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SUMMARY

There is a great need for an in vitro model for studying aqueous humour
dynamics. A large number of antiglaucoma drugs| is currently in clinical use or
are in various stages of development, and in some cases their underlying
biochemical mechanisms of action are unclear. The present work was
undertaken to find out whether the easily obtainable inexpensive bovine eye
could be established as such a model to study the physiology and pharmacology
of ocular hypotensive drugs. The specific objective was to try to explore the
mechanism of action of the extensively used B-blocker, timolol, to determine
whether it acts through the conventional B-adrenoceptor-adenylate cyclase

mechanism, as is often assumed.

The isolated arterially perfused bovine eye has been proved to be a valid model
for studying aqueous humour dynamics and the pharmacology of various
antiglaucoma drugs. Its usefulness has been shown by significant effects of
standard and well-established ocular hypotensive agents, such as timolol and
MK-927, a carbonic anhydrase inhibitor, on both intraocular pressure and
aqueous humour formation. MK-927 produced a dose-dependent decrease in
intraocular pressure and aqueous humour formation with moderate doses of 1, 10

or 100 nmol.

In addition to the responses to the standard drugs, -the viability and metabolic
activity of the isolated perfused eye has been shown by significant consumption
of O and elaboration of CO9 during the course of perfusion. This was achieved
by comparing the two parameters between the perfused living and dead eyes.
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The bovine perfused eye has been shown to offer the opportunity to study the
effect of ocular hypotensive drugs upon intracellular mechanisms, especially
upon second messenger pathways. It allows rapid and convenient sampling of

substantial amounts of target tissue for biochemical analysis after drug challenge.

The usefulness of the perfused eye has also been shown for isolating and
culturing ciliary epithelial cells. Two new methods of isolating and culturing
ciliary epithelial cells have been developed. One by aseptic and consecutive
perfusion of the isolated eye with DMEM, calcium-free buffer and collagenase
and the other by incubating the excised ciliary processes with collagenase. The
cells were successfully propagated up to 10 passages without any obvious sign of
change of growth characteristics. In first passage cells cultured in this way,
there occurred highly significant and concentration-dependent increases in cyclic
AMP and cyclic GMP in response to terbutaline and atriopeptin, respectively,
indicating that these cells retain functional receptors. This will open up broad
opportunities for physiological, pharmacological and biochemical studies on

specific target cells responsible for aqueous humour production.

To explore the mechanism of action of timolol, we studied four different drugs
which are known either to alter aqueous humour formation or intracellular cyclic
AMP content. The drugs used were timolol, a B-adrenoceptor antagonist;
terbutaline, a B-adrenoceptor agonist; forskolin, a potent direct stimulator of
adenylate cyclase and 8-bromo cyclic AMP, a membrane permeable analogue of

cyclic AMP.

Both timolol (10 nmol) and terbutaline (30 nmol) were found to cause a
significant reduction of intraocular pressure and aqueous humour formation by

bolus injection into the perfusate, but neither of them had any effect on levels of
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ciliary epithelial cyclic AMP. Even in the case of terbutaline, a three times
higher dose also failed to alter ciliary cyclic AMP content.

However, when excised ciliary processes from fresh bovine eyes were incubated
with terbutaline, concentrations of 10-4 to 10-6 M produced a graded increase in
cyclic AMP . The same concentrations of terbutaline also produced a more
pronounced and concentration-dependent increase in cyclic AMP in cultured
ciliary epithelial cells. 104 M terbutaline produced about 800% increase in
ciliary epithelial cyclic AMP content.

Forskolin (30 nmol) on the other hand, produced a highly significant iﬁcrease in
ciliary cyclic AMP in the perfused eye, but had no effect on aqueous humour
production. A 100 nmol dose of 8-bromo cyclic AMP also failed to produce
any effect on aqueous humour formation. Finding no relevance of ciliary cyclic
AMP levels to aqueous humour formation in all these experiments, we turned to
specific inhibitors of cyclic nucleotide-dependent protein kinases. A 10 nmol
bolus dose of KT-5720 (protein kinase A inhibitor) completely blocked the effect
of terbutaline (30 nmol) on intraocular pressure and aqueous humour formation.
In contrast, KT-5823 (protein kinase G inhibitor) was unable to block the

intraocular pressure-lowering effect of terbutaline.

Thus experiments with timolol, terbutaline, forskolin and 8-bromo cyclic AMP
showed that there is no correlation between the aqueous humour formation rate
and the ciliary epithelial content of cyclic AMP. On the other hand,
experiments with protein kinase A and protein kinase G inhibitors indicate that
cyclic AMP may be an important modulator of aqueous humour formation.
From the convincing irrelevance in the former case and an apparent relevance in

the latter case we were led to suggest the following possibilities: that cyclic



AMP may be an important modulator of aqueous humour formation but at
changes in concentration which are too low to be measured by
radioimmunoassay; that functional compartmentalization of cyclic AMP may be
involved in ciliary epithelial cell function; that the increase in cyclic AMP in
some critical foci of ciliary epithelial cells may be important to modulate cell
function, yet this change is not sufficient to affect the total cyclic AMP content
of the cells.

The vasodilator cardiac peptide, atriopeptin and the nitrovasodilator, sodium
azide, were found to be highly effective in reducing aqueous humour formation
and intraocular pressure in the perfused bovine eye. Atriopeptin at
concentrations of 10-6 to 10-8 also produced a concentration-dependent increase

in cyclic GMP in cultured ciliary epithelial cells.

The intraocular pressure-lowering effect of a 10 nmol bolus dose of sodium
azide was found to be completely abolished by the specific inhibitor of protein
kinase G (KT-5823). In contrast, protein kinase A inhibitor (KT-5720) was
unable to block this effect of sodium azide. It was concluded that both
atriopeptin and sodium azide lower intraocular pressure by reducing aqueous
humour formation and that cyclic GMP may be an important 2nd messenger

involved in aqueous humour formation.

The calcium-channel blocker verapamil in bolus doses of 1, 10 or 100 nmol
produced a dose-dependent decrease in intraocular pressure in the bovine
perfused eye.  On this basis future work on drugs which can modulate

intracellular Ca2* is suggested.
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INTRODUCTION

General Consideration

The supply of nutrients to the avascular structures of the eye, such as the cornea,
the lens and the trabecular meshwork is accomplished by aqueous humour (AH).
The existence of two systems of blood vessels - the retinal and the uveal -
together with the blood-retinal and blood-aqueous barrier and the complex
mechanism of AH formation and drainage'make it possible to supply nutrition to
the intraocular tissues without blood interference in transmission of light
through the eye. This complex arrangement for ocular nutrition contributes to

good optical properties of the eye.

AH is a transparent fluid contained in the anterior and posterior chambers of the
eye and is formed by the ciliary epithelium (CE) of the ciliary processes
projecting from the ciliary body. As the aqueous is formed it enters the
posterior chamber from which it flows in three different directions: (1) most of
the aqueous flows forward between the lens and iris and through the pupil into
the anterior chamber, (2) a small portion flows into the vitreous to be absorbed in
the posterior part of the eye and (3) some of the aqueous apparently is
reabsorbed at the ciliary body. Apart from supplying nutrition to the ocular
tissues AH has other functions including draining of metabolic wastes into the
venous system and maintaining optimum pressure in the eye, which is important
to give the rigidity necessary for optical alignment of the cornea, lens and the
retina. The intraocular pressure (IOP) is also responsible for the bulk flow of
aqueous out of the anterior chamber through the two major outflow pathways -
the trabecular and the uveoscleral. Such pressure is inherent in a system where

fluid is to flow through passive routes. IOP is determined by the relationship



between the rates of AH formation and drainage. In the normal eye the rate of
production is equal to the rate of outflow of AH. Any deviation from the
normal relationship will affect the IOP. If, for example, the rate of production
of AH is more than the rate of its drainage, IOP will increase. Increased IOP
can also occur in eyes with normal AH production but defective drainage, such
as complete or partial blockage to the outflow pathways. A high IOP is the
important cause of chronic open-angle glaucoma (COAG), a condition in which
IOP rises to the point of damaging the retina and its nervous outflow. Reduction
of IOP by various means to a level at which optic nerve damage ceases, is
currently the only available and clinically acceptable treatment of COAG which
is the most common cause of blindness throughout the world (Leopold and

Duzman, 1986; Everitt and Avorn, 1990). |

The IOP can be reduced by two basic mechanisms: (1) decreasing the
production of AH from the ciliary processes, (2) increasing the outflow of AH
through the trabecular (conventional) and/or uveoscleral (unconventional)

pathways (Hurvitz. et al., 1991)

One of the important contemporary issues in glaucoma research is to determine
which of the two basic mechanisms of reducing IOP (decreasing the inflow and
increasing the outflow) is the preferable therapy. There is widespread belief that
COAG is invariably associated with an increased resistance to the outflow of
AH. Also there is apprehension that the secretory suppressant may have long
term side effects on some of the avascular structures in the eye which depend
upon adequate nutrition from the AH. Thus it follows that rational therapy
should be directed at decreasing the resistance to outflow. The paradox is that
drugs most commonly used in treating glaucoma in fact suppress secretion. The

following may throw light on this paradox:



1. Decreasing outflow resistance is often resistant to drugs.

2. The pathological changes in the outflow channel, whether in the superficial

trabecular meshwork nearer to the anterior chamber angle or deep in the
juxtacanalicular tissue, have always been poorly understood. Ocular
hypertension is due to an increased resistance to outflow but what happens to
the trabecular meshwork to cause this is totally unknown (Epstein, 1987).
Treatment to increase outflow is not aimed at the actual pathological changes
in the outflow channel. Most of the available treatments, e.g. pilocarpine,
are aimed at activating the ciliary muscle.  But there is no evidence to
suggest that in COAG, cholinergic tone is defective or the cholinergic

transmitter or its receptors is in any way lost or altered (Sears, 1991).

. Several classes of secretory suppressants are in extensive use in the treatment

of glaucoma, such as carbonic anhydrase inhibitors and beta blockers. Very
few ocular side effects have been reported to result from these drugs despite
their substantial reduction of the rate of AH formation (Gilmartin et al., 1984;
Bron et al., 1989; Higginbotham et al., 1989).

. In the context of secondary glaucoma, the goal is to eliminate the cause.

Medication aimed at improving outflow may not work at first and may have
effects that aggravate the resolution of the primary inflammatory process. In
such cases IOP must be kept at a reduced level by reducing AH flow, until

the cause is eliminated (Sears, 1991).

. Increased resistance to outflow as a result of compression of the trabecular

meshwork or the apposition of the inner wall of the Schlemm's canal to the

outer wall, has a deleterious effect on the outflow channels. Under such



conditions the effectiveness of the outflow medication is lessened (Sears,

1966).

\

!

the reduction of IOP can usually be achieved either by a drug which

6. In acute angle-closure glaucoma where there is ischaemia to the iris| sphincter,
suppresses secretion or, temporarily, by an osmotic agent.  Ischaemia

renders the tissue unresponsive to pharmacologic agents (Sears, 1991).

For all these reasons, reducing IOP by reducing AH inflow is as logical as

increasing the outflow of AH.

The present study is concerned with the mechanisms of action of drugs which
decrease the production of AH from the ciliary process. Thus a brief review of
the structures responsible for AH production, AH physiology (its composition,
production, drainage etc.) as well as a discussion on the pharmacology of the

agents which may influence AH dynamics deserve worth attention.

Gross Structures of the Eye

In shape the eyeball is a sphere, with the segment of a smaller sphere, the cornea,
in front. It is composed of three coats or tunics. The outermost protective coat
is made up of the sclera posteriorly and the cornea anteriorly. The middle coat
is mainly vascular, consisting of the choroid, ciliary body and iris. = The
innermost coat is the retina, containing the essential sensory elements
responsible for vision - the rods and cones. Within the three coats are the
refractory media - namely, the AH, the crystalline lens and a clear jelly, the

vitreous humour (Fig. 1).
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Fig. 1. Horizontal section of the eye. P.P., posterior pole;

A.P., anterior pole; V.A., visual axix (Wolff, Anatomy of the
Eye and Orbit1, 1968).



The cornea, the first and the most powerful refracting surface of the optical
system of the eye, occupies the anterior sixth of the outermost coat. The
crystalline lens is a double convex transparent body positioned between the iris
and AH in front and the vitreous humour behind and is supported by an elastic
capsule and the ciliary zonule (the suspensory ligaments) which is itself attached
to the ciliary body. The iris, a pigmented membrane, is the most anterior
portion of the vascular tunic of the eye made up of a flat bar of circular muscle
fibres surrounding the pupil and a thin layer of smooth muscle fibres by which
the pupil is dilated, thus regulating the amount of light entering the eye. It is
covered by two layers of epithelia which are continuous forward extensions of
the pigmented and nonpigmented layers of the ciliary body. The ciliary body is
the middle thickened portion of the vascular tunic anterior to the ora serrata (the
terminating point of the retina at the ciliary body), connecting the choroid with
the iris. It is composed of corona ciliaris (the ciliary processes and folds),
ciliary ring, ciliary muscle and a basal lamina. The ciliary processes are finger
like projections, approximately 70 in number in man and 90 to 110 in bovine
(Prince et al., 1960), projecting from the ciliary body. Contained in them is a
mass of capillaries which are covered by a double layer of epithelium, which has
an extraordinary apex to apex arrangement. The ciliary epithelia are thought to
be the key structures responsible for AH production. The choroid is the thin
portion of the vascular coat extending from the ora serrata to the optic nerve. It
furnishes blood supply to the retina and conducts arteries and nerves to the
anterior structures of the eye. The retina is the innermost layer of the three
tunics of the eyeball surrounding the vitreous body and continuous posteriorly
with the optic nerve. It is divided into pars optica, which rests upon the choroid,
pars ciliaris which rests upon the ciliary body, and pars iridica which rests upon
the posterior surface of the iris.  Grossly, the retinawlh is composed of an outer N

pigmented layer (pars pigmentosa), and an inner transparent layer (pars nervosa)



which make up the pars optica. The rods and cones layer in the\llatter forms the
percipient element of the retina (i.e., the element that responds to visual stimuli
by a photochemical reaction) and is connected with the nerve fibre layer by
nerve fibres which join to form the optic nerve. The optic nerve in turn carry

the impulse to the brain.

The AH and vitreous body are contained in the two spaces within the eyeball.
The larger space is situated between the lens and retina and contains the vitreous
humour. The smaller space, termed the aqueous chamber, is the space between
the internal surfaces of the cornea and lens. The aqueous chamber is itself
divided into the anterior and posterior chambers. The anterior chamber contains
most of the aqueous and is the space between the anterior surface of the iris and
the internal surface of the cornea. The posterior chamber is the name given to

the smaller space between the lens and the iris.

The vitreous is a clear mass and physiologically a hydrogel bounded by a
hyaloid membrane. Forward extensions of the hyaloid membrane form the
suspensory ligaments supporting the lens, known as the zonule. The vitreous is
probably not a tissue in proper sense, but rather a product of the surrounding
tissue, the neuroretina, the water content being extremely high, between 98%
(Redslob, 1932) and 99.7% (Sullmann, 1951). It allows light to reach the retina
and nutrients to diffuse from the ciliary body to the retina. The cornea and lens
are nourished by a process of diffusion from the vitreous and AH of dissolved
oxygen and nutrients, derived from the various capillaries. The cornea also

absorbs oxygen by diffusion directly from the atmosphere.



The Ciliary Epithelium

AH is formed by the CE of the ciliary processes projecting from the ciliary body
( Fig. 2). The bulk of the ciliary body consists of unstriated muscle arranged in
three bundles: longitudinal, radial and circular. The inner surface of the body
can be divided into two parts: the anterior third consists of ciliary processes
and is termed the pars plicata, while the smooth posterior two thirds is termed
the pars plana (fig. 2). Projecting inwards from the pars plicata region into the
posterior chamber are approximately 70 radial ridges - the ciliary processes.
Each process is 1 mm high, 2 mm long antero-posteriorly and 0.5 mm wide. In
the bovine these processes are particularly well developed. The ciliary
processes have a rich blood supply and are probably the most heavily
vascularised part of the eye. [Each process contains a mass of capillaries, so
arranged that each comes into close relationship, at some point in its course, with

the surface of the CE covering the ciliary processes.

The CE consists of two layers of cells, the columnar non-pigmented (NPE) and
the cuboidal pigmented epithelial (PE) cells. The inner, NPE layer is next to
the AH or vitreous. The outer layer is heavily pigmented and represents the
forward continuation of the retinal pigment epithelium whilst the NPE layer is
the forward continuation of the neuroepithelium from which the retinal cells are
derived. The cells of this epithelium are considered to be responsible for AH
secretion and show characteristic features of secretory epithelia under the
electron microscope, i.e. interdigitations of the lateral surfaces of adjacent cells
and basal infoldings (Pappas and Smelser, 1958, 1961). The relations of the
epithelial cell layers are of importance, since the secreted aqueous must be
derived from the blood in the capillaries of the ciliary stroma and thus secretion

must occur across both layers. The bases of the NPE cells line the- posterior



Fig. 2. Posterior view of the ciliary body and lens, showing
ciliary processes (Wolff, Anatomy ofthe Eye and Orbit, 1968).



chamber whereas the bases of the PE cells rest on the ciliary body stroma (Fig.
3). The apices of the PE and NPE cells are thus in contact with one another.
This unusual arrangement is the result of the invagination of the neuroepithelial
layer during embryogenesis. Despite this arrangement, the secretory process is
directed from apex to the base of the non-pigmented cells along the lateral
intercellular canals which are 'closed' at the apical ends by dense junctional

complexes (Cole, 1977) (Fig. 3).

Tight junctions are always present at the apices of the NPE cells. Many gap
Jjunctions usually are found between the lateral surfaces of the PE cells and less
frequently between the lateral surfaces of the NPE cells. Gap junctions and
puncta adherentia are located between the PE and NPE cells (Fig. 4). This
highly integrated epithelium is responsible for secretion of AH and affords
attachment to the ciliary zonules (Fig. 5). All ancillary functions to maintain
proper transport activity, diffusional characteristics, mechanical stability of the
epithelium etc. depend upon the properties of these specialized intercellular
junctions. (Raviola and Raviola, 1978). AH production is only possible if the
transport activity of the multitude of epithelial cells is precisely coordinated and
is not dissipated by free diffusion of water and solutes along the intercellular
clefts of the epithelium. On the other hand, mechanical stability is an essential
prerequisite for the epithelium to withstand the tensile force of the elastic
zonular fibres. The tight junctions between the NPE cells and nonfenestrated
iris capillaries exclude large molecules from the AH (Green, 1984; Novack and
Leopold, 1988). Thus these specialized junctions constitute the most important
part of the blood-aqueous barrier.

Tight junctions between NPE cells represents the permeability barrier which

prevents diffusion of blood-borne macromolecules into the AH (Shiose, 1970;
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Fig. 3. The apex-to-apex relation of the two layers of cells of
the ciliary epithelium (Davson, Physiology of the Eye |, 1990).
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Fig. 4. Diagram of the intercellular junctions in the ciliary
epithelium (Raviola, 1977).
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Fig. 5. Diagram showing ciliary zonules and direction of flow
of AH from the posterior to the anterior chamber (from Kolker,
A. E. and Hetherington, J., Jr.: Becker-Shaffer's diagnosis and

therapy of the glaucomas, ed. 4, St. Louis, 1976, The C. V.
Mosby Co.).



Vegge, 1971; Smith and Rudt, 1973; Raviola, 1974, 1977; Raviola and Raviola,
1978). Zonula occludens (tight junction) are impermeable to macromolecules
and restrict the paracellular movement of ions and small molecules without

preventing it altogether.

A large number of gap junctions between both the NPE and PE cells with greater
concentration at the interface between the two epithelial layers constitute a
striking morphological feature of the CE. These junctions, less commonly
referred to as nexuses or macula communicans, are membrane specializations
containing channels that mediate movement of ions and small molecules (Saez et
al.,, 1993). In electron micrographs of thin sections, they appear as regions of
intercellular contact where apposed plasma membranes of adjacent cells are
separated by a gap junction of 2 - 3 nm (Saez et al, 1993). Gap junctions

mediate both electrical and metabolic coupling between cells (Revel and

. Karnovsky, 1967; Pappas et al., 1971, Gilula etal., 1972)

Desmosoines and their organization in the CE indicates that they are typically
similar to other epithelia (Staehelin, 1974; McNutt and Weinstein, 1973).
Desmosomes occur in small numbers throughout the CE of monkey but are

absent between NPE of rabbit (Raviola and Raviola, 1978).

Puncta adherentia are large and numerous between pigmented cells and at the
interface between the two epithelial layers (Raviola and Raviola, 1978). They
are associated with cytoplasmic microfilaments and may anchor the contractile

apparatus of the CE cells to the plasmalemma.
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The Blood-Ocular Barriers

The striking differences between the composition of plasma and the AH means
that substances encounter difficulty in passing from one fluid to the other. And
also there is no barrier between the posterior chamber and the vitreous body and
between the vitreous humour and the retina. Horseradish peroxidase and even
Thorotrast particles can pass from the vitreous into the intracellular spaces of the
retina (Smelser et al., 1965). The movement of horseradish peroxidase is only
stopped at the tight junctions of the PE of retina (Peyman and Apple, 1972;
Peyman and Bok, 1972). Thus to maintain the normal composition of AH,
which is distinct from the plasma, some kind of barrier must be imposed in all
the associated structures separating the AH, vitreous and the retina from the
plasma. All such structures have either endothelial and/or epithelial barriers.
In the mammalian eye, endothelial barriers are localized in the vessels of the
retina, optic nerve, ciliary muscle and the iris. Epithelial barriers are present in
the PE of retina, the NPE of the ciliary body ahd the posterior layer of the iridial
epithelium (Raviola, 1977).  All these constitute the two important barrier
systems, namely the blood-vitreous or the blood-retinal barrier and the blood-
aqueous barrier. Both these barriers thus have endothelial and epithelial parts
and prevent almost all protein movement and they are effective even with respect

to low molecular weight solutes, such as sucrose and fluorescein (Bill, 1975).
Blood-Vitreous or Blood-Retinal Barrier

The endothelial cells of the retinal capillaries and the PE of the retina represent
respectively the endothelial and epithelial parts of the blood-retinal barrier. The
endothelial cells of the retinal capillaries are relatively thick, without

fenestrations and attached to each other by tight junctions. They prevent both
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outward and inward movement of horseradish peroxidase as examined by
injecting intravenously and into the vitreous. = However, after intravenous
injection, horseradish peroxidase was observed in pinocytic vesicles both in the
retinal and optic nerve capillaries but absence of the material outside the vessels
even after 2 hours indicated that in these vessels pinocytosis did not cause any
appreciable outward transport (Peyman and Apple, 1972; Peyman and Bok,
1972). The epithelial part of the barrier, i. €. the PE separates the choroidal
fluid from the retinal tissue fluid and is very important because choroidal tissue

fluid is likely to be very similar to plasma.

The Blood-Aqueous Barrier

The ciliary and the iridial epithelia constitute the epithelial part of the barrier and
protect the posterior chamber from circulating macromolecules. The other is the
endothelial part and is constituted by the non-fenestrated iris capillaries. This
prevents movement of macromolecules from the lumen of the iris vessels into the
iridial stroma. Horseradish peroxidase does not pass through the walls of iris

capillaries (Vegge, 1971).

The double layer CE is in fact a forward continuation of the retina. It is the

- 'NPE which constitutes the barrier. These cells are attached to each other by tight

junctions and several studies have shown that penetration of horseradish
peroxidase from the stroma of the ciliary processes into the posterior chamber is

prevented by these junctions (Shabo and Maxwell, 1972; Vegge, 1977)

Since the blood-ocular barriers are largely impermeable even to small water
soluble substances, such as glucose and amino acids, important metabolic

substrates have to be transported through these barriers by mea