outflow pathways of non-primates. Melton and de Ville
(1960) found that rabbits and guinea pigs did not show a
"washout effect" on prolonged perfusion but did show a
decrease in resistance after hyaluronidase perfusion: cats
and dogs on the other hand did show a "washout effect", but
only a marginal hyaluronidase effect (see Table 3).

However, Van Buskirk and Brett (1978) demonstrated a very
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significant hyaluronidase effect in dogs. This conflict in
results has never adequately been explained but may be due
to some genetic difference in the dogs used 1in the
respective studies, or 1in the mode of hyaluronidase
perfusion,

The effects of hyaluronidase on resistance to aqueous
outflow in wvitro in primate eyes have been extremely
variable (see Table 3). Francois, Rabaey and Neetens
(1956) using fresh post-mortem eyes found very variable
results with &a mean decrease 1in resistance of between
25-30% and two eyes of the twenty four studied showed
increased resistance. Pedlar (1956) reported similar
variability in the effects of hyaluronidase. Grant (1963)
reported that an effect could only be detected in freshly
enucleated normal eyes and 1in some eyes containing
malignant melanoma which he suggested may have been due to
the presence of episcleral blood or "some other factor in
fresh eyes". The suggestion that hyaluronidase may be
acting on sites other than the trabecular meshwork, eg
episcleral venous system was supported by the work of
Peterson and Jocson (1974). The authors studied the
effects of hyaluronidase alone and in conjunction with
360° trabeculectomy in rhesus monkey eyes in vitro. As
well as describing the variable effect of the enzyme, in
agreement with previous studies, they also found that the
enzyme further decreases resistance after the
3600 trabeculectomy procedure. Finding no evidence of

increased flow through the unconventional routes (ciliary
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body, suprachoroid, vitreous) the authors concluded that
the enzyme as well as acting on resistance in the
trabecular meshwork (total of about 75% of which enzyme
accounted for 40%) was capable of reducing the remaining
25% of the resistance to almost =zero, suggesting it was
acting external to Schlemm's canal.

The first morphological study of the effects of
hyaluronidase in_ wvivo in primates has recently been
provided by Grierson, Lee and Abraham (1979a). The authors
found that an intracameral injection of testicular

hyaluronidase, in baboons (Papio anubis), into one eye and

a control solution into the other produced a detectable
morphological effect. in the hyaluronidase treated eyes
there seemed a greater degree of distension of the
cribriform layer and a higher incidence of 'giant vacuoles'
in the lining endothelium of Schlemm's canal.

From this morphological evidence Grierson and co-
workers surmised that perfusion with hyaluronidase had
increased conductance through the trabecular meshwork. In
the absence of physiological confirmation of increased flow
the authors concluded by saying "A combined ultrastructural
and physiological study of hyaluronidase effects on the
drainage tissues would be a reasonable extension of this

initial report".

THE AIMS OF PART I

i) To study the effects of testicular hyaluronidase on
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the resistance to aqueous outflow in vivo in the primate
eye.

ii) To study the morphological effects of perfusion alone
and perfusion with testicular hyaluronidase.
iii) To correlate the physiological and morphological
results and discuss the findings 1in relation to the

functional anatomy of the primate outflow system.

APPROACH TO PART 1

The species of monkey used in the current

investigation, the pig tailed macaque (Macaca nemestrina),

was chosen due to the limited availability of other species
of primates which would have been more desirable for

example baboons such as Papio anubis or Papio cynocephalus.

They would have had the advantage that they have been used
previously in inve;tigations of this nature. Since there
seemed to be no immediate signs of improvement in the
situation, a colony of ten pig tailed macaques were chosen
as the experimental animal.

The reasons for carrying out this experiment in vivo
were twofold. Firstly it was one of the main aims of this
project to investigate whether hyaluronidase had any
resistance lowering effect in vivo in the primate eye,
which had never been previously investigated. The
possibility that an "enzyme cocktail" might be a means of

reducing the resistance to aqueous outflow in patients with

primary open angle glaucoma and thus returning the
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intraocular pressure to a more clinically acceptable level
has been proposed (Grierson, Lee and McMenamin 1981). As a
means of assessing the feasibility of such a procedure it
was necessary to carry out a preliminary study of the
physiclogical effects of hyaluronidase in wvivo in the
primate eye.

The second main reason that the experiment be carried
out in vivo was that the other major aims of the project
were to study the morphological effects of the enzyme
perfusion (vide infra) which demands that the eyes be
perfuse fixed in vivo at a predetermined pressure.

The type of enzyme, testicular hyaluronidase, was
chosen on the basis of the morphological, physiological and
biochemical evidence that GAGs such as hyaluronic acid and
chondroitin sulphates were present in the aqueous outflow
pathways (vide supra) and that this enzyme would be capable
of degrading these GAGs. Testicular hyaluronidase also has
a higher pH optimum than for example streptomyces
hyaluronidase (Buddecke and Kresse 1974).

Although past workers had found very 1little dose
related response in vitro (BArdny and Woodin 1954, Van
Buskirk and Brett 1978) the present concentration was
chosen for the following reason. In preliminary
experiments on baboons 150 I.U. of testicular hyalurcnidase
did not produce a marked physiological effect although this
concentration was that used previously by Grierson, Lee and
Abraham (1979a) in the morphological study, and also by

Peterson and Jocson (1974) who had some success in vitro.
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It was decided therefore that 300 I.U. may be required in
these older and larger pig tailed macaques, to produce a
detectable effect.

A two step pressure technique was chosen for the
measurement of facility of aqueous outflow due to 1its
simplicity as a technique and also because it has been
successfully applied by previous workers (Badrdny 1964,
Lamble 1974).

In preliminary experiments with baboons it was found
that assessing the facility of agueous outflow before and
after the introduction of the enzyme involved excessive
manipulations and perfusion. It had not only been reported
that a physioclogical "washout effect" could be achieved by
perfusion alone (vide supra) but there were also reports
that excessive perfusions had adverse effects on the
trabecular tissues (Grierson, Lee and Abraham 1979b).
Therefore it was decided that it would be more advisable to
limit the measurement of facility to after the enzyme
injection. The control eyes (receiving only Bardny's
fluid) and the experimental eyes (hyaluronidase in Bardny's
fluid) would both be treated in exactly the same fashion,
which it was hoped would allow comparisons 1in both
physioclogical and morphological results.

In the morphological investigation emphasis was placed
on the quantitation of structures which might indicate a
decreased resistance and increased flow. The 'giant
vacuoles' which change in numbers in a pressure/flow

dependent manner (vide supra) can be easily quantified by
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light microscopy (Grierson and Lee 1977a ). The
quantification of the size and incidence of pores in the
lining endothelium as seen by scanning electron microscopy
gives an indication of the numbers of +transcellular
channels and therefore flow through the trabecular tissues
(Bill and Svedbergh 1972, Lee and Grierson 1975).

Transmission electron microscopy was used in the
conventional fashion to study the ultrastructural changes
in the trabecular meshwork and to quantify the degree of
distension in the cribriform layer. The use of cationic
dyes in conjunction with transmission electron microscopy
would hopefully allow a study of the changes in
distribution in gquantity of glycosaminoglycans in control
and experimental eyes.

It was hoped that +the use of a wide variety of
techniques would not only maximise the information obtained
from the study without dependence on any one mode of
investigation but also; should hyaluronidase change the
resistance to aqueous outflow by its action on the
extracellular elements of the trabecular meshwork then this
would be detected by the detailed morphological investiga-

tion.
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MATERIALS AND METHODS FOR PART I
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EXPERIMENTAL ANIMALS

Ten male pig tailed macaques (Macaca nemestrina)

welghing between 10.5-14 kilograms (mean weight = 11.9 kg)
were used in the present investigation. The animals were
all healthy adults which were kept in quarantine at the
Wellcome Surgical Research Centre. Although the ages of
the animals were unavailable, the data reported by Napier
and Napier (1967) that males of this species weighed
between 6.2-14.5 kilograms suggests the animals used in
this study were mature adult males. In addition, the
secondary sexual characteristics, eg the mane and the large
canines were well developed.

In a preliminary experiment, one animal was
anaesthetised and both eyes were immediately enucleated and
immgse fixed in order to study the morphology of the normal
unperfused outflow apparatus in this species as this
information was not available in the literature. The
remaining nine animals were used to study the physiological

and morphological effects of hyaluronidase.

EXPERIMENTAL DETAILS

Anaesthetics

The anaesthetic technique was similar "to that described
by Strang, Wilson and Mackenzie (1877). The animals were

tranquilised with ketamine hydrochloride (Ketalar, 22-44
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mg /kg body weight) and anaesthetised with thiopentone
(Pentothal, 7.5 mg/kg) via a leg vein to the level at which
the corneal reflex was suppressed.

The anaesthesia was maintained, after endotracheal
intubation, by a mixture of Halothane (0.5-1.5% depending
on requirements) and a gas mixture ratio of oxygen: nitrous
oxide (2,000:6,000cc /N“ﬂ) The animals received an
intramuscular injection of suxamethonium (50 mg Scoline)
every 30 minutes.

Preparation for experiment

The animals were lying in the supine position to allow
maximum access to the eyes. The head and shoulders were
slightly elevated to prevent kinking of the endotracheal
tube. The head was fixed by placing a metal bar through
the mouth behind the 1large canine teeth, and was tilted
slightly backwards. This species of macagues had deep
sockets and pronounced orbital rims which made cannulation
procedures difficult. To facilitate cannulation the eyes
were exposed by an incision into the lateral canthus to the
orbital margin. Care was taken to avoid cutting the large
orbital vein. The eyelids were 1loosely sutured to widen
the interpalbebral fissure. The soft tissue was divided to
the periosteum. A cut was made 1.5 cm into the nasal skin
and the plica semilunaris was divided. The deep nasal
orbital vein was clamped and tied if necessary. The upper
lid was sutured to the eyebrow (Mersilk sutures 4/0). A
double loop of suture was placed in the superior fornix

tissue and secured to the eyebrow (Mersilk 5/0). The same
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procedure was repeated for the lower lid which was attached
to the cheek skin. These sutures were slackened after the
cannulation. A triple loop of suture was put through the
temporal bulbar conjunctiva (Mersilk 5/0) and gripped with
a pair of Spencer-Wells forceps in order to stabilise the
eye during cannulation.

Throughout the experiment the eyes were covered with
swabs soaked in saline after Hypromellose had been applied
to the eyes to prevent corneal drying which occurred very
rapidly in the absence of +the blink reflex. Applanation
tonometry (using Perkins hand held tonometer) was found to
be unreliable due to the rapid loss of the tear film and
also due to the difficulty in calibrating the instrument.

Monitoring of systemic physiological parameters

A catheter in the femoral artery was connected to a
pressure transducer (Bell and Howell) which was linked to a
pen recorder (Devices) in order to monitor blood pressure.
Blocod pressure was kept relatively 1low and steady by
adjustment of the gas mixtures, but did of course vary
depending on the blood gas levels (pOg, pCOg, bicarbonate,
[HCO3~] and base excess [B/Ex]) which were recorded at
regular intervals by analysis of 2 ml arterial blood
samples in an Astrup Blood Gas Analyser. Body temperature
was monitored with rectal and oral thermometers and was
maintained at 37.59C wusing heat lamps and a heating
blanket.

The blood gas levels were maintained within normal

limits by adjustment of the volume of the respirator and
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the O5/COn ratios. The intubation tube had a connection to
a capnograph (Godart-Statham) which continuously monitored
the concentration of exhaled COg9; the values were displayed
on a pen recorder (Devices). This provided a useful
indicator of any change in the respiratory exchange of the
animal or in the anaesthetic system which might have led to
alterations of blood gases, eg hypoxia, pulmonary oedema or
incorrect placement of the intubation tube.

Cannulation procedure

Previous experiments had shown that insertion of two
conventional 25-gauge needles into the anterior chamber
provided an unstable system unsuitable for long experiments
and also entailed the risk of trauma to the iris or lens.
The specially adapted needle of Nagasubramanian (1977) was
modified by the author. The 2.5 cm shank was filed by hand
under the dissecting microscope, 1.5 cm from the tip,
creating a small recess on one side of the needle which
opened into the lumen. The holes were checked with a
dissecting microscope to make sure there were no rough
edges which might tear into the corneal stroma during
cannulation. Each needle was tested to ensure the lumen
was patent. The needles were then sterilised in ethylene
oxide and stored in sterile packets until required. The
metal blade of the needle was separated from the plastic
base and was attached to soft plastic tubing (Technicon 0.5
mm internal diameter) at one end before the cannulation
procedure (Fig 1lla). The hole in the shank was covered

during the cannulation by a small plastic sheath to prevent
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Cannulation Procedure
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Figure 11: a) Diagram showing the procedure used to cannulate the
anterior chamber of the pig tailed macaque eye.
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the collapse of the anterior chamber (Fig 1lla (i)).

The needle was inserted at the temporal periphery of
the cornea using a needle gun (Yarlett). It was then
pushed through the anterior chamber and out through the
nasal peripheral cornea against counter tension from the
sutures on the temporal bulbus. When the tip of the needle
emerged it was attached to soft tubing which was then
secured by a small loop of suture. The distance of 1.5 cm
from the tip to the hole in the shank was necessary to
prevent the loss of agueous during this procedure
(summarised in Fig 11la). Transfixation of +the cornea
prevented trauma to the iris and lens.

One side of the needle was attached via tubing to a
reservoir, set to a height which maintained 18 mm Hg in the
anterior chamber during the cannulation procedure. This
was closed off at the end of the cannulation. The nasal
end of the needle was connected via tubing to a 3-way tap
system, further connected to either a pressure transducer
or a microsyringe (Fig 11b).

Experimental design

The experimental system (Fig 11b) was filled with
Bardny's fluid (Badrdny 1964) which was washed through until
any air bubbles had been removed. The Badrdany's fluid was
sterilised by filtration under negative pressure which had
the added advantage of simultaneously degassing the fluid.
The fluid was prepared the day before the experiment from
stock solutions and was stored in a sealed container at

49C., Barany's fluid has a pH of 7.2-7.4.
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The pressure transducer (Bell and Howell) was
calibrated in mm Hg at the beginning of each experiment by
adjusting the height of the reservoir (100 mm HoO = 7.6 mm
Hg). The internal diameter of most of the tubing was 0.8
mm with the exception of the soft polythene tubing between
To-Nq1 and N9-O (see Fig 1l1lb); and the length of tubing
between T1-T»o which was of a smaller bore (0.33 mm) and
placed beside a meter rule, to achieve maximum measurement
accuracy. The volume of fluid contained in 100 mm of small
bore tubing was found to be 125 Pl. During experimental
procedures the distance moved 1in one minute by a small
bubble along this tubing was measured; from this the volume
of fluid which entered the eye was calculated (Conversion
factor 1 mm = 1.25 Fl)' It was assumed that the resistance
to fluid movement in this tubing was not prejudicial to
flow through the perfusion system.

Two 100 Fl microsyringes (Terumo) were used to
introduce fluid into the anterior chamber. One contained
100 Fl of Badrdny's fluid (control eye); the other contained
300 I.U. of bovine testicular hyaluronidase (Sigma
chemicals, product no 1628), dissolved in 100 Fl of
Barany's fluid (experimental eye).

4 small operating microscope was used to examine the
eyes at regular intervals during the 4-5 hour period of the
experiment. In none of the experiments was there blood or
flare in the anterior chamber.

Experimental protocol

The following experimental protocol was strictly



adhered to in the nine pig tailed macaques.

1) The eyes were prepared and cannulated after which
they were left to settle for 10 minutes.

ii) The intraocular pressure was measured in both eyes.

iii) After a further 10-15 minutes the contents of both
microsyringes were injected slowly into the anterior
chamber at 2 Pl/minute, total injection time was 50
minutes. The reservoir was open to the eye to maintain a
pressure of 18 mm Hg during the injection, thereby
dampening fluctuations in pressure.

iv) On completion of the injections the pressure
transducer was reconnected and T9 closed off. The eyes
were left undisturbed for one hour, monitoring intraocular
pressure throughout this period.

v) After the introduction of a small bubble into the
system (achieved by producing a negative pressure from a
second reservoir), the tap To was opened to the eye with
the meniscus of the reservoir set at 23.5 cm above the eye
(¥ 18 mm Hg).

vi) The flow rate, as measured by the distance travelled
by the bubble, was recorded at minute intervals for 10
minutes.

vii) The tap Tg was closed and the eyes left undisturbed
for 15 minutes.

viii) The second flow rate at a pressure head of 28.5 cm
HoO (% 22 mm Hg) was measured for 10 minutes.
ix) Tog was closed and the eyes left for 30 minutes.

x) Two reservoirs of fixative (2-4% gluteraldehyde in
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cocodylate buffer pH 7.2-7.4), which contained a few drops
of fluorescein to act as a marker dye, were counnected to
the tubing at Ng in each eye and set to a height of 23.5 cm
HoO (18 mm Hg). Fixation was allowed to take place for 30
minutes or more until it was established that the anterior
chamber was filled with fixative and the cornea was firm.
Fluorescein generally entered the anterior chamber and
moved downwards 1into the superior half, which was lower
than the inferior half due to the tilt of the head.

xi) The animal was killed by an overdose of sodium
pentobarbitone (Euthatal). Having established adequate
fixative penetration into the episcleral and conjunctival
vessels the tubing to the needle was tied off and divided.
The eyes were then enucleated and immerse fixed in
gluteraldehyde and stored at 4©°C.

The experimental protocol is summarised in Fig 12.

Calculation of outflow facility

A mean value for the flow rate at each of the pressure
levels (18 and 22 mm Hg) was obtained from the results of
the last nine minutes. The first minute is excluded from
the results since very high flow rates are often recorded
during the rapid expansion phase when the eye is opened to
the reservoir due to the volume of the eye increasing as
the sclera expands slightly (Lamble 1974).

The facility of aqueous outflow, as described in the
general introduction, can be calculated as the difference
in inflow rates produced by a change in pressure. It is

calculated after Bardny (1964) as
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Fy - Fo

C =
P1 - Pg
C = facility of aqueous outflow (Pl/min/mm Hg)
F1 = first flow rate (Pl/min)
Fo = second flow rate (Pl/min)
P1 = <first pressure (mm Hg)
Po = second pressure (mm Hg)

The total volume of fluid entering the eye throughout
the experiment was also calculated.

The details of each of the nine experimental animals
are given in appendices 2-10. These include the animal's
number, body weight, starting blood pressure, resting
intraocular pressure, blood gas analysis results and

general comments on each experiment.

TISSUE PREPARATION FOR LIGHT MICROSCOPY

AND TRANSMISSION ELECTRON MICROSCOPY

Tissue dissection

Within 2-24 hours of each experiment the eye was
bisected at the equator. The front of the eye was
dissected as follows: the lens was removed after division
of the =zonula fibres; the anterior segment was then
divided into quadrants (IFFig 13). Each guadrant was coded,

and seven meridional slices or blocks of limbal tissue were
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Figure 13: Diagram to show the dissection and sampling of limbal
tissue from the various quadrants (1-4) of the pig tailed macague
anterjior chamber.



cut from each qguadrant. Four pieces per quadrant were for
conventional transmission electron microscopy and three
pieces for "en bloc" cationic dye treatment. Samples of
the remaining tissue were used for scanning electron
microscopy (vide infra).

The tissue was stored at 4°C until the termination of
all the physiological experiments - a period of about two
weeks.

Tissue preparation for 1light microscopy and iransmission

electron microscopy

The tissue from the eyes of the nine experimental
animals was processed and embedded in one batch (16 blocks
per eye - total - 300 pieces). Although it was appreciated
that there was a risk involved, it was felt that this
ensured uniformity in the osmication, dehydration,
impregnation and curing. This was mandatory for the
quantitative studies which were an integral part of the
investigation. Although some tissue was stored for about
two weeks there did not seem to be any deleterious
morphological effect, eg when comparing Mn 2 to Mn 10.

The following stages were used in processing the tissue
blocks.

i) The tissue Dbjlocks were washed no less than three
times in cocodylate buffer (10 minutes each).

ii) Post-fixed in 1% buffered osmium te%roxide for one
hour.

iii) Rewashed several times in buffer (10 minutes each).

iv) Dehydrated through graded alcohols
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25% alcohol 10 minutes

50% alcohol 10 minutes
75% alcohol 10 minutes
Absolute alcohol (Repeated 4 times) 10 minutes

V) Tissue is then cleared in propylene oxide (2 changes

of 10 minutes each).

vi) An equal wvolume of araldite is added to the second
change of propylene oxide; this was gently rotated
overnight.

vii) The tissue was placed in a 3:1 mixture of propylene
oxide and araldite (see appendix) for 6 hours.

viii) The tissue was then blocked out into freshly prepared
araldite in labelled rubber moulds; curing took place at
60°C for 24--48 hours.

Colloidal iron technique

To demonstrate the complex polysaccharides in the
outflow system the technique described by Gasic and Berwick
(1964) was employed. Colloidal iron is regarded as being
more specific than other stains, eg ruthenium red and
colloidal thorium (Serafini-Fracassini and Smith 1974).
The slices of limbal tissue were stained "en bloc" after

post-fixation with osmium tetroxide. The technique was as

follows:
i) Washed with cacodylate buffer.
ii) Briefly rinsed in 12% acetic acid.

iii) Exposed to dialysed colloidal iron (BDH chemicals
Ltd) in 12% acetic acid (pH 1.1-1.3 at room temperature)

for 60-90 minutes.
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iv) Briefly rinsed in 12% acetic acid.

If conversion to prussian blue was required the
procedure continued as follows:
v) The tissue blocks were exposed to a mixture of 2%
potassium ferrocyanide and 2% hydrochloric acid for 20
minutes.
vi) Finally washed in distilled water.

The procedure then followed the described technique for
araldite embedding.

Sectioning and staining for light and transmission electron

microscopy

The araldite blocks were trimmed using a scalpel blade
to the desired trapezoid shape and orientation shown in Fig
14. Semithin sections (1-2 pn) and ultrathin sections
(600-900A°) were cut on an LKB Ultrotome III, using glass
knives for the former and a diamond knife (Du Pont) for the
latter. Semithin sections were stained with toluidine blue
(1:1, 1% toluidine blue : 2.5% sodium carbonate solutions)
and mounted in canada balsam. Light photomicrography was
carried out using an Orthoplan photomicrographic unit, with
either Panatomic X (32 ASA) black and white film or
Kodachrome colour film (25 ASA).

Ultrathin sections were mounted on 150 mesh copper
grids (Polaron) and stored in grid boxes (LKB). All
ultrathin sections with the exception of "en bloc" stained
tissue, were counterstained with a saturated solution of
uranyl acetate in 50% ethanol (30 minutes) and subsequently

exposed to Reynold's lead citrate solution (15 minutes).
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The sections were examined 1in a Philips 301 electron
microscope and photographed on Xodak electron microscope

film 4489 (8.3 x 10.2 cm).

PREPARATION FOR SCANNING ELECTRON MICROSCOPY

Samples of tissue from each gquadrant were studied by
scanning electron microscopy (SEM) . Eight or more
meridional slices of limbal tissue were taken from each of
the 20 pig tailed macague eyes.

The tissue was washed several times in buffer, post-
fixed in 1% osmium tetroxide for one hour and rewashed with
buffer. A few pieces from each eye were not dissected any
further and were used to study the meridional cut surface.
To investigate the transcellular channels or 'giant
vacuole' lumen pores in the lining endothelium of Schlemm's
canal, the canal was dissected in the manner shown in Fig
15 (Lee 1971). Dissections of the pig tailed macaque
tissue was often difficult due to the numerous septae and
cords which were present within the canal and alsc the
narrowing of the canal lumen in tissue where the meshwork
was distended.

The majority of the tissue was critical point dried
while only a few pieces were Ifreeze dried. Most recent
studies which have carried out quantitative studies of the
pores in the 1lining endothelium have used freeze drying
(Bill 1970a, Bill and Svedbergh 1972, Lee and Grierson

1975, Grierson, Lee, Moseley and Abraham 1979). In a
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preliminary comparison of both critical point drying (CPD)
and freeze drying (FD) it was found that the architecture
of the 1lining endothelium was better preserved in CPD
tissue. Although the shrinkage with CPD 1is greater,
30-50%, than FD, = 5% (Boyde 1978, Jensen, Prause and
Laursen 1981) it was decided to use CPD for the present
investigation. The procedure for CPD (Wells 1974) was as
follows: -

i) The tissue was dehydrated by passing through graded
alcohols (30, 50, 70, 80, 90, 100%, repeat 100%) at 15
minute intervals.

ii) Amyl acetate was substituted for alcohol by transfer

through the following amyl acetate/alcohol ratios - 25/75,
50/50, 75/25 to 100% amyl acetate.
iii) The tissue was carefully placed along with the
appropriate label in the transfer port, containing amyl
acetate, and placed in the critical point drying apparatus
(Polaron E 3000). The chamber was closed and the inlet
valve was opened to allow liquid carbon dioxide to fill the
chamber. The vent valve was opened to allow amyl acetate
vapour to escape. After flushing the chamber in this
fashion the amyl acetate in the tissue was substituted by
liquid COg9 (completed when no smell of amyl acetate could
be detected - within about 10 minutes). Once this was
achieved the valves were closed and the COg was allowed to
penetrate the tissue for one hour.

iv) The flushing procedure was then repeated and the

valves closed again.
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v) The temperature in the chamber was raised to 36-38CC
which is above the critical point of COg liquid/gas phase
at 319C at 1300 psi.

vi) The COg9 gas was slowly vented from the chamber over a

period of 5 minutes and once the pressure was reduced the
tissue was removed. Control and experimental tissue from
each animal were processed in parallel.
vii) The tissue was then mounted on aluminium stubs using
silver conductive paint. The dissected tissue to be used
in?mauantitative study was mounted with the exposed
trabecular wall uppermost. The stubs were coated with gold
in an SEM sputter coater (Polaron SEM coating unit E 5000)
and examined in a JEOL JSM T200 scanning electron
microscope.

The few pieces of tissue which were freeze dried were
treated in essentially the same fashion as that described
by Lee (1971), and was performed in a Balzars Micro
BAg freeze drying wunit which maintained a vacuum of
10-9 Torr. Before water extraction the tissue was passed
through liquid arcton and frozen in liquid nitrogen. After
freeze drying the tissue was mounted, coated and examined

as previously described.

QUANTITATIVE TECHNIQUES USED TO STUDY THE
MORPHOLOGICAL EFFECTS OF HYALURONIDASE ON

THE OUTFLOW APPARATUS

Quantitative assessment of vacuolar incidence in the lining
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endothelium of Schlemm's canal

The technique used to count 'giant vacuoles' has
previously been described by Grierson and Lee (1977a). It
has been shown to be a quick and reliable method of
quantifying vacuolar incidence. Semithin sections (1 P)
were cut from 10 tissue blocks 1in each eyve and were
examined using a x100 o0il immersion objective. The
following features were counted on one section from each
block.

i) Inner wall nuclei : This count was performed as a
control for the number of cells in the monolayer.

ii) Inner wall 'giant vacuoles' : These structures (see
results for definition) were counted and expressed as mean
count per section.

iii) Other 'giant vacuoles' : ie, on the outer wall, the
septae, the anterior and posterior walls. These results
were also expressed as mean count per section.

The mean and standard deviation was calculated for each
of these features in each eye. All the counts were carried
out on coded sections. Repeatability for the author showed
a less than 9% variation. Interobserver differences (PG
McMenamin and WR Lee) showed a variation of between 13 and
25% and depended a great deal on the quality of the
sections.,

Image analysis of the ‘'empty space' component in the

cribriform layer

Several methods were considered for the assessment of

distension of the c¢ribriform layer and the ‘'washout' of
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extracellular elements, Irregularities 1in staining of
toluidine blue sections and the limited resolution of light
microscopy made this material unsuitable for image
analysis. This part of the investigation was therefore
performed at the ultrastructural level (TEM). Although the
time and effort reguired to achieve adeguate samples 1is
much greater by this method, it was hoped that this would
be outweighed by the benefits of high resolution and
accuracy. The next step was to decide on a suitable system
of area measurement. The technique used for the study of
human material (see materials and methods in Part I1I) was
inappropriate for this investigation mainly due to the
large numbers of electron micrographs to be studied.
Automated image analysis has developed in recent years due
to the advances in TV scanning systems and electronics.
These techniques are used by many morphologists to quantify
ultrastructural changes 1in many varied types of tissue
(Bradbury 1979).

The basic concept of the system of image analysis used
in the present study (Optomax -~ Micromeasurements LTD) was
to present an image, in this case a TEM negative, to a
television camera (scanner) and analyse the resulting video
signal to obtain gquantitative data from the specimen. The
features selected for analysis are detected by grey level
discrimination (contrast). Several parameters can then be
measured, eg area, length and total counts of the selected
features. In the present study the area of 'empty space'

under the lining endothelium was of interest and could be
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detected by adjusting Selectors A and B, the former of
which detects the darkest features, which "bright up" on
the video screen, selector B can be used to detect
intermediate grey levels. The area of detection can be read
oftf as units of picture points of the total field.

The system performs best on high contrast images, thus
any image, eg negatives, micrographs or sections should be
produced in high contrast, eg by using electron-dense
stains for TEM. Image analysis has the advantage that many
samples can be tested in a short period of time. They are
more accurate than manual systems because there is less
boredom and fatigue in the observer. The technique used in
the present study was as follows:-

i) Ultrathin sections were cut from 8 blocks in each eye
and counterstained in the conventional fashion.

ii) Serial photomicrographs were taken along the inner
wall of Schlemm's canal (Fig 16a) at a magnification of
x1900. The reasons for failure to photograph the whole
inner wall was due to the presence of grid bars (Fig 16a)
and to some extent the convolutions in the canal.

iii) The negatives were placed on the illuminated base of
the Optomax below the TV camera and a black mask was placed
around the negative to exclude an extraneous light. The
camera system was set up in precisely the same manner
before each session, to produce a total magnification on
the viewing screen of x 5396. The frame size was 250 x 40
picture units which was equivalent to 72.25 sz. The area

of electron lucent spaces within this frame (X 20 pm under
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the lining endothelium - Fig 16b) was detected by adjusting
selectors A and B. Fifteen sequential frames were measured
on each negative and repeated for all the negatives from
each section. The data was fed into a Hewlett-Packard
desktop computer (9815A) which is interfaced with the
Optomax. The mean and standard deviation for the
percentage area of ‘'empty space' in the cribriform layer
was calculated for each section.

Groups of <coded negatives were examined in this
fashion, care was taken that within one day's work both
eyes from the same animal were analysed. When the study
was complete, the code was broken and pooled means and
standard deviations were calculated for each eye.

At the start of each day's session a repeatability test
was carried out on the same group of negatives (randomised
to prevent over familiarity). The mean percentage area (%
SD) of 'empty space' from the five sessicns was 58.1 + 1.6,
a standard error of 0.72. A second observer carried out

the procedures in one eye. The values obtained were:

Mean SD
PG McM 50.2 *17.3
WRL 63.0 x15.3

The second observer consistantly detected 25% more
'‘empty space' than the author. It is accepted that
detection is to some extent subjective, however, as all the
observations were made by one observer the comparison of
results between control and experimental tissue is

considered valid.
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Incidence of ‘'breaks' in the 1lining endothelium of

Schlemm's canal

During the course of the 1investigation it became
apparent that the vacuole counts did not conform fully to
the physiological data. One possible explanation was that
excess flow through the trebecular meshwork could cause
disruption in the 1lining endothelium thus bypassing the
more conventional route of 'giant vacuoles'. In order to
investigate this possibility the following procedure was
carried out.,

The serial micrographs used in the analysis of 'empty
space' in the cribriform layer were enlarged to a total
magnification of x 5160 (20 x 25 cm format). The number
and nature of the disruptions in the 1lining endothelium
were recorded in the following categories:

i) Artefactual disruptions
The edges of these breaks were ragged in appearance
and the cytoplasm exposed, suggesting their artefactual
nature.
ii) Ezperimentally induced disruptions
This category was similar in size to artefactual
breaks but were considered real if the separated ends of
the cells were rounded and bound by a continuous plasma
membrane. If the gap in the monolayer was greater than 2
Fm it came under this category, if it was smaller it was
either of the next two categories.
iii) Non-vacuolar pores

These were pores in the lining endothelium generally
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under 2 pm but not associated with a 'giant vacuole'.
iv) Vacuolar pores
These were openings on the canal aspect of the 'giant

vacuoles', providing communication between the contents of
the vacuole and the lumen of Schlemm's canal.

All measurements were made from the print with a
calibrated X 7 magnifier, the values expressed in
micrometers.

Scanning electron microscopic study of size and incidence

of wvacuolar and neon- vacuolar pores in the lining

endothelium of Schlemm's canal

Tissue from normal, control and experimental eyes was
dissected, critical point dried, mounted and coated as
previously described. Mapping photographs were taken of
the intact areas of lining endothelium, which were often
smaller than would have been desired due to damage produced
during dissections (vide supra), at a screen magnification
of x 2000, using a T20-CSI-1 camera and 70 mm Ilford roll
film. Prints (20 x 25 cm format) corresponding to an area
ot 3000 PZ and total magnification of x 4100 were produced.

The following features were counted on each print;
cellular bulges, pores on bulges and pores not on bulges.
The maximum width of all pores was measured on each print
with the use of a calibrated x 7 magnifier and converted to
microns. The pore diameters were grouped into size
categories of 0.5 jam intervals, from 0-2.5 Pm.

The area sampled in each eye varied from 36,000 sz to

105,000 sz (mean 55,000 Pm2)°
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Quantitative assessment of collector channel incidence by

light microscopy

During the course of the investigation it became
apparent that in some eyes the distended outer meshwork
often occluded the entrance to collector channels. Since
the obstruction of collector channels openings could have
altered the resistance to aqueous outflow it was decided to
undertake the following investigation.

Coded semithin sections were examined by light
microscopy and the presence or absence of a collector
channel draining Schlemm's <canal was noted, as was
occlusion by prolapse of the cribriform layer.

Examination of colloidal iron stained tissue : an attempt

to quantify glycosaminoglycans

Colloidal iron has been used successfully in previous
studies of GAGs 1in the trabecular meshwork (Table 2).
Although both ruthenium red and colloidal thorium were
investigated they both proved unsuitable due to the
variability in staining quality and inadequate penetration,
therefore they were not used in the quantitative
investigation. Initially it had been hoped that image
analysis and cationic dye preparations could have been used
in conjunction to investigate whether 'washout' had taken
place in the hyaluronidase treated eyes. However, the
colloidal iron particles which appear as <fine rod
structures (503' wide and over 1003 in length) lacked
sufficient electron density and contrast for image analysis

(vide supra).

92.






The only convenient way to assess the staining of GAGs
in the tissue was to develop a scoring system for the area
and degree of stain present in the extracellular tissue.
Coded sections from colloidal iron treated blocks from each
eye investigated were examined in the transmission electron
microscope without further section staining. The intensity
of staining reaction at seven sites (Fig 17) was judged and
awarded a score of 0, absent; +, poor; ++, moderate; +++,
intense. The staining reaction was judged in comparison to
that present in the normal pig-tailed macaque outflow
apparatus (Mn 1), which meant a maximum possible score of
21.

A separate count was made for the total vacuoles in the
lining endothelium and the differences in the content of
staining reaction was noted.

After all sections from a particular eye had been
examined and scored, a guess was made as to whether or not
it was control or experimental. At the end of this
investigation the code was broken and the guess compared to
the actual status of the eyes.

Quantitative assessment of inflammatory cell infiltration -

by light microscopy

Inflammatory cell infiltration was a feature of many
eyes 1investigated. Although this was not usually very
marked it was considered necessary to assess as far as
possible the degree of infiltration. It was hoped to
elucidate whether the infiltration was as a consequence of

the enzyme or whether it was part of a more general
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response to the release of prostoglandins and leukotrines
due to the invasive technique.

Semithin section stained with toluidine blue were
examined by light microscopy and the number of inflammatory
cells in the trabecular meshwork was recorded. Ten
sections were studied in each eye. The types of cells were
categorised by either polymorphonuclear leukocytes or
'other cells' (lymphocytes, tissue histiocytes and
monocytes). Polymorphonuclear leukocytes were the most
numerous and easily distinguished type of cell in these
toluidine blue sections, but distinction between the other
cells, which were less common, was more difficult.

Statistical analysis

All the data from quantative studies (Parts I and II)
was stored in an ICL 2976 computer and retrieved at will

for analysis using the MINITAB statistical package.
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THE PHYSIOLOGICAL EFFECTS OF HYALURONIDASE ON

AQUEOUS OUTFLOW IN THE EYE OF THE PIG TAILED MACAQUE

For the purposes of brevity the following terms will be
used henceforth.

Normal; ie Mn 1, immersion fixed.

Control; those control eyes in Mn 2 to Mn 10 which
received only Biardny's fluid.

Experimental; the hyaluronidase-treated eyes in Mn 2 to
Mn 10.

Owing to wunfortunate circumstances and manipulative
failures which occurred in some experiments, the following
eyes were excluded from the study henceforth and therefore
are not considered in the statistical analysis. The main
criteria which was used for exclusion of the following eyes
were that the fellow eye was not subject to similar
unfortunate circumstances, eg acute paracentesis, severe
scleral compression, which therefore prohibited paired
comparisons. The eyes excluded were Mn 2 right eye
(control); Mn 5 1left eye (experimental); Mn 8 right eye
(experimental), Mn 9 left eye (control).

In some animals the general condition was less than
statisfactory owing to unstable blood pressure or blood pH
levels (due to COs retention). These animals are retained
in the study on the assumption that both eyes would be
equally affected and that comparison of control and

experimental eyes would be valid and indeed might provide
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useful information.
The reasons for excluding specific eyes are as follows:
i) Mn 2, control eye:

The anterior chamber of this eye collapsed during
cannulation and intraocular pressure remained low
throughout the experiment. The excessively high flow rates
observed in this eye wre probably a result of
reconstitution of the corneoscleral envelope.

ii) Mn 5, experimental eye:

The anterior chamber of this eye collapsed both
during cannulation and immediately prior to the
physiological measurements. One consequence of this may
have been the loss of enzyme from the anterior chamber.
High flow rates in this eye were again probably a result of
reconstitution of the intraocular fluid.

iii) Mn 8, experimental eye:

This eye also collapsed and remained flaccid before a
separation in the tubing was discovered to be the cause of
the leakage.

iv) Mn 9, control eye:

This eye suffered an unusual form of insult. A pair
of Spencer-Wells forceps attached to the suture on the
temporal bulbus had become trapped and the animal's head
had slipped down, causing tension to be exerted on the eye.
Fiow rates wre negligible in this eye, presumably because
the intraocular pressure was high.

The results of the physiological study are summarised

in Table 4 and represented diagramatically in Figures 18 to
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21, 0Of the seven control and seven experimental eyes only
five are matched pairs. It can be seen that there is a
great deal of wvariation between eyes in all parameters in
both control and experimental groups.

At 18 mm Hg flow was not recorded in two control eyes
(Mn 3, Mn 7) and one experimental eye (Mn 4). Paired t-
tests on the differences in flow rates over the nine
minutes, between control and experimental eyes showed that
in three of the five pairs the values were significantly
higher in the enzyme treated eyes (Mn 3, Mn 7, Mn 10).
This 1is diagramatically represented in Fig 18. There was
no difference in Mn 6 and in Mn 4 the flow rates were
higher in the control eye.

The flow rate at 22 mm Hg was higher in most of the
eves than at 18 mm Hg but in three eyes there was little or
no increase (Mn 3 control, Mn 7 control and experiment) and
in two cases the flow rates were lower than at 18 mm Hg (Mn
3 experimental, Mn 6 control) which accounts for the
negative facility of outflow. Paired t-tests on the
differences in flow rates over the nine minute period
between control and experimental eyes showed that in each
of the five pairs there was a statistical difference (Fig
9.

The group results for each of the four parameters 1is
summarised in Table 5. The group results of flow rates at
18 and 22 mm Hg in control and experimental groups were not
statistically significant using a two-sample t-test and

paired t-test due to the large variation between eyes and
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Figure 18: Diagrammatic representation of the results of the flow rates
at 18mm Hg, showing individual results (five pairs) and the group
mean £ S.D. * p< 0,05 ** p<{ 0,01 *** pL 0,001
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Figure 19: Diagrammatic representation of the results of the flow
rates at 22mm Hg, showing individual results and group meant S.D.
Levels and significance as in Fig. 18.
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Figure 20: Results of aqueous outflow facility measurements in control
and experimental eyes (5 pairs). Group mean + S.D. are indicated.
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Figure 21: Results of the total amount of fluid which entered the eye
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Flow at Flow at Outflow Total
18 mm Hg 22 mm Hg Facility Flow
Group mean (+ S.D.) Control 1.42 + 1.72 2.82 + 2.99 0.34 + 0.4 53.5 + 58.2
n =17 Exp. 2.89 + 4.14 4.34 + 4.8 0.37 + 0.85 90.7 + 115
F-TEST 5.79 * 2.57 2.60 38.60 *
F wvalue
TWO-SAMPLE
t-TEST - 0.86 -0.73 -0.10 0.76
t value
PAIRED
t-TEST 1.27 2.37 0.34 1.60
t value
Table 5: Table to show the group results for each of the four main physiological

®

parameters and the results of the statistical analysis.

p<0.05




the small sample size. An F-test showed the the variation
in the experimental eyes was significantly greater at 18 mm
Heg flow rates.

The facility of agueous outflow results were extremely

variable (Fig 20) in only two of the <five pairs was
facility higher in the hyaluronidase treated eyes (Mn 4, Mn
6), in one case there was no real difference (Mn 7), and in
two animals it was lower in the experimental eye (Mn 3, Mn
10). The group means appeared to he almost identical
(Table 5, Fig 20).

The values for total flow, the volume of fluid entering

the eye throughout the experiment were greater in the
experimental eye in four of the five matched pairs (Table
4, Fig 21). Statistical analysis of the group results
showed no statistical difference using two-sample t-test or
paired t-test, however, there was a significant increase in
the variance in the experimental group as indicated by the
F-test (Table 5, Fig 21).

Despite the fact that the experimental group mean was
higher in each of the four parameters, there was no
statistically significant difference. -
Summary

Hyaluronidase altered flow rates in the five matched
pairs of eyes particularly at 22 mm Hg; facility of aqueous
outflow was not affected. However, due to the small sample
size and the great deal of wvariation between the values
from different animals, analysis of the group results

showed no significant difference between control and
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hyaluronidase treated eyes.

THE MORPHOLOGY OF THE OUTFLOW APPARATUS IN THE PIG TAILED

MACAQUE, NORMAL; CONTROL; AND EXPERIMENTAL EYES

The normal morphology of the pig tailed macaque outflow

apparatus

The pig tailed macaque has so far never been used in
this particular field of ophthalmic research and the normal
anatomy of the outflow system is undocumented. In order to
remedy this situation and to be fully conversant with the
anatomy in the normal undisturbed state it was decided to
investigate the morphology of the outflow system in two
immerse fixed eyes (Mn 1).

The anatomic configuration of the angular tissues was
essentially similar to that of other primates (Fig 22).
The major differences between the pig tailed macaque and
human outflow systems have been summarised in Table I in
the general introduction. The description which follows
will therefore emphasise features peculiar to this species
of sub-human primate especially those which may have some
effect on aqueous outflow dynamics.

The operculum or "operculum trabeculi" (Rohen, Liitjen
and Bardny 1967) was not as prominent as in other sub-human

primates, eg Cercopithecus aethiops, Macacae irus (Rohen,

Litjen and Bardny 1967), Papio cynocephalus (Grierson, Lee

and Abraham 1979a, 1979b). This structure was situated on

the inner surface of the meshwork. It extended from the
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corneal 1lamellae and Descemet's membrane to cover the
anterior part of the meshwork, and merge with the often
robust uveal trabeculae. It appeared to be totally absent
in some isolated meridional sections (Fig 22) but scanning
electron microscopy revealed that it was in fact present
but was frequently interrupted by large perforations
(20-150 Pm),

This structure was of interest because if it had been
well developed it may have protected the anterior half of
the meshwork from aqueous flow and serve to direct flow
more into the posterior half of the meshwork, however, this
did not appear to be the case in this species.

Due to the diminuitive nature of the scleral spur, the
trabeculae merged posteriorly with the ciliary muscle
fibres and the loose connective tissue of the iris base
(Fig 22). The intertrabecular spaces were largest in the
inner or uveal meshwork (Fig 24), becoming more complex in
the outer layers where they were traversed by numerous

cytoplasmic processes from the trabecular endothelial cells

(Fig 25). These fine projections contained very few
organelles, the junctions with which they formed
associations with other cells being their most
characteristic feature (Fig 26 and 27). Trabecular
endothelial cells were also seen to Ccross the

intratrabecular spaces, forming incomplete 'membranes' over
the perforations (Fig 26), which could possibly hinder
fluid movement through these layers. The intertrabecular

spaces which 1in conventional preparations appeared devoid
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of any material, were seen in colloidal iron stained tissue
to contain fine networks or strands of stain (Fig 27). The
surfaces of the trabecular endothelial <cells lining the
spaces also had a rich coating of iron particles,
suggesting the presence of glycosaminoglycans.

The arrangement of the trabeculae was identical to that
described 1in the general introduction. Colloidal iron
stain was found within the trabeculae in association with
the ground substance, and collagen fibrils but did not
penetrate the elastic-like fibres, curly collagen or
basement membrane material (Fig 27). Most of the cells in
the outflow system in both normal eyes (Mn 1) contained
swollen and distended mitochondria with disrupted cristae,
probably as a result of delayed fixation (immersion).

One of the more unusual features of this species was
that extensions of the ciliary muscle appeared to penetrate
more anteriorly than in other species and were more
circumferentially orientated than the longitudinal muscle
fibres. The groups of smooth muscle cells were not found
in many sections in each eye, therefore did not run round
the complete circumference. However, they were found in 11
of the 20 eyes (normal, controls and experimentals), which
was consistent enough to suggest they were a real entity
and deserved further investigation.

The bundles of smooth muscle cells ( 5-20 cells, Figs
28 and 29) were located at the posterior end of the
meshwork, adjacent to the diminu tive scleral spur. The

cell ultrastructure was characteristic of smooth muscle:
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small compact mitochondria; microfilament rich cytoplasm
with condensations adjacent to the cell membrane; and a
thick basement membrane surrounding the cell only
interrupted 1in regions of cell-to-cell Jjunctions (gap
junctions and macula adhaerentes) (Figs 28, 29, 30 and
31, Small bundles of unmyelinated nerve fibres were often
seen in the loose connective tissue in close proximity to
these muscle cells (Figs 29, 30, and 31), but no
neuromuscular junctions were observed. In some areas the
smoooth muscle cells were seen 1in association with the
trabecular endothelial cells, the native endothelial cells
of the cribriform layer and the endothelial monolayer of
Schlemm's canal (Figs 29 and 30).

The cribriform layer of the trabecular meshwork was
similar to that of other primates in the sense that it
lacked the organisation of the inner layers of the
meshwork, consisting instead of cells loosely arranged in
an extracellular matrix (Fig 32). However, there were
cells 1in the cribriform layer which appeared larger and
more specialised than the flat fibrocyte-like cells (Fig
32). They were up to 15 Fm in both vertical and horizontal
directions within one“ section and probably sent
ramifications over much greater distances in the cribriform
layer. They were connected by junctions not only to each
other but to endothelial «c¢cells of the corneoscleral
meshwork and most importantly to the lining endothelium of
Schlemm's canal. The cells are very rich in cytoplasmic

microfilaments (10 nm diameter) which as well as being
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loosely dispersed in the cytoplasm are found in bundles
near Jjunctions and most noticeably at the cell margin
directly under the lining endothelium (¥igs 33 and 34). In
this latter site the monolayer and the specialised cells
had numerous connections in the form of small cytoplasmic
'pegs'. The 'pegs' were more frequent on the lining
endothelium (Fig 33).

The extracellular elements in the cribriform layer
consisted of a mixture of materials: the ground substance
which was particularly abundant under the lining
endothelium (Figs 32, 33, 35 and 36); collagen fibrils,
often 'lost' in processing to leave only the 'ghosts' (Fig
35); and electron dense plaques (Fig 35). In colloidal
iron stained material (with and without conversion to
prussian blue) staining reaction was noted around collagen
'ghosts'; at the periphery of electron dense plagues; on
all cell surfaces; but was most intense in areas where
ground substance was abundant. Colloidal iron particles
were also seen in loose strands in the few 'empty spaces'
of the cribriform layer.

The 'giant vacuoles' in the lining endothelium of
Schlemm's canal were identical to the description in the
general introduction (vide supra). Openings on the
trabecular aspect of 'giant vacuoles' were noted, but pores
on the canal aspect were not seen in either of the two
normal eyes in the sections studied (no serial sectioning
was carried out). In conventional TEM sections it was

evident that a large proportion of the vacuoles contained

104.






loose ground substance within their lumens (Fig 26). This
was confirmed in colloidal iron treated tissue (Fig 35),
where the stain commonly appeared clumped but was also seen
to be evenly dispersed in other cases. 'Giant vacuoles'
also frequently contained fine delicate membranous
structures or ‘cell profiles'.

The topography of the trabecular wall of Schlemm's
canal was very complex in this species (Fig 24 and 38). In
the few reasonably flat areas the topography was similar to
that of other primates (Fig 37). The long narrow cells
which make up the monolayer of +the dinner wall were
orientated parallel to the 1long axis of the canal
(circumferential) and bulges protruded into the canal
lumen. These bulges comprised of both nuclei and 'giant
vacuoles' and it was only when the vacuoles showed signs of
collapse (Fig 37) (artefactually produced during
preparation) that one could with certainty differentiate
between the two. Real vacuolar and non-vacuolar pores were
rarely encountered in the samples of tissue studied,
however, artefactual pores with their distinctive ragged
edges were more freguent.

The convoluted nature of the trabecular or inner wall
of Schlemm's canal and the numerous collagenous 'islands'

and septae in the <canal lumen were frequently noted in

meridional sections (Fig 24). The true nature of these
features was, however, best illustrated by scanning
electron microscopy (Fig 38). The collagenous 'islands'

were 1in fact cord or rope-like structures which ran
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parallel to the Jlong axis of the canal, and occasionally
seen to merge with both the inner and outer walls (also
seen 1in meridional sections). These cords varied in
diameter from &a few micrometers to 5bH0-60 Pm, and had a
complete covering of endothelial cells, whose nuclei bulged
into the canal lumen (Fig 24 and 38). More obvious septae
which bifurated Schlemm's canal were rare in this species
of primate. These cords may serve as support for the inner
wall of Schlemm's canal.

Cells other than endothelial <c¢ells were relatively
common in the normal outflow apparatus of the pig tailed
macaque. Which of these cells were native tissue
histiocytes-macrophages and which were blood borne cells
only passing through the tissue was in most cases
impossible to distinguish. The cells which were adherent
tc the trabeculae and in some cases within the connective
tissue core, appeared to be phagocytosing debris and were
therefore considered to be native tissue histiocytes.
Other cells were seen in the cribriform layer (Fig 32) or
within the 1lining endothelium, 'in transit' (Fig 39).
These cells were usually lymphocytes or monocﬁés.
Polymorphonuclear leugocytes, plasma cells and mast cells
were not present in any of the sections examined in these
normal eyes. A few erythrocytes were seen in some sections
within the cribriform layer, and in one case within the
lumen of a 'giant wvacuole' (Fig 40).

The morphology of the outflow apparatus after prolonged

perfusion with Bdrdny's fluid
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Tissue from control eyes was studied to investigate the
morphological effects of prolonged perfusion with Bardny's
fluid on the pig tailed macaque outflow system. Attention
was paid to those features which differed from the normal
unperfused eyes.

The 1longitudinal ciliary muscle fibres, which are

normally compact, in some regions had excessively wide
clefts between the fibre bundles (Figs 41 and 42). The
trabecular meshwork had wide inter and intratrabecular
spaces giving the tissue a dilated or distended appearance,
with a narrowed canal of Schlemm.
The large inter and intratrabecular spaces in the uveal and
corneoscleral meshwork were a consequence of changes in the
trabecular endothelial cells. The delicate cytoplasmic
projections which crossed the intertrabecular spaces were
lost or stretched into very fine thread-like processes (Fig$
43 and 44). The membrane-like extensions of the cells
which c¢rossed the intratrabecular spaces in normal eyes
were also lost (Fig 26 and Fig 43). In some regions the
connective tissue core was disturbed where there was
incomplete cell cover. The widened intertrabecular spaces
did not contain a network of colloidal iron particles (Fig
45) as seen 1in normals. The staining of cell surfaces
lining the spaces was also poor in comparison to normal
tissue, however, the trabecular cores showed normal
affinity for the colloidal iron particles.

In the cribriform layer there was often a great deal of

distension (Figs 43, 44 and 46), although there was some
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variation from region to region within the one eye. There
were large electron lucent spaces and the endothelial cells
were orientated more at 1right angles +to the lining
endothelium than in normal eyes (Fig 26 and Fig 486). The
large specialised cells seen in this layer in the normal
tissue, were unrecognisable 1in these control eyes since
they were probably stretched into fine processes, 1in a
similar fashion +to the other endothelial cells. The
ultrastructure of the cells din this layer seemed normal,
the cytoplasm of the fine processes contained few
organelles with the exception of microfilaments.

In some regions of the cribriform layer there was
undoubtedly a ‘'washout' of extracellular materials (Fig
54), which usually coincided with areas of high wvacuoclar
incidence, suggesting high flow pathways. In other
regions, however, it was more difficult to ascertain if
there had been a genuine loss of extracellular material or
whether the normal amount of material was still present but
was surrounded by a greatly increased area of electron
lucent spaces, thus appearing as a loss (Fig 46 and 50).
The ground substance under the lining endothelium was seen
to persist even in apparent high flow areas (Fig 50) and in
some cases was clearly seen to plug the trabecular openings
of 'giant vacuoles' (Fig 46 and 54). This ground
substance, as 1in normal eyes, stained intensely with
colloidal iron. The large electron lucent spaces in the
cribriform layer were devoid of fine strands of colloidal

iron particles and the c¢ell surfaces in this layer were in
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general also less intensely stained than normals.

By conventional TEM the lumen of most vacuoles were
electron lucent (Fig 43, 46, 50 and 54), however, in
colloidal diron preparations about half of the vacuole
population contained some staining reaction, on the
internal membrane and in the lumen as either a diffuse
staining reaction or as a fine network of strands of iron
particles (Fig 47). Other vacuoles were devoid of stain.

The 'giant wvacuoles' had a patchy distribution within
each eye, ranging from being very abundant (Fig 44, 50 and
54) to being relatively scarce (Fig 43). Some of the
greatly distended regions had fewer vacuoles. The 1lining
endothelium had fewer connections with both the cells and
the extracellular elements of the underlying cribriform
layer, ie the ‘'pegs' described in the normal tissue.

The ‘'giant vacuoles' were often of a greater diameter
(up to 15 Fm) than in normal eyes. Figure 48 shows an
unusual view of 'giant vacuole' which was opened during
tissue preparation. The wvacucle was a thin walled
structure which was crossed internally by delicate cellular
membranes, partly subdividing the lumen. The opening shown
on the canal aspect could represent the outer part of a
transcellular channel.

Vacuolar pores and non-vacuolar pores in the 1lining
endothelium of Schlemm's canal were more easily seen by
examining the dissected trabecular wall by SEM (Fig 49).
Non-vacuolar pores were also occasionally seen by TEM (Fig

56) as membrane bound interruptions in the endothelial
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monolayer. Breaks in the lining endothelium which were
considered to be artefactually produced were rare, but when
present had a ragged cell border which was not membrane
bound. These were usually associated with areas of inner-
outer wall gpposition which are presumably disturbed during
processing to create artefactual breaks in both monolayers.

The 1lining endothelium of the control eyes was also
characterised by focal ballooning or 'blow-outs' (Fig 50,
51, 52 and 53). These structures consisted of large areas
of the lining endothelium, involving more than one cell,
and were up to 70 Pm in diameter. The endothelial mono-
layer, and in some cases also the sub-endothelial 1layer,
was detached from the underlying tissue and protruded into
Schlemm's canal. Al]l attachments to the underlying tissue
were lost. The 'blow-outs' contained very little contents,
except perhaps a Zfew disorganised cell processes and a
little loosely dispersed ground substance (Fig 50, 51, 52
and 53). They are usually smooth surfaced with only a few
nuclear bulges and perhaps a few vacuoles mostly confined
to the sides of the structure (Fig 52 and 53).

The openings of collector channels where they entered
Schlemm's canal were frequently occluded by prolapsed
trabecular tissue (Fig 54). Although the tissue which
blocked the entrance resembled the ‘'blow-outs' described
previously they may be much more extensive, involving large
areas of the inner wall, and commonly involved not only the
endothelial monolayer but also the cellular and

extracellular elements of the cribriform layer (Fig 54).
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In some sections the opening to the c¢ollector channel
appeared completely blocked, however, this was not always
the case, and even when it was, serial sectioning would be
required to confirm that the orifice was completely
occluded.

Areas of canal closure due to inner-outer wall
apposition were Ifrequently seen in control eyes. In these
regions there were very few 'giant vacuoles'. Complete
canal closure was often prevented by the presence of the
collagenous cords in the canal Jlumen, which served to
restrain the outward bowing of the inner wall (Fig 55).

Inflammatory cell infiltration in the outflow apparatus
was mild, +the chief cell +type being polymorphonuclear
leukocytes (Fig 43, 54 and 55). Other types of cell which
were noted occasionally were erythrocytes, lymphocytes,
monocytes and plasma cells (Fig 56). More cells were pre-
sent in the canal of Schlemm and collector channels than in
the trabecular meshwork. Cells were also frequently seen
passing through the 1lining endothelium via both non-
vacuolar and vacuolar pores. Small platelet aggregates
were seen on the lumenal surface of Schlemm's canal in a
few eyes, but were not sufficiently frequent to suggest
that any damage had been suffered by the tissue.

The morphology of the outflow apparatus in hyaluronidase

treated eyes

Examples of the outflow system from two different
experimental eyes (Fig 58 and 59) illustrate the general

appearance of the tissue and also the wvariation in the
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ciliary muscle configuration. In Fig 59 the longitudinal
ciliary muscle bundles are widely separated, in the other
eye (Fig 58) they are more tightly arranged.

The trabecular meshwork in experimental eyes showed
similar changes to those observed in the control eyes.
There were large 1inter and intratrabecular spaces in the
uveal and corneoscleral meshwork due to the changes 1in
configuration of the trabecular endothelial cells (Fig 56,
59 and 60). In colloidal iron preparations the
intertrabecular spaces were devoid of stain, the cell
surfaces 1lining these spaces were also poorly stained,
however, the staining within the trabecular cores was
comparable to that in normal eyes (Fig 61).

The 'blow-outs' in the inner wall of the canal were
identical to those described in control eyes, involving
either the monolayer alone or two to three layers of cells
and extracellular elements of the cribriform layer (Fig 62
and 63). In the latter cases a few 'giant vacuoles' were
seen on the otherwise smooth lining endothelium which
enclosed the 'blow-outs'.

In regions where a collector channel drained Schlemm's
canal there was often a greater degree of distension in the
outer meshwork than in adjacent areas. This often resulted
in apparent blockage of the collector channel opening by
prolapsed trabecular tissue (Fig 64 and 65) identical to
that noted in control eyes.

In some regions of the experimental eyes, increased

vacuolar incidence was accompanied by a great deal of
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distension and disruption of the cells in the cribriform
layer, and a loss of the extracellular materials (Fig 66).
The cells of the cribriform layer in these areas appeared
as 1isolated pieces of cytoplasm rather than the fine
processes seen in areas of milder distension (Fig 60). In
some greatly distended areas there was also a great deal of
damage to the outermost corneoscleral trabeculae (Fig 65
and 66). Other regions which suffered 1less disruptive
effects had fewer vacuoles, abundant extra-cellular
materials (Fig 60), and the arrangement of the cells in the
cribriform layer was a more normal appearance with perhaps
the cell organelles being confined to a smaller perinuclear
zone of cytoplasm than in the more normotensive state.

It was expected that in the hyaluronidase-treated eyes
there would have been a dispersion or 'washout' of the
ground substance in the c¢ribriform layer, however, the
impression from qualitative observations was that this
material was as abundant, particularly under the lining
endothelium, as in control eyes (Fig 60, 65, 67 and 70).
Openings on the trabecular aspect of 'giant vacuoles' were
sometimes accompanied by a depletion of the ground
substance 1in their vicinity (Fig 67), however, it was
equally as likely to find these openings blocked by ground
substance with a high affinity for colloidal iron (Fig 68).
The appearance of the extracellular materials in the
cribriform layer by conventional TEM, and the staining
pattern and intensity in colloidal iron preparations were

analogous to control eyes.
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The majority of the 'giant wvacuoles' 1in experimental
eyes were electron lucent in conventional TEM preparations,
while in c¢olloidal 1iron preparations about half of the
vacuole population contained some sparse staining of their
internal membrane (Fig 68) and about a quarter of the
population contained a more widespread staining reaction in
the lumen (Fig 68). The pattern of the stain was either
diffuse, clumped or in chains of colloidal diron particles
forming a loose network (Fig 69). Similar patterns were
noted in control eyes.

Large breaks or disruptions in the lining endothelium
were rarely noted in these eyes, even in greatly distended
areas, and whenever such breaks did occur their origin was
more than likely of an artefactual nature since they were
usually associated with regions of inner-outer wall
apposition as in control eyes.

Vacuolar and non-vacuolar pores were observed by both
TEM (Fig 70) and SEM (Fig 71). The non-vacuolar pores were
generally smaller (<J.Pm) than vacuolar pores (0.5-2.5 Pm)
but seemed to be present in greater numbers. Due to the
complex nature of the lining endothelium it seemed very
likely that a great many pores would not be visible when
examining the topography of the dissected trabecular wall
of Schlemm's canal.

In common with control eyes there was an apparent
decrease in the numbers of tissue histiocytes in the
experimental eyes. The inflammatory cell infiltrate was of

a similar nature and intensity to that in controls (Fig 60,
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65, 66, 67, 72 and 73).

QUANTITATIVE MORPHOLOGICAL STUDY OF THE

EFFECTS OF HYALURONIDASE

The incidence of ‘giant vacuoles' in the lining endothelium

of Schlemm's canal

As described in the general introduction ‘giant
vacuoles' have been strongly implicated in the role of
agqueous movement across the lining endothelium. Their
numbers have been shown to correlate with intraocular
pressure and flow at the time of fixation. It was
therefore considered an important part of +this study to
investigate vacuolar incidence in normal, control and
experimental eyes.

The assessment of the incidence of ‘'giant wvacuoles' by
light microscopy was limited by the resolution of the oil
immersion Jlens and errors in counting were dinevitable,
however, since the analysis was performed on coded sections
the error was equal for all eyes investigated. Structures
which might have been mistakenly counted as vacuoles
(although care was taken not to) were as follows:

i) Pseudovacuoles (Rohen 1969), 1ie those structures
enclosed by more than one endothelial cell (Fig 74a).

ii) Intracytoplasmic swellings, which may be the result
of distended mitochondria or endoplasmic reticulum, in
poorly fixed material, eg Mn 1 in present study (Fig 74b).

iii) ©Small folds in the lining endothelium (Fig 74c).
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Figure 74:
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Pseudovacuole

Distended mitochondria

Folds in lining endothelium

'Giant vacuole' with meshwork pore

'Giant vacuole' totally intracytoplasmic
'Giant vacuole' with canal or lumen pore
Collapsed 'giant vacuole’

Multilobed 'giant vacuole' (counted as one)



Structures which were counted as one ‘'giant wvacuole'
are shown in Fig 74d-h. In order to reduce the error in
counting false vacuoles any structure below 2 Pm was not
counted. Although this may have excluded smaller vacuoles,
or those cut off-centre, this was considered an acceptable
error which would be equal in all eyes studied. These
criteria were also applied to the study of +the human
outflow system (Part 1II). The result of the 'giant
vacuole' counts are shown in Table 6.

Inner wall nuclei

The main number of nuclei in the inner wall, expressed
as a count per section, was between 7.7-14.9, with an
overall group mean and standard deviation of 10.6+2.2.
There was a slight but insignificant wvariation in the
nuclei counts between control and experimental eyes (Fig
75b). The count was carried out to ensure that the length
of endothelium studied was comparable, and possibly as a
correction factor if the difference was significant. It
can be seen from Table 6 that the counts in the majority of
animals was very similar in both eyes.

'Giant wvacuoles'

In the normal eyes (Mn 1) which were immerse fixed the
counts 1in the left and right eye were surprisingly
different (Table 6, Fig 75a) with the count in the left eye
being double that of the right. This may be attributed to
the loss of intraocular pressure which occurred when the
sclera was perforated during enucleation of the right eye

prior to immerse fixation.
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Figure 75: a) Results of the assessment of vacuolar incidence in the
lining endothelium of Schlemm's canal in the three groups of pig
tailed macaques, normal, control, and experimental. In four of the
five pairs of eyes there were significantly fewer wvacuoles in the
experimental eye {(t-~test). Group means (*SD) are also indicated.

b) Results of the nuclei counts in the three groups of eyes.
Group means iSD are indicated.



The results in the control group varied between 7.6 to
36.4 total 'giant vacuoles' per section, with a group mean
and standard deviation of 22.5+8.0 (Fig 75a). The counts
per section in the experimental eyes varied from 6.0 to
27.9 with a group mean and standard deviation of 16.74+7.6
(Fig 7ba). A t-test carried out on the group data
indicated that [there were significantly fewer 'giant
vacuoles' in the experimental eyes (t=4.36, p <0.001), 1f
the slightly higher nuclei counts in experimental eyes were
taken into account it indicated that there was an even more
significant decrease in the numbers of 'giant vacuoles' in
the available length of endothelial monolayer. A paired t-
test on the differences in the mean counts per eye in the
five matched pairs also indicated there were significantly
fewer vacuoles in experimental eyes (t=3.25, p<0.05).

Of the five pairs of eyes there was a lower vacuolar
incidence in the experimental eyes in four pairs which were
of varying statistical significance using a t-test on the
mean and standard deviation of the counts from the ten
sections in each eye (Fig 75a : Mn 4; t = 2.75, 0.01<p

<0.02 : Mn 6; t=2.25, 0.02<p<0.05 : Mn 7; t=5.4, p<0.001
i Mn 10; t=6.25 p<0.001). In the other pair of eyes (Mn 3)
there was no statistical difference in vacuole counts.

The distribution of the vacuole counts in each quadrant
in normal, control and experimental groups of eyes is shown
in Table 7. Chi-squared tests were carried out to discover
whether the counts in each quadrant varied, suggesting an

uneven distribution. However, it was found that there was
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S
Quadrants Sup. Sup. Inf. Inf. Overall
I group

Group ~ -~ Temp. Nasal Temp. Nasal result
Normals (2)
Vacuoles/section 12.6 3.6 13.6 12.6 11.9
Controls (7)
Vacuoles/Section 22.5 21.6 22.1 23.7 22.5
Experimentals (7)
Vacuoles/Section 18.4 16.6 14.5 17.5 16.7

Table 7: Table showing the distribution of vacuole counts in each
control and experimental groups.

quadrant in normal;
Number in parentheses = number of eyes used.




no difference although experimental eyes seemed a bit more
unevenly distributed than controls.

In summary the quantitation of wvacuolar incidence
revealed that fewer ‘'giant vacuoles' were present in
hyaluronidase treated eyes compared to the controls. This
was established in four of the five matched pairs of eyes
and was also true of the group data.

The state of distension in the cribriform layer

As described in the general introduction the trabecular
meshwork changes configuration in passive response to
increased intraocular pressure and flow. One of the
noticeable changes is in the cribriform layer which becomes
more distended with increased free or 'empty space'
available for aqueous movement. Glycosaminoglycans may act
as a biological cement helping to hold this tissue
together. It was postulated therefore that in those eyes
exposed to hyaluronidase there would be a ‘'washout' of
extracellular materials and a resulting greater degree of
distension.

A total of 671 negatives from 112 ultrathin sections
were assessed. Fifteen fields were measured on each
negative therefore a total of 10,065 measurements were made
in this investigation. Approximately equal samples were
taken Zfrom each eye (Table 8). Poocled estimates of the
mean and standard deviation for each eye were calculated
from the results of the eight sections (Table 8).

In the normal eyes (Mn 1) approximately 36% of the area

beneath the lining endothelium was occupied by 'empty
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Figure 76: Diagrammatic representation of the results (in five pairs
of eyes) of the qualitative assessment of the percentage area of'empty
space' in the cribriform layer. Levels of significance (t~test) are
indicated.
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Quadrant Sup. Sup. Inf. Inf.
Total
Group (n) Temp. Nasal Temp. Nasal
NORMALS (2)
No. of sections 4 4 4 4 16
Mean % ‘empty
space' 34.48 35.75 39.2 35.4
'Expected %
'empty space' 36.2 36.2 36.2 36.2
(Obs - Exp)?
Exp 0.08 0.005 0.24 0.017 x? = 0.342 NS
CONTROLS (7)
No. of sections 13 15 18 10 56
Mean % 'empty
space' 49.63 53.12 47.14 48.1
Expected %
'empty space' 49.9 49,9 49.9 49.9
(Obs — Exp)?
Exp 0.001 0.21 0.15 0.06 }? = 0.421 NS
EXPERIMENTAL (7)
No. of sections 16 13 16 11 56
Mean % 'empty
space' 50.08 53.64 50.19 52.0
Expected %
'empty space' 50.9 50.9 50.9 50.9
(Obs ~ Exp)2
Exp 0.01 0.14 0.001 0.02 %2 = 0.171 NS
Table 9: Table to show the variation in the results of the

quantitative assessment of distension between gquadrants.
The results of Chi squared tests are shown.
NS - not significant.
Number in parantheses = number of eyes in group.




space'. The means and standard deviations of the two eyes
were similar although there was slightly less distension in
the right eye.

All the results in control and experimental eyes are
shown in Table 8, however, only the results in paired eves
are diagrammatically represented in Fig 76. Of these five
matched pairs, distension was significantly less in the
experimental eye in three, as indicated by a t-test (Mn 3,
t=7.4;, Mn 7, t=4.4; Mn 10, t=3.4). In one pair there was
no difference (Mn 6) and in another it was greater in the
experimental eye (Mn 4, t=3.7).

The overall group results were as follows:

control:- 49.9+17.1, n=4,110

experimental:- 50.9+16.2, n=4,415
A t-test indicated that this difference was statistically
significant (t=2.83, 0.001<p < 0.01). This was of course
due to the very large sample sizes, hence very small
standard errors and confidence intervals.

The distension data was broken down into quadrants as
in the vacuole study (Table 9). Chi-squared tests were
carried out and the low values indicated that the degree of
distension was evenly distributed between the quadrants in
normal, controcl and experimental eyes.

There was a great deal of wvariation in the amount of
'empty space' in the cribriform layer within one eye, this
was true of both control and experimental eyes.

In summary, the wuse of 1image analysis revealed a

slightly greater degree of distension in the cribriform
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layver of the hyaluronidase treated eyes.

The incidence of ‘'breaks' in the lining endothelium of

Schlemm's canal (as seen by TEM)

The qualitative examination of the tissue showed that
there were areas of marked distension in the cribriform
layer, and that there were some tears or 'breaks' in the
lining endothelium (vide supra). Since it was feasible
that the lower incidence of 'giant vacuoles' in
experimental eyes might be the result of drainage through
this less conventional route a quantitative ultrastructural
study of the incidence, nature and size of any breaks in
the lining endothelium was undertaken.

A total of 274 electron micrographs from control eyes
and 299 from experimental eyes were assessed. There were
three major disruptions in the control eye of Mn 4, which
were considered to be preparation artefacts judged on the
criteria previously described (see materials and methods).

A total of five non-vacuolar pores were noted in the
seven control eyes, and three in the seven experimental
eyes, all of which were under 0.5 }un in size. Only one
vacuolar pore (ie, on the lumen aspect of a 'giant
vacuole') was noted in the control eyes, and six were noted
in experimental eyes, all were about 1 Pm or less 1in size.
There were 1twelve small disruptions which were identified
as artefacts in control eyes, and six similar disruptions
in experimental eves.

In summary, although large areas of lining endothelium

were studied at the ultrastructural level, only a few
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breaks in the lining endothelium were found, the majority
of which were considered to be artefacts. The small
numbers involved were unsuitable for a valid analysis,
however, it did not appear that there was any difference
between control and experimental eyes. Admittedly a study
of this nature, without serial sections, 1is of 1limited
value but it was considered important to exclude the possi-
bility that hyaluronidase treated eyes had suffered major
disruptions to the lining endothelium.

Quantitative study of the bulges and pores in the lining

endothelium of Schlemm's <canal by scanning electron

microscopy

In conjunction with the other gquantitative studies it
was considered essential that the pores in the trabecular
wall of Schlemm's canal be studied, since these structures
represent transcellular channels, and as such they would be
expected to vary in accordance with the physiological
measurements., This study was carried out by SEM in order
to investigate larger areas of lining endothelium in both
control and experimental eyes.

The criteria used 1in the present investigation were
similar to previous authors who have carried out
quantitative studies of this nature (Bill 1970, Lee 1971,
Bill and Svedbergh 1972, Lee and Grierson 1975, Grierson,
Lee, Mosely and Abraham 1979). The following features were
counted on each print of intact areas of lining endothelium
(and diameter measured in the case of pores):

i) Bulges; by SEM it was unclear whether these were
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Figure 77: a),b),c}l. Histograms to show the size and frequency of the
pore diameters in normal, control and experimental tissue as recorded
in SEM study of the lining endothelium. (Not corrected for sample
size).



CONTROL EXP
n =1y n=19%
Area examined
p2 495,000 384,000
Bulges,
mean 5,216 5,675
+ S.D. + BH66 + 817
Pores on bulges,
mean 295 294
+ S.D. + 215 + 166
% Bulges with
pores,
mean 5.9 5.1
+ S.D. + 4.3 + 2.4
Other pores
mean 382 411
+ S.D. + 164 + 214
Total pores
mean 677 706
+ S.D. + 348 + 307

Table 11: Pooled data of group results
(mean + S.D.) of quantitative
SEM study of the lining
endothelium. Results
expressed as features/mm2.



nuclei or vacuoles.

ii) Pores on bulges.

iii) Non-bulge pores.
Pores were considered real if they had a smooth outline,
while those with irregular edges were assumed to be
artefacts and were ignored. The results from the group of
prints in each eye ﬁére collected and expressed as results
per sguare millimetre. A total of 352 prints were
exXxamined, 59 from normals, 165 from control eyes and 128
from experimentals.

In the normal eye there were around 5000 bulges/mmz,
but pores were rare and whenever found were three or four
times more likely to be non-vacuolar. The pores were less
than 1.5 pm in diameter (Fig 77).

Paired t-tests on the five matched pairs of eyes showed
that there was no statistical difference in the numbers of
each of the following: bulges, percentage bulges with
pores, other pores and total pores. The pooled results of
control and experimental groups are shown in Table 11. The
area sampled in the experimental group was smaller ( 22%)
than the control group. There was no statistical
difference (t-test) in the numbers of bulges, bulge-pores
and non-bulge pores between control and experimental
groups. In both groups the mean number of total pores was
approximately 700/mm2, of which more than half were non-
bulge pores.

The results of the pore size and freguency measurements

in the normal, control and experimental groups are
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diagrammatically represented in Fig 77). The numbers of
pores shown are the actual counts, with no correction for
sample size. Hence there appears to be slightly more pores
in the control group than in the experimental. The
frequency distribution of the pore diameters in all groups
is skewed with the majority of pores being under 0.5 Pm in
size. Unfortunately, the data was not collected in a
fashion which allowed the sizes of the vacuolar and non-
vacuolar pores to be compared, however, from a qualitative
impression it appeared that the non-vacuolar pores were
smaller and probably contributed a substantial proportion
of the smaller pores.

In the normal eyes (Mn 1) the percentage of bulges with
pores was approximately 1%, whereas in both control and
experimental groups it was 5-6%. A greater proportion of
the total pores ( £ 40%) were situated on bulges in the
control and experimental groups compared with about a
gquarter in normal eyes (although it has to be admitted that
this is based on a small sample from normal eyes).

Despite the intrinsic sources of error in this study it
is assumed that conditions were equal for both control and
experimental groups of tissue. In summary the quantitative
investigation did not reveal any difference in the numbers
of bulges and pores in the lining endothelium between
control and hyaluronidase treated eyes.

Incidence of patent and occluded collector channels

In this part of the investigation it was hoped to

discover whether occlusion of collector channel openings
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was commoner in control or experimental eyes. In the 193
semithin sections examined by light microscopy (from all 20
eyes) 68 possessed collector channels, ie 35.2%. In the 69
sections from seven control eyes, 20 had collector channels
and of these 12 (60%) showed some form of occlusion by
trabecular tissue. In the 69 sections from the seven
experimental eyes 28 had collector channels and of these 15
(53+5%) were occluded to some extent.

This small sample of tissue suggests that collector
channels are very numerous 1in the pig tailed macaque
outflow system. A large percentage of these collector
channels appeared to be either totally or partially
occluded by distension of the cribriform layer. This was
found to a similar extent in both control and experimental
groups of eyes but was not found in normal unperfused eyes.

Assessment of colloidal iron staining in the trabecular

meshwork

This section describes the results of the non-
parametric technique which was carried out to discover if
there was any obvious difference in the quantity of
glycosaminoglycans, which was stained with colloidal iron,
between control and experimental eyes.

A total of 29 sections from the five matched pairs of
eyes were investigated. The results are shown in Table 12,
and diagrammatically represented in Fig 78. In three of
the five pairs (Mn 3, Mn 6, Mn 10) the score in the
experimental eye was lower than the control eye. The

reverse was true of the other two pairs (Mn 4, Mn 7). The
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No. of Mean Total % Vacuoles
ANIMAL sections score per | no. of containing
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