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Abstract

The isolated perfused eye of many species has hecome a frequently vsed model in the
study of ocular pharmacology. Due fo its availability, chcapness and comfortable
size for experimental use the bovine eye provides an attractive model for conducting
perfusion experiments. Although initially rejected by Kishida er af. (1985), the
bovine perfused eye has been proved to be a valid model for studying aqueous
humour dynamics and the pharmacology of various antiglaucoma drugs, including
the B-adrenoceptor antagonist, timolol, and the carbonic anhydrase inhibitor, MK-
927 (Wilson ef al., 1993). A general aim of this study was to develop the in vitro
bovinc perfused cye, to show whether it is a usefu! model for experimental work in
studying drug mechanisme in the eye, whether from a pharmacodynamic or

pharmacokinetic point of view.

Phammacodynamic Study

The procedure for dissection and setting up of the constant flow method for the
bovine perfuscd cve was initially described by Wilson and co-workers {1993).
Bovine eyes, oblained from the local abattoir, were cannulated via the long posterior
ciltary artery and perfused with Krebs’ solulion. In order to monitor drug eftects on
intraccular pressure the anterior chamber was cannulated and connected to a water
manometer. Since some drugs affect vascular resistance, the arterial perfusion
pressure was continuously measured. Drug solutions or vchicles were administered

by one of three routes; (i) by addition of drug to the perfusate reservoir at an exact




Abstraci

concentration, (1) as a bolus dose injected intra-arterially or (iii) as a bolus dose

itjected intracamerally.

Constriction of the pupil, in response to pilocarpine (10 M), shown by a significant
decrease in pupil diameter, indicated that following intra-arterial administration,
drugs have access Lo the anterior segment of the eye, including the iris sphincter and

theretore very probably the ciliary muscle, since their arterial supply 1s common.

To investigale the bovine perfused eye as a model lor studving intraocular pressure
and aqueous humour dynamics, we studied four different drugs known to alter either
aqueous humour formation or aqueous humour outflow. The drugs used were
pilocarpine, a cholinergic agonist; apractonidine, an «,-adrenergic agonist; and the

prostaglandins, PGF,, and PGE,

Pilocarpine (3 x 107 - 5 x 10® M) was found to cause a significant increase in
intraocular pressure, suggesting that the drug might be 1ncreasing intraocular pressure
by disrupting the integrity of the blood-aqueous barrier. In order (o test this bovine
serum albunin (1% w/v}) was included in the perfusate and aqueous humour sampled
at the end of the cxperiment was assayed [or protein contenl. However, after
including bovine serum albumin in the perfusate intraocular pressure was found to be
reduced significantly by three concentrations of pilocarpine, 10° M, 3 x 10° M and
102.M. Pilocarpine did not significantly incrcasc protein content in the aqueous
humour, indicating that the observed increases in intraocular pressure are not due to a

breakdown in the blood-aqueous barrier. No satisfactory c¢xplanation for this
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anomaly could be found.

Intra-arterial injection of high doses of apraclonidine (100 and 200 nmol) produced a
biphasic response characterised by a significant large increase in inlraocular pressure
during the initial 30 min period aftcr drug injection [ollowed by a smaller increase
over the next 60 min. Intracameral njection of apraclonidine did not significantly
increase intraocular pressure. As vascular perlusion pressurc was significantly
increased following intra-arterial, but not infracameral injcction of the drug, this
suggests that the increase in perfusion pressure, presumably due to c-adrenoceptor
mediated vasoconstriction, contributes to the concurrent increase in intraccular

pressure.

Intra-arterial injcction of PGF,, (20 - 2000 nmol) failed to decrease intraocular
pressure in eyes perfused with Krebs” solution or Krebs’ solution supplemented with
bovine serum albumin. PGF,, also did not affect aqueous humour protein

concentration, indicating that the blood-aqueous barrier remains intact following

drug administration.

PGE,, administered as bolus doses injected by the intra-arterial or intracameral rouie,
shows a trend towards an elevated protein coucentration in the aqueous humour.
ITowever, due to large variation this only produced statistical significance following
intra-arterial injection of 60 nmol or intracameral injection of 600 nmol. No direct
colrelation was found between aqueous proteln concentralion and intraocular

pressurc. Expression of the data as a scatter plot of all the individual experiments

i
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indicates thal more (han one population of data exists. The data show that as
inraccular pressure values increase above 105 mm H O, the associated protein
concentrations either remain normal or increase markedly to a level indicating

breakdown of the blood-agueous barrier.

Although previous investigations, in a variety of species, have shown reductions in
intraocular pressure in response to admimistration of pilocarpine, apraclonidine or
prostaglandins, there were no intraocular pressure -lowering cffects observed in the
bovine perfused eye. The lack of a correlation between the bovine perfused eye and
other species n the Intraocular pressure response to pilocarpine, PGF,, and PGE, is
not surprising due to anatomy of the bovine eye. The lack of functional activity in
ihe ciliary muscle (Prince et al., 1960) coupled with the observed [OP responses
suggests that this preparation is not suitablc for investigating 1OP-lowering drugs
which act primarily on AH outflow. However, the model is usclu! for investigating
IOP-lowering drugs that act primarily by altering AH [ormation (Wilson ef af.,

1993).

Pharmacokinetic Stud

The effects on ocular drug absorption of different formulations of the anti-viral drug,
aciclovir, were sludied utilising single time point detevminations.  Vaviation in
absorption caused by experimentally induced corneal damage was also assessed.
Different formulations of aciclovir were tested in three difterent vebicles: (1) a

standard ocular ointment, white soft paraffin; (i) a novel vehicle, polyvinylaleohol

iv
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{(PVA) film; (1i1) an experimental aqueous gel. As well as leaving the cornea
undamaged, with the barrier function of the epithelivim intact, the comea was
damaged both physically, by removing the epithelium, and chemically, by alkali
burning, in an attempt fo mimic the damage to the cornea associated with herpes

simplex virus infection.

180 min after topical application ol the drug formulations, aqueous humour and
corneal tissue were removed from the cye and added to acid extraction media for

HPLC analysis and calculation of the level of ding absorption,

Physically removing the layers of the epithelium or exposing the cornea to alkali
soaked discs of filter paper provides two relatively reproducible methods of inducing

experimental damage to the corneu of the bovine perfused evye.

The results show that experimentally damaging the cornea, effectively remaoving the
barrier properties of the corneal epithelium, mcreases the amount of aciclovir
absorption in the cornea and aqueous humour compared with the undamaged cornea.
The observed increases in absorption of aciclovir following experimental damage are
much greater when the dmg formulations have hydrophilie properties, such as the
PVA [ilm and aqucous gel. From the present worlk, the formulations can be ranked

L
in order of corneal and agueous humour absorption of aciclovir:

QOintment < PVA Film < Aqueous Gel

v
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In this model the level of drug penetration in the cornea and agueous humour can be

measured without the complications associated with f vive studies. Due to the lack
of in vive factors such as blinking, drug dilution, drainage and conjunctival
absorption the levels of absorption found in the present model are likely Lo be

exaggcraled.  Nevertheless, the bovine perfused eve provides a useful model for

T TE

pharmacokinetic studies, which is perhaps superior 1o the isolated corneal preparation

normally used to asscss corneal drug absorption since conditions are more

physiological and no edge-damage has been inflicted on the cornea.
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Introduction: General

GENERAL INTRODUCTION

Gross anatomy of the bovine eve

Through the process of evolution, the bovine eye has developed into a fluid-filled
sphere, whose rclative rigidity provides the optical alignment of the cornca, lens and

retina, which is necessary for vision (Figure 1).

The globe of the cye consists of three layers. The outermost, protective laver is made
up of the opaque sclera and the transparent cornea, which are joined together at the
corncoscleral limbus. The middle layer, the uvea, is mainly vascular, consisting ol
the choroid, ciliary body and iris. The innermost layer, the reting, conlains the
essential nervous elemenls necessary for vision, the pigment epithelium, rods, cones

and bipolar cells.

Within the eye three chambers are enclosed: the vitreous cavity, the antertor chamber
and the posterior chamber. The vitreous cavity is the largest and is located behind
the lens and ciliary body and adjacent to the retina. This chamber is filled with «
clear jelly, the vitreous humour. AH, a transparent colourless fluid, which supplies
nutricnts to the avascular structures of the cye, [lls the anterior and pasterior
chambers. ‘The anterior chamber contains most of the aqueous und is located
between Lhe iris and the posterior surface of the cornea, The posterior chamber is
smaller and (s located between the iris and the lens. The two chambers communicate

through the pupil.
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Choroid

Sclera itreous chamber
I i

Ciliary body >

Cornea

Anterior chamber

Pupil

Posterior chamber

Ora ciliaris retinae
Retina

anterior posterior

Figure 1. Vertical section of the bovine eye, showing the prominent gross structures
The eye is not drawn to scale. Dimensions: 28 - 30 mm antero-posteriorly; 30 mm

vertically. Adapted from *Atlas of Bovine Anatomy’ (Pasquini, 1982).
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The transparent cornea of the bovine eye covers the anterior surface of the globe and
represents the major refractive component of the eye. The cornea is roughly oval-
shaped with horizontal and vertical measurements ranging from 27 -- 34.5 mm and 20
- 30.5 mm respectively (Doughty et al., 1995; Prince et al., 1960). Studies on
bovine corneas have produced a range of ceniral corncal thickness values generally
falling in the range of 725 — 1450 pum (Doughty, 1997: Doughty ef al., 1995; Lee &
Davison, 1984; Merindano e af., 1998; Prince ¢f al., 1960). Regardicss of
thickness, bovine corneal dimensions evaluated within 3 hr post mortcmn have a
uniformn thickness, within + 3%, from centre to edge (Doughty et «l., 1995). A
positive correlation has also been shown between the horizontal corneal diameter and

ceniral corneal thickness (Doughty ¢t al., 1995).

The hovine cornea consists of four Jayers (anterior to posterior): the epithelitm,

stroma, Descemet’s membrane and endothelium (Samuelson, 1991).

The outermost corneal layer, the epitheliuni, is approx. 14 18 cell layers thick
{Diescem, 1975; Prince ef af,, 1960) and usually measures about 90 pum in thickness
(Prince et al., 1960). In the mammalian eye, intercellular tight junctions (zonula
occludens) surround the most superficial cells of the comeal epithelium (Grass &
Robinson, 1988b). In contrast to primates and humans, Bowman's layer, which is
located beneath the bascment membrane, is nol present i the bovine comea (Table

5.
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The comeal stroma is a highly hydrophilic tissue containing mostly water, which
constitutes the bulk of the corneal tissue in mammalian species (Mautrice & Riley,
1970; Maurice, 1984; Samuelson, 1991). Thc stroma has long been recognised for
ils capacity to absorb water and 1s composed of an extracellular matrix of
proteoglycans and lamellar arvanged collagen fibrils running parallel to the corneal
surface (Maurice & Riley, 1970; Maurice, 1984; Pcpose & Ubels, 1992). The
regular arrangement of collagen fibrils is essential for normal visual acuity (Jédrvinen

et al., 1995).

Descemet’s membrane located between the stroma and endothclivm, ranges from [0
- 25 pm in thickness (Prince er al., 1960). This layer, consisting of type [V

collagen, laminin and fibronectin, is highly resistant to proteolytic enzymes.

A single layer of endothelial cells, which adhere to Descemet’s membrane, covers the
posterior surface of the cornea. This layer is approx. 6 pm thick in the bovine cornea
(Diescem, 1975; Prince ef al., 1960). In mammals the endothelium is believed to
constitute <1 % of the total comeal tissue (Grass & Robinson, 1988b; Maurice &
Riley, 1970). Hislological examination has shown that the bovine corncal
endothelium consists of a continuous mosaic af uniformiy polyglonal cells (Doughty

ot al., 1995),

The-lens is a transparent erystalline structure, located immediately posterior to the
iris and is supported by a series of fibres called the suspensory ligaments, which are

attached (o the citiary body. Doughty ef al. (1995) calculated the lens wetl mass to be
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approx. 2.5g in a population of 20 bovine eyes.

The iris, the most anterior portion of the uvea, located between the cornea and the
crystathne lens, is darkly pigmented and appears black or brown in colour. in the
bovine eve, the pupil is oval and horizontally orientated (Diescem, 19753 Prince ef
al., 1960). As in the horse, the pupil of the bovine eye is held relatively immobile by
radially arranged muscle fibres al the 3 and 9 o’clock positions. When the pupil is
fully dilated it hecomes almost circular. The iris is covered by twao layers of
epithelia, which arc continuous forward extensions of the pigmented and non-

pigmented epithelial layers of the ciliary body.

The ciliary body extends from the termination point of the retina, the ora ciliaris
retinac, to the iris root (Prince ef al., 1960). There is no evidence of any great deal
of functional activity in the bovine ciliary body and the ciliary muscle is relatively
long with very few circular or radial muscle [ibres (Prince et al., 1960). This
suggests that like other ungulates the ability for accommodation in the bovine eye is
limiied (Diescem, 1975). 'This is probably due to a combination of the rudimentary
circular and radial ciliary muscle fibres (Prince ef al., 1960), greal size of lens and

relative weakness of the lens capsulc (Walls, 1963).

In contrast to primates, there is no scleral spur found in the bovine eye (Table 1).
Instead the irts 1s supported against the contractile forces of the ciliary and sphincter
(pupillary constriction) muscles, by the pectinate ligament (Walls, 1963). This tissue

is very well developed 1n ungulates and counsists of heavy copnective tissuc fibres,
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which run from the limbal region of the fibrous tunic to the root of the iris.

Finger-like ridges, thc ciliary processes, project from the ciliary body and
occasionally the posterior surface of the inis. The large processes are cach 3 —5 mm
in length and number approx. 90 - 110 in bovine and 70 in humans (Prince ef «f.,
1966). Ciliary epithelium, lining the ciliary processes, are the cells responsible for

aqueous humour (AlL) production.

Ocular circulation

The bovine eye has a vascularisation wherc the majority of the blood flow is supplicd
by the ciliary artery (Figure 2) (Prince ¢f al., 1960). This is in contrast with primate
and human eyes, where the principal supply is derived from the internal ophthaimic

artery (Table ).

The vascular supply to the orbit is mainly provided by the external ophthalmic arlery,
the largest hranch of the inlemal maxillary artery, a continuation of the external
carotid artery.  Branches of the external ophthalmic artery include the external

arterial rete and lacrimal artery.

The ciliary artery, which ofiginates from the external rete, bifurcates into the larger
medial and smaller lateral ciliary arleries, which travel parallel to cach other and the
optic nierve.  Both arterles branch into several short posterior ciliary arteries at the

globe, which penetrate lhe sclera near the optic nerve at the posterior pole of the
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globe. Two branches of the medial ciliary artery each [oom 4 long posterior ciliary
al-W:ery, which pass superficially within the sclera across the medial and lateral sides
of the globe, penetrating fully betfore the cquator is reached. The small internal
ophthalmic artery, which travels along the surface of the oplic nerve, anastamoses
with the medial long posterior ciliary artery a few mitlimetres short of the posterior

pole of the globe.

The short posierior artertes form a capillary laycr adjacent to the retina known as the
chortocapillaris, which is responsible for the nuirition of the outermost layer of the
retina, After entering the sclera beyond the equator, the long posterior ciliary arteries
run anteriorly through the choroid to the ciliary body where they anastomose with the
anterior ciliary arteries to form the well developed major arterial circle at the
periphery of the iris (Diescem, 1975). ‘The major arterial circle supphies the ciliary
body and iris, as well as providing a minor contribution to the choroidal circulation

i1 50me species.

Blood from the choroid, iris and ciliary processes drain into the cpiscleral veins,
which run through the sclera, continuing into the four vortex veins, which emerge
through the sclera al each quadrant of the equator. Four vortex veins, onc in cach
quadrant of the eye, drain blood from the anterior uvea of the eye. After [caving the
globe the vortex veins join (o the supraorbital vein, the inferior orbital vein and the
externl rcte, which after anastomotic commumcation, join the orbital vein (Prince ef

al., 1960).
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Table 1. Anatomical differences between the human and bovine eye

Feature

Human eye

Bovine eye

Globe dimensions

21-26 mm (antero-posterior)
23-25 (diameter)

28-30 mm (antero-posterior)
30 mm (dizmeter)

| Main arterial bload
| supply

Internal ophthalmic artery

Ciliary artery

Distance from itis root to | 6 mm 6.5 mm

ora serrata/ ora ciliaris

retinac

Ciliary muscle Well developed Poorly developed

Lens dimensions

~4 mm (antero-posterior)
~10 mm (diameter)

~13.3 mm (antero-posterior)
~19.5 mm {diameter)

Tens Volune (cm’)

0.2

2.2

Accommodation

Extensive

Iamited

Termination point of
retina/ start of ciliary
body

QOra serrata

Ora ciliaris rctinae

Scleral Spur Present Absent (well developed
pectinate ligament)

Anterior Chamber 0.35 1.7

Volume (cm”)

Ciliary Processes ~70 20-110

Pupil Circular Oval (transverse)

Corneal dimensions

~11.7 mm (hori ZOnfa_J_j
~10.6 mtn (vertical)

27-34.5 mm (horizontal)
20--30.5 mm (vertical)

Corneal thickness (Lotal)

~500 pm (central)
~1000 pm (peripheral)

725-1450 pm (thickness
relatively uniform)

Corneal epithelium

5— 6 cell layers
50-60 pum thick

14-18 cell layers
~90 pum thick

Bowman’s layer

Present

: 8-14 ek

Absent

Descemet’s membrane

§-12 um thick

10-25 pum thick

Corneal endothelium

1 cell layer
Polygonal mosaic
5-6 wm thick

1 cell layer
Polygonal mosaic
6 pm thick

Adapled from Cole (1970), Doughty (1997), Doughty ef al. (1995), Forrester of dl.
(1996), Prince ¢t al. (1960), Ross & Romrell (1989), Shahidullah (1994), Tripathi
& Tripathi (1984), Williams & Warwick (1980).
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Ciliary epithelium

The cihary processes project inwards from ciliary body into the posterior chamber,
Structurally, each process consists of 2 mass of capillaries surrounded by loosc

cormective tissue (stroma), covered by an epithclial layer.

In the mamunalian cyc the ciliary epithelium, which separates the stroma of the
ciliary processes from the AH and vitreous humour, consists of a bilayer of cells.
The inner layer, in direct contact with the A and vitreous humour, is non-pigmented
cpithelium (NPE). The outer layer is heavily pigmented (PE), and lies between Lhe
NPE and the ciliary stroma. In rabbits these epithelia show characteristics consistent
with secretory epithelia, such as basal infoldings and interdigitations of the lateral
surfaces of adjacent cells (Pappas & Smelser, 1958). These charucteristics are
found to be more develaped 1n the NPE cells. Siuce the secreted AH must be derived
from blood plasma and the extracellular fluid in the stroma of the ciliary proccsscs,
and secretion must occur across both epithelial layers, the relationship between the
epithehal lavers 1s very important. The PE and NPE cells lie apex-to-apex (Figure
3). Therefore, the hasal surface of the PE cells faces the ciliary stroma, and the basal

surface of the NPE cclls faces the AH.

Scveral studies have demonstrated that the ciliary epithelium of the mammalian eye
is densely populated by a variely of specialiscd intercellular junctions (Figure 3). In
the rabbit and primate eye 1t has been shown that zonula occludenta, zonula

adhacrens, gap junctions and desmosomes conneet the NPE o one another, whereas

16
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Figure 3. Schematic diagram of nonpigmented and pigmented epithelial cells,
showing the apex-to-apex relationship. BI, basal infolding; BM, basement
membrane; CC, ciliary channels; DES, desmosomes; FE, fenestrated
capillary endothelial; GJ, gap junction; MEL, melanosome; MIT,
microchondrion; RBC, red blood cell; RER, rough endoplasmic reticulum; TJ,

tight junction. (Caprioli, 1992).
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gap junctions, puncta adhaerentia and desmosomes conncct PE cells to one another
and to NPE cells (Raviola & Raviola, 1978). The ciliary epithelium is also the site
of the aftachment of suspensory ligamenis. The physiological and analomical
funclions necessary for maintaining the continuous flow of AH and the mechanical

stability of the epithelium depend upon the specialised intercellular junctions.

The zonula occludenta, or tight junctions, found at the apex between NPE cells,
represent the permeability barrier that prevents the diffusion of blood-bome
macromolecules into the AH of rabbil and primate eyes (Raviola, 1974; Raviola,
1977; Smith & Rudt, 1973). Freeze-fracturing techniques show tlhat zonula
occludenta are only found connectling the lateral surfaces of the NPE cells.  Although
zonula occludenta between NPE cells are impermeable 10 macromolecules, it is
helieved they only restrict the paracellular movement of ions and small molecules

without preventing it altogether (Raviola & Raviola, 1978).

Gap junctions are found at the interface between PE and NPE cells, intercom‘necti'ng
lhe lateral surfaces of the PE cells and, to a lesser ¢xtent, the lateral surfaces of the
NPE cells (Liitjen-Drecoll, 1982). Gap junctions mediate the electrical and
metabolic coupling between cells, therefore the extensive connections between cells
in the cibiary epithelium suggests that epithelial cells function as a syncytiunm (Greesn
et al., 19855 Giluka et al., 1972, Pappas et al., 1971; Wicderholt & Zadunaisky,
1986). It is therefore likely that gap junctions allow the passage of intraccllular ions
and small molecules between the epithelial layers (Gilula ef af., 1972; Pappas et al.,

1971; Raviola & Raviola, 1978).
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Desmosomes are commonly found between the lateral surfaces of the NPE cclls, and
in small numbers between PE cells and the interface of the two epithelial layers. It s
generally accepted that the [unction of desmosomes is intercellular cohesion
{Raviola & Raviola, 1978). In the ciliary epithelium they probably provide the
mechanical stability to withstand the forces exerted on the ciliary zonule by

coniraction and relaxation of the ciliary muscle during accommodation of the lens

{Raviola, 1971).

Biood-agueons barrier

The presence of a barrier, preventing the free movement of melecules from blood
plasma into the AH is well known. This results in agueous that is much different in

composition than blood plasma or a simple ultrafiltrate of plasma.

Tight junctions between the apices of NPE cells of the ciliary epithelium a'nd
posterior surface of the iris represents the principal site of the blood-aqueous barrier
{BADB). In the rabbit and primate eye the existenee of this barrier has been observed
experimentally by the impermeability of the NPE cell layer to the tracer molecule,

horseradish peroxidase (Raviola, 1974; Raviola, 1977; Smith & Rudt, 1973).

The anterior surface of (he wis is devoid of epithelia, permitling frce exchange of
macromolccules between AIT circulating in the anterior chamber and the iris stroma.

However, the blood vessels, in confrast with vessels in the ciliary processes, are lined

13
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wilh an impermeable endothelial barrier (Raviola, 1977).

Under normal conditions the fonctional integrity of the blood-agueous barrier
excludes large molecules from the AH. However, the presence of a low level of
protein in the AH of nommal eyes (<1% of plasma protein concentration)
demonstrates that the barrier function is not absoluic (Novak & Leopold, 1988) or
elsc that some proteins are secreted by the NPE. 1f IOP is cxperimentally depressed
below venous pressure the direction of flow of AH out of the eye is reversed and
large amounts of plasma proteins cnter the anterior chamber from the canal of

Schiemm which fills with venous bload (Raviola, 1974).

Agueous humonr

AX 1s a trunsparent colourless fluid formed from plasma by the epithelial cells of the
ciliary processes. AH fulfils three main functions; the continnous formation and
drainage of aqueous helps to: |, maintain intraocular pressure; 2. meet the metabolic
requirements ol the avascular structures of the eye, the lens, comnea, drainage
meshwaork and anterior vitreous, by delivering oxyvgen and nutrients, and removing
wastc products; 3. maintain a transparcnt and colourless moedium between the

posterior cornea and the lens (Millar & Kanfman, 1995).

14

P
L 3s




Introduction: General

Aqueouns humour formation

AH 1s formed continuously by the ciliary epithelium. The (ormation of AH in the
mammalian eye 1s widely believed to occur by ultrafiltration of blood plasma into the
stroma and then active transporl of ions, followed by diffusion of water, across the

PE and NPE into the posterior chamber (Bifl, 1975; Brubaker, 1991}.

It 1s now widely accepted that the active transport of solutes across the ciliary
epithelium against a concentration gradient acts as the driving force behind AH
formation, contrary to previous belicfs of a simple process of diffusion or
altrafiliration (Caprioli, 1992). In the mammalian eye the rate of AH formation is
believed to depend on the rate of active transport by the ciliary epithelium (Cole,

1977).

Ultrafiliration favours the movement of water from the plasma into the ciliary
stroma, but waler cannot filter freely [rom the stroma into the posterior chamber
(Bill, 1978). It was calculated that hydrostatic and oncotic pressures across the
ciliary epithclium would favour reabsorption of AH into the ciliary processes if
ultraliltration was the driving force behind AH formation (Figure 4). Assuming an
IOP of 15 mm Hg and a stromal oncotic pressure of 14 mm Hg duc to protein
leakage through the fenestrated capillaries, capitlary hydrostatic pressure would have
o exceed 29 mm Hg in order to drive an ultrafiltrate.  Values for capillary
hydrosiatic pressure in the rabbit have been estimated between 27 - 28 mm Hg (Bill,

1975) and 25 - 33 mm [g (Cote, 1977). It has been calculated that capittary
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Capillary hydrostatic
pressure < 30 mm Hg

XY LR IOP = 15 mm Hg

>.',. . L Nonpigmented epithelium

X | Oncotic ‘ Q
=y | pressure
=X J =14 mmHg| [™

e \ T Stroma

: / \ - Pigmented epithelium
Arteriole Venule

Figure 4. Schematic diagram of the hydrostatic forces involved in the production of

AH in the mammalian eye (Caprioli, 1992).
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hydrostatic pressure values exceeding 50 mm 1lg would be required to drive
ultrafiltration at a rate sufficient to produce normal AH flow (Green & Pedcysen,
1972). 'Therefore the net pressures do not favour ultrafiltration as a driving lorce for

AH formation.

Histochemical studies show a large population of active enzyme systems on the
basolateral membranes of the rabbit NPT layer, including Na'/K'-ATPases, adenylate
cycluse and carbonic anhydrase (Bhattacherjee, 1971; Kaye & Pappas, 1965;
Mishima ef al., 1982; Shiose & Sears, 1966; Tsukahara & Maezawa, 1978). In
the rabbit the NPE has also been shown (o have a greater development of
intracellular organelles and a higher metabolic rate than the PT (Cameron & Cole,
1963},. Na'/K'-ATPase s a membrane-bound cnzymne that catalyses the hydrolysis of
ATP providing the energy to pump Na' and K™. Cardiac glycosides, such as cuabain
or digoxin, inhibit the action Na'/K'-ATPase and decrcase the rate of aqucous
formation by approx. 70% in a varicty of species, including rabbits and primates
(Becker, 1963; Bonting & Becker, 1964; Cole, 1977). Decreases in AH producti,on
due to inhibition of Na'-transport by cardiac glycosides suggest that Na' is the
actively (ransported ion, with CI" or HCO, following o maintain elecironcutrality
{Figure 5). Recent investigations (nto the role of ion channels in aguecus formation
indicate thal Na'- IC'- CT™ cotransporters are responsible for entry of ions into the PE
from the ciliary stroma in the bovine (Edelman er al., 1994) and human eye (Jacob
& Civan, 1996, Millar & Kaunfman, 1995; Von Brauchitsch & Cook, 1993).
After entry into the syncytium, the ions are [rec 1o diffuse into the NPT cells via gap

junctions, where ey are transporled across the basolaleral membrane (Edefman ef
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Figure 5. The transport and movement of elements responsible for the secretion of
salts and water into the AH. Gap junctions (gj) connect pigmented (PE) and non-

pigmented (NPE) ciliary epithelial cells, forming a functional syncytium (Jacob &

Civan, 1996).
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al., 1993). There is also evidence of a basolateral Na™-K*-CI cotransporter located in
human NPE cells which may play a role in A formation {(Crook ef al., 1992: Yon
Brauchitsch er al., 1990). Howcever, administration of bumectanide, an inhibitor of
the Na'-K'-CI" cotransporter, did not atfect AH formation, questioning its

contribution to aqueous formation {Gabelt et al., 1997).

Measurements of electrical potential across the rabbit and bovine isolated ciliary
epithelia indicate that the aqueous is positive with respect to the stroma (Cole,
1961a; 1961b; 1962). Ouabain has been shown to rcduce the transepithelial
potential virtually to zcro (Cole, 1961a; Krupin ¢f al., 1984; Sears et al., 1991).
These studies confirm the hypothesis that active trunsport of Na™ is responsible for
gencrating the (ransepithelial potential and is the primary driving force behind AH

secretion.

Chloride secretion is now believed to play an important role in AH formation (Chen
& Scars, 1997). Early experiments, in the rabbil eye, indicated that active transp‘m't
of C1" may occur, although the magnitude of this transport was thought o be small
compared with Na' (Cole, 1969). Active CI transport across the rabbil and cat
isulated ciliary body preparation has been shown, indicating that the transport of Ch
may bc an nnportant part of the secretory process (Holland & Gipson, 1970;
Kishida er ai., 1983). 1L has been suggested that C1 entry into the rabbit and bovine
PE is.duc to Na'- K'- CI' cotransport and C1/ HCO, exchange (Carré et al., 1992;

Beilbig ¢f al., 1988). The identification of Cl” channels in the NPEC and C1” currents

across the NPE suggests that Cl” channcls mav play @ major role in the secrelion of
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CI into the rabbit, bovine and human aqueous (Coca-Pradoes ef al., 1995; Chen &
Sears, 1997, Edelman et af., £995; Jacob & Civan, 1996). The secretion of K'
through selective channels is thought to be critical in providing the electrical
potential to drive CI" scerction (Edelman ef al., 1995; Jacob & Civan, 1996). Na'-
K'- CI' cotransporters and C1/ HCO, exchangers located in NPE cells are also
belicved to contribute to CI secretion into the rabbit and human AH (Crook &

Polansky, 1994; Matsui ¢f al., 1996; Murakami ¢f al., 1992).

Acetazolamide is a potent inhibitor of carbonic anhydrase (CA), which catalyses the
reaction H,O + CO, —» HCO, + H". Systemic treatment with acetazolamide and
other speeilic CA inhibifors decrease IOP through a reduction in the rute of agucous
secretion by 40 - 60% (Becker, 1959; Becker & Constant, 1955; Garg & Oppelt,
1970, Maren, 1967). Evidence suggests that acetazolamide directly alfects the
transport mechanisms of the ciliary epithelium (Cole, 1977).  Acetazolamide
decreases the rate of Na' and HCO, transport into the posterior chamber by
equinolar amounts in dogs and primates (Maren, 1976). Transepithelial electrical
measurements in the isolated rabbit iris-ciliary body indicate that Na'/K'-ATPase and
NCO, are requived for acfivc ion transport (Krupin et af., 1984). These studies
suggest a coupling in the movement of Na' and HCO; into the postetior chamber.
However, the exact mechanism is not known. Several hypotheses have been
postulated: (1) inhibition of CA causes a decrease in HCO, available for movement
into-the intercellular channcls between the NPE cells to maintain electroneutrality,
(i) a decreasc in H™ availability may inhibit Na/K -A'lPase, (iii) decreased

availabilify of H' produced by CA catalysed reaction decreases Na'/H™ exchange,

2(

X, ;‘
B




Introdaction: General

reducing the availability of intraccllular Na' w be wansported into the intercellular

channel (Caprioli, 1992).

Intraocular flow of aqueous humour

After secretion wto the posterior chamber, AH moves by bulk flow through the pupil
aperturc into the anterior chamber, flowing in a radially symmetrical fashion towards

the periphery of the anterior chamber and trabecular meshwork (Davsoen, 1890).

AH drains continuously from the antcrior chamber of the eye via two main ouiflow
pathways: {(a) the trabecular or conventional routc and (b) the uveoscleral or

unconiventional route (Bill, 1975).

(a) Trabecolar outflow is the main outflow pathway for almost all mammalian
species. At the angle between the iris and the corneo-scleral junction, referred 10 as
the anterior chamber angle, ATl passes into the trabecular or, in the cow, the rcticu’lal‘
meshwork (Figure 6). The reticular meshwork of the calf eye differs considerably
from the laminated, trabecular meshwork of primates (Erickson-Lamy e of., 1988).
The network consisls of an extensive uveal meshwork with relatively large open
spaces known as the spaces ol Fontana (Johuson ef al,, 1990). After passing through
the uveal meshwork aqucous then passes through the reticular meshwork. This area
is cquivalent to the human corneo-scleral trabecular meshwork, but lacks the

organisation [ound in the human cyc (Grierson ef «l., 1985). TFrom the meshwork,

aqucous passcs into the aqueous collector vessels of the angular aqucous plexus,
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which comprises a system anatomically analogous to Schlemm’s canal in humans
(Johnson ef af., 1990;

aqueous which drains into the vortex veins, via the intrascleral and episcleral veins

(Samucelson, 1991},

Fectingte

Samueison, 1991). The angular aqueous plexus gathers

'
[
VGIITEnly

Foupous
?g‘g"(. e B ":,::'fﬁ
e, T AT
\ o
W7
AT
Sl A £
Anguler e ?x(,é\ .
deueaus ples A
Guedus plexus & L gk
Reticwlar 7
meshwirk

Spaces of .7

Fonrona

Figure 6. Schematic diagram of the call outflow system (Johnson ¢t al., 1999),

{b) Uveoscleral (unconventional) ontflow. As there 1s no epithelial barricr between

the anterior chamber and the ciliary muscle, AH may freely pass between the ciliary

muscle bundles. Aqueous flows through the 1118 roots, across the anterior surface of 3

the ciliary body and into the interstibial spaces between the muscle bundles of the

cillary muscle. ‘These spaces in turn open into the suprachoroidal spaces from which EE

fluid can pass via the venous circulation through the sclera and into the episcleral

tissues (Bill, 1975).
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Although there does nol appear to be any specific informaftion on uveoscleral
drainage in the bovine cye, previous literature shows that the contribution of
uveoscleral drainage to total ATl outflow varies greatly among different species. In
humans, the importance of uveoscleral flow has been investigated in older patients,
Approx. 5 - 20% of the total drainage was duc uveoscleral outflow, however this
value may be larget for younger patients due to ciliary muscle degeneration with age
{Shabha & Maxwell, 1973). Iudircct calculations cstimate that the uveoscleral
outflow value may confribute as much as 35% of the toial drainage in young adulls
(Nilsson, 1997). Uveoscleral flow is greatest amongst primates, contributing 30 -
50% of total drainage (Bill, 1971). Cats also have a well developed ciliary muscle
and nveoscieral outflow is believed to make a small contribution to total outflow
(Bill, 1966). Rabbits have vety poorly devcloped ciliary muscles resulting in

practically no draimnage of AH via the uveoscleral pathway (Bill, 1975).

Atter removal of the meshwork tissue between the anterior chamber and the canal of
Schlemm the resistance to outflow of the bovine eye is reduced by approx. 52"&’6
{Erickson~Lamy et al., 1988). This is similar to the 40 — 75% dectease in resisiance
seenl in the enucleated monkey (Peterson e afl., 19715 Peterson & Jocson, 1974)
and human eyes (Ellingsen & Grant, 1971: Ellingsen & Grant, 1972; Erickson-
Lamy ef al., 1991; Granl, 1963; Roscnquist «f al., 1985). This indicates that the
reticular meshwork contributes the main reststance o outflow and drainage through

the sclera only has a small contribution to resistance to outflow.

In the mammalian eye contraction of the ciliary muscle by parasympathomimetic
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drugs, such as pilocarpine, decreases the resistance to outflow. As the ciliary muscle
contracts the muscle bundles become morc tightly packed resulting in shortening and
thickening of the muscle. This pulls on the scleral spur which physically alters the
spaccs in the trabecular meshwork, increasing the drainage through Schlemm’s canal
(Leopold & Duzmann, 1986; Tamm et al., 1992). Al the same time uveoscleral
drainage is almost completed stopped as tighter packing of the muscle bundles
compresses the Interstitial spaces within the ciliary muscle.  Substances which
produce a rclaxation of the ciliary muscle, such as atropine, have been shown to
increase drainage through the uveoscleral route due to increased spaces between the
muscle bundles.  However, drainage through the (rabecular meshwork and
Schlemm’s canal is reduced because of tight packing of trabecular meshwork pores
(Bill, 1971). Although cholimergic and adrencrgic nerve endings have been identified
in the trabecular meshwork their role in the regulation of AH outflow is not known
(Nomura & Smelser, 1974). There is now cvidence of a direct pharmacological
effect on the endothelium of the trabecular meshwork. Béarany (1962) suggested that
trabecular meshwork cells might be contractile after observing that pilocarpine
injected into the anterior chamber directly affected outflow facility. Studies with
isolated trabecular meshworlk sirips have demoustrated contractile responses to
cholinergic agonists, adrenergic agonists and endolhetin (Lepple-Wienbues ef al.,
1991a; 1991b; Wiederholt e af., 1996) and retaxant responses to prostaglandins and
nitric oxide (Krauss et al., 1997, Weiderhoit ef al., 1994). [l has been suggested
that the contractile responses of the trabecular meshwork is due o smooth muscle-
like spindle celis containing actin filaments (Coroneo et «l., 19915 Fliigel ef al.,

1991). Recently several different receptor types including cholinergic, o.-adrenergic,
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f-adrenergic, endothelin and prostaglandin F,, receptors have been identified in
cuttured human and bovine trabecular meshwork celis (Anthony ef af., 1998;
Lepple-Wienhues ef al.,, 1994; Sharif, 1996; Stamer ef al., 1996). Using the
bovine anterior segment perfusion model, where the anlerfor uvea has been
completely removed, contraction of the trabecular meshwork itself in response to
cholinergic agonists, adrenergic agonists and endothelin resulls in o decrease in
outflow facility (Wiederholt et al., 1995). FHowever, these compounds also contract
the ciliary muscle and increase outflow facility in the intact primate (Bill, 1969;
Kaufman and Barany, 1976; Kaufman, 1985) and human cye ( Erickson-Lamy et
al, 1991). Theretorc it is helieved that the mfluence on outflow facility of trabecular

meshwork contraction is dominated by ciliary muscle tone (Wiederhoit ef al., 1995).
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Composition of aqueous humour

A number of differences exist in AH as compared with plasma (Table 2).

Tabie 2. The concentration of electrolytes, low molecular weight solutes and

protein in bovine and human AH, and human biood plasma.

Components Bovinc AH Human AH " Human Plasma
Electrolytes ‘ ) S
Na' (mM) 14381495 142 130 — 145
K" (mM) 45-7.1 4 3.5 5.0
Cl(mM) | 11637124 131-- 136 92125
HCO, (mM) 36 20 24— 30

Organic solutes

Ascorbate (mV) ) ': 1.0- 1.1 0.04 - 0.06

Lactate (mM) 7.6-8.2 ' 4.5 0.5~1.9
Glucose (mM) 2.17 28-39 1 56-64
' Protein {mg.ml) 02-038 0.3-07 60 - 70

Adapted from Bito & Salvador (1974), Caprioli (1992), Carter ef af. (1973), Cole
(1970), Davson (1949), Dayson (1990), Doughty (1995), Johnson er al. (1986)
Midelfart (1991), Novack & Leopold (1988), Pavao «f al. (1989), Samueison

(1991) and Shahidullah (1994},

Under normal conditions the tight junctions of the blood-aqueous barrier Hmit the

agueous protein concentration to less than 1% of plasma protein concentration

(Davson, 1990; Pavao ¢f al., 1989). The plasma protein concentration is approx. 73
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- 106 mgml™" in bovine (Pavao ef al., 1989) and approx. 60 - 70 mg.ml” in humans,
whereas in AH protein concentration is approx. 0.2 — 0.8 mg.ml' i bovine
(Doughty, 1995; Pavao ef al., 1989) and approx. 0.3 = 0.7 mg.m!’ in humans
{(Novack & Leopold, 1988). Although the aqueous protein concentrations are low,
scpuration and identification of AH by electrophoretic techniques have shown that all

plasma proteins arc present (Davson, 1990).

The concentration of electrolytes in AH, compared to human blood plasma are shown
in table 2. Na” 15 the major cation found in AH in both bovine and human eye, being
very similar in coneentration to human plasma. However, the concentration of major
anions shown some species differences. In bovine AH, HCO, concentrations arc
higher and C1° lower compared with human AH. A similar relationship cxists

between anion concentrations in the aqueous of rabbits and humans (Kinsey, 1967).

Exchange of substances between the aqueous and swrounding tissucs, due .10
diffusion or secretion, occurs continuously. Thercfore the normal composition of Al
depends on diffusion from blood plasma, secretion across the ciliary epithelium plus
the passive and aclive cxchange of substances between the aqueous and tissues it
bathes. The corneal endothelium acts as a fluid pump, constantly scercting fluid into
the AH to keep the cornea in a clear, deturgesced state. However, the small volume
of [lid secrcted does not contribute significantly to the flow of AH (Fischbarg &

Lim, 1974),

27




Introdction: Geaeruf

Changes in the composition of AH have been reported in diseased human eyes. Tor
example, greater levels of heavy molecular weight proteins, found only in trace
quantities in the normal eye, have been detected in Al of patients with both
phagocytic glaucoma and primary open-angle glaucoma (Kpstein er al, 1978;
Kijlastra ez al.,, 1989). It has been suggested that the increased levels of high

molecular weight proteins in the AH obstructs aqueous outflow pathways resulting in

increased 10P.

Intraocular pressure

Intraocular pressure (IOP) 15 necessary for the maintenance of shape, stability and
alignment of internal structures. TOP in the in vivo calf eyve has been measured at

[6.5 + 5.5 mm Hg (Booifel, 1904). This is similar to the value found in healthy

human eycs, where the mean pressure nomally maintained is approx. 15 mm Hg
(Davson, 1998). In the human cye there are no changes in mean TOP values between

the ages of 10 and 70, or between the sexes.

The three main faclors concerned with the maintenance of IOP are the rate of

formation of AH, the ease with which AH exifs the anterior chamber through the
trabecular meshwork into the canal of Schlemm, and the pressure in the cpiscleral
veins into which the canal of Schlemm emptics. This results m a dynamic
cé]ixi'I ibrium where small variations in either rate of formation or rate of outflow from

the eye can result in large changes in [OP.
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AH flows from the posterior chamber through the pupil into the anterior chamber,
exiting the eye by the mam outflow pathways by bulk flow und this is pressure
dependent. This has been incorporated mto the modified Goldman equation:
F=C®P-P)orF=AP.C

This equation relates aqueous flow (F) to the facility of outflow (C) and the pressure
difference across the meshwork (AP). Vhe pressure head responsible for driving ATl
oul{low 1s the difference between IOP (P) and episcleral venous pressure (P,).
Episcleral venous pressure is the pressute in the blood vessels into which AH finally
drains. Increases in episcleral venous pressure decrease the pressure head for
aqueous outflow, resulting in engorgement of intraocular vascular beds and increased

10P (Hart, 1992).

The glaucomas and ocular hypertension

The glaucomas are a complicated group of disorders often associated, although not
always, with abnormally high IOP resulting in damage to the optic nerve head and
toss of visual ficld (Leopold & Duzman, 1986; Serie, 1994). After cataracts and
macular degeneration, glancoma is the third leading causc of blindness in the United
States (Adkins & Balfour, 1998). Recent estimates of worldwide prevalence predict
that 67 million people will sufler from glaucoma by the year 2000 (Flanagan, 1998).
Clinically the damage to the optic nerve head and associated loss of visual field is
manifested as cupping of the optic disk and oplic atrophy. Il ief untreated galucoma

can lead to blindness (Adkins & Balfour, 1998).
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The boundaries between glaucoma, low-tension glaucoma and ocular hypertension
are indistinet. Glaucoma is often associated with an IOP greater than 21 mm Hg.
Low tenston glaucoma is the condition whereby the pathological changes associated
with glaucoma, such as cupping of the optic disc and loss of visual field, are present,
but within the boundaries of normal IOP. Ocular hypertension is characterised by
IOP exceeding 21 mm Hg, but without the pathological changes associated with
glaucoma. Patients suffering from ocular hypertension are more likely to develop

glaucoma and are often treated to lower IOP (Sommer, 19895 Jay, 1992).

Predisposing risk factors for the development of glaucoma include family history of
the discase, myopia, diabetes mellitus, long term topical or systemic corticosteroid

usc and ethnic group (AdKins & Balfour, 1998).

There are two basic types of glancoma determined by the adequacy of drainage of
AH through the main oulllow pathway, the trabecular meshwork: open angle (OAG)
where the AH has free access (0 the trabecular meshwork in the anterior chamber
angle, and closed-anglc (CAG) where the peripheral iris is in contact with the comea

or trabecular meshwork impairing outflow of AH.
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THE PHARMACOLOGY OF OCULAR HYPOTENSIVE AGENTS

Parasympathomimetic agents

Parasympathomimetic agents include both direct- and indirect-acting drugs. Direct-
acting drugs act like pilocarpinc at the muscarinic receptors; indircet-acting drugs
nhibit cholinesterase, allowing acetylcholine to accumulate at the parasympathetic

nerve endings (Hurvitz et gl., 1991).

The muscurinic agonist, pilocarpine, is the most commonly used direct-acting
cholinergic agent and has been established as a glancoma treatment for more than
100 years (Zimmerman, 1981). The primary mechanism for pilocarpine-induced
IOP reduction is by increasing f{acility of outflow of AH through the trabecular
meshwork. Cholinergic agonists also produces miosis and accomimodation of the
lens (Abraham, 1985). In primates and bumans, pilocarpine contracts the ciliary
muscle and this pulls on the scleral spur resulting in mechanical deformation of the
trabceular meshworle causing av increase in AH outflow facility (Bill, 1967; Bilt,
1971).  The effect of pilocarpine on outflow is lost following functional
disconnection of the ciliary muscle from the scleral spur (Kaulman & Barany,
1976). Although enhancing drainage by the conventional route and lowering [OP,
pilocarpine has been shown to stop uveoscleral drainage ahuost completely (Bili &
Wiilinder, 1966; Bill, 1967). Pilocarpine contracts the ciliary muscle, which then
appears much fighter than relaxed nwscle, compressing the interstitial spaces

between muscle bundles (Barany & Rohen, 1965). The cffects of muscarinic
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agonisls can be reversed by muscarinic antagonists such as atropine, which relaxes
the ciltary muscle tending te increase uveoscleral flow (Bill, 1971). Clinically, when
the anterior chamber angle is shallow pilocarpine can cause a paradoxical increase in

[OP by decreasing uveoscleral outflow (Bleiman & Schwartz, 1979).

There is cvidence that muscarinic agonists exert some direct influence on AH
formation. Bill and Wilinder (1966) demonstrated a reduction in AH formation by
intracameral infusion of pilocarpine in cynomolgus and vervet monkeys. Topical
pilocarpine has also been shown to lower AH formation rates i the cynomolgus
monkcy, although no significant change in TOP was observed (Viichi & Nagataki,
1983). On the olher hand, perfused pilocarpine had no effect on AH formation rates
i the arterially perfused enucleated rabbit eye (Kodama et al., 1985). Pilocarpine
has been shown by [Tuorophotometry to increase All formation in the normal human

eye (Nagataki & Brubaker, 1982),

_ggz-adrenergic agonists

When applied topically the o-adrenergic agonist, clonidine, is elfcetive in reducing
[QP (Harrison & Kaufman, 1977; Krieglstein ez al., 1978). However, as topically
adminisiered clontdine penetrates the blood-brain barricr, systemic hypotensive side
cffects are often associated with this drug {Harrison & Kaufman, 1977, Krieglstein
et al., 1978). The development of apraclonidine and brimonidine, derivatives of
clontdine with minimal penctration of the blood-brain barrier, has significantly

reduced the side etfects whilst retaining clonidine’s 10OP lowering properties
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(Abrams ef al., 1987; Chien er al., 1990; Serle et al., 1991; Yiiskel er af., 1992).
Topically applied apraclonidine or brimonidine has been shown to lower I0P' in
rabbits (Burke & Potter, 1986), cats (Burke & Potter, 1986), primates (Burke &
Potter, 1986; Gabelt ¢f «l., 1994;Manlapaz et af., 1997; Serle ¢f al., 1991) and

humans (Gharagozloo et al,, 1988 Lec ef al., 1984; Schuman, 1996; Toris &f al.,

19952a; 1995b). In monkeys, brimonidine was more polent and cflective in reducing
IOP although the effects of apraclonidine were longer lasting (Gabelt ¢f al., 1994).

It has becen suggested that local vasoconstriction, mediated via o,-adrenergic

stimulation, leading to a decreased blood flow to the ciliary processes could be

responsible for the decreased aqueous flow and fall in TOP (Abrams et al., 1987,

Burke ef al., 19863 Kricglstein ez al., 1978). It is now gencrally accepted that o,-
adrenrgic agonists act 1o lower IOP by reducing AH formation {Gharagolozou ef al.,
1998; Mitiag & Tormay, 1985, Toris et al., 1995). However u~adrenergic agonists

may reduce IOP by altering more than AH formation. It has been suggested that

brimonidine and apraclonidine augment the local release of prostaglandins, which
may increase uveoscleral outflow, resuliing m a reduction in [OP (Crawford &
Kautman, 1987; Gabelt & Kaufman, 1989; Nilsson ef af., 1989; Poyer et al.,
1992). The ,-adrenergic agowists brimonidine and oxymetazoline, bul not
apraclonidine have been shown to increase total AH outflow via the uveoscleral
pathway (Toris ¢t al,, 1995; Wang et af,, 1993). Brimonidine has no eflect on
trabecular outflow flacility (Yoris ef af., 1995a). Contradictory resulls have been
reported on the effect of apraclonidine on trabecular oulflow facility. One study
shows apraclonidine does not change tonographic outflow facility (Robin &

Pollack, 1988), whercas another shows that apraclonidine increases fluorometric
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outflow facility (Toris ef al,, 1995). [t was suggested that the difference in outflow
facility findings determined by tonography and flucrophotometry may be attributed
to fundamental differences belween the two techniques (Toris et «f.,, 1995).
Differcnces in the rclative selectivity of o,-adrencrgic agonists for o,-adrenoceptor
subtypes (Bylund, 1988) may account for the differences observed in their
mechanisms of action {Toris er al., 1995a; 1995b). It has also been demonstrated
that apraclonidine, but not brimonidine lowers episcleral venous pressure by approx.
1 mm Hg possibly due to decreased blood [low lo the anterior uvea (Hurvitz et al.,

1991; Toris et al., 1995a; 1995b), resulting in an equivalent fall in IOP,

Receptor binding studies indicate a predominance of ct,- and B-adrenergic receptors
it the rabbit iris-ciliary body cell membranc (Mittag & Tormay, 1985) and human
iris and ciliary epithelium (Matsno & Cynader, 1992). In vitro, brimonidine has
been shown to inhibit isoptotercnol-stimulated cAMP accumulation in NPE cell
culture. This cflect was prevented by pre-treatiment with pertirssis toxin, suggestfng
the involvement of inhibitory G proteins (Ogidigen et al., 1993). Apraclonidine has
also been shown to inhibit isoproterenol-stimulated ¢cAMP accumulation in the
isalated rabbit ciliary epithelial bilayer (Horio ef al., 1992) and rabbil whole ciliary
processes (Bausher er al., 1989). This evidence suggests that the o,-adrenergic
agonists may aclt hy binding to o,-receptors in the ciltary epithelium which arc
Ilfagglive]y coupled Lo the membranc-bound cnzyme adenylate cyclase, reducing the
level of cAMP production, which may lead to a reduction in AH formation (Gabelt

et al., 1994; Mittag & Tormay, 1985).
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Prosiaglandins

Early studies on the effects of prostaglandins (PG) in the rabbit eye showed that high
doses of topical application of cxogenous PG reproduced most of the characteristic
signs associated with acutc ocular inflammation, such as increased [OP and
breakdown of the BAB (BReitch & Eakins, 1969; Camras ef al., 1977, Eakins,
1977; Kass et al., 1972). However, the eyes of cats and monkeys were found to be
much more resistant and similar breakdown of the BAB was not observed afier
repeated topical application of prostaglandins (Bito et al., 1983). Increases in AH
protein concentration after intracameral or topical administered PGE, or PGE,
provided evidence for an increased vascular or cpithelial permeability (Beitch &

F.akins, 1969; Kass ef al., 1972).

At lower dosage, PG have also been shown to cause a prolonged reduction in IOP.
Intracameral injection of PGE, or PGE, lowered TOP in rabbits after pre-treatment
with polyphleretin phosphate, an anti-hyaluronidase which prevents increascd
capillary permeability in response {o trauma (Starr, 1971). When applied topically
as a single-dose, the 0P lowering effect of prostaglandin PGF,, has bheen
demonstrated on several species, including nommotensive rabbits (Camras ef af.,
1977; Knlkarni et al., 1985; Lee ef al., 1984), cats (Bito ¢t al., 1983; Lee ef al.,
1984), monkeys (Camras and Bito, 1981; Crawford ef al., 1987; Lee ef of., 1984)
and humans (1.ee ef al., 1988). Multiple-dose studies have domonstrated that topical
application ol PGF,, in cats, monkeys and glaucomatous monkeys produced a

maintained TOP reduction for up to several months, without any tolerance or
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tachyphylaxis observed after early multiple-dose experiments (Bito ef al., 1983; Lee
et al., 1988). Multiple-doses of topically administered PFG,, also produced
significant JOP reductions in normolensive and glaucomatous human subjects (I.ee et
al., 1988; Villumsen & Alm, 1987). Recently, newly developed PGF,, analogues,
such as latanoprost, have been shown to decreasc IOP with less side effccts in
experimental anumals cycs as well as in the human eye (Toris ¢f al., 1997). In fact
latanoprost is the only PGF,, analogue which hus alrcady been approved for clinical

use (Bito, 1997).

The mechanism behind the {OP-lowering effect of PG has remained obscure. Studics
on AH dynamics have demonstrated that PG do nol decrease AH formation {Gabelt
& Kaunfman, 1989; Havashi et al,, 1987; Lee ef al., 1984; Villumsen & Alm,
1989) and have minimal efllcets on conventional outflow facility (Crawford ef «af.,
1987; Gabclt & Kaufman, 1989; Gabelt & Kautman, 1990; Havashi ez al., 1987,
Kaufman, 1986;Villumsen & Alm, 1989; Villumsen et wf., 1989), which are not
great enough to account for the large drop in IOP. (b some experiments PG have
been shown to slightly increase AH tormation (Crawford et al., 1987, Nilsson ef al.,
1989}, It was suggested that ather parameters of AH dynanucs such as uveoscleral
ouiflow may be 1ovolved (Kaufman, 1986). Mcasurcments of the rate of movement
of intracamerally-infused lracers through the uvea were used to demonstrate that
PGF,, and its analogues Increase uveoscleral ocultlow i monkeys (Gabelf and
Kauiman, 1989; 1990; Nilsson ¢r al., 1989). As uveoscleral outflow is highly
dependent on the degree of ciliary muscle tone, pilocarpine-induced contraction of

the ciliary muscle blocks uvcoscleral out{flow completely, while atropine increases it

36




Introduction: The Pharmacelagy of Ocular Hypotensive Agenty

(Bill & Walinder, 1966; Bill, 1969). Crawford and Kaufman (1987) provided
evidence for the enhancement of uveosclerai outllow by PGF,, In cynomolgus
monkeys by blocking the PG effeet with pilocarpine. This antagonistic e¢ffect of
pilocarpine was prevented by pre-treatment with alropine. In accordance with Bill
and Walinder (1966) il was suggested that pilocarpine pre-treatment contracts the
ciliary muscle, narrowing the intra-muscular spaces and closing of( the uvcosclieral

dratnage pathway.

In vitro stadies on trabecular outflow have demonstrated a small direcl refaxation
cffect of PG on pre-contracted isolated bovine (rabecular meshwork strips, possibly
mediated via BEP rceeplor stimulation (Krauss ef af., 1997; Toris et al., 1997). It has
also been suggested that PGF,, relaxes the ciliary muscle, widening the extracellular
channels between the ciliary muscle fibres and subsequently increasing the outllow
of aqueous. This idea originated after it was demonstrated that pilocarpine
confracted the ciliary muscle and blocked the PG-induced increase in uveoscleral
outflow and decrease in IOP (Crawford ef al., 1987; Nilsson ef af., 1989). I"'nrtlllcr
evidence supporting this hypothesis includes reports that PGF,, relaxes isolaked
ciliary muscle strips of cats (Chen & Woodward, 1992; Goh ef al., 1995) and
monkeys (Payer et ¢i., 1995) which have been precontracted with carbachol.

Morphological studies of monkey ciltary muscle afler multiple doses of PGF,, over
several days show narrowing of the muacle bundles, with widening of the spaces and
a reduction i collagen between the muscle bundles (Liitjen-Dyecoll & Tamm,

1988). PG have also been shown to induce substantiul changes in the extracellular
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matrix around cultured human smooth muscle cells (Lindsey ef al., 1997a; Lindscy
et al., 1997b). These structural altcrations may help explain the observed increase in
uveoscleral outflow after PG administration. However, it is unlikely thar such
anatomical changes could account for the increases in outflow seen rapidly, 2-4 hours

after single-dose topical administration of PGF,,, (Nilsson ef af.. 1989).

It appears that at least two mechanisms are involved 1 the increased aqueous
drainage through the ciliary muscle, which accounts for the decrease in IOP in

response fo PG. It is likely that the initial IOP decreasc results from ciliary muscle

relaxation and the sustaincd TOP reduction results from restructuring of the

extracellular matrix (Toris ef af., 1997).

Recently PG binding sites, of the EP and FP receptor type with a high affinity for
PGE,; and PGF,, respectivcly, have been identilied in the rabbit, cat, bovinc and
human ciliary body (Bhattacherjee ez al., 1993; Csukas ef al., 1993; Krauss ef al., *
1997; Matsue & Cynpader, 1993). In the rabbit the EP, receptor appeﬂrs‘to
predominate, such a predommance of the EP, receptor was not observed in the cat or
cow (Bhattacherjee ef al., 1993). In rabbits, prostaglandin induced breakdown of
the BAB occurs mainly with agents that have a high affinity for the EP, veceptor
subtype (Protzman & Woodward, 1990). Agents which have a higher aflinity for

the FP receptor have very little effect on the integrity of the barrier (Protzman &

Woodward, 1990). The PGF,, analogue, latanoprost, has been shown to be ghly
scleciive for the FP receptor, with little or no affinity for the EP, receptor

(Stiernschantz & Bito, 1992). No changes i the level of aqueous {larc were
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observed alter topical application of latanoprost in rabbits or humans (Widergard ef
al., 1998), indicating that the drug has no eflcet on permeability of the BAR in these

species.

There 15 now general acceptance of Kaufinan’s suggestion that the mechanism of the
1OP-towering effect of PGF,, is due largely o increase in uveoscleral outflow of AH,
with aqueous outflow being partially redirected from the trabecular 1o the uveoscleral
route. It has been postulated that the uveoscleral outflow route acts as a
supplementary drainage alternative to prevent dangerous clevations in 1OP due to

possible obstruction of the trabecular mmeshwork (Hurvitz ef al., 1991),
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OCULAR DRUG ABSORPTION

Corneal permeation of topically applied drugs

The cornea is an oplically transparent tissuc that acts as the principal refractive
element of the eve (Jdrvinen et al., 1995), in continuity with the sclera, constituting
the anlerior sixth of the surfacc of the globe (Pepose & Ubels, 1992). Anatomically
the cornea consists of a sheet of connective tissue, the stroma, covered on either
surface by a cellular layer (Maurice & Riley, 1970). A tear [ilm covers thc outer
anterior cellular layer, the corneal cpithclium. The supply of nutrients und removal
ol metabolites from the avascular cornea is provided by exchange: across the corneal
limbus with blood capillaries n peripheral conjunctiva and sclera; across the
endothelium with AII circulating in the anterior chamber; across the epithelivum with
the tear film (Maurice & Riley, 1970). The cornca also exchanges O, and CO,

directly with the atmospherc (Maurice & Riley, 1970).

Influcnces on corneal drug penctration

After instillation of ophthalmic drug solutions the primary route into the eye for
many drugs is transcorngal permeation (¥riedrich ef af., 1993). The quantity of drug
that reaches the internal tissues of the eyc is determined by two main factors: (i) pre-
comeal drug loss such as draiage by the nasolacrimal system and absorption by the
conjunctiva, much of which is then likely to be lost to the systemic circulation (Lce

& Robinson, 1979), and (ii) the ability of the drug to penetrate the layers of the
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cornca (Friedrich er wl., 1993).
e t \ oss cellular membranes

To traverse cellular barriers such as the cornea drngs have to cross lipid membranes.
Drugs cross lipid membranes by two main mechanisms; passive diffusional transfer

and carrier-mediated transfer.

The main factor which determines the rate of passive diffusional transfer ucross
membranes is lipid solubility, with molecular weight being a less important factor.
Non-pelar substances which dissolve 1n lipids and pass through the cell membranes
freely, are 1‘eFé1*red to as lipophilic. However, many drugs are weak acids or bases
whose state of 1onisation varies with pIl according to the Henderson-Hasselbach
equation. With weak acids or bases only the unionised species can diffuse freely
across lipid membranes. The ionised species have a very low lipid solubility and are

referred to as hydrophilic.

Hydration of the cornea

Cenerally the level of corncal hydration is expressed as the quantity of water
associated with unit dry weight of the tissue (g F,0.g"). Allernatively, the relative
waler conlent can be expressed as a percentage for corneal tissue (Doughty et af.,
1996). Bovine corneal hydration has been calculated between 3.4 - 3.5 ¢ H,O.¢"' dry

weight (Davsou, 1949: Duane, 1949) or 78 - 80% (Doughty ef af., 1995; Doughty
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et al., 1996). These valucs correlates well with most other mammalian species where
water coustitutes hetween 2.95 — 5.7 g H,0.¢g" dry weight (Maurice & Riley, 1970)
or 75 - 80 % of the whole cornea (Maurice, 1983; Maurice & Riley, 1970). This
value increases linearly with increasing corneal thickness. The corneal stroma swells
readily with H,0. which binds to protcoglycans in the extracellular matrix. No
significant differences were found between the hydration of the intact cornea and
epithelial-denuded stroma in monkeys (Ehlers, 1966) or rabbits (Otori, 1967).
Oedema of the cornea leads to alteration of its structure and loss of transparency
(Maurice & Riley, 1970). When moderate amounts of water are taken up or {ost
from the cornea, there is an alteration in the thickness (Hedbys & Mishima, 1966).
Therefore measurement of corneal thickness can be a convenient and accurate way of
assessing corneal hydration in the living eye (Lee & DPavison, 1984; Mishima &

Hedbys, 1967).

In the living mammalian cyc normal thickness is controlled within narrow limils
(Maurice & Riley, 1970). However, if the cxcised mammalian eve is stored at 4°C,
then the cormea loses some of its transparency and increases in thickness due to
absorption of water [rom the All (Davson, 1955; Doughty, 1989; Deughty, 1997;
Doughty ef al., 1995; Harris & Nordquist, 1955). In the bovine eye this results in
an increase from 3.4 g H,0.g" dry weight o 4.55 g 1,0.g7 dry weight (Davson,
1Y90), or and increase in central corneal thickness from 1007 £ 73 um to 1218 + 62
e (Doughty, 1997). Transferring the mammalian eye to a moist chamber at 37°C
can rcverse this swelling (Davson, 1955; Harris & Nordquist, 1953). This

“temperalure reversal” effect still occurs after the epithelium s removed suggesting
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the pump removing fluid from the corneal stroma is located in the endothelium
(Harris & Nordquist, 1955). When the cornea is treated with ouabain, which
specilically inhibits the transport of Na', it is found (o swell, indicating that aclive
transport of Na” and associated H,O movement due to osmosis is involved in
maintaining corncal dehydration (Tremberth & Mishima, 1968). The aclive
transport of Na' is responsible for forming a small potential across the endothelium
of approx. 0.76 mV, which is reduced to zero by ouabain, indicating the presence of
Na'/ K'-ATPase (Lim & Ussing, 1982). Na® transport is known to be accompanied
by a net flux of HCO, out of the stroma, into the A (Fiscbarg & Lim, 1974; Huail
et al., 1977). 1t has been suggested that active transport of HCO, coupled to an
cnergy source in a manner similar to Na'/ K'-ATPase, may provide the osmotic

gradient necessary for movement of water from the stroma (Riley, 1977).
Pcrmeability of the cornea

The cornea is a unique tissue, which has an aqueous middle region, the hydrophi'lic
sttoma, between two hydrophobic or lipophilic layers, the epithclium and
endothelium. This has great importance for drug penetration, restricting the corneal
permeability of hydrophilic and macromolecitlar compounds (Morimoto et al.,
1987). Usually the corneal epithelium provides the main barricr to drug absorption
inta the eye (Maurice & Mishima, 1984). Drugs penetrate across lhe epithelium via
the transcellular or paraceliuiar pathway. Generally lipophilic drugs penetrate
through the transcellular route, whereas hydrophilic drugs penetrate through the

paracellular route (Jéirvinen ef al., 1995).
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The permeability characteristics of the cornea are of great clinical interest as the
cornea must be crossed in order that topically applied drugs reach their target tissue
in adequate concentrations. Topically apphed drugs face losses via four routes;
drainage of AH back into the blood, uptake into the vascular system of the anterior
uvea, flow of tears into the nasolacrimal duct and drug absorplion into the
conjunctiva. Corneal permeability experiments estimated that the endothelium was
~100 times more permeable to Na® than the epithelium, indicating that the cpithclium
acts as a semi-permeable membranc, permeable to H,O but not to solutes in tears
(Maurice, 1951). Later it was calculated that the endothelium offers ~1700 times
more resistance lo diffusion than the same thickness of H,O.  Endothelial
permeability studies using the isolated cornea with the cpithcliuin removed suggest
thal in general permeability decreases as molecular weight incrcascs (Kim et «l.,
1971; Mishima & Trenborth, 1968). In these experiments using the isolated
corneal preparation, the permeability of Descemet’s membrane and the corneal
stroma was separately measured, indicating that they do not offer a significant barrier
to diffusion. The relative resistance to diffusion of small clectrolytes provided by the
corneal epithelium, stroma and endothclium has been determined to be 2000:1:10
(Maurice, 1951; Mishima & Hedhbys, 1967). The pecrmeability of metabolically
important substances such as glucose and amino acids is much greater than predicted
from their size, due to carrier-medialed facilitated transport across the endothelial cell

membrane (Davson, 1994).
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1t is senerally accepted that the epithelium represents the major barrier (o diffusion of
compounds across the cornea into the anterior segment of the cyc (Grass &
Robinson, 1988b). The location of the barrier lunction is gencrally atiributed to the
outermost layer of the epithelium, which is characterised hy tight junctions befween
adjacent epithelial cells (Tonjum, 1974). This barrier is often considered to vary in
magnitude according to the solubility characteristics of the drug (Sieg & Robinsen,
1976). In 1942, Swan and White found that substances which are soluble in liptd as
well as in water penetrate the epithelium rapidly, A strong correlation has been
reported between the oil-water partition coefficient of a compound and the ease with
which it crosscs the epithelium (Araic & Maurice, 1987). It is now widely accepted
that lipid solubility, as reflected by the oil-water partition ceeflicient, is the major,
but not the only faclor influencing drug penetration into the cornea and Al
{Fankowska ef al., 1986; Schoenwald & [Maung, 1983; Wang ef al., 1991). This
was highlighted experimentally, where despite an enormous difference in lipid
solubility only a three-fold difference in absorption between methazolamide and
benzolamide was found in the isolated intact cornea (Edchauser & Maren, 1988).
Other physiocochemical drug properties including aqueous solubility, molecular size
and shape, charge and degree of ionization are now thought to influence the route and
rate of drug penetration {Grass & Robinson, 1988b; Haung ef «l., 1989; Maren &

Jankowska, 1985; Rojanasakul ef al., 1992; Sieg & Robinson, 1977).

Drugs which arc soluble in water are generally unable to penctrate the epithelial
barricr, therefore the rate-limiting barrier for ocular penctration of highly hydrophilic

drug 1s the Hipophilic corneal epithelium (Jixvinen er ¢l., 1995). However lipid-
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soluble drugs which penctrate easily find difTiculty in leaving; therefore some degree
ol solubility in both aqueous and lipid mcdia is required for optinmm transcorneal

permeation (Swan & White, 1942; Kupferman et af., 1974).

Today, most ophthalmic drugs are available in a solution which is topically applied
to the eye. Most drugs arc 1onizable and hence are present in a chemical equalibrium
between the ionic (anton or cation) and non-ionic (free base) forms in aqueous
solution (e.g., cation’ > free base + IT7). This greatly complicales the mechanism of
drug penetration through the cornea. Permeation of ionizable drugs {weak acids and
weak bases) depends on the equilibrium between the ionized and unionized drug in
the eyedrop and eventually the lacrimal fluid (Friedrich e «l., 1993). The
cpithelium and endothelium would present the greatest barrier to corneal penetration
if the drug was predominanily in the hydrophilic (lonized) form, whereas the stroma
would theoretically present the greatest barricr to a drug in its lipophilic (unionized)
form (Friedrich ef al., 1993). As the epithelium and endothelium are lipid in nature
the 1onized form of the diug would not readily penetrate these barriers. However, the
paracellular pathway does atlow a small degree of penefration of ionic drugs through
the epithelizl and cndothelial barriers (Klyee & Crosson, 1985).  Unionized,
lipaphilic forms of a drug pass across lhe epithelium and cndothelium by
transcellular diffusion directly through the cell membranes. The rate of penetration
via the transceliular route 1s much higher than via the paracellular route (Friedvich ef
al., 1993). However the ionised drugs cxist at equilibrium with their unionized
forms. Once an onizable drug is applied to the tear fitm, the unionized and ionized

form begin to penetrate across the epithelium, As the transcellular path is only
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available to the unionized form, the ionized form will accumulate at the interface
between the epithelium and tear film. As the unionized and ionized forms arc in
equilibrium in the tear film, there is an imbalance at the interface. This imbalance
pushes the cquulibrivm towards the unionized form. This equilibritm reaction is
reversed as the drug reaches the hydrophilic stcoma. This results in an enhanced
overall permeability across the epithelium and endothelium to ionizable drugs,

compared to the permeability predicted by lipid-solubility (Friedrich ef al., 1993).

[n the case of ionizable drugs, the charge on the molecule also allects their corneal
peneiration {Rojanasakul et al., 1992). At the physiological pH of 7.4 hydrophilic
cationic charged compounds permeate the cornea more readily than anionic specics
(Rojaﬁasakul et al., 1992). At acidic pH the cornea is seleclively permeable to
ncgatively charged molecules, however acidic formulations are not tolerated by the
cornea and formulations for ophthalmic use scldom have a pH < 5.5 (Rejanasakul &

Robinson, 1989).

Sicg and Robinson (1976) have investigated the mechanism of corneal penetration
using the antiglaucoma drug, pilocarpine, which appears to possess optimum
solubility characteristics being soluble in both polar (agueous) and non-polar (lipid)
solvents. The corncal epithelinm is the rate limiting tissuc and acts as both a barrier
to drug penetration and as a reservolr of pilocarpine in the cornca (Sieg & Robinson,
1976). Removal of the epithelium prior to dosing produced 2 seven to eight fold
increase in drug levels in the AF. The endothelium did not appear to offer any

significant resistance to transcorneal permeation of pilocarpine. When the epithelium
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is removed there is also an absence of drug build up in the stroma and endothelium,
climinating the reservoir effect of the comea. These resuits led the investigators 10
suggest that in the case of transcorneal permeation of pilocarpine the stroma,

endothelium and AH almost act as a single phase.

T'ollowing topical application of drugs in vivo, there is rapid absorption across the
cornea. Drugs with dissimilar physicochemical properties often show similar corncal
absorption profiles. It has been shown that the drug contact time from 0 - 5 min
postinstillation 1s critical for drug absorption into the cornea and AH (Sicg &
Robinson, 1976), with drug concentrations in the AH peaking afier 20 - 30 min
(Makoid & Robinsen, [979; Sieg & Robinson, 1976). These early peak times are
due to rapid climination from the precorneal area (tear filin), drug dilution In the tear
film, drug loss via drainage into the nasolacrimal duct and absorption via the
conjunctival sac into the systemic circulation, resulting in a rapid decrease in the
concentration gradient between the precorneal area und the anterior corcal cpithelial
surface (Makoid & Robinsox, 1979). Therefore the amount of drug absol‘bcd’ 13
very small relative (o the total amount instilled (Sieg & Robinson, 1976). Typically
<5% of the applied dose reaches the eye following application of topical solutions

(Jidrvinen et al.. 1995).

It is very important to maximise the amount of drug absorption inio the cornca and

AH following application ol a topical dosc.
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Ocular absorption of topically applied drugs may be improved by increasing their
lipophilicity via prodrug derivatives (L.ee & Li, 1989), ion-pair formation (Wilson ef
af., 1981) and oplimized solution pIT for the unionized form of the drug (Podder er
al., 1992). Iucreasing the drug contact time in the precorneal arca has also been
shown to increase drug penetration in rabbits (Chrai & Robinson, 1974; Patton &

Robinson, 1975) and humans (Saettone e al., 1982).

Soluble pelymers, such as methylcellulose, hydroxypropyl methylcellulose and
polyvinyl alcohol arc commonly used in eyedrops to increase the viscosity of the
solution, which deereases Lhe dilution in the tear film and rapid initial drainage rate,
resulling in an increased contact time in the precorneal area which sustains to some
extent the initial tear concentration of the drug (Adler et af., 1971; Benedetto ef al.,

1975; Shell, 1985).

Ophthalmic ointments are a commonly used formulation for the delivery of drugs to
the eye which also ofler (e advantage of prolonged medication from cach instillation
(Shell, 1985). Drug biocavailability has been found o peak later with ointment
vehicles than with salutions resulting in a significantly greater bioavailability to the
eye (Seig & Robinson, 1975). The superior bioavailabilty of drug from ointment
formulations 1s believed to be due to several factors: (1) higher effective
concentration of drug in the formulation (Seig & Robinson, 1975; Shell, 1985), (2)
mncreased tissue contact time {Seig & Robinson, 1975; Shell, 1885), (3) inhibition of
dilution by tears (Seig & Robinson, 1977) and (4) resistance to nasolacrimal

drainage (Norn, 1964), 'T'he mechanical shearing aclion of blinking is aiso believed
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to significantly enhance drug rclease from ointments by continually exposing new
surface areas of the formulation to the precorneal area, continually changing the
thickness of the diffusional layer and dispersing droplets of the drug in a water-in-oil
emulsion (Seig & Robinson, 1979). On the other hand ophthalmic ointments
present mixing problems between the ointment vehicle, which is lipophilic, and the

tear film, which 1s hydrophilic (Sieg & Robinson, 1975).

Eyedrops, in the form ol a topical emulsion or suspension have also been reported to
prolong the therapeutic effect compared to a topical solution of the same drug
(Mazor et al., 197Y; Ticho ef al., 1979). In an emulsion formulation, drug can be
bound to a polymeric material, resulting in a suspension of drug-polymeric complex
with a low viscosity which is readily delivered as an eycdrop (Shell, 1985). In vitro
stwdies have indicated that the prolonged therapeutic effect 1s due to both an

increased drug perimeation and to a prolonged drug release from the vehicie (Mazor

et al., 1979).

Increased vehicle contact time does not increase the epithelial concentration above its
mitial value, which is controlled by the concentration of the applied dose (Sieg &
Robinson, 1976). Instead it maintains the epithelial concentration for an extended
time, effectively increasing the time taken to reach peak drug concentration in the
AT and the total amount of drug which penetrates into the AH. Increasing the
contact time has been shown to moderaiely increase the absorption of pilocarpine by

a [actor of two to three (Chrai & Robinson, 1974; Patton & Robinson, 1975).

50




Iutroduction: Ocular Drug Absorption

Several studies on ocular drug bloavailability indicate that drug solubility in the
vehicle dictates the success of a drug (ormulation in increasing bioavailability and
prolonging drug release (Sieg & Robinson, 1977). Drugs which are lipophilic and
therefore soluble in lipophilic ointments, show greater absorption and prolonged
release when applied as an eintment formulation. [n contrast it was suggested that
more appropriate vehicles for drugs which do not dissolve readily in lipophilic
ointments would be aqueous or perhaps an oil-in-water emulsion (Sieg & Robinson,

1977).

Transcorncal permeability varies among different species. I vivo gpithelial diffusion
studies showed that chloramphenicol, fluorescein and gentamycin penetrale less
readily in humans than i rabbits (Maurice & Mishima, 1984). /x vitro studies also
show a significant ditference between the permeability characteristics of rabbit and
human cornca (Edelhauser & Maren, 1988). When the epithelium was intact the
permeability of hydrophilic compounds was much greater in human cormnea. Tilis
diffcrence between the species disappeared when the epithelium was removed,
leading Edelhauser and Maren to suggest that the rabbit epithelium is more of a
barrier to hydrophilic drugs, which probably pass through the comea via agueous
channels. This agreed with previous reports and the general principle that the
gpithelium is & barrier to hydrophilic compounds (Maren er al., 1983). The
peracability to lipophilic compounds was essentially the same in corneas from both
species with intact or rewoved epithelium, wdicating that the lipid-barrier component

of the cpithelivm functions in the same way for both rabbit and human (Edelhauser
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& Maren, 1988).

Compounds such as benzalkoniuvm chloride and EDTA which are commonly added
to topical drug sclutions are known 1o disrupt the integrity of comeal epithelial
barricr, which may affcct ocular drug absorption (Podder ef af., 1992). Tatal corneal
débridement is reported to increase penetration of hydraphilic (water-soluble) drugs,
but not lipophilic (Lipid-soluble) drugs inte the comea (Chicn ef af., 1988; Hull ef
al., 1974; Lesar & Fiscella, 1985). The relationship between drug penetration and
comeal epithelial integrity was investigated using the antifungal drug, saperconazole
(Johnson et al., 1995). This drug has lipophilic properties and its penetration into
the comea is strongly mfluenced by the presence of an intact epithelium (O'Day et
al., 1992). The study showed that débridement of the corneal epithelium increases
penetration of the antifungal drug into the rabbit cornca and AH. The relationship
between epithelial defect size and drug penetration was not linear. A plateau value
bewween 25% and 50% of total epithelial débridement was found to exist, beyond
which no greater drug penetration was secn. This work agrees with a previous report
wliere a positive correlation was shown between epithelial defect size and penctration
of Muorescein into the human cornea and anterior chamber (Berkowitz ef «f., 1981),
The poor solubility of saperconazole in agucous solution was enhanced by the
addition of a hydrophilic carrier molecule to the antifungal agent (Johmson ef af.,
1995). Therefore the saperconazole complex behaves as a hydrophilic substan;&
This helps to explain the increase in penetration into the cornca and aqueous of the
lipophilic compound aflter removal of the epithelium, a layer which is permeable o

lipophilic substances.  Clinically, situations may arise where débridement of a
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portion of the commeal epithelium may be performed in an effort to incrcasc

penetration of drugs into the cornea and anterior chamber (Johnson ef ai., 1995).
Herpes simplex virus and corneal damage

Herpes simplex virus (HSV) is one of the most damaging infectious agents that can
attack the eve. The virus is the most common infectious cause of corneal ulcers and
corneal blindness in developed countries, and has reached epidemic propoertions in

the United States with nearly 300,000 new cases reported annually (Pavan-Langston

& Boisjoly, 1985).

Clinical manifestations of primary HSV inflection of the eye include tearing,
conjunctivitis and epithelial keratitis. Primary herpetic keratitis is generally self
liniting and wsually heals within 4 weeks without scarring (Verdier & Kracher,
1984), However, the virus can remain latent with periodic recurrence producing
clinical manifeslations of secondary herpetic keratitis. In primary herpetic kerati‘tis
the damage is generally limited to the surfacc cpithelium, whereas in secondary
keratitis the damage olten cxiends to the stroma and endothelium and may persist for
months producing irreversible morphologic changes which may result in permanent

blindness (Hughes e ¢l., 1993a; 1993b).

Herpetic keratitis can be treated with topical anliviral compounds, such as aciclovir
(Pavan-Langston & Boisjoly, 1985). Unlike other DN A-inhibiting antiviral agents,

aciclovir acts preferentially on HSV-infected cells and is activated by the virus-coded
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enzyme, thymidine kinase (Abel ef af., 1975).

The major bairiers to the treatiment of herpetic keratitis are frequent administration of
topical solutions and the failure of the active drog to achieve minimum inhibitory
concentrations in ocular tissues (Hughes ef al., 1993a; 1993D). Aciclovir has low
ocular bioavailabilly due to its hydrophilic nature causing low epithelial permeability
and rapid dilution and drainage from the precorneal area. Therefore it is important o
maximise to the amount of active drug which penetrates the cpithelial barrier of the

cornea.

Alkali burns and corneal ulceration

Alkali bums of the cye are among the most disastrous of ocular injuries,
characterised by corneal opacification, vascularization, chronic irritation and
comjunctival overgrowth.,  Burns commonly resull in repeated ulceralion or
perforation of the cornea (Brown et af., 1969a). The viability and future inlegrity‘ol'
the alkali-bumed cornea was found (o be linked to the extent of neovascularization
(Brown et al., 1969a). When the corneas were complelely vascularized, wounds
healed as well as those of normal controls and perforations were rare (Brown et af.,
1969a). Investigations indicated that all the cells of the cornca were destroyed
immediately alter cxposure to alkall (Brewn et al., 1972). Seven to eighleen days
alter exposure, regrowing epithelial cells and cellular elements that are repopulating
the stroma produce collagenase which ultimately ulcerates the cornea (Brown et al.,

1969a; 1969b; Mai Phan ef al., 1991).
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Alkall burn models have been exlensively used to investigale the formation of
corneal ulcers in rabbits (Berman et al., 1983; Levinson ¢t al., 1976; Mai Phan et
al., 1991; Pfister & Paterson, 1977). Alier decp anaesthesia was induced, alkali
burns were made by either: placing disks of filter paper, salurated with 4N sodium
hydroxide on the central corneal surface for 2 min (Berman ef al., 1983; Mai han
et al., 1991); or placing a circular Lucite well on the cormea and filling the well wilh
IN sodium hydroxide for 20 sec (L.evinson et al., 1976; Pfister & Paterson, 1977;
Plister & Paterson, 1980}, Alkali-burned corneas were then irrigated with 0.9%
saline solution. In these models the corneal epithelial defect, induced by the alkali-
burn, initially closes at a steady rate, This process usually ccases 3 - 5 days after the
burn, with secondary epithelial breakdown eventually resulling in corncal ulceration.
Thermal burns, formed by application of a thermokeratophore probe at a temperature
of 130 °C 1o the cornea for 2 sec, huve also been used to induce corneal ulceralion

(Phillips er al., 1983).

Treatment with a variety of agents ncluding hypertonic ointments (Pfister, 1983),
epidermal growth factor (Singh & Foster, 1987), collagenase inhibitors (Brown &
Weller, 1970), ascorbic acid (Levinson e al., 1976; Pfister & Paterson, 1977
Pfister er «f., 1978) and the corticosteroid, prednisolone (Phillips er al., 1983) helps
1o reduce the [requency of comeal ulcer formation in eyes with epithelial defecty
induced by alkali-burns. [t has been reported that treatment of corneal ulcers with
corticosteroids increascs the activity ol collagenasc, which may associated with a

rapid perforation of the corncal cpithelium (Brown, 1971). Topical fibronectn has
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been reported to accelerate corneal epithelial wound healing in rabbits (Mai Phan e¢

al., 1991; Nishida ef al., 1984).

Utilisation of the perfused bovine eye as an in vitro model for the study of drug
absorption allows the study of drug penetration into the cornea and Al without the
complications of blinking, drug dilution in the tear filin, tear drwnage, drug loss to
the systemic circulation, or influences of the CNS and CVS associated with in vivo
models (Figurc 7a), while maintaining the eye under controlled physiological

conditions (Zhu ef al., 1996).

In the isolated bovine eye, drug molecules permeating the cornca are partitioned in
the AH and then distributed into surrounding tissues such as the iris and lens. As the
AH 1s the most accessible compartment for drug molecules diffusing across the
cornea and only a small amount ol drug molecules are distributed into éhe
surrounding ocular tissues, it s asstimed that the AH is the major compartment for
elimination and distribution of drug (Zhu ef al., 1996). Figure 7b describes the roule
of absorption following topical application ol drug fo the isolated perfused bovine
eyve. Under non-perfused conditions, corneal hydration of the freshly collected
bovine eye remains satisfactory up to an hour after death (Zhu et al., 1996).
Commencement of arierial perfusion with Krebs’ solution, within an hour afier death,
has been shown to maintain corncal hydration without significant alterations in

corneal thickness for several hours (Zhu ef al., 1996).
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Figure 7a. Flow diagram representing the theoretical route of drug absorption

following topical application in vivo.
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1 TOPICALLY APPLIED DRUG N

l
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Figure 7b. Flow diagram representing the theoretical route of drug absorption

following topical application in vitro.
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AIMS OF THE PROJECT

A general aim of this project was to develop the in vitre bovine perfused cye, to show
whether it is a vseful model for experimental work in studying drug mechanisms in

the cye, whether [rom a pharmacodynamic or pharmacokinetic point of view,

There are two sections to the current work aud their ultimate aims are: A). the
development of safer and more eflective drugs for the treatment of glaucoma by
improving our understanding of the mechanisms of existing drugs. The present work
setls out to show whether this model will be useful in predicling antiglaucoma drug
activity in man; aud B). the development of a simple model allowing the study of

corneal drug absorption under physiological and pathologicat conditions.

A. The cffects of pilocarpine, apraclonidinc and prostaglandins, drugs which are
known to have 10P-lowering properties in other specics, will be studied on 1OP in
the bovine perfused eye. Once the IOP-lowering properties of drugs have been
conlirmed in this model] an attempt will be made to try to elucidate the mechanisms
by which these drugs may alter IOP, by measuring facility of outflow, uveoscleral

outflow or rate of formation of AH.

A further intention is to ascertain how various routes of drug administration might
alter the effect ol these drugs upon 1OP. 11 is most likely that drugs which influence

IOP via an alteration in aqueous [ormation in the ciliary body will be most effective
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by the intra-arterial route, whereas drugs influencing IOP by altering outflow are

more likely to do so following administration via the intracameral route,

Where there is evidence that a given drug may affect the intcgrity of the BAR, the
perfused bovine eyc model will be used as a means of testing the effect of various
drugs on BAB permeability by the inclusion of the high molccular weight substance,
bovine serum albumin (1% w/v) in the arterial perfusate and measuring its leakage

into the secreted AT,

B. Studies of ocular drug absorption will utilise the bovine perfused eye as an in
vitro model to investigate the absorption of different formulations of the anti-viral
drug, aciclovir. The other major experimental variable will be chemical and physical
damage to (he cornea attempting to numic the corneal damage associated with HSV.
Clinically, damage to the corncal epithelivm associated with HSV, results in
perforations in Lhe epithelial layer which if severe enough may lead to the formation
of corneal ulcers. As it is not feasible to keep the perfused eye model viable for ’Lhe
duration of bme required for corncal ulceration to develop, then the development of a
rapid, reproducible method of damaging (he cornea may be helpful in studying

absorption of aciclovir formulations,
High performance liquid chromatography (HPLC) will be used (o analyze and

guaniify the amount of aciclovir which is absorbed in acid extracts of the cornea and

AH.
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MATERIALS AND METHODS

The bovine perfused eye preparation

The procedure for dissection and setting up of the constant flow method for the
bovine perfused eye was inilially described by Wilson and co-workers (1993).
Bovine cycs were obtained from the abattoir, and transporied to the laboratory.
Temperatures during transportation depended on scasonal variation, ranging from 2 -
20°C. The eyes were not transporled on ice since the resulting solidity of the orbital
falty tissue serously hampered dissection and cannulation (Wilson et af., 1993), It
was also felt that the return of the eyes’ core temperature to 37°C on commencing
perfuﬁon would be delayed considerably by cooling the whole eye on ice (Wilson ef
al.,, 1993). Immediately upon return to the laboralory, excess adnexal tissue was
irmmmed from the eye, taking care not to damage blood vessels tunning over the
posterior surface of the globe. The two posterior ciliary arleries were located, one of
which was carefully cleared of fatty and conncctive tissue, and cannulated cIistaj 10
the ophthalmic artery bul proximal Lo the dark blue pigmentation which appears in the
arterial wall prior to entering the sclera. This portion of the artery is relatively large

and robust, allowing easy cannulation and manipulation.

After cannulation, the eye was placed in a warming jacket maintained at 37°C and
insulated with a plastic cover (Figure 8). The cannulated long posterior cifiary artery
and thus the blood vessels of the anterior uvea were then perfuscd with a Krebs’

solution at 37°C, containing (mM): NaCl, 118; KCi, 4.7; MgS0,, 1.2; CaCl,,
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Manomagter
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tlealing cail
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Figure 8. The bovine isolated eve, showing perfusion of the uveal vasculature
through one long posterior ciliary artery under condition of constant flow rate.
Perfusion pressure and [OP were both monitored as shown (Wilson er al.,

1993).
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2.5; NaHCO,, 25; KH,PO,, 1.2; glucose, 11.5; ascorbate, 0.05. The solution was
bubbled with 95% O, - 5% CO, to adjust the pH to 7.4. Flow of Krebs’ through the
vasculature was induced via a Watson-Marlow peristaltic pump. Arterial perfusion
pressure was recorded via a Grass FTO3C transducer, bridge box amplifier and
Linsets (LS 52-2} pen vecorder. Asterial flow of Krebs® was commenced at 0.2
ml.min™ and increased in approx. 10 increments to 2.25 - 2.5 mb.miu”, over a 40 min
period. In some eyes that showed a low initial perfusion pressure, optimum flow rate
was reached much earlier than this, sometimes within 20 min of the start of perfusion.
During this period arterial perfusion pressure often fluctuated, usually due to poor
alignment of the cannula with the artery, the twisting of the artery to produce partial
blockage of the lumen or excessively tight ligatures around the cannula.  Alfter 40)
min, when ATT secretion had restarted and the anterior chamber was fum, it was
cannulated with a 23G needle connected via silicon rubber tubing (internal diameter

0.8 mm} to a water manomeler for measurement of 10OP.

Measuremen( of intraocular pressure

1OP, expressed as mm H,O, was measured manually from the water manometer at 5
or 10 min intervals depending on the duration of the experiment. When recording
IOP for 90 min, measurements were taken at 5 min intervals; when recording 1OP for
FBO min, measurcments were taken at 10 min intervals. In order to minimise the
effect of capillary surface tension on 10P, fine steel wire was used to distuh the H,0

meniscus approx. 30 sec prior to taking measurcments. 10OP can be easity converted
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from mm H,O to mm Hg by dividing the value obtained from the water manometer

by 13.540, the specific gravity of mercury (specific gravity H,0 = 1).

Criteria fur accepling/ rejecting eves

The criteria for proceeding further with each experiment, following an equilibration

period of a further 30 - 60 min, were as follows (Wilson et al., 1993):

« maintenance of a stable 1OP, with fuctuations of less than +2 mm H,O over a 15
min period, within the range 95 - 165 mm H,O (7 - 12 mm I1g).

s maintenance of a stable arterial perfusion pressure within the range of 20 - 60 mm
Tg.

¢ f{ree flow of perfusate from at least 2 vortex veins.

Eyes were also rejected for further study it any of the [ollowing were observed:

» air bubbles moved from the heating coils into the vasculature resulting in a sharp

increase in [OP, =20 mm Hg, which failed to return to its previous value within 5

.

» perfusion pressurc increased above 100 mm Hg at any point of the experiment.

s damage to the globe resulting in leakage of perfusate from the long posterior

ciliary artery.

Drug administration

Once JOP had stabilised, drug solutions or vehicles were administered by onc of three

routes; (1) by addition of drug to the perfusate reservoir at an exact concentration, {if)
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as a bolus dosc injected intra-arterially or, (jii} as a bolus dose injected
intracamerally. Bolus doses of drug solution were injected in volumes of 3 - 10 pl
using @ microsyringe.  Intra-arterial injections were administered immediately
proximal to the arterial cannula through re-sealable rubber {ubing. Intracameral
injections were administered by cannulating the anterior chamber with a second 23G
needle comnccted via silicon rubber tubing to a microsyringe. This secondary
cannulation of the anterior chamber was carried out approx. S min afler insertion of
the manometer needle in order te minimise the distuption of IOP associated with
mechanically inserting needles through the comnea. Drug solutions were injected once
JOP had stabilised after the disturbance of piercing the cornea. The tUme of

administration of the drug was designated as zero time.
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Measurements of il diameter

The effects of a miotic agent on pupil diameter was tested in order to confirm that the
solated bovine perfused eye delivers drug, administered arterially, to the anterior
uvea. Pilocarpine causes miosis by directly acting on receptors of the pupillary
muscle sphincter (Zimmmerman, $981). The diameter of the pupil was measured

cxternally before, and 90 min after, drug administration, using a Vernier Caliper.

Effccts of pilocarping, apraclonidine and PGF,, on JIOP

In order to develop further the isolated bovine arterially perfused eye as an in vitro
modél for the study of the mechanisms by which drugs lower 1OP, several drugs
known for their IOP lowering properties in other specics were tested for their effects
on 10P. Drug effects on IOP arc cxpressed as changes, compared to control gyes, in
the mcan slope of the regression line drawn on 10P v time.  Microsoft Excel
calculates (he statistics for a line by using the "least squares™ method to calculate a
straight line that best fils the data, and rcturns a slope value (mm H,O.min™) that

describes the hine.

Pilocarpine

The cholincrgic agonist, pilocarpine was administcred 1o the eye in the perfusate at
concentrations of 107 M, 10° M, 3 x 10°M and 5 x 10 M. The vehicle for
pilocarpine was distitled water. The effect of pilocarpine on [OP was also tested in

eves perfused with a solution of Krebs’ containing bovine scrum albumin (BSA) (1%
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wiv). The drug was administered in the perfusate al concentrations of 107 M, 10 M,
3x 10°M and 10° M. At the optimum flow rate of 2.25 ml.min™ approx. 10 min was
allowed for the drug to reach the eye due to the tlow of the perfusate {rom the
reservoir through a heating coil via connecting rubber tubing. IOP was monitored for
90 min after the approximate time when the drug reached the eye with readings taken

cvery S mirn,

Apraclonidine

The a,-adrenergic agonist, apraclonidine was tested for its cffecls on [OP. The doses
used for apraclonidine were 10 nmol, 30 nmol, 100 amol and 300 nmol. The vehicle
for apraclomdine was distilled water, Drug solution or vehicle in volumes of 3 or 10
il was injected as bolus doses intra-arterially into the perfusaic as deseribed
previously, or intracamerally directly into the anterior chamber. IOP was monitored

for 90 min after injection with readings taken at 5 min intervals.

PGT,,

The prostaglandin, PGF,,, was tested for its effects on IOP when the eye was perfused
with Krebs’ solution or Krebs’ solution containing BSA (1% w/v). The doses used
for PGT., was 20 nmol, 60 mmol, 200 nmol, 600 and 2000 nmol. The vehicle for
PGF,, was distilled water. Drug solution or vehicle (in these cases distilled H,0) i
volumes of 2 or 6 ul was injected as bolus doses intra-arterially tnto the perfusate as
described previously. IOP was monitorced for 180 min after injection with readings

taken at 10 min intervals.
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Measurcment of vascular e s

After drug administration, the magnitude of vascular responses, indicated by changes

in perfusion pressure, was measured after exclusion of injection artcfacts.

The effects of selective q-adrenergic antagomists on the vascular response to

ATORIST

The effects of selective o,- and o,-adrenergic antagonists were investigated on (i) the
short term (< 10 min) vascular response observed after intra-arterial injection of a
bolus dose of agonist and (i1) the sustained vascular responsc observed after conlinual

intra-asterial perfusion of agonist.

Once a flow rate of 2.25 mlmin™" had been established and perfusion pressure was
constant for a period of 20 min, control dose-response curves lo the agonists,
apraclonidine (10 - 10™® mol) or noradrenaline (107 - 10 mol), were constructed by
mtra-arterial injection of bolus doses. The effect of the agonists on peak short term
vascular perfusion pressure responses was expressed as the percentage increase in

basal tonc.

(1} Dose-response curves for the agonists were consfructed in the presence and
absence in the perfusate of the sclective «,-adrenergic antagonist, prazosin (3 x 10°
M), or the selective u,-adrenergic antagonist, yohimbine (3 x 10° M) (30 min pre-

incubation). The cffect of the agonists on peak short-term vascular perfusion pressure
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responscs, in the presence or absence of the antagonists was cxpressed as the

percentage increase in basal lone.

{11). The clfcet of the selective o,-adrenergic antagonist, delequamine {gifl from Prof.
J.C. McGrath), on the sustained vascular response was investigated by perfusing the
vascular beds of the isolated bovine eye with Krebs’ solution containing
apraclonidine at concentrations of 10° M, 3 x 10° M or 107 M. After adding
apraclonidine to the reservoir, 10 min was allowed for the drug to reach the eye. The
vascular response to apracloniding was measured after a further 30 min perfusion
(total of 40 min after drug administration). Delequamine was then added to the
perfusate at a concentration of [0* M and the effect on vascular responsc was

measured after 40 min. This process was repeated for concentrations of 107 and 10

M delequamine.

The effect of the o;-adrenergic antagonist, prazosin on the sustained vascular
response was also mvestigated by perfusing the cye with Krebs® soluticn containing
apraclonidine at concenirations of 3 x 10° M or 107 M. The vascular response was
measured after 40 min. Prazosin was added to the perfusate at a concentration of 10

M and the effect on the vascular response was measured afier 40 min. This process

was repeated [or concentrations of 107 and 10 M prazosin.
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Materials and Methods

Sheep eyes

Due to difficulties in the supply of bovine eves during part ol the peried of this
project, eyes from sheep (ovine) were used as alternatives to bovine. The dissection
and cannulation was as described previously except that perfusion flow rates were

restricted to a maximum of 1.5 mlmin” in order to consistently maintain vascular

pertusion pressure between 20 to 60 mm Hg. Pilocarpine, the only drug tested on the
ovine eye, was administered, at a concentration of 10° M, by the addition of the drug

to the perfusate reservoir. 10P was monitored for 90 min after the approximate time

when the drug reached the eye with readings taken every 5 min.
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Testing the integrity of the blovd-aqucous barrier of the isolated eye after drug

administration

I order to test the integrily of the blood-aqueous barrier after drug administration the
perfusate was supplemented with 1% BSA to mimic the osmotic pressure of plasma.
At the end of each experiment, samples of AH up to a volume of 1.5 ml were
withdrawn from the anterior and posterior chambers of the eye. In arder o remove
AH the existing cannulation needle for measuring I0OP was used, being inserted first
hehind, then in front of the iris, AH samples from each eye were transferred to
Eppendorf tubes for storage and assay. The amount of protein contained in the AH
was measured by assay. IOP was measured as described earlier throughout these

experiments.

Protein_assay

The amount of protein in the AH was determined by the Lowry (1951} method. F he
protein assay was done using a Dynatech Plate Reader, employing a 96-well plate.
The product of this assay, a complex between copper, phenol and protein has a
distinct blue colour and absorbs strongly at a wavelength of 750 nm. The inlensity of
this colour, determined specirophotometrically, s proportional to the concentration of
protein present m the well av low concentrations. At high protein concenirations
standard curves determined by the Lowry method cease o remain lincar, resulting in
a plateau, In order to accurately calculate the concentration of protein present in AH,

samples may have to be diluted to fit onto the lincar portion of the standard curve.
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Standard curve preparation

A blank and 5 protein standards were prepared i Eppendorf tubes using BSA (200

pugml'yand distilled H,Q as follows (Table. 3):

Table 3. Preparation of protein standards

Tubes BSA (ul) Distilled H,O (ul)

Blank 0 1000

Standard 1 200 800

Standard 2 400 600

Standard 3 600 400

Standard 4 800 200
Standard 5 1000 0 |

A lincar standard curve of absorbunce values versus concentration of BSA was

calculated to determine protein concentrations in the AH, An example of a linear

standard curve is shown in figure 9,
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Materials und Methods

Plate set-up

Each plate consists of 96 wells, with each well confaining a maximum volume of 300
ul. Each sample was assayed in duplicate. A blank {distilled water) and 5 protein
standards were included in the plate design (Figure 10).

B - blank

S - protein standard (1 - 5)

T - All samples

B1 Bl 13 T3 | T11 ] 711§ T19F TO | 127 | 127 | T3b | 135
St S T4 Ml Tzl mTzjT2 12007128 1281 136 | 736
S2 S2 Th TS | I3 | T13 | T21 | T21 | 129 | T29 | T37 § 137
S3 oS3 T6 TG | T4 | T14 | T22 | 122 | T30 | T30 | T38 § T38
S4 S4 T7 T7 | Tib | T1 | T23 | 723 | 731 | T31 | 139 § T38
56 55 T8 T8 | Tie ] T8} 124 | T24 | 132 | 132 | T40 | T40
T T1 E TO | 117 M7 T2 § T26 | T33 | 133§ T41 | T41
T2 T2 | Tl Tiol Tiel 718 T26 Y 126 | T34 | 134§ T42 | T42

Tl o] = vk TF 0] of >

Figure 10. The layout of a 96 well plate for spectrophotornetric analysis of protein

content.
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Assay procedure

The following reagent (sol* A} was prepared:”

50 parts 4% (w/v) sodium carbonate dissolved in 0.1N NaOFH.
[ part 1% (w/v) potassium tartate dissclved m distilled H,O.

1 part 0.5% (w/v) copper sulphate dissolved in H,O.

55 pl of blank, protein standard or diluted ATE sample was added in duplicate to each
well in accordance with the plate design.

109 il ol sol* A was added to cach well containing blank, protein standard or AH
sample and left for 10 min.

Following this 16 pl of IN Folin-Ciocalteau reagent was added, mixed thoroughly
and allowed to stand for 30 min.

The plate was read at a wavelength of 750 am using a plate reader.

Calculation of results

The plate reader caleulated the average absorbance of the duplicate samples, then
subtracicd the absorbance readings of the blank wells from the absorbance readings
from the standards and samples from rest of the plate. The concentration of protein in
cach sample was calculated by identifying the absorbance reading on the Y-axis of
the standard curve and reading the corresponding value on the X-axis. Any sample
dilution factors werc taken into account 1o find Lhe concentration of protein in the

AH.




Matervials and Methods

Absotption of aciclovir in the cornea and agqucous hamour

The absorption of the antiviral drug, aciclovir was tested across the damaged comea
in the isolated bovine arlerially perfused eye. Absorption was tesied using three
different formulations of aciclovir: (i) a standard ocular ointment, white soft paraffin;
(i1) a novel vehicle, polyvinylalcohol (PVA) [ilm; (i1i) an experimental aqueous gel.
The cornea was damaged both physically, by rcmoving the epithelium, and
chemically, by alkali burning, in an attempt to mimic the damage to the cornea

associated with herpes simplex virus,

Bovine eyes were dissected, cannulated and perfused as described previously. In
contrast to the previous experiments, the anterior chamber was not cannulated as the

recording of IOP was not necessary.

Absorption of aciclovir was tested on the undamaged (control), physically damaged

and chemically damaged bovine cornea.

Physical damage

Physical damage to the cornea was induced by complete removal of the epithelium
exposing the surface of the underlying stroma. A 14 mim diameter cirele was marked
on the epithelium with a steel trephinc 14 mm 10 diamcter.  Epithelium within the

circle was removed with a corneal scalpel.
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Chemical damage

Chemical damage Lo the cornea was induced by burning the cormnca with alkali. 14
mm discs of #1 filter paper soaked in 4N NaOH were placed on the corea for 3 min,
after which the filter paper was removed and the cornea was irrigated with 10 ml of
(0.9% Na(l solution to wash away any residual NaOH from the cornca. The damaged
cpithelium, within the 14 mm diameter, was then removed with a corneal scalpel (o

expose the damaged corneal stroma.

Farmulation and application of aciclovir

Three formulations of the anti-viral drug, aciclovir were used fo assess drug delivery
to the eye across the comea. All drug formulations were applicd carcfully to the
surface of the comca within the area of damaged tissue or within a 14 mm diameler

area of undamaged tissue for control purposes.

PV A film

PV A 1s un H,0 soluble polymer in which drug can be dissolved and drawn into strips
forming a film. This was applied to the corncea as dises 11 mm in diameter. As the
amount of drug per em’ of film was known and casily manipulated, the amount of

drug applied per disc of film could be easily controlied.
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e.g.  amount of drug/ cm” of film = 4mg
amount of drug/ 11 mm diameter disc = 71’ x 4 mg
= 095x4
= 318wmg

An example of preparation of PVA film contaiming aciclovir (20% w/w):

» PVA solution (% PVA w.rt H,0; % aciclovir w.r.t. PVA) containing 85% 11,0,
12% PV A and 3% aciclovir,
» Weigh out the required amount of PVA and H,0.

e Dissolve the PVA in the H,O by heating to <95°C, whilst continnally mixing and

checking the temperature with a thermometer.
e Leave the dissolved solution overnight, allowing air bubbles to escape.

e Weigh out the amount of aciclovir required and add to the PVA solution, mixing

carefully and slowly.

e Lcave the mixture for 2 - 3 hr, allowing the release of any air trapped during
nixing.

e Clean TLC glass plate with alcohol, allow to dry and apply a thin layer of
repelcote, leaving to dry for 3 - 4 min.

» Draw mixture into strips along glass plate, allowing to dry overnight.
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White soft paraffin

Aciclovir ointment (3% w/w) or “Zovirax’ is currently used clinically to treat herpes
stmplex virus in the cye. 'FThe vehicle for drug delivery, white soft paraffin has a
melting point of 40°C and a densily of 0.9 with respect to water (Merck, 1989). In
order to apply consistent volumes and therefore consistent amounts of drug 1o the
surface of the cornea, the formulation was melted in a water bath at a temperature of
approx. 55°C. Exact volumes of the formulation were rapidly withdrawn and applied
fo the cormeal surface using a 50 pl microsyringe before the oimtment cooled and
resolidified. The amount of drug contained in a known voluine of melted white soft
pavaffin could be easily calculated by converting volume to weight (weight = volume
x density). In order o apply a smaller concentration of aciclovir {1% w/w) to the
cornea the 3% aciclovir formulation was diluted three fold with additional white soft

paraffin by trituration on a slab.

Aqgneous gel

This proprictary formulation utilises an aqueous gel vehicle, based on carbomer z'md
hydroxyethyl cellulose, containing aciclovir at a concentration of 1% wiw. This
formulation of aciclovir was reccived in unit dose dispensers designed to deliver 30

ul drops containing 300 pg of aciclovir directly onto the surface of the cornea.

Tissue sampling and extraction of aciclovir Irom cornea and agueons humony

180 min after topical application of the drug to the perfused eye, two separate lissue

sampling procedures were conducted.
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Firstly, approx. 1.5 ml of AH is removed from the anterior and posterior chambers of
the cye using a 23( needle and 2.5 ml syringe. 0.5 ml of the AH was added to 1.5 ml

of extraction medium in 3ml vials.

Extraction medium for AH (total volume = 2000 pl):

500 pl At

500 pl 0.8 M Perchioric Acid
80 pl | M Potassium Hydroxide
720 ul distilled H,O

200 pl internal standard (ganciclovir, 100 pg.nl™)

Secondly, the full thickness corneal button 14 mm in diameler was removed using a

steel trephine. Cornea was weighed, (incly chopped up (0 increase surface area, then

added ta 2 ml of extraction medium in 3 ml vials.

Exiraction medium for cornea {(total vol. = 2000 ul + H,O content of comea):
Finely chopped cornea {(approx. 0.2 g

900 nl 0.1 M Hydrochloric Acid

500 nl distilled 11,0

200 pl internal standard (ganciclovir, 100ug.ml™)

Aqueous humour and comea samples were vortex mixed and left to incubate (or 24 hr
at voom temperature (18 - 24°C). After incubation all samples were stored at -20°C

until HPLC analysis.
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HPLC analvsis

Prior to analysis all frozen samples were defrosted thoroughly, then centrifuged at

10000G for § min. The resulting supernatant was sampled for HPLC analvsis.

Samples were analysed using a Gilson 712 automated Hguid chromatograph
comprising & 506 B system interface module, a 412 autosampler, two 306 pumps, a
805 manometric module, 811 C dynamic mixer and 118 UV-vis detector linked to a
Viglen 486 PC utilising Gilson 712 software. Reversed phase seperations were
catricd out at room temperature using a 150 x 3.20 mm i.d., 5 um ODS-hypersit C
column fitted with a 30 x 3,20 mm, 5 wm ODS-hypersil C,, guard column
(Phenomenex, Cheshire, England) and an isocratic mobile phase comprising 20 mM
ammonium acetate containing 1.2% acetic acid adjusted to pH 3.6, eluted at a flow
rate of 0.5 mLmin™. Column cluent was monitored at 254 nm. At this wavelength
the limit of detection was 10 ng and a 10 - 200 ng linear calibration curve was
obtained for the ganciclovir standard.  With corneal and AH samples Lhe
homogeneity of the aciclovir and ganciclovir peaks was confirmed by c¢o-
chiromatography. Absorption peaks and retention tmes were recorded on the PC and
expressed as area under the peaks. The amount of aciclovir detected in cach 20 ul
sample was calculated by comparison of area under the peak corresponding (o
aciclovir with area under the peak corresponding to internal standard, ganciclovir,
Dilution factors were taken into account in order to calculate the {otal amount and

concentration of drug found in corneal and AH samples.
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Calculation of concentrations and amounts of aciclovir

The following equations were used to calculate the concentration and amounts of

aciclovir found i the cornea and AH after ITPLC analysis:

Calculations for gconcentration of aciclovir per gram of cornea;

faciclovir] (ug.g') = (i8] x area aci./area i.s. x lolal vol./ tissuc weight.
n.b. total vol. (ml) = vol. of extraction medium - H,O content of corneal sample

=0.2 + (0.78 x tissue weight).

Calculations for the total amount of aciclovir per 14 mm corneal bution:

amnt. of aci. (Jg) = [1.s.] x area aci./area 1.s. X total vol.

Caleulations for concentration of aciclovir per ml of AH:

laciclovir) (pg.ml') = {i.s.] x area aci./area i.s. x dilution factor.

Dilution factor equals 8 for 0.5 m]l AH samples diluted to a total vol, of 2 ml in

aqueous extraction medinm.

Calculations for fotal amnt. of aciclovir in the Al (total vol. in cye ~2 ml):

amnt. ol acl, (ng) = [i.s.] x arca acl./area 1.8, x dilution factor x 2
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The concentration of internal standard present in comea and AH extraction samples
is dependent on Lhe total vol. of (he extraction media + sample. AH samples have a
total volume of 2 mli, containing 0.2 ml of i.s. {100 pg.mi "), resulling in a len fold
dilution of i.s., and a final conc. in AH extraction medium of 10 pug.ml”’. Cormeal
samples have a greater lotal volume due to H,O contenl of the comea, therefore the

final concentration of i.s. is slightly less than 10 ug.ml”' (see equation below).

cone. of 1.s. in corneal samples = vol. of i.s./total vol. x conc. of 1.s.

=0.27¢2+ (0.78 x tssue weight)) x 100

Statistical analysis of data

Results are expressed as the mean = SEM of n experiments (n = number of individual
eyes lested). Statistical comparisons were generally made by Student’s unpaired t-
tests for TOP, protein concentration and corncal absorption data.  Statistical
comparisons for dose-response and concentration-response curves were made 'by
one-way analysis of variance followed by the Bonferroni post-test. A value ol p<

0.05 was considered significant. Graphical representations and statistical analysis

were performed using a computer-based programme (Graph Pad, Prism),
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Procurement and disposal of bovine and ovine cyes

Bovine and ovine eyes obtained from a local abattoir were transported to the

laboratory in a labelled coutainer in accordance with the UK ‘specified bovine
naterial order 1997” and ‘the heads of sheep and goats order 1996’ (scc Appendix
[V). Material that was no longer required was stained with palent blue V colouning
agent {0.5% w/v) and incincrated. A rccord of the weight of the specificd material,
place of origin, date of consignment, method and place of disposal shall be kept [or 2

years.
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Results: The Effects of Drugs on JTOP....

THE EFFECTS OF DRUGS ON 1OP AND BEL.OOD-AQUEOUS BARRIER

INTEGRITY OF THE BOVINE EYE

Steady-state IOP

After cannulation of the anterior chamber, the 0P usually stabilised at a value
between 95 and 160 mm H,O. The steady-state or mean starting [OP was recorded at
t = 0, prior to drug or vehicle administration, [or ¢yes perfused with Krebs® solution
in the presence or absence of 1% BSA (Table 4). Drugs were administered to the eye
by intra-arterial or intracameral injection. Intracameral injection of drugs directly
into the anterior chamber involves introducing a second needle through the cornea.
The etfect on stcady-state JOP of piercing the cornea with thal second needle is also
shown in table 4, using dala fromn all eyes tested {i.c., those destined to be injected
wilh either a drug or velucle only). The data in table 4 also indicates that inclusion of
BSA in the Krebs’ solution had no significant ¢ffect on the starting IOP value at L = 0
when the cornea was pierced with one needle only. [nsertion of a second corneal
needle caused a significuntly higher starting IOP when perfusion was with Krebs’
solution alone, whereas this manoeuvre appeared to have the opposite effect when

BSA was included in the perflusate.




Results: The Effects of Drugs on JOP. ...

Table 4. Steady-state IOP values for eyes perfused with Krebs® solation or

Krebs® solution plus BSA (1% w/v).

Perfusate Route for drug administration n IOP (mm H,Q)
Krebs’ Intra-arterial 155 131.60 £ 1.19
Krebs’ Intracaimeral 49 13643 £ 2.05%
Krebs’ -+ BSA Intra-arterial 138 120.71 = 1.34
Krebs” = BSA Intracameral 44 118.10 £ 2.13%%*

Steady-state valucs for IOP, at t — 0, from eycs perfused with Krebs® solution or
Krebs’ + BSA (1% wiv). All pressures (mm H,O) are means + SEM of the number
of cycs shown (n). To convert [OP from mm H,O to mm Hg, divide the value
obtained from the water manometer by 13.546, the specific gravity of mercury
(specific gravity H,O = 1). Significance of differences (Student’s unpaired t-test)

ameng eycs prepared for intra-arterial vs intracameral drug administration: * 0.01<

p< 0.05; *** n< 0.007,

86




Results: The Effects of Drugs on IOP.. ..

Figure 11. Histogram of steady-state IOP valucs at t = 0.
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A histogram showing the range of stcady-state or mean starting IOP values (t = 0) for

eyes pertused with Krebs® solution or Krebs’ solution + BSA (1% w/v) is shown in
figure 11. The average starting IOP (mean + S.D.) value tor 204 eyes perfused with

Krebs® solution alone was 132.76 & 14.77 mm H,O. When BSA was inclided in the

perfusate the average starting IOP value for 178 eyes was 124.78 £ 15.60 mm H,O.
Conversion of 10P {from nun H,O to mm Hg, divide the value aobtained from the
water manometer by 13.546, the specific gravity ol mercury (specific gravity H,O —

D
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The effect of different vehicles and routes of administration on the JOP of eves

arterially perfused for control purposes

Variation in the IOP of the isolated perfuscd eye was tested using two alternative
vchicles for drug administration, distilled H,O or sodiwm bicarbonate solution (10
mg.ml"), injected via the intra-arterial ar intracameral route. Eyes were perfuscd
with Krebs’ solution or Krebs' solution plus BSA (1% w/v). Change in the vehicle
or route of administration was not found to significantly alter IOP. Table 5 shows

the results in termis of mean slopes for all control groups.

The effect on IOP of including BSA (1% w/v) in the perfusate was shown by
comparing the mean slopes for all control eyes perfused with Krebs’ solution and all
control eyes perfused with Krebs” solution plus BSA. 1t was found that inclusion of
BSA in the perfusate did not significantly affect IOP (Table 6).

Figurc 12 shows the representative graphs of the mean IOP recordings at each ti;nc
point in control eyes perfused with Krebs’ solution or Krebs’ solution plus BSA.
Mean [OP values {rom -15 1o 0 min show the steady-statc pressure with fluctuations
less than +2 mm H,QO over this period. From 0 to 90 min changes in [OP oceur in a

finear manner allowing calculation of the slope value to be made.
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Table 5, The effects of the vehicle and route of vehicle administration on

control [OP responses.

Perfusate Vehicle Volume (pul) | Route | n Slopc (mm H,O.min™)
Krebs’ . nil La, 24 1-0.05£0.02

Krebs’ H,O ) ia. 15 |-0.02 003"

Krebs® H,0 10 1.a. 20 [-0.03 z0.02"

Krebs’ IL,O 10 1.C. 14 |-0.04 £0.02"*

Krebs' +BSA | |l e 126 |-002+001

Krebs’ + BSA | H,O 6 La, 8 -0.05 £ 0.01™

Krebs” + BSA | NaHCO, sol” | 6 i.a. 6 |-0.01L001"

Krebs” + BSA § NaHCO, sol" | 6 1.c. 8 -0.06 £ 0.02"

The effects of the vchicle and route of vehicle administration on control IOP

responses in the bovine isolated eye perfused with Krebs’ solution or Krebs’ solution

plus BSA (1% w/v) shown as the mean slopc (inm H,O.min™) of the regression line

drawn on QP vs time (90 min). Each valee is 1 mean + SEM of the number of

experiments shown (n). Significance of diffcrence (Student’s unpaired t-test) from

control eyes perfused with Krebs” solution or Krebs® solution plus BSA: ™

gignificant.
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Resufis: The Effects of Drugs on TOP. ..

Table 6. The effect on control 10T responses of including BSA (1% w/v) in the

perfusate.

Perlusate i Slope {mm H,0.min")
Krebs’ 73 -0.04 £ 0.01

Krebs™ - BSA (1% wiv) 48 -0.03 £0.01™

The effects of pertusion with Krebs’ solution or Krebs’ solution plus BSA (1% w/v)

on [OP in control eyes, shown as the mean slope (mm H,O.min™) of the regression

line drawn on IOP vs time (90 min). Fach value is a mean £ SEM of the number of

experiments shown (n). Significance of difference (Student’s unpaired t-test) from

control eyes perfused with Krebs’ solution or Krebs’ solution plus BSA: ™ not

significant.
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Figure 12. The changes in control 1OP responses of eyes perlused with a) Krebs’
salution or b) Kyebs' sotution plus BSA (1% w/v). The data is expressed as the mean

+ SEM at cach time point for >20 eyes.
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Effect of pilocirpine on pupil size

Drug delivery to the anterior uvea of the isolated bovine eye was tested by
measurement of the pupil diameter before and after 90 min of intra-arterial perfusion
of pilocarpine (10°M). Pilocarpine was found to significantly reduce the diameter of

the pupil. The results are shown in table 7.

Table 7. The effects of pilocarpine (10" M) on pupil diaineter.

n | Pupil stze {(mumn)

Before pilocarpine 5 16.5+0.6

After pilocarpine 5 1131 +02%*

Each eye was perfused with Krebs’ solution at a flow rate of 2.25 mLmin™ for 20 min
before the diameter (mm) of the pupil was measured using a Vernier calliper, Each
eye was then perfused for 90 min with Krebs® solution containing pilocarpine (10
M) before the pupil diameter was measured again. Each value is a mean & SEM of
the number of experiments shown (n). Significance of difference (Student’s unpaired

t-test): ** 0.001< p< (.01,
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The cffect of pilocarpine on 10OP

The effect of pilocarpine on IOP in the bovine isolated eye perfused with Krebs’
solution was studicd over a period of 90 min. Table 8a shows the results in terms of

mean slopes for treated and control groups.

Uncxpeetedly pilocarpine caused a significant increase in IOP at all concentrations
tested (3 x 107 - 5 x 10" M). These results suggested that pilocarpine might be
increasing IOP by disrupting the integrity of the BAB. In order to test this the effects
ol pilocarpine were studied on eyes which were perfused wilh Krebs’ plus BSA (1%
w/v). TOP was recorded for 90 min as before and AH was sampled at the end of the

experiment to determine whether protein had leaked from the vascular compartment.

After mcluding BSA (1% w/v) m the perfusate IOP was found to be reduced
significantly by three concentrations of pilocarpine, 10" M, 3 x 10 M and 107 M.
AL 3 % 107 M there was 1o significant change in IOP. The results are shown in table

8b.
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Table 8. The effect of pilocarpine on IQP.

a) eyes perfused with Krebs’ solution

Treatment

Conc. (M) n Slope {(inm H,O.min™)
Coutrol o 24 -0.06 = 0.02
Pilocarpine 3x 107 6 0.16 £ 003 %%

107 12 0.01 £ 0.04%

3x10° 6 0.35 £ 0.05%%%

5% 107 6 0.23 £ 6.08+

b) eyes perfused with Krebs’ solution containing BSA (1% w/v)

Treatment Cone. (M) n Slope (mean L. STM)
Control — 26 [-0.020.01
Pilocarpine 3x 107 10 -0.03 + 0.04"*

10° 8 -0.16 % 0.02%%*

3x 107 16 -0.10 L 0.02%%

107 2 [-0.081 0.02%

The effects of pilocarpine on [OF in the bovine isolated eye perfused with a) Krebs’
solution and b) Krebs’ solution plus BSA (1% w/v), shown as the mean slope (mm
H,O.min ") of the regression line drawn on IOP vs time from 20 - 90 min after drug

adomnistration.  Each value is a mean = SEM of the number of experiments shown

{n). Significance of differences (Student’s unpaired i-test) from control: ™ not

significant; * 0.01< p< 0.05; ¥+ 0.001< p< 0.01; *¥* p< 0.001.
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Results: The Lffects of Drugs ou IODP....

The effect of pilocarpine on protein concentration in the aqueous humour

The effects of pilocarpine on the concentration of protein in the AIl are shown i
table 9. At 3 x 107 M, 10° M and 3 x 10" M pilocarpine there was no significant
change in protein concentration. However at 107 M there was a significant reduction

in protein concentration.

Table 9. Concentration of protein in the AH after perfusion with pilocarpine.

Treatment Cone. (M) | n [protein] (pg.ml™) 4

Control L 19 814.47 + 97.41

Pilocarpine 3x 107 {10 | 914.70+ 6423~
14r* 8 581.63 +3¢.72"

3x 107 10 62800 £78.15™

107 9 410.00 = 51.95%

Effects of pilocarpine on protein concentration in the AH, sampled 90 min after
commencing drug perfusion, shown as pg of protein per ml of AIl. LFach value is

mecan £ SEM of the number (n) of experiments shown, Significance of difference K

(Students impatred t-test) from control: ™* not significant; * 0.01< p< 0.05.




Results: The Effects of Drugs on 1OD....

The effect of pilocarpine on IOP in the ovine eye

Pilocarpine (10° M) had no effect on IOP in the ovine isolated cyc perfused with

Krebs’ solution (Table 10).

Table 10. The effect of pilocarpine on YOP in the ovince eye.

Treatment Comnc. (M) n Slope (mm [1,O.min™)
Control o 6 0.03 +0.02
Pilocarpine 10° M 10 -0.01 £0.02"™

The effects of pilocarpine on [OP in the

avine

1solaled eye perfused with Krebs’

solution, shown as the mean slope (mm H,O.min"') of the regression line drawn on

[OP vs time [rom 20 - 90 min after drug administration, Fach value is a mean +

SEM of the number of experiments shown (n). Significance of differences (Student’s

unpaired t-test) from control; ™ neot significant.

96




Results: The Iffects of Drugs on {OF.. ..

The effect on 1OP of apraclonidine injected intra-arterially.

The effects on IOP of four intra-arterial bolus doses, 10, 30, 100 or 300 nmol of
apraclonidine, were studied for a period of 90 min. As the change in IOP in response
lo apraclonidine injection was non-linear over the 90 min period, regression lines
were calculated over periods of linearity (Figure 13). This resulted in two slope
values corresponding to the initial changes in IOP from O - 30 min after injection
(Table 11a) and the delayed changes from 30 - 90 min after injection (Tablc 11b). 10
and 30 mmol doscs of apraclonidine do not show a significant initial or delayed effect
on IOP , whereas 100 and 300G nmol doses significantly increase the initial and

delayed [OP response.
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Figure 13. The change in IOP in response to a) intra-arterial injection and b)
intracameral injection of 100 mmol bolus doses of apraclonidine. The dawa is

expressed as the mean 10P at each time point for 8 eyes.
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Resalis: The Effects of Drugs on IOP. ..,

Table 11, The etfect on 10P of apraclonidine injected intra-arterially.

a) Slepe calenlated fiom 0 - 30 min after drug injection

Treatment Dose (nmol} n Slope (mm H,0.min")
—%— e
Control o 20 0.03 4 0.02
Apraclonidine 10 8 0.08 £ 0.03 "
30 9 0.03£0.05"°
100 8 0.26+0.12%
300 8 0.26  0.06%%*

b) Slope calculated from 30 - 90 min after drug injection

T'reatment Dosc (nmol) n Slope {(mm H,O.min™")
Control o 20 -0.04 £ 0.01
Apraclonidine 10 8 -0.00 +0.01 "+

30 9 -0.07 £ (.03 "

100 & 0.03 L 0.03%*

300 8 0.19 & 0.06%%*

The effects of bolus doses of apraclonidine injected intra-arterially on IOP in the

bovine isolated perfused eye, shown as the mean slope (mm H.O.min”) of the

regression line drawn on TOP vs time; a). O - 30 min, b). 30 - 90 min. Lach valuc is a
mean £ SEM of the number of expertments shown (n). Sigmficance of dilTerence
(Student’s unpaired t-test) [rom contro! (intra-arterial injections of 10 ul of 11,Q0). **

not significant; * 0.01< p< 0.05; ** (0,001 < p< 0.01; *** p< 0.001.
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Results: The Effects of Drugs on JOP, ...

The cffect of apraclonidine on_protein concentration in the agueous humour

Intra-arterial injection of a single bolus dose of apracionidine (300 nmol) had no

significant effect on the protein concentration of the AH. Aqucous samples taken 90
min after the injection of 300 nmol apraclonidine in 10 eyes contained protein at a

concentration of 910.62 + 168.23 pg.ml”' compared to a protein concentration of

814,47 £97.41 ngml' for 19 control eyes. Statistical analysis was performed using

a Student’s t-test for unpaired data.

ot A sei
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Results: The Effects of Deags on I0P....

The effect on TOP of apraclonidine injected intracamerally

The effects on TOP of four intracameral bolus doses, 10, 30, 100 or 300 nmol of
apraclonidine, were studied for a period of 90 min. Changes in 10P over the 90 min
period indicate linearity up to 30 min after drug injection and from 30 - 90 min after
drug injection (Figure 13). A small bt significant reduction in [OP was observed for
the first 30 min aftcr injection of the 30 nmol dose (Table 12a). No significant
change in IOP was observed over this period for 10, 100 or 300 nmol doses. IOP
was shown to significantly increase during the period 30 - 90 win after injection of
100 or 300 nmol doses (Table 12b). No significant change in IOP was shown for 10

or 30 nimol doses.

101




Resuldts: The Effects of Drugys on IOP ...

Table 12, The effect on TOP of apraclonidine injected intracamerally.

a) Slopes calculated from @ - 30 min after drug injection

Treatment Dose (nmol) n Slope (mm H,0.min™)
Control o 4 10051003
Apraclonidine 10 B 0.04 = 0.02"

30 8 -0.06 = 0.03*

100 8 0.04 £ 0.04 "

300 4 0.08 £0.04"°

b) Slopes calculated firom 30 - 90 min after drug injection

Treatment Dose (nmol) N Slope (mum H,O.min™)
Controll-‘: L 14 -0.08 £0.02 !
Apraclonidine 10 8 0.01x£0.02"™
30 8 -0.13 £0.03 ¢
100 g 0.02 % 0.0
300 6 0.0% + 0.05*

The clfects on [OP of bolus doses of apraclonidine injected intracameralty in the
bovine isolated perfused eye, shown as the mean slope (mm H,O.min') of the
regression line drawn on [OP vs fime; a) 0 - 30 min, h) 30 90 min. Each value is
mean £ SEM of the number of experiments shown (n). Significance of differences
{Student’s unpaired t-lesl) from control (intracameral injections of 10 pl of H,O): ™

not significant; * 0.01< p< 0.05.

102




Resules: The Effects of Drugs an [OP....

The effect of apraclonidine on vascular perfusion pressure

Intra-arterial injection of bolus doscs of apraclonidine resulted in a dose-dependent
increase in vascular perfusion pressure, characterised by an initial rapid increase in
pressure, reaching a peak within 5 min post-injection. After the peak response the
pressure decreased to stabilise at a level above the pre-injection pressure, Figure 14
shows examples of the vascular response to intra-arterial injection of apraclonidine.
After excluding the injection artefact, characterised by a slight increase in pexfusion
pressure (< 5 mm Hg) followed by an immediate return to the basal level, intra-
arterial injection of the drug vehicle, <10 pl distilled H,0O, did not alter vascular

perfusion pressure.

80,
a) b)
100 nmol Apra

60- \L

30 nmol Apra

¢ .

3]
o
]

Perfusion Pressure (mm Hg)
B

10 min

Figure 14. Examples of changes in vascular perfision pressure after intra-arterial

injection of a) 30 nmol and b) 100 nmol of apraclonidine,

103




Results: The Effects of Drags on I0P,.

The cffect of u~adrenergic antagonists on the short term vascular response to

apraclonidine and noradrenaline

Intra-arterial injection of bolus doses of the control agonists, apraclonidine (10 nmeol

- lTumol) and noradrenaline (10 nmol - Tpunol) increased vascular perfusion pressure

in a dose-dependent manner (Figure 15).

In the repeated experiments the presence of the o,-adrenergic antagonist, yohimbine

(3 x 10° M) significantly decreased the vascular responses o apraclonidine (Figure

I6a), but failed Lo affect the responses to noradrenaline (Figure 16Db).

In the repeated experiments the presence of the «,-adrenergic antagonist, prazosin (3

x 10 M) significantly decreased the vascular tesponses ta apraclonidine (Figure 17a)

and higher doses of noradsrenaline (Figure 170).

[t was noted that theve were slight variations in the control responses to the agonists.

apraclonidine and noradrenaline (Figure 15, 16 & 17), due to different populations of

eyes.
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Figure 15. Log dose-response curve following intra-arterial injection of holus doses
of the control agonists a) apraclonidine and b) noradrenaline. Each data point

represents the mean + SEM of =20 eyes.
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Figure 16, Agonist dose-response curve in the presence and absence of yohimbine
(3 x 10° M) following intra-arterial injection of bolus doses of the agonists )
apraclonidine and b) noradrenaline. Each data point represents the mean + SEM of >
10 eyes.

BEE P 0001 #F 0.001< p< 0.01: signiticance of difference between control and

yahitnbine pre-treated eyes (ANQOVA, followed by Bonlerron: analysis).
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Figure 17. Agonist dose-response curve in the presence and absence of prazosin (3 x
10 M) following intra-arterial injection of bolus doses of the agonists a)
apraclonidine and b) noradrenaline. Each data point represents the mean + SEM of >
9 cyes.

R pe 0,001 F* 0.001< p< 0.01; * 0.01< p< 0.05: significance of difTerence
between control and prazosin pre-treated eyes (ANOVA, lollowed by Bonferroni

analysis).
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Results: The Effects of Dings on JOP,. ..

The effeci of c-adrenervic anga

apraclonidine

Perfusion of apraclonidine (10¥ - 107 M) produced a sustained increase in vascular

perfusion pressure, represented by a “bell-shaped” curve (Figure 18). B

The selective w,-adrenergic antagonist, delequamine (10 and 107" M) did not affect
the sustained vascular response to apraclonidine. Although delequamine {10 M)

decreased the sustained vascular response to apraclonidine, this effect was not

statistically significant.

Prazosin (107 - 10" M) had no effect on the sustained vascular responses to 3 x 10°*

or 107" M apraclonidinc.
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Figure 18. Log concentration-response curves showing the effect of delequamine
(10 - 10° M) on contraction 1o apracionidine (10 - 107 M) in the vascular beds of

the bovine perfused eye. Each data point represents the mean + SEM of > 8 cyes.
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Figure 18, Log concentration-response curves showing the effect of delequamine
(10" - [0 M) on conlraction to apraclonidine (10™ - 107 M) in the vascular beds of

the bovine perfused eye. Each data point represents the mean + SEM of = 8 eyes.
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Results: The Effects of Drags on fOP....

The effect of PGF,, an IQP

‘The elfects of five intra-arterially administered holus doses, 20, 60, 200, 600 or 2000
nmol of PGF,,, on IOP in cyes perfused with Krehs® solution, were studied for a
period of 180 min. All five doses failed to significantly influence 10P compared to

coniro!l groups (Table 13a).

After the inclusion of BSA (1% w/v} it the perfusate, intra-arterial injection of 20,

200, 600 or 2000 nmol doses of PGF,, did not significantly change 10P (Table 13b).
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Results: The Effects of Drugs on IOP, ...

Table 13. Effect of PGF,, on the IOP

a) eyes perfused with Krebs’ solution

Treatment Dose (nmol) N Stope (mm H,O.min™")
Control L 15 -0.02 £ 0.03
PGFE,, 20 7 -0.01 £0.03™

60 8 005+0.02"

200 6 -0.01 £ 0.02™

600 7 -0.07 £0.02"°

2000 7 -0.03 £0.02"

b) eves perfused with Krebs’ solution containing BSA (1% w/v)

Treatment Dose (nmol) n Slope {mm 11,0.min™")
Control L 8 -0.05 = 0.01
PGF,, 20 8 20.12 £0.03™

200 6 -0.03 +0.02"*

600 6 -0.08 4 0.04"*

2000 6 -0.07 £0.03""

The cffeets of bolug doses of PGL,, imjected intra-arterially, on 10P in the bovine

1solated eye perfused with a) Krebs’ solution, b) Krebs’ solution plus BSA (1% wiv),

shown as the mean slope (mm H,O.min™") of the regression line drawn of IOP vs time

(180 min). Fach value is a mean £ SEM of the number of cxperimenls shown (n}.

Significance of diffcrences (Student’s unpaired L-test): "* not significant.
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Resufes: The Effects of Drags on TOP. .,

The effect of prostaglandins on the integrity of the bleod-aqueous barrier

The cffect of intra-arterial (Table 14a.) and intracameral (Table 14b.) injection of 600
nmol of PGY,, on the integrity of the BAB (cxpressed as changes in AH protein
concentration) is shown overleal. No significant change was observed in the protein

concentration of the AH for PCF,, treated eyes cornpared o control eves.

The effect of inlra-arterial (Table 14a.) or intracameral (Table 14b.) injection of PGE,
on the integrity of the BAB was tested. [ntra-artevial injection of 60 nmol PGE,
significantly incrcased the concentration of protein detected in the AH.
Paradoxically, the small increases in protein concentration deteeted after intra-arterial
injections of 200 or 600 mnol PGE, were not statistically significant. Intracameral
injection of 600 nmol PGL, significantly increased AH protein concentration.
Smaller increases in AH protein concentration found following intracameral injection

of 60 or 200 nmol PGE, were not statistically significant,
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Resalts: The Effects of Drags on 10P,. .

Table 14. The cffect of prostaglandins on protein concentration in the agueons

humeur.

a) intra-arterial drug administration

Treatment Dose (hmol) n [protein] (ng.ml™h)

Control T G 690 = 634

PG, 600 6 769 £ 102.1 "

PGL, 60 6 2490 £ 716.5%
200 8 1140 £ 415.1"
600 9 1556 + 555.6™

b) intracameral drug administration

Treatment Dose (nmol} n fprotein] (ug.mi™)
Cantrol — 5 652 1 50.8
PGTS, 600 5 698 £ §7A"
PGE, 60 E 1234 57487

200 3 855 141327

500 10 3490 + 156,87

Effects of prostaglandins injected a) intra-arterially and b) intracamerally on protein
concentration, shown as pg of protein per ml of AH in cves perfused with Krebs’
solution plus BSA (1% w/v). AH was sampled 180 min after commencing drug
perfusion. Each value is mean = SEM of the number (n) of experiments shown.
Significance of difference (Students unpaired t-test) from conirol: ' not significant;

0,00 <p< 0.05, %% p<0.001,




Results: The Effects of Drags on O, ..

The effect of PGE, on 10P

The etfecl of PGE, on [OP cannot be expressed as the mean slopes for all eves fested
as these increases in 10P usually occurred in a non-linear manner and often
continucd above 300 mm H,O (the maximum value which could be registered on the
water manometer), When these data for 1OP are expressed as a function of the
concentration of protein detceted m the AH (Figure 19), there was no correlation

between these parameters.

Inspection of the raw data indicates that while a substantial number of eyes suffer an
apparent breakdown of the BAB, many others do not show a rapid IOP increase. In
an effort to analyse the data for the latter population it was [elt necessary to adopt an
arbitrary criterion: those eyes which showed a rise in 1OP > 0.5 mm H,O.min™" at 90
min afler drug administration were rejected. For the initial 90 min period afier &ru g
administration, 1 eye was rejected following intra-arterial injection (Table 154.) and
8 eyes were rejected following intracameral injection (Table 15b.). Calculation of
the mean slope for the remaining cyes from 10 - 90 min foflowing injection of the
drug showed that PGE, has no sigpificant effect on [OP (Table 15). Over the

subsequent 90 min further eyes showed this rapid IOP response (Table 15),
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Figure 19. The effect of a) intra-artcrial and b) intracameral injections of PGE, on
the protein concentration of the AH. AH samples were removed from the eye 180
min after drug injection. Each point represents an individual experiment. The x-axis
represents the JOP expressed as mm H,O. Values exceeding 300 mm H,O are shown
as 300 mm H,O. The y-axis represents the concentration of protein detected in

samples of AH expressed as pg per ml of AH.
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Resulrs: The Effects of Drugs on IOP. ...

Tabje 15. The etlect of PGE, on TOP, plus the number of eyes showing signs of

breakdown in the BAB.

a) intra-arterial drug admiunistration

Dose Total Slope No. of eyes showing an [OP response
(nmol) | No.of | {10 -90 min) suggesting hreakdown of the BAB

Eyes (mm H,Q.min™) (n) 0-90 min 50 - 180 min
Control O T".‘E)r.Ol + 0.01 (6) 0 0
60 6 0.00 - 0.05 (5) 1 3
200 8 -0.09 = 0.03 (8) 0 2
600 5 -0.02 4 0.04 (9) 0 6

b) intracameral drug adininistration

Dose Total Slope No. of cyes showing an TOP response
(nmol) | No.of | (10 - 90 min) suggesting breakdows of the BAR

Eycs (mm F1,0.min") (n) 0 - 90 min 0 - 180 min
Control &g T -0.07+0.02 {8) 0 0
60 5 -0.04 4: 0.03 (4) l 3
200 13 -0.05 £ 0.02 (12) I 3
600 11 0.01 £0.02 (5) 6 B)

The cffects of bolus doses of PGE, administercd by a) intra-arterial or b) intracameral

injection, on 10P, shown as the mean slope (mm H.O.min™} of the regression line g

drawn of 1OP vs time (10 - 90 min), for eyes which meet the criterion explained in

the texi,

Each value is a mean + SEM of the number of experiments shown (n).

Column 2 shows the total number of experiments conducted. Columns 4 and 5 show

the number of eyes that indicate an apparent breakdown of the BAR at 90 and 180

min fallowing drug administration respectively.
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Results: Absorption of Aciclovir....

ABSORPTTON OF ACICLOVIR IN THE BOVINE PERFUSED EYE

HPLC analysis

Under the chromatographic conditions described in the methods, the internal

standard, ganciclovir, was identified with a retention time of approx. 8 min (Figure

20a). Aciclovir in the comea and AH was identified with a retention time of approx.
10.8 min (Figure 20b and c). The calibration graph for ganciclovir, oblained by the
peak-area method, was linear with a correlation cocfficient, r = 0.999 in the range 10

- 200 ng (Figure 21). The limit of detection of aciclovir in the cormea and Al4 was

calculated from the limit ot detection of ganciclovir per 20 pl injection. The limit of
detection of aciclovir in corneal butions varied according to the pre-treatment of the

cornca (Table 16). The limit of detection in the AH was 2 pg/ml,

Tuble 16. Limit of detection of aciclovir in the cornea.

Corneal pre-treatment Limit ol deteclion of aciclovir {pg)

Undamaged T 1.056
Physically damaged 1.083
Chemically damaged 1.083

The limit of detection for aciclovir in 14 mm diameter full-thickness corneal buttons

cxcised from pre-treated corneas.
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Fignre 20.  Samplc chromatograms following isocratic reversed phasc HPLC

analvsis oflt a) the internal standard, ganciclovir; b) a corncal sample; and ¢) an AN
sample. Samples of cornea and ATl were taken 180 minutes after application of 3%
(iim formulation to the physically damaged cornea. U = amdentificd peaks
characicristic of by comeal sumples and ¢) AH samples. G — ganciclovir. A --

aciclovir,
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Figure 21. The calibration curve of ganciclovir following injection of 10, 20, 100

and 200 ng doses onto the HPLC column.
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Results: Absorption of Aciclovir,. .,

Absorption of aciclovir inte the cornea and agueons humour

Following topical application of diffcrent drug formulations, the level of aciclovir

absorbed into the cornea and AH was measured in eyes which had been chemically

damaged (4N NaOH burn), physically damaged (cpithelium removed) or were
undamaged (epithelium intact). An overview of all the results of the concentrations

ol aciclovir detected in the cornea and AH, for cach formulation and corneal pre-

treatment, 1s shown in figures 22a and b, This overview indicales several main

(rends:

¢ Chemical and physical damage to the cornea greatly increases the concentration af

aciclovir absorbed into the cornea and the AH.

e Generally, the level of absorption is greater after removal of the cpithelium

compared with alkali burning of the comeu.

¢ When the epithelium remains undamaged there is no detectable level of aciclovir

found in the AH except at the highest concentration of drug applied (20% f{ilm).
s ‘I'he concentration of aciclovir detected in the cornca and the AH varies according

to the formulation in which it is applied, cven when the dose 1s constant.

More detailed comparisons and statistical analyses of these data follow in fgures 23

ta 29.
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Figure 22. A general overview of the results, showing the concentration of aciclovir
detected in a) the cornea and b) AH, alter application of different doses of aciclovir
contained in various formulations, following three different pre-treatments of the

cornea. Each bar represents the mean of at least 6 experiments.
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Results: Absorption of Aciclevir. ...

v >

The effeet of increasing the concent{ration of aciclovir in the film formulation

Increasing the concentration of aciclovir in the film formulation increases the

concentration of aciclovir detected in the cornca (Figure 23a) and AH (Figure 23b).

After chemical or physical damage to the cornea, cach increase in film concentratjon
resulted in a significant increase in the concentration of aciclovir dcteeted in the
cornea. In eyes with undamaged corneas, the apparent increases in the concenlration

of acictovir detected in the cornea following cach increuse in film concentration were

found not to be statistically significant.

After chemically or physically damaging the comea, there were statistically

significant increascs in the concentration of aciclovir detected in the AH belween the

1% and 1.6% film, the 1.0% and 20% flm and the 3% and 20% film. The difference
in concentrations between the 1.6% and 3% film was found not to be significant
following cither pre-treatment. Only at the highest aciclovir concentration ol 20%

was there any detectable level of absorption into AH where the comea was

undamaged.
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Figure 23. The differences in drug absorption in a) the cornea and b) AH among
imcreasing concentrations of aciclovir in the film formulation. Each bar represents
the meain £ SEM of at least 6 expertients.  Aviclovir concentrations represented here
as zero, in fact indicate levels of drug < the limit of detection in the cormnea and AH

{(see table 13).

3134 i#H

p< 0.001; 7 0.001< p< 0.01; " 0.01< p< 0.05: significance of difference among

concen(rations of aciclovir detected in eyes which have been chemically damaged
{pre-trcated with 4N NaOH)

¥ 0.001< p< 0.01; * 0.01< p< 0.05: significance of difference among concentrations
ol aciclovir detected in eyes which have been physically damaged (epithelium
removed).

oot . , . . . .
p< 0.001: significance of difference among concentrations of aciclovir in eyes

with undamaged cornea (epithelium intact).
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Results: Absorption of Aciclovir.. ..

The effect ol different pre-treatments on the weight of corneal buttons

Prior to acid extraction, full-thickness corneal buttons were removed from the eye
and weighed. Afier chemically damaging the cornea with 4N NaOH the excised
corneal buttons were found to be significantly heavier than corncal buttons rom the
physically damaged and undamaged cornea (Table 17). Undamaged corneal buttons
were also significantly heavier than comeal buttons from physically damaged

corneas where the epithelium has been removed (Table 17).

Table 17. The elfect of different pre-treatments on the corneal button weight

Corneal pre-treatment n mean & SEM (g)

Undamaged (epithelium intact) 57 (0.143 £ 0.002

Physically damaged (epithelium removed) | 49 0.135 = 0.002%*

Chemically damaged (4N NaOH burn) 58 0.212 + 0.004x%= ==

The effcet of physically or chemically damaging the cornea on the weight (g) of
excised 14 mm diameter corncal bultons. Bach value is the mean + SEM of the
number of experiments shown (n).

Significance of difference (Student’s unpaired t-test) from undamnaged corneal
buttons: ** Q.001< p< 0.01; *#% p< (.001,

Significance of difference (Student’s unpaired (-test) from physically damaged

corneal buttons: *** p=< 0.001.
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Results: Absorption of Aciclevir. ...

The effect of different pre-treatments on the concentration of aciclovir detected

in the cornea and aguepus humour

The effect of different pre-treatments on the level of aciclovir absorption following

application of the film, ointment or gel formulation is shown in figures 24 and 25,

Application of the 1% film resulted in a significantly greater concentration of
aciclovir in the cornea when it was undamaged compared 1o chemically damaged
(Tgure 24a). Physically damaging lhe cornea also resulted in a significantly greater
concentration of aciclovir compared to chemically damaged. No difference was
detected between the physically damaged and undamaged cornca following
appli'cation of 1% film. Tollowing application of 1.6% film there were no significant
differences in the concentration of aciclovir detected in the cornea among all the pre-
trealments. Compared to the undamaged or chemically damaged cornea, physically
damaging the cornca resulted in a significant increase in the concentration detected in
the cornea following application of 3% film. The difference between undamaged a'nd
chemically damaged cornea was not statistically significant. At the highest film
concentration (20%), chemical or physical damage to the cornea resulted in a
significant increase in the concentration of aciclovir detected in the cornca. There
were no signihcant differences in the concentrations detccted in the AH between
chemically and physically damaged cornea following application of 1%, 1.6% or 3%
[llm.{Figure 24b), Following application of 20% film, chemical damage l'csulted. I e
significantly greater concentration of aciclovir in the AH than did physical damage.

Compared to the undamaged cornea, cither chemically ot physically damaging lhe
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Resnlts: Absorption of Aciciovir.. .

cornca significantly increased the concentration of aciclovir in the AH foliowing
application of 20% film. A similar conclusion may also be drawn trom the data for
the films with lower concentrations of aciclovir, since absorption into the AH was

undetectable in eyes with undamaged corneas.

Compared to the undamaged or chemically damaged cornea, physical damagc
significantly increased the concentration of aciclovir detected in the comea following
application of 1% gel (Figure 25a). Diflcrences in absorption were even more
pronounced when comparing aciclovir concentrations found in the AH of damaged
eyes with that in undamaged eyes, where the level of drug was below the lunit of
detection (see table 16). There were no significant diffcrences between the
concentrations of aciclovir detected following chemical or physical damage in the

AH.

Paradoxically, the concentrations of aciclovir detected in the undamaged cornea
compared to the physically damaged cornea was significantly greater following
application ot 1% ointment (Figure 25a), No significaut difference was found

between the absorption levels in the damaged corneas following application of 1%

ointment.

No sigmbeant differences were found 1n the concenirations ot aciclovir delected in
the cornea or AH between chemically damaged, physically damaged or undamaged

cornea following application of 3% ointment (Figure 25b).
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Figure 24. The effect of chemical or physical damage on the concentration of
aciclovir detected in a) the cornea and b) AH following application of the film
formulations. Each bar represents the mean + SEM of at least 6 experiments. The
data is identical to that in fig. 27; only the comparisons differ.

FiF 02 0.001; ** 0.001< p< 0.01; * 0.01< p< 0.0S: significance of difference from

chemically damaged eyes.

i p< (L001; T 0.01< p< 0.05: significance of difference from physically damaged

CYCS.
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Figure 25. The effect of chemical or physical damage on the concentration of
aciclovir detected m a) the cornea and b) the AH following application of the gel or
otntment formtulations. Each bar represents the mean + SEM of at least 6
experiments.

4 0.001< p< 0.01: sighificance of difference from chemically damaged eyes.

™ 0.001< p< 0.01; T 0.01< p< 0.05: significance of difference from physically

damaged cyes.
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Results: Absorption of Aciclovir. ...

Expression of the data as concentrations or amounts of aciclovir

The difference between expressing the data as a concentration or an amount of

aciclovir is shown in figure 26a and b.

Following application of the 3% ilm, the concentration of aciclovir found in the
physicallv damaged cornea was significaniy greater than the concentration found in
cither the chemically damaged or undamaged cornca. There was no significant
difference in the concentrations of aciclovir found between the chemically damaged

or undamaged cornca.

When the same data werc recalculated as the amount of drug per 14 mm corneal
button, the significance of these differences changed noticeably. TFollowing
application of 3% film, the amount of aciclovir detected in corncal samples that have
chemically or physically damaged cornea was significantly greater than the amount

detecled in the undamaged comes.  There was no difference in the amount of

aciclovir detected in physically damaged compared Lo chemically damaged cornea.

No significant difference in the concentrations or amounts of aciclovir were detected
among the chemically damaged, physically damaged or undamaged cornea following
application ol 3% ointment, although these trends were very similar to those seen for

3% fil.
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Figure 26. Absorption of aciclovir in the cornea following application of 3%
ointment or 3% film formulation expressed as a) the concentration of aciclovir and b)
the amount of aciclovir. Each bar represents the mean + SEM of at lcast 6
experiments.

*(1.01 < p< 0.05: significance of difference from chemically damaged eyes.

" 0.01< p< 0.05: significance of difference from physically damaged eves.
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Rexsults: Absorption of Aciclovir. ...

Comparisons between the concentration of aciclovir detected in the cornea and AH
following application of the ointment (1% w/v), film (1.6% w/v) and gel (1% wiv)
formulations containing the same dose (300 pg) of aciclovir are shown in figures 27a

and b.

Application of the gel formulation resulted in significantly greater concentration in
comeal samples compared with the omument or film formulation, for damaged
corneas. The fhm  formulation also showed significantly greater corneal
concentrations compared to the omtment formulation following damage to the
cornea.  When the cornea was undamaged, the level of absorption was only

significantly different between the gel and film formulations.

There was no detectable level of absorption in AIT samples {ollowing application of
the ointment formulation lo eyes in any of the treatment calegories (Figure 27'b)4
There was also no detectable level of absorption in aqueons samples (oflowing the
application of the Glm or gel formulation o the undamaged bovine cornea.
Following chemical or physical damage to the cornea, significantly greater

concentrattons were detected in aqueous sarmples for the 1% gel formulation

compared to the 1.6% film formulauion,
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Figure 27. The concentration of aciclovir detecled in a) the cornea and b) AH
following application of the 1% gel, 1% ointment or 1.6% film formulation, each
conlaining an equivalent dose of aciclovir (300 wg). Fach bar represents the mean +
SEM ol at lcast 6 experiments.

L < 0.007; % 0.001< p< 0.01; * 0.01< p< 0.03: significance of difference [rom
1% gel.

" p< 0.001; 7T 0.001< p< 0.01; T 0.01< p< 0.05: significance of difference from

1.6% (ilm.
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Results: Absorption of Acicloviv. ...

Comparison between concentrations of aciclovir detected in the cornca and AH
following application of the owtment (3% w/w) and film (3% w/v) formulations

containing the same dose (570 ng) of aciclovir are shown 1 figures 28a and b.

No significant difference was found between the 3% omtment and 3% film
formulation in the concentration of aciclovir in the cormea for chemically damaged, i
physically damaged or undamaged cornea. The concentration detected in the AH
when the corneal epithelium had been physically or chemically damaged was
significantly greater after application of the 3% [film. There was no detectable level
ol aciclovir in aqueous samples following the application of the 3% ointment or 3%

fitm to the undamaged bovine cornea.
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Figure 28. The concentration of aciclovir detected in a) the comea and b) AH
following application o[ the 3% vintment or 3% film formulation, each containing an
equivalent dose of aciclevir (570 ng). Each bar represents the mean + SEM of at
lcast O experiments.

o pa 0,001 F* 0.001< p< 0.01: significance of difference between 3% ointment

and 3% (i,
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Resualts: Absorpiion of Aciclovir.. ..

Comparison hetween the 1% gel formulation and the 3% ointment formulation

The concentration of aciclovir detected after application of the 1% gel forinulation
(300 ng dose) was compared against the concentration detected with a 3% ointment
formulation (570 ug dose). No sigmficant difference was found between (he
concentration of aciclovir detected in the comea in eyes with physically or
chemically damaged comeal epithelium (Figure 29a), Application of the 1% gel
compared (o the 3% omtment resulted in a significantly greater concentration of
acicloviy in the aqueous of eyes with physically or chemically damaged comeal

epithelivm (Figure 29b).
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Figure 29. The concentration of aciclovir detected in a) the cornea and b) AH
lollowing application of the 1% gel (300 g dosc) or 3% ointment (570 pg dosc)
formulation. Lach bar represents the mean £ SEM of at least 6 experiments,

< 0.001; ** 0.001< p< 0.01: significance of difference between 1% gel und 3%

ointment.
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Resulis: Absorption of 4ciclovir. ...

lotal drug recovery from the cornea and aqueous humour

The total amounts of drug recovered from the comea and AH for all formulations,
following each pre-treatiment, are shown in table 18. The amounts of drug recovered

are expressed as a pereentage of the dose applied.

o
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Discussion: The Effects of Dyugs on {O8....

In Vitro methods for the stady of drug mechanisms on I¢

The arterially perfused eye has become a frequently used model in the investigation
of ocular [unction (Niemeyer, 1981). Early studies investigating the physiology and
pharmacology of AH dynamics utilised isolated eyes from the caf (Macri &
Cevario, 1978a; 1978b; Chiou ¢ af., 1980a; Liu & Chiou, 1980; Macri ef al.,
1980; van Alphen & Macri, 1981), rabbit (Kodama ef al., 1983; 1985; van
Pinxteren & van Alphen, 1985) or bovine (Kishida ef af., 1985). The
pharmacological effects on facility of outflow in the perfused anterior segment of
hovine (Erickson-Lamy ef af., 1988) and human (Erickson-Lamy ef al., 1991;

Erickson-Lamy & Nathanson, 1992) eyes have been measured,

Due to its availability, cheapncss and comfortable size for experimental use the
bovine eye provides an atiractive model for conducting perfusion experiments.
Alihough they recommended the bovine perfused eye for biochemical studies,
Kishida er al. (1985) judged this preparation to be unsuitable for the study of .:XH
dynamics, [t was demonstrated by Wilson et «f. (1993) that the delay in
commencement of perfusion beyond 1 hr post-mortem considerably reduces the
prebabitity of achieving a stable 1OP, which may cxplain the dissatisfaction Kishida
found with the preparation. Further investigation into the bovine perfused eye, where
perfusion commenced before | hour post-moriem, suggests that the preparation
offers a useful method for studying the mechanisms of action of drugs on IO and
AH formation, in isolation from CNS and CVS influences (Wilson et al., 1993).

Several calegories of drugs have now been shown to decrease [OP in this preparation
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Discussion: The Effects of Drags on JOPR....

(Shahidullah er al., 1995). The bovine arterially perfuscd eye has been kepl viable
for almost 5 days, indicated by utilisation of oxygen and glucose, when perfused with
oxygenated serum-free Minimal Essential Medium under organ-culture conditions

{de Coo et al., 1993).

In accordance with the experimental procedure of the constant flow method of
Wilson ef al. (1993), in the present work bovine eyes were cannulated and perfused
with Krebs’ solution or Krebs’ sotution supplemented with BSA. After cannulation,
some eyes were rejected duc to failure to fulfil the following criteria: perfusion
pressure did not exceed 100 mm [lg at any stage during perfusion; perfusate was
flowing freely from at least two vortex veins; perfusion pressure did not display any
major fJuctuations, such as might be caused by an air bubblc or blood ¢lot blocking
an artery; establishment of a stable IOP, Failure to achieve anyone of these criteria
resulted in the rejection of a substantial number of eyes before drug or vchicle

administration.

In the present study, the mean steady-state TOP in 155 eves perfused with Krebs’
solution was found (o be 131.60 £ [.46 mm H,O (see table 3). This was consistent
with previously reported values of 127.43 £ 1.90 mm H,O for 88 eyes (Shahidullah,
1994) and 137.97 = 433 mm HO for a scuies of 25 cycs (Wilson ef al.,, 1993)
perfused with Krebs solution. Introduction of a second needle through the comea.
cannulating the anterior chamber for the purposc of intracameral drug mjcction,
resulted n a slightly greater steady-state JOP of 136.43 + 2.05 mm H,O for 49 eyes

perfused with Krebs” solution. [t is possible the physical trauma of cannulating the
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Discussion: The Effects of Drugs on 10L....

anterior chamber with a second needle may be sufficient to cause minor damage to
the blood-aqueous bharrier resulting in a significant elevation in JOP. Perfusion of
Krebs” solution plus BSA (1% w/v) in 138 eyes resulted in a steady state [OP of
126,71 4+ 1.34 mm H,0. Cannulation of the anterior chamber with a second needle
for 40 eyes perlused with Krebs® solution plus BSA resulted in a steady-state [OP
value of 118.10 + 2,13 mm H,O, a value significantly lower than the IOP value for
eyes perfused with Krebs solution plus BSA which were cannulated with only one
needle. Unexpectedly, the value for steady-state TOP does not increase when the
anterior chamber is cannulated for a second time in eyes which are perfused with

Krebs” solution plus BSA.

Various experimental inconsisiencies may be responsible for the variation in steady-
state {OP values. Values were recorded at t = 0 inuncdiately prior to injection of the
drug or vchicle. This measurement was taken at variable times after commencement
of the perfusion due to the variation in a) the time taken 1o increase perfusion flow
rate to the optimum level of 2.25 mL.min” and b} the time taken after cannulation ;?()r
eyes to achieve a steady-state IOP. On-going changes in meat hygiene reguiations in
response to the bovine spongiform encephalopathy (BSE) crisis have also resulied in
a fall in the average age of cattle that pass through the abaitoir. However there is no
reported correlation i the literature between increases in age and IOP {Davson,
1990). There is also no control over the breed of cattle from which bovine eyes are
obtaincd. As many as 20 different breeds or cross-breeds of cattle pass through the
abattoir on a regular basis (Sandyford Abattoir, personal communication), which

may contribute to the experimental variation.
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Discussion: 1The Effects of Diugs on 10P....

We have found that the IOP responses, expressed as the mean slopes for the duration
of control experiments were not significantly different irrespective of which vehicle
or route of administration was used. This compares favourably with control
responses for the same preparation found in the hterature, which show that injection
of different vehicles {e.g. H,0, salinc or DMSOQ), or injection via different routes,
does nol alter the mean slope of the 10P response (Bellashher, 1998; Shahidullah,
1994). The inclusion of BSA in the perfusion fluid, which has the advantage of
providing retrospectlive information relating to the permeability of the blood-aqueous
barrier (Wilson er al., 1993), was also found not to alter IOP over the duration of the

control experiments,

Pilocarpine

Cholinergic agonists such as pilocarpine are widely used in treating glaucoma, and
have been shown to decrcasc LOP in a variely of species including rabbits (Jianmi.ng
et al., 1998), dogs (Chiou ef al., 1980b; Gwin ef al., 1977), primaties (Bill, 1962;
Bill, 1967; Bill & Wilinder, 1966; Crawford & Kaufman, 1987; Kaufman and
Barany, 1976) and humans (Bill, 1971). Pilocarpine acts by binding to cholinergic
receptors, producing a contraction ol the c¢ihary muscle, which in turm pulls on the
scleral spur, opening the (rabecular meshwork (Bill & Wiilinder, 1966}, This
increases the facihty of AH outflow via the trabecular meshwork, resuliing in a

decrease 1n JOP.
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Discussion: The Effects of Drugs on JOP. ...

In the present work a decrease in IOP in response to intra-arterial administration of
pilocarpine was not observed in the bovine isolated eye, at least when it was perfused
with Krebs’ solution. Instcad a significant increase in I0P was observed at all
concentrations of drug administered, although there was little sign of dose-

dependence.

Constriction of the pupil, in responsc to pilocarpine, indicated that the drug had
access to the anterior segment of the eve, including the iris sphinctler and theretore
very probably the ciliary muscle, since their arterial supply 15 common. In the
mammalian eye contraction of the ciliary muscle would be expecied {o resull in a
decrez{se in vesistance to outflow. However the ciliary muscle in the bovine eye is
poorly developed with very little functional activity (Prince ef af., 1960}, The
limited ability of the cihary muscle to accommodate the lens is a general
physiological trend found in other herbivores including rabbits, sheep and horses
(Bill, 1975; Diescem, 1975; Prince, 1964; Prince et al., 1960). H is therefore 1'101;
surprising (hat pilocarpine does not decrease 1OP in the bovine eye as the contractile
response of the ciliary muscle might not sufficiently alter the structure of the

trabecniar meshwork to significantly increase the facility of AH oulflow.

The predominant overall effect of pilocarpine 1s an increased 1OP, suggesting that a
direct contraclile effect on the trabecular meshwork, similar to that shown in bovine
solated trabecular meshwork strips (Weiderholt e al., 1995; 1996), may be

mvolved. Lack of dose-dependence may be paitly due to variable absorption of drug
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Discnssion: The Effects of Dirugs on IOP, ...

mto the avascular meshwork tissue. Influences such as a decrease in uveoscleral
outflow, an incrcascd production of AH, or a breakdown of the BAB may also

contribute to the IOP response.

Contraction of the ciliary muscle in primate and human eyes, in response to
pilocarpine, has been shown to decrease AH outflow via the uveoscleral route, due to
a reduction in the spaces between ciliary muscle bundles (Bill, 1971; Bill &
Wilinder, 1966; Crawford and Kaufman, 1987; Nilsson ez al., 1989). However,
the contribution of uveoscleral outflow o the total outflow in the bovine eye is
unknown. It is possible that the bovine eye will act in a similar manner to the rabbit
eye, where a rudimentary ciliary muscle yesults in practically no aqueous drainage
via the uveoscleral route (Bill, 1975). If this is true then contraction of the ciliary

muscle 1s unlikely to affect IOP.

Previous evidence in the literature concerning the effect of pilocarpine on AH
production 15 contradictory and subject to species variation. Pilocarpine has be.en
shown to have no effect on Al formation in rabbits {Kodama ef af., 1985), decrease
AH formation in primates (Bill & Wiilinder, 1966; Miichi & Nagataki, 1983;
Wiilinder & Bill, 1969) and increasc AH formation in humans (Nagataki &
Brubaker, 1982). In order to determine the effect in the bovinc eve, future
experiments would investigate the cffect of pilocarpine on AH (ormation determined
by the fluorescein dilution technique {Millar ef af., 1997; Shahidullak er al., 1995;

Wilson ¢f al., 1993).
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Disenssion: The Effects of Drugs on 10£....

The most likely explanation is a breakdown of the BAB, normally indicated by a
continually rising IOP, Pilocarpine induced increases in BAB permcability to high
molecular weight molecules (i.e. plasma proteins) have been reported in dogs
(Krohne, 1994; Krohne ¢t af., 1998) and humans (Mori ef af., 1992). This thcory
was tested by the addition of a high molecular weight substance, albumin, to the
perfusate. This substance is unable to cross the BAB under normal physiological
conditions and so would remain undetected in the AH at the end of the perfusion.
However if the BAB was not intact, then leakage of high molecular weight
substances info the posterior chamber would oeccur. A comrelation between
breakdown of the BAB, continually rising 10P and leakage of albumin into the
chamber has previously been reported (Wilson e al., 1993).  After sampling and
protein analysis of AH at the end of 90 min perfusion with Krebs’ containing BSA,
there was no sigmlicant increase in protein concentration at any concentration of
pilocarpine. In fact, the protein concentration was significantly reduced at the
highest pilocarpine coucentration (10° M). Examination of the TOP responses,
reeorded for the duration of the experiment, shows a trend where pilocarpine, at ail
except the lowest concentration, significantly decreases the JOP. This suggests that
the presence of BSA in the perfusate of this preparation may play a permissive role in
the IOP response to intra-arterially perfused drugs. The results may even indicate
that pilocarpine-induced damage to the BAB is prevented by the inclusion of BSA in
the perfusate, despite the fact that the addition of the high molecular wcight

substances, dextran (3% w/v) and albumin (0.5% w/v), does not significantly

145




Discussion: The Effects of Drags on [0OP...

increase the likelihood of achieving a stable [OP under control conditions (Wilson ef

al., 1993).

Apraclonidine

Apraclonidine, a derivative of clonidine, s an . -adrenergic agonist with some o
activity (Toris ef af., 1995b). Topical application of clonidine, apraclonidine or
brimonidine has been shown to lower IOP in a variely of species, including rabbits
(Burke & Potter, 1986), culs (Burke & Potter, 1986; Chiou, 1983), primaies
(Burke & Potter, 1986; Gabelt et al., 1994: Serle ef al., 1991) and humans
(Gharagozioo et al., 1988; Lee ef al., 1984; Toris e al., 199523 1995b). These .-
adrenergic agonisls are believed to lower IOP primarily by reducing AH formalion,
presumably by acting on the NPE of the ciliary body (Adkins & Balfour, 1998;
Burke & Potter, 1986; Gharagozloo ¢f af,, 1988; Mittag and Tormay, [985;

Toris ¢f al., 1995b).

Iu the bovine isolated perfused eye, intra-arterial injection of apracionidine increased
the YOP 1n a non-linear manner. Analysis of the raw LOP data, expressed as the mean
valne (or each time point plotted against tine (see figure 17), showed an initial
subsianlial linear increase n IOQP for the first 30 min after drug injection, followed by
a decline to a smaller rate of increase over the next 60 min. This suggested that the
slopes of [OP vs time for each drug response should be calculated over the periods of

linearity from 0 - 30 min and 30 - 90 min.
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Intra-arterial administration of high doses of apraclonidine produced a significant
increasc in JOP characterigsed by a large increase over the first 30 min followad by a
smaller increase over the following 60 min. Immediately alter intra-arterial injection
of the drug, vasoconstriction, presumably mediated via «,- or o,-adrenocepiors,
resulted in a transient increasc in vascular perfusion pressure, which decreased

slightly to a plateav. This was sustained for the remainder of the experinent.

The increase in TOP, observed afler intra-arterial injoction of high doses of
apraclonidine, s similar to the short term rise reported by Murray & Leopold (1983)
following topical application of various «,- and a.,-adrenergic agonists in the rabbit,
although such findings do not correspond to the majority of reports which deseribe a
decreasc in IOP after topical application i vivo to primate and haman eycs. fn vivo
responses to apracionidine are generally measured over a longer time scale, starting
[rom at least 1 hr after drug administration, and hence may fail to observe possible
early influcnces op 10P. It is gencrally believed that apraclonidine lowers lé'JP
primarily by deercasing the rale of flow of AH, plus a combination of increasing the
facility of outflow and decreasing episcleral venous pressure (Gharagozloo er al.,

1988; Toris ef al., 1995b).

In order to determine any e¢flect of apraclonidine on the permeability of the BAB, the
pecfusate was supplemented with BSA and AH was sampled 90 min after drug
injection.  [ntra-arterial injection of 300 nmol apraclonidine did neot significantly

change the protein concentration in the AH, indicating that apraclonidine does not
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affect the permeability of the BAB in the bovine perfused eye. This agrees with a
previous result showing that in humans topical application of apraclonidine has no

cffect on BAB permecability (Gharagozloo ef al., 1988).

[t is possible that the increase jn perfusion pressure occurring after intra-artenal
Injection of apraclomdine contributes to the increase in IOP. fn vivo studies show
that the «,-adrenergic agonists have both local and systemic cardiovascular side
effects including a decrease in systolic blood pressure (F.ee ef al., 1984), a decreased
episcleral venous pressure (Krieglstein ef al., 1978; Toris ef «d., 1995b) and a dose-
dependent decrease in systolic and lastolic ophthalmic arterial pressure in patients
with open-angle glaucoma (Heilmann, 1973). These factors plus the suggestion that
zlpnmionidine constricts blood vessels to the anterior uvea resnlting in a decrease in
ocular blood volume (Chako & Canras, 1994), indicate that the vascular effects
caused by w,-adrencrgic agonists are more likely to contribute towards a decrease in
10OP, not an increase. However, the occuirence of vasoconstriction in the vascular
beds of the anterior uvea of the perfused eye would not result in a decrease in ocular
‘blood’” volume, since perfusion is carried out using a constant flow method. [nstead,
resistance o fow would result in the observed increasc in vascular perfusion
pressure which mighl contribute to a short term increase in IOP by causing the
distension of blood vessels proximal to the constriction and hence an increasc in
intraocular volume. Constriction of vascular beds may also redircct the flow of
Krebs™ solution, which could result in an altered rate of perfusion in particular areas
of the eye, although the total flow rate through the whole eye must remain constant,

Agan this is unlikely to contribute to an increase in 1O as even substantial changes
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in the perfused flow rate of the bovine eye do not significantly alter the [OP (Wilson

et al., 1993).

Unlike intra-arterial njection, there were no significant increases in 10P over the 30
min following intracameral injection of the drug (see table 11). Instcad aficr
nygection of 30 nmol apraclonidine, IOP was observed to decrease significantty over
this period. In conirast, fiom 30 - 90 min after intracameral injection of high doses

of apraclonidine there was a significant increase in 10P.

Administration of apraclonidine by intracameral injection delivers the drug directly
into the anterior chamber, and hence rapid access to the trabecular and uvcoscleral
outtlow pathways. When administered intra-arterially, the drug passes through the
vascular system of the anterior eye, supplying the ciliary processes. Access of the
drug 1o the AH and outflow pathways is relatively slow with agueous production at

less than 13 pl.min' (Shahidullah ef af., 1995; Wilson &/ al., 1993),

Comparison between the changes in TOP for apraclonidine administered via dilferent
routes, shows that relalive to their controls, intra-arterial injection of high doses
produces a significant risc in IOP over the initial 30 min, whereas intracameral
injection does not. This sugpests thal the early rise in IOP 1s duc to vasoconstriction
as vascular perfusion pressure also increases during this period. [n the longer terim
(30 - 90 min post-injection), the drug has time to diffuse to most ocular tissues
regardless of the roule of administration, producing a similar moderate rise in I10P by

either the intra-arterial or intracamecral roule.
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In the perfused eye, the peak short term increase m vascular pertusion pressure
associated with intra-arterial injection of apraclonidine was inhibited by inclusion in
the perfusate of the selective u-adrenergic antagonist, prazosin or the selective o.,-
antagonist, yohimbine. ‘this suggests that the increased vascular pertusion pressurc
in response to apraclonidine is mediated via action on both «,~ and ¢.-adrenoceptors.
In order Lo confirm the selectivity of prazosin and yohimbine on o.- and o,
adrenoceptors, respeclively, i the bovine perfused eye, their effects on the o -
adrenergic agonist, noradrenaline were investigated. The short term increase in
vascular perfusion pressure associated with intra-artcrial noradrenaline was inhibited
by prazosin, but not by yohimbine. Therefore it appears thal in the bovine perfuscd
eve, yohimbine at a concenlration of 3 x 10° M is relatively selective for oL.-
adrenoceptors. This coufirms that the short-term vascular response to apraclonidine

15 mediated through both o~ and «,-adrenoceptors,

This corresponds with previous work by Murray and 1.eopold (1985), who showed
that topical application of the wo,-adrenergic agonist, methoxamine or the o,-
adrenergic agonists, oxymetazoline or clonidine caused carly dose-related rises in
IOP, with peak responses occurring belween 15 - 30 min after drug application.
These hyvpertensive [OP effects were inhibited by pre-treatment with pravzosin or with
yohimbine. Various studics have also noted an intiial hypertensive effect following
topical or systemic application of the adrenergic agonists, adrenaline and
noradrvenaline in rabbits (Langham & Kricglestein, 1976; Langham & Palewicz,

1977) and humans {Kupfer & Ross, 1971). ‘U'his increase in TOP was atiributed to a
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decrease in outtlow facility, due to constriction of aqueous and episcleral veins
(Langham & Palewicz, 1977; Wilke, 1974). It was also shown (hat the
hyperiensive JIOP response to o-adrenergic agonists could be blocked by the «-
adrenergic antagonist, phenoxybenzamine but not by the B-blocker, propranolol,
suggesting the involvement of an wo-adrenergic mechanism (Langham &
Krieglestein, 1976). In the hovine perfuscd eye, Wilson ef ¢f. (1993} assumgc that as
the vortex veins have been cut then pressure in the episcleral veins will be vartually
zero. However, substantial vasoconstriction, occurring in the aqueous and episcleral
veins, could still have an effect on resistance to outflow and hence on 1OP (see
‘modified (Goldman equation’, pg. 36). Dircct measurement of episcleral venous
pressure in the bovine eye would be necessary to establish whether vasoconstriction

in these vessels may be the cause of the iigal rise in IOP duc to apraclonidine.

The sustained increase in vascular perfusion pressure, associated with apraclonidine
was investigated by perfusing (he eye with Krebs’ solution containing apraclonidine.
and attempting to reverse the elevated perfusion pressure with prazosin or ;he
selective o,-adrepnergic antagonist, delequamine. Dclequamine was chosen as its’
selectivity [or w,-adrenergic receptors is higher than that of yohimbine. At 107 M,
delequamine appeared to reducce the clevaled vascular perfusion pressure associated
with apraclonidine, though this effect was variable and not statistically significant.
Prazosin did not have any effect on the sustained vascular response (o apraclonidinc.
These results suggest that o -adrenoceptors are not associated with the sustained

increase in vascular perfusion pressure, which oceurs after perfusion of the bovine




Discussion: The Effects of Drugs on i10P.....

eye with apraclonidine. The apparent decrease in perfusion pressure in response to

delequamine indicates that a,-adrenoceptors may well be involved.

While many o.,-adrenoceptors are located at presynaptic sites, they have also been
observed at post-junctional locations n the vasculature of many species, including
rats (Dyke & Widdop, 1987), rabbils (McGrath & McKean, 1981), dogs
(Matthews et al., 1984) and humans (Thom et ¢l., 1985; Jie et al., 1984; 1987), and
are believed 1o be involved in the vasoconstriction induced by w-adrenergic agonists
(Langer & Hicks, 1984). However, in most vascular beds, the o,-adrenoceptor is
the predominant receptor mediating vasoconstriction (Langer & Hicks, 1984). It
has been postulated that the vascular smooth muscle contractile responsc differs
between these two o-adrenoceptor subtypes (MeGrath, 1982). The a,-adrenoceptor
response is rapid in onset, short-lived, utilises internal Ca® and responds to shori-
term stimuli such as bolus injection of catecholamines; the a,-adrenoceptor response
is slower in onset, longer-lived, utilises external Ca®' and responds to more prolonged
stimuli such as circulating catecholamines.  In the present work, the vascuilar
responses to intra-arterial injection of apraclonidine correlate with the hypothesis of
McGrath (1982), where stimulation of o,- and «.-adrenoceptors mediates different

contraclile responses in vascular smooth muscle.

Post-junctional o,-adrenoceptors have also been identified in the ciliary body,
chortocaptillaris, retina and iris of the rabbit (Hrang ef al., 1995), porcine (Wikberg-
Matsson et al., 1996), bovine (Bylund ef af., 1997) and human eyes (Matsao &

Cynader, 199Z). Since there can be no ncural activity in the 1solaled cye, it is




Discussion: The Effects of Drugs on IOP, .,

unlikely that presynaptic receptors could influence either vascular tone or 10P,

mdicating a possible involvement of post-junctional o,-adrenoceptors.

The relationship botween the early rise in I0P associated with stimulation of -

adrenocceplors, possibly located in the blood vessels of the anterior uvea, could bhe
investigated by pre-treating the eye with seleclive o - or u,-adrenaceptar antagonists

such as prazosin, yohimbine or delequamine and monitoring the 10P response to

intra-arterial injection of apraclonidine.

[n order to understand other possible mechanisms underlying the 10P response to

apraclonidine n the bovine perfused cyc, further cxperiments deiermining its effect
on AH formation and facility of outflow would be required. In the present work, we
chose not o invesiigate lhese parameters as the effects, which did occur, were ollen
small, generally short-lived and consisted of an inercasc in 10P rather than a
decreasc, Such an effect clearly indicates a major difference from that in man, and

did not merit further investigation as the usefulness of the bovine perfused eve model

could not be furthered.

Prostaglandins

Previous studics have shown that prostaglandins, in particular PGF - and its
analogues, including Jatanoprost, lower [OP in rabbits (Camras ef al., 1977), cats
(Bito ¢t «l., 1983a), primates (Camras and Bito, 1981; Crawford ef af., 1987) and
humans (Lee et ., 1988). It is generally accepted that treatment with PGF

does
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not induce a fall in IOP by lowering AH production (Brubaker, 1989; Camras ef
al., 1987, Lec et al., 1984; Toris ef al., 1997). Instead POF,,, acts by increasing At
outflow, via the uveoscleral outflow route (Crawford and Kaufman, 1987; Gabelt
and Kaufman, 1989). The mechanism for the IOP reduction was unclear until if
was demonstrated that pilocarpine antagonises ’GF, -induced ocular hypotension in
prunates (Crawford and Kaufinan, 1987; Nilsson ef al., 1989). PGF,, is reported
to alter the extracellular material between the ciliary muscle bundies, providing an
alternative pathway for drainage of AH from the anterior chamber (Liitjen-Drecoll
& ‘Tanmum, 1988; Tamm ef «f., 1989). Recent investigations indicate that
prostaglandins can induce substantial changes in the extracellular material around
human ciliary smooth muscle cells in vitro, supporting the hypothesis that
prostaglandin-induced alteration in extracellular matcrial between ciliary muscle
bundles plays 4 role in increasing uveoscleral outflow facility (Lindsey ef af., 1997a;

1997h; Weinreb ¢ al., 1997).

[n the present study PGF, had no effect on IOP when compared to control groups in
eyes perfused with Krebs® solution or Krebs’ solution plus BSA. TInclusion of 3SA
in the perfusate had no significant etlect on the IOP response following intra-arterial
injection ol PGF, . Intra-arterial injection of PG, had no effect on vascular
perfusion pressure, perhaps due to a lack of vascular tonc in the perfused cye
preparation.  Possible explanations for these observations arc that the contribution to
total outflow provided by the uveoscleral route in the bovine eye may be minimal,
due o Lhe poorly developed ciliary muscle (Prince ef al., 1960). However, PGF,

has been shown to effectively lower IOP in rabbits which also has a poorly
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developed ciliary muscle, as well as cats and humans where uveoscleral outflow
accounts for considerably less than 50% of total aqueous drainage (Crawford and
Kaufman, 1987). During in vivo experiments the drug is generally administered
topically over a successive period of 3 - 5 days before a reduction in [OP is observed
(Crawford and Kaufman, 1987; Gabelt and Kaufman, 1989). This suggesied that
administering PGF,_ intra-arterially to the bovine perfused eye over a period of three
hours may not be an ideal model for testing this type of drug. Over a threc hour
period the time scale may be insufficient to allow the physical widening of and loss
of extracellular material from the connective tissue-occupied spaces between the
ciliary muscle bundles demonstrated by morphological studies (Liitjen-Dyrecoll &
Tamm, 1988). On the other hand, the drug has been shown to produce a 60%
reduction in IOP, 3 hows after administration as a single dose in cynomalgus
monkeys (Nilsson ef al, 198Y). Nilsson suggested that incrcased uveoscleral
autflow, contributing up to 80% of total outflow facility compared with 40 - 50% in
control eyes, was responsible for the fall in IOP. Interestingly, a larger [ODP-
reduction was observed following 3 - 5 days of daily treatment rather than a sin'gle
dose treatment (Camras ef «l., 1987; Crawford et al., 1987), suggesting that the
long term effect of prostaglandins 1s mainly structural, while the short term cffect is

mainly due to relaxatien of the ciliary muscle (Nilsson ez al., 1989).

Evidence in the literature suggests that high doses of prostaglandins, particularly
PGE and PGE,, clevatc IOP and AH protein concentration, indicating an increased
permeahility of the BAB (Beitch & Eakiuns, 1969; Kass ef al., 1972; Waitzman &

King, 1966). The presence of a low level of protein (300 - 700 pg.ml") in the AM of
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mammalian eves demonstrates that the barrier function of the BAB is not absolute
{Novack & T.eopold, 1988). Protein concentrations from control eyes, where AH is
sampled at the end of 180 min of perfusion with Krebs® solution, did not differ
significantly from freshly excised bovine eyes where Al was sampled upon reaching
the lab. The level of protein found in the bovine eye corresponded with a previous

report in the literature (Doughty, 1995).

In the bovine perfused eye, the lack of a significant clevation in AH protein
concentralion in response to intra-arterial or intracameral administration of 600 nrnotl
PGF, indicates no BAB-distupting cflcets at this dose. Other investigators have
also shown negative or minimal effects of PGF, on disruption of the BAB in

primates (Crawford ef al., 1987; Gabell & Kaufman, 1989).

Intra-arterial and intracamecral injection of PGE2 shows a trend towards incrcase 11
protein concentration at all doses tested, though this is only significant following
intra-arterial mjection of 60 nmol PGE, or intracameral imjection of 600 nmol PGE,.
The wide range of concentrations detected following administration of cach dose
indicate that although PGE, appears to increase the permeability of the BAB the
eftects are sporadic and non-reproducible in the bovine isolated perfused eye. In
rabbits, mcreases in IOP and aqueous protein levels following administralion of
prostaglandins are thought to be duc to a highly developed BAB breakdown
mechanism, characteristic of apimals with virtually 360° fields of vision (RBito,

1997). Responses observed in cats and primates, which do not have such a wide

visual field, oceur to a lesser degree, 11 is believed thal the large species differences
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which exist in response to ocular irritation and trauma, such as administration of
prostaglandins or paraccntcsis, may be a result of the evolution of different types of

visual systems (Bito, 1997).

Previous investigations have indicated that a direct correlation exists between
elevations in TP and agueous protein concentration in rabbit (Beitch & Eakins,
1969) and bovinc eyes (Wilson ef al., 1993). Expression of all the raw data in the
form of protein concentration as a function of 10P immediately prior to AH sampling
(see figure 23) did not show a clear correlation between increases In protein
concentration and increases in [OP for intra-arterial or intracameral injection of
PGE,. 1OP values which increased above 300 mm H,O in response to PGE,
excecded the maximum value on the water manometer scale and were necessarily
represented as 300 mm H,O in the scatter plot (figuwre #). Whal is clearly
demonstrated by the scatter plots is that more than one population exists within the
data. Both plots show that cves, with IOP values which fall within the presumed
normal range of 95 - 165 mm H,O {(Wilson ¢f al., 1993), are associated with a };)w
concentration of proiein. There are no eyes found within this TOP range which are
assoclated with an increased concentration of protein which suggests breakdown of
the BAB. As TOP values increase above 165 mm H,O associated protein

concentrations either remain normal or increase to a level indicating breakdown of

the BAB.

The [OP response (o PGE. administration in the bovine isolated perfusced eye differs

greatly from other species. frn vive responses to PGE, arc characterised by an initial
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increase in IOP to a peak within 30 min of drug administration [ollowed by a stow
fall in IQOP back towards the initial valuc. In rabbits the initial increase in IOP is
large and is associated with breakdown of the BAB and protein leakage into the
anterior chamber (Camras ef al., 1977). Tlowever, other species show a less marked
initial increase in [OP with little or no effect on the BAB (Nilsson ef af., 1989). It is
now generally thought that the unique sensitivity of the BAB to PG in rabbit make
this species a poor model for the study of BAB integrity and AH dynamics (Bito,
1984; Toris et al., 1997). The bovine isolated perfused eye does not show a
reproducible initial increase in I0P followed by a decrease back Lo the initial value.
In the majority of eyes there is no significant change in 10P over the 90 min

following drug administration.

The lack of a reproducible or dose-dependent response o PGE, could result from
several factors: the varation in the vesponses to prostagiandins due to species
differences conld account for the sporadic effect of PGE, on permeability of the BAB
in the bovine solated perfused eye; the defay of any breakdown of the BAB may be
highly variable (if the onset of the sudden rise in IOP is any indication), allowing
very dilferent concentrations of protein o accumufate in the anterior chamber by the
end of the cxperiment; the volume of AH removed from the anterior and posterior
chamber of the eye i1s not uniform. In the normal eve, up to 2 mi of AH can be
romoved. However, if the IOP has exceeded 300 mm HLO for the majority of the
experiment the volume removed can be as little as 0.2 mil, presumably due to gross
oedema of the antenor uvea. The experiments conducted suggest that the hovine

isolated perfused eyc does not appear to be an cffeetive preparation for reproducibly
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demonstrating drug induced permcability changes in the BAR. Measurement of
aqueous flare in the anterior chamber might provide a more effective method of
defermining permeability changes in the BAB in the preparation, avoiding the
reproducibility problem associated with AH sampling. ‘I'his method may provide

information regarding the time course of the breakdown response to PGE,.
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Conclusion (i)

Although previous investigations have demonstrated IOP-reductions m response to
several classes of drugs, including the carbonic anhydrasce inhibitor, MK-927, §-
adrenoceptor antagonists, timolol, oxprenolol and betaxolol (Wilsen et al., 1993), the
B-adrenoceptor agonist, terbutaline (Shahidullah er al,, 1995) and vasodilator
agents, including atriopeptin (Shahidullah ef al., 1995), it was shown that ncither

pilocarpine, apraclonidine, PGE, or PGE, actcd to lower IOP in this preparation.

The failure of pilocarpine, PGF,, or PGE, to produce an 1OP-loweting response
might well have been expected due to the rudimentary development and lack of
functional activity in the bovine ciliary muscle. The lack of correlation between the
bovine eye and other species for drugs which increase trabecular or uveoscleral
outflow suggests that this preparation is not suitable for screening anti-glaucoma
drugs which act primarily on AIT outflow. On the other hand, where a drug does
lower 10P, the bovine eve offers a simple cheap system with which drug mechanisms

can be studicd.
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The isolated pertused bovine eve_as a model for investigation of corneal dyrug
absorption

In the present study on the bovine perfused eye, the effects on ocular drug absorption
of different drug formulations and experimentally induced corneal damage have been
stuctied wtilising single time point determinations. However, no pharmacokinetic
data on drug absorption has been evaluated. A kinetic profile with minimal
variability can only be constructed by measuring the AH drug concentrations from a
sufficient number of time intervals to adcquately characterise the absorplion,
distribuiion and elimination process {Qiu et af., 1993; Solanki & Morten, 1988;
Tang-Liu & Burke, 1988). In general serial measurements are carvied out in vitro
on isolated corneal preparations as AH samples from the anterior chamber cannot be
taken continuously in vivo (Richman & Tang-Liu, 1990). However, it has been
shown that the bovine perfused eye modcl allows repetitive sampling {rom the
anterior chamber, provided that 50 pf sample volumes are immediately replaced with
an equivalent volume of AH substitute (Wilson ef af,, 1993). This allows ’;hc
kinetics of absorption to be followed with relative ease under controlled
physiclogical conditions (Zhu et af,, 1996). Under normal physiological conditions,
drugs which are absorbed across the cornca into the anterior chamber will be
concentrated adjacent ta the posterior surface of the cornea as mixing in the anterior
chamber occurs very slowly, being influenced by agueous flow from the postetior
chamber, outflow of aqueous via the (rabecular and uveoscleral drainage pathways
and convection currents due to temperature gradients. In order to obtain an accurate

measurement of AH drug concentrations from S0 ul aqueous samples, mixing of the
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anlerior chamber contents has to be increased. In the present study this complicalion
is avolded, al the expense of pharmacokinctic data, by single time pont
determmations where all the available AH from the anterior chamber is sampled at
the end of the perfusion. A more imperiant reason for single sampling was that
ITPLC would not have been able to detect aciclovir in many of the small samples
taken at intervals. However, this method of analysis does appear to be adequate for
the present purpose of comparing the effects of different (ormulations and pre-

treatments on corneal absorption.

HPLC analysis

In the present study, HPLC provided efficient and clean separation of aciclovir and
ihe internal standard, ganciclovir, from samples of cornea and AH. The ganciclovir
and aciclovir peaks, eluted at 8 min and 10.8 min respectively were nol subject to
interference by any coeluting compounds, allowing the concentration or amount of

aciclovir absorption to be calculated accurately.
The retention time 1dentified for ganciclovir compares favourably with previously

reported retentton times under similar HPLC conditions (Arevalo er af., 1995;

Kupperman et al., 1993).
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The effect of increasing the concentration of aciclovir in the filn formulation

As expected, increasing the concentration of aciclovir dissolved in the PVA film
resulted in an increase in the concentration of aciclovir detected in the cornea and
AlIl, by increasing the gradicnt between the medicament and the surface of the

cornca, thus accelerating diffusion of drug into the eye.

When the corneal epithelium s undamaged, intercellular tight junctions located
between the apices of adjacent superficial epithelial cells remain intact and form the
major barriet to ocular drug absorption {Grass & Robinson, 1988b; Tonjum, 1974).
The barrier property of the epitheltui is highlighted following chemical or physical
dama.'ge to (he cornea. With cach increase in aciclovir film concentration the
concenfration of aciclovir detected i the comea increased sighificantly in a
concentration-dependent fashion. This relationship was not so clear when the cornea
was undamaged, probably due to the limitations n the scnsitivity of the HPLC
system. Increases in aciclovir film concentration generally produced signiﬁc'ant
increases in acictovir absorption mto the AH following damage 1o the cornea.
However, when the comea was undamaged no detectable level of absorption was

found in the AH cxcept at the highest concentration of 20% aciclovir.

The barrier property of the corneal epithelium is often considered to vary in
effectiveness according to the solubibity of the drug (Sieg & Raobinson, 1976). The
lipophilic epithelium is relatively impermeable ta water-soluble drugs, whereas lipid-

soluble drugs penetrate casily (Firvinen ef al., 1995). A previous study,
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ivestigating the physicochenucal properties of aciclovir, has shown that the drug is
relatively hydrophilic (octanol: water partition coefficient ~ 0.06 L 0.01) and would
thus be expected to have low epithelial permeability (Hughes et «f., 1993). Due to
the physicochemical properties ot aciclovir and the 14 - 18 ccll layer thickness of the
bovine corneal epitheliunm (Diescem, 1975; Prince ef al., 1960), it 1s not surprising
that the drug 1s poorly absorbed into the cornea and AH {ollowing application of the

film formulation to eyes with undamaged corneas.

Physical or chemical damage to the comea removes the barrier function of the
epithelinm, resulting in direct contact between the medicament and the hydrophilic
corneal stroma.  Aciclovir in the hydrophilic film will readily move down its
concentration gradicnt into the stroma. In order for the drug to enter the anterior
chamber jt must pass through Descemet’s membranc and the lipophilic coreal
endothelinm.  Although tight junctions are present between adjacent endothelial
cells, they are not as tight as those found in the epithelium, resulting 1n a “leaky”
barrier between the AH and comeal stroma (Grass & Robinson, 1988b). Tt has aiso
been suggested that in the human eye, the endothelium does not offer any significant
resistance to hydrophitic drugs such as pilocarpine (Sieg & Robinson, 1976). After
removal of the epithelium therc was an absence of drug accumulation in the corneal
stroma and endothelium following topical applcation of pilocarpine.  Sieg and
Robinson suggested that in the casc of transcorneal permecation of pilocarpine the
slroma. endothelium and AH act as a single phase, allowing free movement of
hydrophilic molccules, In the bovine eye, the 10 - 235 um thickness of Descemet’s

membrane, is approx. double that found in man (Diescem, 1975; Prince ¢f al., 1960).
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and might cause a relative deercase in the ease of drug movement into the anterior
chamber. However, it is reasonable o suggest that aciclovir, due to its hydrophilic
nature, will behave in a similar manner to pilocarpine and move with rclative ease
from the stroma into the anterior chamber. This mechanism explains the detection of
substantial amounts of aciclovir in the AIT following physical or chemical damage to

the cornea.

The effect of different pre-treatments on the concentration of aciclovir detected

in the cornea and aqueous humour

Aller application of different formulations at various doses following different pre-
freatments to the cye, comparison between the concenlration of aciclovir detected in
the comea and AH highlighted several trends. Generally, much larger concentrations
of drug were absorbed in the cornea and AH following damage to the eye,
Application of 1% film and 1% omtment formulations provided exceptions o this
trend, with greater concentralions of aciclovir being absorbed in the 1.111damag.ed
cornea.  [lowever, the drug concentrations detected in these two examples
approaches (he limit of detection for this system (see table 16) and consequently may
not be an accurate measure of the level of aciclovir. No detectable absorption was
found in AH samples following application of the ointmeant or gel formulation when
the epithelium remained undamaged. Thesc trends confirm that the corneal
epithelium 1s a major barrier to drug absorption through the cornca. We have shown
that removal of the comeal epithelial barrier, as a result of physical or chemical

damage, generally results in an increase i the concentration of drug absorbed. This
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1s in good agrecment with previous data in other species showing that removal of the
epithelial barrier results in a significant increase in absorption of topically applied
hydrophilic, but notl lipophilic drugs (Edethauser & Maren, 1988; Hull ¢ al., 1974;

Lesar & Fiscella, 1985; Maren ¢f al., 1983; Sieg & Robinson, 1976).

Comparison between the drug concentration detected in the cornea following
chemical or physical damage indicates a wwend where there is an apparent increase in
absorption in corneas which have been physically damaged. These apparent
mncreases are statistically significant following application of the film formulations
containing 1%, 3% or 20% aciclovir, ‘There were no differences between the
agueous drug concentrations except after application of 20% f{ilm formulation where
the concentration of aciclovir detected in the chemically damaged cornea was
significantly greater.  Although there is no conclusive reason explaining the
differences in absorption between the two pre-treatments, it is important to realise the
differcnces in the nature of the experimentally induced damage. When the cornca is
physically damaged the epithelium is débrided exposing the underlying stroma.
Cotncal ransparency and thickness do not appear to alter. However, when the
corpea is chemically damaged with sodium hydroxide, the underlying stroma rapidly
loses its transparency and swells, as indicated by a visible thickening and approx.
50% increase in the weight ol excised corneal buttons (see table 17). This offect is
presumably due to sodium hydroxide-induced damagce to the endothelial cells,
resulling in a loss of the endothelial regulatory function on corneal hydration (see
‘Hydration of the cornea’, page 41). These observations agree with previous reports

where severe alkall burns of the rabbit eve resulted in corneal opacification and
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increased stromal hydration (Mai Phan et al., 1991; Pfister ef al, 1971). It is
therefore reasonable to suggest that the naturc and severity of chemically induced
damage to the cornea may alfcet the level of drug absorption, resulting in the
apparent differences between chemically and physically damaged corneas. '[he
alkaline enviromment, induced by NaOH pre-treatment, may also inllucnce vehicle
and drug stability in the cye. However, very little cvidence was found in the
literature to suggest that alkalinc hydrolysis of aciclovir occurs under such

cxperimental circumstances.

Experimental damage to the cornea was performed in an attempt to mimic the
corneal damage associated with HSV infections, which in humans is often
characterised by epithelial keratitis which may lead to corncal ulceration (Grayson,
1983; Newell, 1996; Pavam-Langston & Biosjoly, 1985; Verdicr & Krachmer,
1984). This results in damage to the cornea ranging from the appearance of multiple
microscopic pits on the epithelium lo digestion of areas of epithelial and stromal
tissuc by enzymes (Grayson, 1983; Newell, 1996; Pavam-Langsion & Binsjolly,
1985; Verdier & Krachmer, 1984). It is likely that such damage ta the cornea
would greatly limit the barrier {unction of the epithelium, resulting in an increase in
absorption of topically applied hydrophilic drugs. [t is purely speculative 1o consider
how well the two models of cxperimentally induced comeal damage mimic the
damage associaled with HSV infections. Detailed morphological examination of the
various lypes ol damage would be required before this could be assessed. However,
the pathological manifestations of severe HSV infection, such as enzymatic digestion

of corneal tissue, are linked with the later stages of alkali bums where collagenase
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production in the epitheliom and stroma results in corneal ulceration which if left
untreated can lead to corneal ‘melting’ (Brown, 1971). 'I'he NaOH model used in the
present work would doubtless show scvere disruption especially of the epithelium
and superficial stroma since NaOH dissolves both lipid and protein structures. On
the other band, exposure was bricl and the experiment was too short for collagenase
release to occur, In the present work, we have confirmed that chemically or
physically damaging the cornea provides two relatively reproducible methods of
inducing experimental damage to the cornea, resulting in the loss of the barvier
function of the corneal epithelivm, a situation which also appears to occur during

HSV infections.

weiclavir

..

The data shown in figures 22 - 25 and 27 - 29 have been expressed as the
concentration (ng.g' of cornea or ng.ml™ of AH) of aciclovir detected in the comea

and AH. When the data is expressed as an amount {Lig) then the interpretation of the

Jevels of corneal absorption may alter. This 1s highlighted in the figures 26a and b,

Concentration in the cornea is influenced by the weight ol the corneal button from
which the level of absorption 1s calculated. In the chewically damaged cornea, the
tissue is swollen with water from the AH resulting in a dilution in the concentration
of drug contained in cach sample. Tn the case of the 3% film there is no difference in
the amounts of aciclovir found between chemically and physically damaged cornca,

whereas the difference in concentration between them 1s statistically significant. The
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same applies in another way to the difference between amounts and concentrations
following 3% [ilm application in corncas which are chemically damaged or
undamaged. The difference in the amounts of drug found between the two pre-
treatments is statistically significant, whercas no difference is found between the
concentrations. On the other hand, changing the expression of the data for the 3%
ointment from concentrations to amounts did not change the rclationship between

pre-treatments.

It is clear that chemical damage to the corneca increases the weight of the sampled
corneal buttons presumably due to an increased water content of the stroma. When
the data for all pre-ireatments i1s expressed as concentrations, the swelling of the
comea after chemical damage results in a decrease in concentration of drug relative
to the other treatments. The difference between two treatments may thus appear to
alter according to whether the data arc expressed as concentrations or amounts of

drug.

The effect uof aciclovir formulations on corneal absorption

This study shows that permeation of aciclovir into the comea and AH of the pertused
bovine ecye is greatly influenced by the formulation of the applicd drug. Topical
application of aqueous gel, PVA film and ointmient {ormulations, each containing an
cquivalent 300 pg dose of aciclovir, resulted in significantly greater drug
concentration in corneal and aqueous samples with the aqueous gel than with the

other formulations (Figure 27a and b).  When the comea was experimentally
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damaged the film formulation also showed sigm [icantly greater absorption in corneal
samples compared to the ointment formulation. There was no detectable absorption
in Al samples following application of the ointment formulation. ‘This is not
surprising as the very small concentrations of aciclovir which are detected in corneal
samples were approaching the limit of detection.  Differences in the levels of
absorption among the formulations were calculaled in eyes which had undergone

1dentical pre-treatments,

The variations in the levels of absorption found among the formulations could be
explained by the physicochemical propertics of the drug and the vehicles., Aciclovir
1s hydrophilic in nature, with an octanol; water partition cocfficient of 0.06 £ 0.01
(Hughes er al., 1993). Thercfore the drug will dissolve most readily in un aqueous
vehicle. Qncee dissolved in the vehicle the formulation can provide drug readilv. 1l a
drug is insoluble in the vehicle then only drug molecufes in immediate contact with
the tear film can dissolve and become available for absorption. [t has been reported
that drug solubility in the vehicle dictates the success of a drug Formu!ation‘in
increasing bioavailability and prolonging drug release (Sieg & Robinson, 1977). [n
the bovine perfuscd eye, prolonging the prescnce of the medicament is nol an
imporlant consideration since in vivo factors, such as blinking, dilution in the tear
fil;y and drug loss via conjuctival absorption and nasolacrimal drainage, arc not
present. As cach application of medicament contains an equivalent dos¢ of aciclovir,
mitial concentration gradients between the formulation and the cornea will be
similar. This leaves the ability of the formulation to release aciclovir as the maost

impostant factor.
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The low level of absorption in the comea and undetectable level in the Al found
when using a lipophilic ointment vehicle containing 1% aciclovir agrees with
previous reports where low levels of corneal absorption are found when formulations

combine hydrophilic drugs with lipophilic vehicles (Sieg & Robinson, 1977).

The tilm formulation 1s a hydrophilic vehicle containing a high percentage of PV A,
soluble polymer which is commonly used in evedrops to increase the viscosily of the
solution, resulfing in an increased contact time in the precorneal area, However, as
mentioned abave, Increasing the contact time does not affect drug absorption in the
bovine perfused eye. The increased corneal and AH absorption wlhen comparcd with
the 1% ointment formulation is likely to be due to the hydrophilic nature of the drug
and PVA filin formulation. When the levels of absorption from the 3% film and 3%
ointment were compared, there was no significant differcnce between corneal
samples (ollowing any of the pre-treatments. However, the concentration of drug in
AH samples was significantly greater for chemically and physically dama;_;ed
corneas. Although for the 3% (lm and 3% omtment there were no significant
differences between the drug concentrations in corneal samples, the overall trend

agrees with that observed lor the 1% Ffilm and 1% ointment as the tetal amount of

drug absorbed into the cornca and AH is grealer for the 3% film (Table 18). When
the total amount of drug recovered from the cornea and AH is calculaled and
expressed as a percentage of the applied dose (570 ug). the amount of drug detected
1s significantly greater following application of the 3% film to both the physically (p

= (0.029%) and chemically {p < 0.001%**) damaged cornca. [t is also possible that

171




Discussion: Absorption of Aciclovir. ...

other factors may influence the level of absorption from the film formulation.
Saetlone ef al (1982} have shown that from a group of equiviscous polymeric
vehicles, PVA significantly increascd the transcorneal penetration of pilocarping,
indicating that non-viscous factors such as a direct effect on corneal permeability

may be responsible for the increase in penetration.

The proprietary aqueous gel formulation was a new [ormulation developed to
combine the adhesive properties of carbomer and hydroxyethyl cellulose polymers in
a preservative-firee gel which will be more acceptable and better-tolerated in the eye
(Rao, personal communication). ‘This formulation demonstrated the highcst
absorption in the cornea and AH. Since this 1s a new {ormulation, no reference in the
literaturc was available for divect comparison with our results. The enhanced
absorption comparcd with the ointment is likely due o the hydrophilic compatibility
between the drug and vehicle. However, 1t 1s not clear why this vehicle shows
enhanced absorption compared with the PVA film as both vehicles are hydrophilic.
[t 15 possible that absorption of aciclovir from the PVA film formulation is dcla?ed
by the time taken to re-hydrate the film and render the drng diffusible in solution.
The development of two soluble gel formulations for the delivery of pilocarpine has
been reported (Goldberg ¢f al., 1979 Mandcll e «f., 1979; March ¢f al., 1982),
although to date neither drug release mechanisms nor kinetics have been reported.
What has been shown is that these gel formulations cnhance pilocarpine activity.
indicating greater transcorneal penetration, compared to a pilocarpine aqueous

solution containing equal drug concentration.
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Compurison belween the concentration of aciclovir detecled in the cornea and Al
following application of the 1% gel or the 3% ointment highlights the ability of the
aqueous gel formulation to enhance absorption of aciclovir. Application of 30 ul of
the 1% gel (unit dosc applicator) delivers a 300 pg dose of aciclovir whercas
application of 21 wl of the 3% ointment delivers a 570 ug dose lo the cornea.
Despite applying almost double the dose, no sigaificant differences in corncal
absorption were found with the 3% ointment compared to the 1% gel in corneas
which were undamaged, chemically or physically damaged. In contrast, vastly
grealer concentrations of aciclovir were found in the AH with 1% gel when the
cormmea was chemically or physically damaged. Therefore the total amount of drug
detected in corncal and aqueous samples was found to be far greater following
application of the 1% gel 1o eyes with damaged corneas, Uhis suggests that if
experimental damage 1s a reasonably good mimic of HSV-induced damage, then the
gel formulation offers a major step forward in enhancing corneal absorption of

aciclovir.

The absorption of aciclovir from the gel formulation may be enhanced by the jarger
applied volume and hydrophilic properties of the formulation, which will cover the
14 mm diameter arca of the cornea relatively uniformly, providing a large surface
area. Absorption from the ointment formulation may wcll be hampered as due to the
semi-solid properties of the ointment al room lemperature (18 - 24°C), uchieviné, a
layer of ointment of uniform thickness over the 14 mm diameter area of comea is

difficult. fn vivo, this problem is avoided as blinking spreads instilled solutions or
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omtment across the cornea, increasing the surface arca of comeal contact (Sieg &

Robinson, 1979).

Intraocukar penctration of aciclovir in the human and bovine eve

Very littlc data has been published on penetration of aciclovir in human eyes.
Following repeated topical applications of ophthalmic Zovirax omlment to
uninfecled human cyes prior to cataract surgery, aciclovir accumulated in the
aqueous at a concentration of 1.69 = 1,13 pg/ml (Poirier ef «l., 1982). Since in the
present study the limit of detection lor aciclovir in the AH was 2 pg/mli, such a level
could not have been measured, we cannot directly compare bovine and human

corneal permeability to ibis drug.

Despite this lack of comparison, from the differences in the anatomy of the bovine
and human cornea (table 1), one would expect intraocular drug penctration to occur

more readily across the human cornea.

Not surprisingly the level of absorption in the human cye following topical
application exceeds that lollowing oral administration (Hung ef al., 1984). It is this
difference will be much greater between corneal contents following the two different

routes of drug adninistration.
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Total drug recovery

Conparisons among the total amounts of drug recovered from the cornea and AH
following application of each formulation shows that in the bovine perfused eyve
model the ointment formulation is not the best vehicle for dclivering aciclovir
following damage to the cye (Tablc 18). When the epithelial barrier has been
removed, hydrophilic vehicles, such as the PVA f{ilm and aqueous gel, appear to
greatty enhance the total absorption of this hydrophilic drug. Clinically, this may be
of great relevance as the 3% ointment is currently the standard ocular formulation
used for delivery of aciclovir to the ISV infected cornea. The use of PVA {ilm or
aqueous gel formulations for delivery ol hydrophilic drugs offers promising drug
delivery systems for ocular administration and the results obtained in this study
should be confirmed with an fa vivo study. When these formulations are applied in
vive the additional factors of drug dilution in the tear film, blinking, conjunctival
drug absorption and drainage via the nasolacrimal duct will influence the level of
corneal drug absarption. All the values shown in table 18 are greatly in excesstof
values you would cxpect to find /i vive as following application the medicament lies
undisturbed on the surtace of the cornca. /r vivo, less than 5% of most topically
applied drugs are absorbed (Firvinen et al., 1995). When this is coupled with the
additional factor of enhanced in vive drug release from ointments due to the shearing

action of blinking (Sicg & Robinson, 1979), then the differences in absorption in

vive among the formulations may not be so pronounced.
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Despile a concentration dependent inercase in the drug concentration in the cornca
and AH following application of increasing concentrations of aciclovir film
formulations (see figure 23) this relationship is non-linear. As the aciclovir
concentration of the film increascs the percentage of drug recovered from the cornea
and AH generally decreases (see table 18). Thercfore a situation of diminishing
return arises, where the increases in absorption are nol proportional to increases in
the applicd concentration of the drug, indicating a decrease in the clficiency of drug

delivery,
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Conclusion (ii)

The bovine perfused eye provides a useful model for the investigalion of drug
absorption in vitro. Tollowing topical application of different drug formulations the
level of drug penetration in the cornea and Al can be measured without the
complications associated with in vivo studies. This model is perhaps supcerior to the
isolatcd corneal preparation normally used to ussess corneal drug absorption, as
cxperimental conditions are more physiological, avoiding edge-damage which is
likely to occur following excision and clamping of the isolated corneal preparation.
The use of the bovine eve again has the advantage that the eyes can be obtained from

the local abattoir without the necessity of killing animals for experimental purposes.

This study confirms that experimentally damaging the cornea, effectively removing
the barrier properties ol the corneal epithelium, increases the conceniration of
aciclovir in the comea and AH compared with the undamaged cornea. Physically
removing the layers of the epithelium or exposing the cornea ta alkali soaked discs. of
filter paper provides two relatively reproducible methods ol inducing experimental

damage to the cornca of the hovine perfused eye.

From the present work, the formulations can be ranked in order of corneal and AH

absotption of aciclovir.

Ointment < PVA Film < Aqueous Gel
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The ointment formulation, used as a standard ocular vehicle for aciclovir, does not

appear 1o be the best vehicle for transcorneal absorption of this drug. PVA film and

aqueous gel formulations seem to present promising drug delivery systems for ocular

administration of hydrophilic drugs, such as aciclovir. The [act that this is

particularly true after experimental damage to the cornea, makes such a formulation

PO L RN
s Eed .

especiaily appropriate in the trcaiment of established HSV infection.
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FUTURE WORK

The etfeets of cholinergic agonists or prostaglandins on I0P in a varlety of species
have been well documented n the literature. It is believed thal these classes of drugs
act to increase the drainage of AH by altering ciliary muscle tone. The lack of any
[OP-lowering clfects in this model may be a result of the poorly developed ciliary
muscle in the bovine eve (Prince e al., 1960). This could be determined by
investigating the constrictor effect of pilocurpine on isolated strips of ciliary muscle,
or (he relaxation effect of the prostaglandins, PGF,, and PGE,, on tissuc pre-

contracted with carbachol.

From the cxperimental data on IOP, the effect of pilocarpine was shown to alter
following the inclusion of BSA in the pertusate, suggesting that BSA may play a role
in preventing drug-induced damage to the BAB. The inclusion in the perfusate of an
alternative marker of BAB integrity, such as fluorescein, a molecule which does not
cross the BAB under normal circumstances, could determine whether pilocarpine
disrupts the integrity of the BAB. If the poermeability of the barrier increascd in
responsc to pilocarpine then fluorescein would be detected in the chamber. Such
experiments could also provide information on the cffect of the presence of BSA in

the perfiisate.

There s very hittle cvidence in the literature (o suggest that pilocarpine increascs the
rate of AH formation. However, measurement of any change in AH formation rate

(Wilson et «f., 1993) in response to pilocarpine would help determine the mechanism
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behind the TOP response to pilocarpine in the bovine perfused cye, as would
determination of facility of outflow using the 1solated anterior segment model

(Erickson-Lamy et al., 1991; Wiederholt et af., 1995).

The initial IOP response to apraclonidine is shown o be aliered depending on the
route of drug administration. Inclusion of BSA in the porfusate and subsequent
measurement of AH protein content indicates that apraclonidine does not affect the
permeability of the BAB. Intra-arterial injection of fluoroscein might confirm that
no change in barrier permeability occurs in response to apraclonidine. Investigation
into the effect of apraclonidine on AH formation might help determine the

mechanism behind the changes i1 IOP in response to high doses of apraclonidine.

The results show thal tollowing intra-arterial injection of apraclonidine, an increase
in vascular perfusion pressure occur concwrrently with an increase in IOP. Evidence
in the literature suggests that vasoconstriction occuiring in the agqucous and cpiscleral
veins results in an increased resistance to outflow and increase in JOP. Direct
measurement of episcleral venous pressure and AH outlflow facility following inira-
arterial injection of apracionidine m the bovine perfused eye would determine the

tole of these mechanisms i the FOP and perfusion pressure responses.

Monitoring the IOP response to intra-arterial injection of apraclonidine, in the

presence of sclective @~ and o,-adrenocepior antagonists might confirm which

receptor(s) 1s involved in the JOP response,
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In general, the resulis of experiments which investigaled the effects of diugs on the
BAB show that sampling AH at the end of cach cxperiment for analysis of protein
content does not provide a consistent assessment of (he integrity of the BAB.
Instead, measurement of drug-induced changes in aqueous flare in the anterior
chamber might provide a more effective method of dctermining permeability
changes, whilst also providing information on the time course of barrier-breakdown

responses.

A logical extension of the aciclovir absorption work would be to investigate the
kinetics of absorption of the various formulations, following the different corneal

pre-treatiments,

Detalled morphological examination of the two types of experimental corneal
damage would provide an opportunity to assess the relationship belween corneas

damaged experimentally in vitro and those which have been infected with HSV.

We have confirmed, by pre-treating the cornea with NaOH, that the weight of
cxcised comeal buttons increases significantly compared to those which are
undamaged or physically damaged. Fulure work involving rthe assessment of H,O
content i the excised corneal samples would probably confirm that the incrcase in
weight associated with NaOH damage was due to swelling of the cornea with i,0

[rom the AH.
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For the farther development of an alternative formulation of aciclovir, for ophthalmic
use, the level of drug absorption in the cornca and AH shouwld be assessed fw vivo,

perhaps in the rabbit eye.
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