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The corneal epithelium forms the smooth anterior surface
of the cornea, a structure which is a highly refractive
component of the optical system. The corneal epithelium has
several unusual properties; 1t is avascular; it is capable
of rapid rggeneration; it is a non-keratinised epithelium
exposed to the external environment. This epithelium contains
a high concentration of acetylcholine (ACh) and high levels
of choline acetyltransferase (ChAc) activity, this being
the enzyme which is responsible for the synthesis of ACh.
There are relatively low levels of cholinesterases (ChE),
the enzymes involvea in the breakdown of ACh. These components
of the cholinergic system do not appear to be entirely associated
with the sensory nerves of the cornea, Several theories have
been propounded for the function of this ACh, but none has
received universal acceptance, This research was an attempt
to elucidate possible functions for the ACh of the corneal

epithelium of the rabbit.

The first possibility was that the ACh played a role
within the epithelium, maybe a role in the regeneration of
the tissue after abrasive injury. Removal of the epithelium
followed by investigation of the levels of protein and ChAc
in the regenerating tissue presented some evidence to suggest
that the enzyme ChAc does mnot play a major role in this

process of regrowth.

Thereafter, experiments investigated the postulate that
corneal epithelial ACh may act at a site outwith the epithelium,
Firstly, the possibility was explored of an anterior release

of ACh into the tear film, perhaps to act on one of the

xiv



structures bathed by this fluid. It was found that only
drugs and stimuli which caused damage to the epithelial
cells could ipcrease the release of ACh into the tears.
It seemed unlikely that this was a physiological function

of epithelial ACh.

Secondly, experiments were designed to investigate
posterior release of ACh to act at a site most probably
located in the anterior segment of the eye. Levels of
cholinesterases in various tissues were measured and it was
found that these levels were low iIn the corneal stroma and
the aqueous humour, which the epithelial ACh would probably
have to traverse to reach a distant site of action. A second
series of experiments traced the tissues to which radio-
labelled ACh diffused after it had been injected into the
corneal stroma, These results indicated that detectable
amounts of ACh could pass through the aqueous humour to reach
the iris and ciliary body although only 1.5% of the injected
ACh reaches the iris cintact and lesgs than this reaches the
ciliary body. When ACh was injected into the corneal stroma
and its effect on the iris observed, it was found that an
injected dose of around 2nmol could produce a significant
miosis., This dose of ACh is of the same order as the total
amount of endogenous ACh in the corneal epithelium. A total
release of the complete store of epithelial ACh to have a

physiological role in the iris seemed improbable.

The effect of cholinomimetics on the outflow of aqueous
humour is well documented. These drugs, especially pilocarpine,

are used in the treatment of glaucoma and probably act by

XV



increasing the outflow of aqueous humour from the anterior
chamber, The main outflow system from the rabbit eye is
situated in the iridocormneal angle of the anterior chamber.
It was found that small doses of ACh (40pmol) injected into
the corneal stroma could significantly increase the apparent
facility of outflow of aqueous humour. The ACh appeared to
act on muscarinic receptors and act through a Cazt mediated
mechanism, It was potentiated by anticholinesterases.

The mechanism of action of ACh on the outflow mechanism is
discussed, The possibility that ACh from the corneal
epithelium might exert an influence on the outflow of aqueous

humour is put forward.

xvi



INTRODUCTION




The anatomy of the cornea,

The cornea of the rabbit is tough and semi-rigid and it
protects the ocular contents from infection and mechanical.
trauma. It is completely transparent and avascular with an
optically smooth anterior surface and thus forms a highly
refractive component of the optical system, The transparency
is achieved by an almost perfect geometric lattice structure
of the corneal layers and their cellular components (Maurice,

1957).

The cornea is surrounded by the conjunctiva and the Jjunction
between these is called the limbus. This is identified as the
boundary between the almost transparent conjunctiva, with the
white sclera behind it, and the transparent cornea through which

the coloured iris may be seen,

The five layers of the cornea are considered separately below
and shown in figure 1. The anterior surface is bounded by the
epithelium, set on its basement membrane., The posterior surface
is bounded by the endothelium, the basement membrane of which
is also known as Descemet's layer, Sandwiched between these
basement membranes is the stroma which is also known as the

substantia propria.

The corneal endothelium is a single layer of uniform,
flattened, hexagonal or polygonal cells which are continuous with
the cells on the anterior surface ofithe iris; it is some 3 to
Su thick, Scanning electron microscope studies have shown a
polysaccharide coating on the posterior surface of the endo-

thelium (Schrgder & Sperling, 1977; Sperling & Jacobsen, 1980).
The central region of the cornea derives its nutrients from
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the aqueous humour across the hiighly permeable endothelium

(Maurice & Riley, 1970). The preripheral cornea derives some
nutrition from blood vessels cloose to the limbus (Maurice, 1969).
Although the centre of the cornwea derives its amino acids from the
aqueous humour, there is no indiication that there are active
transport mechanisms for these :in the endothelium. Thus the
stromal concentrations are depemdent entirely on the concentrations
in the aqueous humour (Bito, Rolberts & Saraf, 1973). The apical
junctions of the cells do not form an impervious barrier to

macromolecules (Thoft & Friend, 1975; Hirsch, 1978).

The substrate of corneal emergy metabolism is glucose and
this is transferred across the endothelium from the aqueous
humour (Turss, Friend & Dohlman, 1970), Oxygen is obtained
mainly from the atmosphere, but it also diffuses into the cornea
from the aqueous humour and from the limbal vessels (de Roetth,

1950; Langham, 1951; 1952).

It is thought that active ttransport of ions across the
endothelial cells is the main factor responsible for the
regulation of normal stromal hydration, which is necessary for
corneal transparency (Harris & Gruber, 1956; Hirsch, 1978).

AIt is thought that bicarbonate ions are translocated from the
stroma to the aqueous humour with sodium ions and water moving
passively (Hodson & Miller, 1976; Hull, Green, Boyd & Wynn,l1977).
The enzyme responsible is thought to be a magnesium-activated

ATPase (Hodson, 1977; Riley 1977).

Descemet's layer 1s the endothelial basement membrane and

it is 7 to Sp thick., It is more firmly attached to the endo-

thelium than to the stroma. It is a homogeneous, collagenous
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tissue containing granular elements which are connected by
fine fibrils. Descemet's layer divides into two parts at
the ciliocorneal Jjunction. One part forms the immediate
structure of the iris pillars whilst the other continues as a

border of the inner surface of the angle meshwork (p 13).

The stroma, or substantia propria, is at least 0.24mm thick.
It consists of collagen fibrils arranged in regular lamellae and
embedded in an amorphous ground substance; hence it imparts

mechanical strength to the cornea. Some elastic fibres and

flat, elongated fibrocytes lie between the lamellae (Maurice, 1960).

The epithelial basement membrane is continuous with the
basement membrane of the conjunctiva and has a thickness of 0.4
to O.6g. It has been described by Teng (1961) as being composed
of two layers : a 1lipid layer backed by a thick, reticular
fibre meshwork. The membrane adheres to the corneal epithelium

by means of a tight formation of fine filaments or fibrils.

Wulle & Richter (1978) have given evidence to suggest that
the basal membrane is a product of the epithelial cells and, if
the corneal stroma 1s denuded, the regenerating epithelial cells
synthesise collagenoid proteins for the rebuilding of the basal
membrane. Holly (1978) found that the epithelium does not
adhere well to the stroma when the basement membrane is damaged

or absent.

Bowman's layer is a membrane immediately below the epithelial
basement membrane. It is prominent in primate eyes but not
often found in rabbit eyes. It has been identified in electron

microscope studies of rabbit eyes by Kayes & Holmberg (1960) as



|

a modified zone of the anterior stroma. When present, it
consists of randomly orientated collagen fibrils with an
absence of stromal cells. It is inelastic and has no powers of

regeneration (Prince, 1964).

The corneal epitheliumis usually 30 to 40y thick and

consists of one row of columnar basal cells beneath two rows of
polygonal and up to six rows of wing-shaped squamous cells which
form the anterior surface. Blumcke, Rode & Kudszus (1967)
produced evidence for a double 1lipld membrane forming an outer
layer on the surface epithelium in the rabbit cornea; the

outer sheet serves to cover the intercellular junctions. This
may be the main barrier to penetration of the cornea by substances
of low lipid solubility. The epithelium as a whole is certainly
a bafrier to penetration of the cornea by charged molecules since
Thoft & Friend (1975a) have demonstrated that corneal impermea-
bility was reduced upon removal of the epithelium and reappeared
simultaneously with the reestablishment of epithelial integrity.
The cell membranes of the corneal eplthelium are remarkably close
and interdigitated, particularly in the middle layers (Pedler,
1962; Jakus, 1964). This alone would produce a considerable
barrier to non-lipid soluble materials and would explain why the
epithelium is so poorly permeable to electrolytes, glucose, ete.

(Maurice, 1969).

Mitosis in the corneal epithelium is, as expected, most
prolific in the basal layer of cells and reduces as the cells move
upwards (Calmettes, Deodati, Planel & Bec, 1956). The average
life span of an epithelial cell is 4 to 7 days, during which

time the cell migrates from the basal layer to the superficial
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layer to be shed eventually (Hogan, Alvarado & Weddell, 1971;
Maudgal & Missotten, 1978). In adult animals, mitosis is

least in the periphery of the cornea and increases towards the
centre (Kaufman, Gay & Hollaender, 1944). Recently, epithelial
cells have been shown to have a diurnal rhythm with respect to
mitosis, this being greatest in the evening and least in the
morning (Semenova, 1976). Maudgal & Missotten (1978) have
demonstrated, using polarisation microscopy, that the super-

ficial epithelial cells of the cornea do not keratinise.

It has been suggested that a primary role of the epithelium
may be in preventing the access of tear fluid into the stroma
(Riley, 1971). Klyce (1975; 1977) has suggested that the
epithelium may play a more positive role in the hydration of
the stroma with active transport of Na+ ions towards the corneal

stroma.

Innervation of the Cornea.

There are numerous sensory nerves to the cornea and these
are branches of the ophthalmic nerve and in particular, the long
ciliary nerves. These form an annular plexus around the limbus
and from this plexus fibres enter the stroma in a radial pattern,
The nerves then lose their myelin sheaths and ramify throughout
the stroma in a delicate network. The terminal filaments form
an intricate plexus beneath the cormeal epithelium. This is
called the subepithelial plexus and from it are given off fine,
varicose axons which pass through the anterior limiting membrane
to ramify between the epithelial cells. Hoyes & Barber (1976)
found axons containing agranular vesicles in the rat cormnea and

suggested that these were cholinergic neurones. Tervo &
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Palkama (1978) observed adrenergic axons in the corneal stroma
and both adrenergic and cholinergic axons containing vesicles

in the corneal epithelium.



The anatomy of the formation and drainage of .aqueous humour.

The aqueous humour was first described by Aristotle
(384-322B.C.) and its chemical composition by Jons Jacob
Berzelius in 1808, It is a colourless, aqueous solution which
is present in the anterior and posterior chambers of the eye.
Since it is a circulating fluid, it can provide nutrition for
the lens and cornea whilst removing waste products from these

structures.

The fluid is formed continuously by the ciliary body in
the posterior chamber and flows through the pupil into the
anterior chamber, which has a volume of about 250x1 in rabbits
and in primates. It flows out of the chamber mainly via a

drainage system situated in the iridocorneal angle.

The intraocular pressure is determined largely by the rate
of formation and ease of drainage of aqueous humour. Since
the intraocular pressure maintains the shape of the anterior
chamber, it is important in the performance of the optical
function of the eye. If drainage is impaired, for instance,
the intraoccular pressure may rise to levels which damage the
retina and optic nerve. This occurs in glaucoma simplex, a

disease of which the primary pathogenesis is unknown.

The normal intraocular pressure of the rabbit is 15 to 23mmHg
although this shows seasonal variation. It is highest in winter

(mean 19,5mm Hg) and lowest in summer (mean 17.9mm Hg). There




are also diurnal variations and the pressure is highest during

the day (Vareilles, Conquet & Le Douarec, 1977).

The chemical composition of aqueous humour has been analysed
in detail by Kinsey & Reddy (1964). There are characteristic
differences between the freshly secreted aqueous humour in the
posterior chamber and the fluid in the anterior chamber.
Nevertheless, the composition of both fluids closely resembles

the extracellular fluid in peripheral tissues.

The sodium ion and potassium ion content of the anterior
aqueous humour are essentially the same as those of plasma
(Kinsey & Reddy, 1964). The chloride ion content of the posterior
aqueous humour is lower than that of plasma but rises somewhat as
the fluid passes through the anterior chamber, This chloride
ion deficiency is approximately balanced by an excess of bicarb-
onate lons, the concentration of this ion in both anterior and
posterior aqueous humour being much higher than in plasma. The
bH of the fluid in both the anterior and posterior chamber is

0.2 units greater than that of plasma (Kinsey & Reddy, 1964).

The concentration of ascorbic acid is higher in the posterior
chamber than in the anterior chamber and these concentrations are
many times higher than that in plasma (Kinsey & Reddy, 1964).

The glucose content of the aqueous humour is some 10 to 20%
lower than that of plasma and this may be due partly to
utilization of glucose by the cornea and lens, both avascular
structures dependent on the aqueous humour for nutrition (Kinsey

& Reddy, 1964).
The anterior aqueous humour contains only 0.02 to 0.06%

protein in comparison to over 7% in plasma (Kinsey, 1951).
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The concentrations of most amino acids in the aqueous humours
is higher than in plasma in rabbits. There appear to be at
least three active transport mechanisms (for acidic, basic and
neutral compounds) to carry amino acids into the posterior
chamber, This 1s unusual since most other species contain less
amino acids in the aqueous humour than in the plasma (Reddy,

Rosenberg & Kinsey, 1961).

The formation of'aqueous humour.

Aqueous humour is produced by the ciliary processes by two

different means

Active secretion : an active sodium pump is located in the

inner layer of the double epithelial lining of the ciliary processes,
The enzyme involved in this transport mechanism is a Na - K ATPase
(Bonting, Simon & Hawkins, 1961; Bonting, Caravaggio & Hawkins,
1962). The main anion, chloride, either migrates passively with

the sodium or it is actively transported at a lesser rate (Cole,
1969). Friedenwald (1955) and Zimmerman, Garg, Vogh & Maren

(1976) proposed that bicarbonate formation by carbonic anhydrase

in the ciliary processes was a fundamental step in aqueous

humour secretion. This process seems linked in some way to

the active transport of sodium and the elaboration of the fluid

(Maren, 1976).

Cole (1966) proposed that in rabbits, active transport
accounts for around 75% of the observed rate of fluid formation

and that the normal rate of flow i1s around 3ﬂ1/min.
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Ultrafiltration : this is a pressuire dependent flow from the

plasma to the aqueous which is made possible by 'leakage!

between the cells of the non-pigmen-ted inner layer of the ciliary
epithelium, Although it has been wssuggested that ultrafiltration
may play a major role in the formation of the aqueous humour
(Green & Pederson, 1972; Pederson & Green, 1973), Bill (1973)
haé found 1little evidence for a posiitive contributign by ultra-
filtration to aqueous humour formation. Indeed, Bill suggests
that ultrafiltration can cause a reabsorption of fluid which

has already been secreted.

The subject of aqueous humour fformation has been reviewed

by Cole (1974; 1977).

The drainage of aqueous humour.

Until just over a century ago, it was believed that the
aqueous humour drained through the eornea, Friedrich Schlemnm
(1830) has been given the credit for the first description of
the primary drainage channel in primates. The discovery of
Schlemm's canal, and its equivalent in sub-primates, gradually
led to the concept that agqueous humour drained through the

iridocorneal angle instead of through the cornea (Schwalbe, 1870).

Although the rabbit differs from primates in certain aspects
of the anatomy and morphology of the anterior chamber angle,
the physiological similarities have often been stressed (see

Tripathi, 1971b; Grierson, 1976). ‘The bulk of the work on

this subject has been carried out on primates and reference to this

work will be made, The tissue of the iridocorneal angle in the

rabbit is discussed in detail below.
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Conventional drainage of the aqueous humour in the rabbit
starts with 1ts entry into sinuses in the chamber angle., It
then enters a trabecular meshwork before passing through an
endothelial wall into a plexus of drainage channels, Aqueous
veins collect the aqueous humour from these channels and convey

it to the episcleral venous system.

The 1limbal zone of the rabbit anterior chamber is
characterised by a posterior extension of the chamber angle
since the ciliary muscle is poorly developed. (Collins, 1921;
Grierson, 1976). In the absence of a substantial ciliary
musculature, the patency of the ciliary cleft and the drainage
angle is maintained by struts of connective tissue (called
pectinate ligaments by Hueck, 1839) which originate in the iris
and merge with the scléro-corneal stroma. These ligaments are
lined with endothelium which is continuous with the corneal
endothelium, The spaces delineated by the struts are called

the spaces of Fontana (see Tripathi, 1974) or the ciliary cleft.

Since the ciliary muscle is insubstantial, the ma jor part
of the ciliary body is composed of loose connective tissue. A%
its anterior 1imit, the ciliary stroma is continuous with the
trabecular lamellae., 1In the rabbit, a scleral spur is absent
and so the outermost trabeculae make contact with the sclera

proper (see Grierson, 1976).

The trabecular meshwork in rabblts is shallower and more
highly developed than in primates (see Prince, 1964), yet it is
possible to apply the same terminology to it as is used in

primates (see Tripathi, 1974) since each 'layer' of trabeculae
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directly corresponds to tissues in primates. Recent electron
microscope studies have shown, however, that there are features
of the filtration spaces and lining structures in the rabbit
which differ from those in the primate (Orzalesi, Bonomni,

Del Fiacco, Fossarello & Carta, 1980Q),

The trabecular meshwork consists of a series of endothelium-
covered collagenous cords and perforated sheets (trabeculae).
The endothelial 1ining of these is @ continuation of the corneal
endothelium and Descemet's layer. Complete encasement of the
trabeculae with endothelium is rare (Grierson, 1976). Berggren
(1957) suggested that, since the endothelium seemed functionally
identical with that of the cormnea, it may be involved in the
regulation of hydration of the meshwork tissue and hence the

regulation of the size of the apertures in the meshwork.

The innermost trabeculae border the chamber angle and the
aqueous humour follows a tortuous path through and between the
trabecplar structures to reach the angular agueous plexus.

The trabecular meshwork, and also the collecting channels, have
rectifying properties which restrict any retrograde flow under
conditions of reversal of the normal pressure gradient (see

Prince, 1964).
There are three 'layers' of meshwork

Uveal meshwork : this is closest to the chamber angle and

consists of cord-like trabecular cores with wide, open spaces
between these cores. This mesh contributes little resistance

to the flow of aqueous humour,
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Corneoscleral meshwork : this ad joins the uveal meshwork and

consists of perforated sheets of trabecular cores with narrow

intervening spaces.

Endothelial meshwork : this lies closest to the angular agueous

plexus. It lacks trabecular cores and instead it is composed of
endothelial cells surrounded by amorphous and fibrillar material

which is probably dispersed in a mucopolysaccharide matrix.

The trabecular meshwork fibres have been shown to be covered
with a mucopolysaccharide matrix (Bgrgny & Scotchbrook, 1954) and
the outflow through perfused rabbit eyes is increased by the
addition of testicular hyaluronidase to the perfusion medium.
Barany, Berggren & Vrabec (1957) suggested that the endothelial
lining of the meshwork produced viscosity-regulating substances
to affect the outflow of aqueous humour. Wolf (1968a; 1968b)
discovered depolymerising substances in this area which would
reduce the viscosity of the matrix and would thus also regulate
the outflow. The heaviest concentrations of mucopolysaccharides
are found in the extracellular spaces of the endothelial meshwork

in rabbits (Grierson, 1976).

The trabecular meshwork is a self-cleaning filter, although
large particles are caught in the cilioscleral sinus before they
enter the meshwork (Grierson & Lee, 1973). The meshwork then
acts as a series of sieves of diminishing gauge and its endo-
thelial lining cells phagocytose and then degrade the entering
debris. If the material cannot be digested, the endothelial
cells leave the meshwork and penetrate the inner wall of the

collecting channels (Rohen & Van der Zypen, 1968).
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The angular agueous plexus iis the name given to a series
of vessels which drain the aquecmws humour from the trabecular
meshwork (Tripathi, 1971b). Tihheese are equivalent to the canal
of Schlemm in primate eyes. A ffurther series of vessels,
called the aqueous veins (Ascheny, 1942), lead from the angular
aqueous plexus to the episclerall venous system. These aqueous
veins have been demonstrated in mwabbit eyes by Ruskell (1961)

using neoprene casts.

The vessels of the angular :aiqueous plexus have a continuous
endothelial 1lining and the cells;s of this endothelium have +the
same ultrastructural characterisstiics as those in the inner wall
endothelium lining the canal of (Schlemm in primates. The channels
themselves are very similar to Sichlemm's canal (Kandori & Okamoto,

1960; Tripathi, 1971b; Griersomm, 1976).

Recent studies by Sakimoto (( 1979) using electron-microscopy,
have demonstrated smooth muscle (ciells adjacent to the vessels
of the angular aqueous plexus in: rabbits. These extend from the
limbal region of the cormnea to tihe ciliary body. The muscle
cells afe usually located on one wide of the channel but
occasionally completely surround -the channel. Sakimoto suggests
that this smooth muscle is involwed in the regulation of outflow

of aqueous humour in rabbit eyes..

As described above, the conwentional drainage pathways
function as the major exit for agueous humour from the anterior
chamber., These pathways operate Iin a pressure sensitive manner
(see Cole, 1974 for a review). As such, the réte of outflow

of fluid is a function of two factors
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i. the small but significant pressure difference between the
anterior chamber and the episcleral veins. Measurements of this
pressure difference have been made mainly in human eyes and
values vary between 5mm Hg (Linngr, 1955; Grant, 1958) and

6.9mm Hg (Podos, Minas & Macri, 1968).

ii. +the resistance offered by the structures in the drainage
route. In primates, it is thought that much of the resistance
to flow is located between the anterior chamber angle and
Schlemm's canal since removal of trabecular tissue has shown
that some 60 to 80% of the total resistance can be attributed to
the trabecular meshwork and the endothelium on the canal's
trabecular side (Grant, 1958; 1963; Peterson, Jocson & Sears,
1971). Grant (1958) reached similar conclusions in experiments
with rabbits. However, one group of workers (Edwards, Hallman
& Perkins, 1967) failed to produce an obvious reduction in
outflow resistance by trabeculectomy in monkeys. The remainder
of the resistance to flow of aqueous humour is located in the

aqueous veins and the episcleral veins.

The relative distribution of resistance through the outflow
system is unknown,although Eriksson & Svedbergh (1980) have shown
that less than 5% of the total resistance to outflow in the human
eye is located in the inner wall endothelium of Schlemm's canal.
The corresponding figure in cynemolgus monkeys with normal

intraocular pressure is around 10%.

There has been much discussion over the means whereby aqueous
humour passes through the inner wall endothelium of the angular

aqueous plexus., Several theories have been expounded and these
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are summarised briefly below.

Transcellular channels within the inner wall endothelium
were described initially by Holmberg (1959). Giant vacuoles
have also been seen, and these can have openings towards both
the lumen of the canal and the meshwork (Garron, Feeney, Hogan
& McEwen, 1958; Speakman, 1959a; 1959b; 1960; Holmberg,
1959; Lieb, 1960). These vacuoles and channels are also

present in sub-primate mammals (Tripathi, 1974).

The current view (Inomata; Bill & Smelser, 1972a;
Tripathi, 1971b) is that a channel is formed by invagination
from the meshwork side. This grows until it reaches the luminal
side whereupon micropinocytosis helps in the formation of a
membrane-lined 'minipore'. Thus the formation of a transcellular
channel i1s a dynamic process, but the turnover rate is unknown
(Cole & Tripathi, 1971). It is probably induced by hydrostatic
pressure alone (Tripathi, 1972; 1973); and it is not thought to
be dependent on cellular metabolism since the phenomenon has
been observed in vitro (Johnstone & Grant, 1973) and at 4°c
(van Buskirk & Grant, 1974).

A measurement of the number of transcellular channels cannot
alone give a reasonable estimate of resistance 1o outflow since
they will not all be patent at the same time, Cole & Tripathi
(1971) calculated that the normal outflow of aqueous humour is
accounted for, even if the life-span of transcellular channels
occupies only a fiftieth part of the total 1life cycle (probabdbly
around 100m sec) of the vacuoles. Studies using the scanning
electron microscope have shown that many pores are also found
in the flat parts of the cell without any preceding invaginations

(Segawa, 1968; 1Inomata et al., 1972a; Lee & Grierson, 1975).
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Tripathi (1971a; 1974) has sumggested that formation of

transcellular channels and the porees themselves account for most
of the resistance to the outflow off aqueous humour. This
estimate 1s in conflict with the eviidence of Eriksson &

Svedbergh (1980) discussed on plé.

Micropinocytosis is an oxygen-c¢dependent, active process by
which small vesicles are transportecd across the cells of the
inner wall endothelium. This has Tbeen advocated as one of the
principle modes of drainage of the aaqueous humour (Fine, 1964;
Feeney & Wissig, 1966; Rohen, 1969)). However, the subject has
been reviewed by Grierson & Lee (19775) who concluded that, under
normal intraocular pressures, microppinocytotic vesicles are not

involved in the bulk outflow of aqueeous humour.

Intercellular drainage involvess movement of the fluid
between the cells of the endotheliumm of the inner wall lining of
the vessels of the angular aqueous pplexi and has been suggested
as a principal route for drainage (FFeeney & Wiséig, 1966;

Rohen, 1969; Lutjen-Drecoll & Rohenn, 1970; Shabo, Reese &
Gaasterland, 1973) dbut perfusion stuudies, using ferritin and
other tracers to detect the endothellial permeability, have not
given any conclusive evidence for thhe passage of fluid through
intercellular clefts (Feeney & Wisssig, 1966; Tripathi, 197la;

Inomata et al., 1972a; Raviola, 19774; Svedbergh & Bill, 1976).

Studies using scanning electron micrcoscopy have also failed to
give conclusive evidence for interce:llular drainage except in

situations where the intraocular preesssure is maintained at very

high levels for several hours (Svedbeergh, 1974).
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Drainage through gross protrus:dions in the angular agueous
plexus has also been suggested as a route for outflow. These
may be described as hernias of the “trabecular meshwork into
scleral holes (Wegefarth, 1914; Wolff, 1952; Davson, 1956; Shabo
& Maxwell, 1972; Johnstone, 1974). Svedbergh (1976) suggested
that such hernias are not a principal drainage route since they

oceupy only 2% of the projected inner wall surface.

In summary, it seems likely that the presence of transcellular
channels easily accounts for the bulk drainage of the aqueous
humour and little use is made of the alternative drainage

mechanisms.

Conventional and non-conventional drainage routes.

The agueous humour can leave #the anterior chamber by several
means, the first of which, conventional outflow, has been
described in some detail above. This is a fast route for
drainage. The second pathway for drainage is called the
uveoscleral route (Bill, 1965; 1966b). The aqueous humour enters
the trabecular meshwork and the iris root and then flows
posteriorly between the bundles of the ciliary muscle into the
supraciliary and suprachoroidal spaces. It can then leave the
eye via the loose connective tissue around nerves and blood
vesgels and it can also move through the scleral substance
(Inomata et al., 1972b; Inomata & Bill, 1977). Bill (1966a;
1977b) suggested that this route accounts for a negligibly small
amount of the total drainage in rabbits. However, Tripathi &
Cole (1976) using blue dextran and fluorescein dextran to trace

the drainage routes, suggest that as much as 25% of the drainage

of aqueous humour in the rabdbbit is via the uveoscleral route.
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Tripathi (1977b) found this result to be in agreement with the
anatomy of the anterior chamber angle of the rabbit, the
organisation of which is indicative of a higher flow than in
primates, It appears that uveoscleral outflow is not sensitive
to changes in the intraocular pressure within the physiological

range (Bill, 1967).

Tripathi (1974) mentions other routes of aqueous humour
drainage : diffusion across the iris vessels; posterior
drainage through the vitreous and into the retina and optic
nerve; ‘transcormneal flux. The avallable evidence suggests
that only a small proportion of the fluid leaves the anterior

chamber via these accessory routes.

The innervation of the tissues in the iridocorneal angle.

The ciliary body.

Myelinated and non-myelinated nerve fibres abound in the
ciliary muscle and elsewhere in the ciliary body. The latter
are postganglionic fibres derived from the ciliary ganglion
where they link with the parasympathetic ocutflow of the
oculomotor nerve but there is considerable evidence to suggest
that some of these fibres are sympathetic. The parasympathetic
nerves stimulate the fibres of the ciliary muscle to contract

but the role of the sympathetic nerves is still unsettled.

The trabecular meshwork.

A great deal of variation exists in reports of the

neuroanatomy of the trabecular region. Vréabec (1954) found

a rich network of fibres, possibly sensory, ending as free
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terminals or loops in the trabecular meshwork. Holland, von
Sallmann & Collins (1956) also noted such structures and
suggested that, since these fibres derived from the nerve
supply to the cornea, they had a sensory function. The

fibres gave free endings beneath the endothelium of Schlemm's
canal and within the scleral meshwork facing the inner wall

of the canal, Later work by Holland et al., (1957) indicated
that many of the axons in the trabecular meshwork were para-
sympathetic neurones whilst a minority derived from the
trigeminal and sympathetic pathways. Recent publications
produce conflicting evidence since Brancato, Fusaroli, Mallardi
& Ravalico (1980) reported both adremergic and cholinergic axons
in the core of the trabecular laminae whereas Gwin, Gelatt &
Chiou (1979) found little evidence for cholinergic axons in

the meshwork.

Some non-myelinated fibres run within the trabeculae whilst
others run on the surface covered by endothelial cells which
replace the Schwann cell covering. The endothelial cells have
also been seen to envelop structures closely resembling nerve
terminals (Feeney, 1962; Chapman & Spelsberg, 1963; Fine,

1964) .
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The regeneration of the corneal erpithelium after

abrasive injury.

The normal renewal of corneall epithelium has already

been mentioned (pp 5-6). In this section, the events occurring

after injury to the epithelium willl be discussed.

Friedenwald & Buschke (1944) discovered that small
wounds within the corneal epitheliium are covered initially
by the neighbouring cells of the ®masal columnar epithelial
layer which extend pseudopodia to cover the area in less

than three hours.

Larger defects are covered imitially by cells from
the surrounding epithelium which silide across the denuded
area, This movement of corneal e pithelial cells was
first reported by Peters in 1885 ammd further described by
Friedenwald & Buschke (1944), Maumenee & Scholz (1948)
and Hanna & O'Brien (1960). This process starts within
an hour of the injury ocecurring (Lemp, 1976). Kuwabara,
Perkins & Cogan (1976) noted that tthe cells move in an
amoeba-like fashion but saw no evidence of the cytoplasmic
constituents necessafy to support well movement. This
occurs immediately after the wound., All the epithelial

cells appear to move as a tide towards the wound whilst
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cells at some distance from the wownd flatten and
proliferate. Gipson & Anderson (1L977), however, did

see evidence of actin filaments comcentrated as parallel
bands in the basal regions of the e:pithelial cells and
they suggested that these may play :a role in cell
migration, There are gufficient ciells in a band of 0.5mm
within the corneal limbus to cover :an abrasion of the rest
of the cornea (Heydenreich, 1958). Estimates of the rate

2

of healing vary from 1,0mm nrt (Thioft & Friend, 1977) to

l.lﬁammzhr'l (Moses, Parkison & Schiuchardt, 1979) although
the latter authors considered that -“the absence of injury

Yo the basement membrane might contwwribute to the high rate

of movement seen.

If the corneal stroma is denuded completely, the entire
corneal epithelium is replaced by cmnjﬁnctival epithelium,.
A single layer of cells can be obtaiined within four to six
days of the abrasive injury and witlhin fourteen days the new
epithelium is two to three layers deep (Heydenreich, 1958).
At this point, the new epithelium still contains goblet cells
which are a characteristic of the conjunctival epithelium.
Friedenwald (1951) and Maumenee & Sccholz (1948) showed that

after six weeks, the goblet cells have disappeared and the
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epithelium has the appearance of corneal epithelium.

However, Burns (1968) suggested that only two weeks are
required for the completion of this process. The differences
in these reports verifies the finding that there are great
differences between experimental animals in their healing
reaction to corneal epithelial injuries (Srinivasan,

Worgul, Iwamoto & Eakins, 1977; Bolkova & ngkovg, 1978) .

New epithelium, derived from the conjunctiva and growing
over a denuded stroma, has a much slower healing rate than
the epithelium derived from the cornea itself (Friend &
Thoft, 1978). Healing with conjunctival epithelium is more
prone to frequent breakdown of the new epithelium with
the occasional occurrence of corneal vascularisation. If
the stroma is also involved in the wound, the strength of
the healing wound is always less when it has been covered
by epithelium derived from the conjunctiva than when it is
covered by epithelium derived from the cornea (Friend &
Thoft, 1978). Complete removal of the corneal epithelium
was followed occasionally by a delay of up to 14 days before
the healing process began in a study by Srinivasan et al.,
(1977). Such delayed or incomplete healing patterns did not
occur after incomplete removal of corneal epithelium and it is
suggested by these authors that the poorer healing after total
removal of corneal epithelium is due to a greater degree of
inflammation secondary to the more extensive trauma. This
inflammation is characterised by numerous polymorphonuclear

leucocytes on the surface of the denuded stroma (Srinivasan

et al., 1977).
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If the basement membrane is removed along with the
corneal epithelium, the development of epithelial adhesion
to the corneal stroma is much slower than if the cormeal
epithelium alone is removed (Khodadoust, Silversfein, Kenyon
& Dowling, 1968). Indeed, long standing epithelial defects
and erosions may be explained by damage to the basement
membrane (Goldman, Dohlman & Kravitt, 1969). Newly migrated
corneal epithelium does not adhere to the basement membrane
until 6 to 7 days afer the monolayer has covered the stroma

(Khodadoust, 1967).

Although conjunctival epithelial cells which have migrated
across a denuded stroma maintain their histological characteris-
tics for some 2 to 5 weeks (Maumenee & Scholz, 1948; Friedenwald,
1951; Burns, 1968), clinical observations and biochemical studies
have shown that functional transformation may take longer (Thoft &
Friend, 1977). There are several histological differences
between the two types of epithelium. Conjunctival epithelium
is thinner than corneal epithelium and its cells are much more
loosely packed with fewer desmosomes. Conjunctival epithelium
has mucin-secreting goblet cells and a blood supply, both of
which corneal epithelium lacks (Kuwabara, 1970). Corneal
epithelial cells are distinctive since they contain fewer
mitochondria than do other cells (Kinoshita, 1962). Biochemical
distinctions between the two epithelia can also be made., The
corneal epithelium possesses large amounts of glycogen and
glycogen phosphorylase (Thoft & Friend, 1975b; 1977) whilst

conjunctival epithelium has little glycogen (Maumenee & Scholz,
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1948; Thoft & Friend, 1977). The conjunctival epithelium
has high activities of glycolytic enzymes, enzymes of the
tricarboxylic acid cycle and enzymes of the respiratory chain
but relatively low enzyme activity in the hexose monophosphate
pathway (Baum, 1963; Reim & Cattepoel, 1970; Dark, Durrant,
McGinty & Shortland, 1974). In contrast, the cormneal
epithelium possesses high levels of hexose monophosphate shunt
activity and lactate dehydrogenase and a relatively inactive

tricarboxylic acid cycle (Kinoshita, Masurat & Helfant, 1955).

After complete removal of corneal epithelium, acid
phosphatase and alkaline phosphatase activities have been
measured in the regenerating epithelial layer (Bolkové &
ngkovg, 1978). Acid phosphatase activity was low at the
beginning and grew steadily until it has reached normal corneal
epithelial levels by the 28th day of regrowth. In contrast,
alkaline phosphatase showed a delay in growth during the repair
process and was still not at normal levels after 28 days of
regrowth.

Migrating cells have a high requirement for glycogen and
the sliding of cells is prevented by glycolytic and sulphydryl
enzyme inhibitors (Kuwabara et al., 1976). Migrating cells aléo

have high levels of lactic dehydrogenase (Kuwabara et al., 1976).

Mouse epithelial growth factor(mEGF).

Cohen (1962) isolated a substance from the submaxillary gland
of the male mouse. This was subsequently found to be a poly-
peptide (Taylor, Cohen & Mitchell, 1970) which produced hyperplasié
of the corneal epithelium (Savage & Cohen, 1973; Ho, Davies,

Elliot & Cohen, 1974). Savage & Cohen (1973) reported that
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this hyperplasia only occurred whesn the corneal epithelium had
been removed from part or all of tthe stroma and regrowth was
oceurring. Hyperplasia stopped affter six days of regrowth

and subsequently the epithelial thnickness returned to normal
in eight days. The healing processs was thus acéelerated by
the application of mEGF; it was ailso altered in pattern since
a multilayer formed over the woundl initially instead of the

normal monolayer (Frati, Daniele, Delogu & Covelli, 1972),.

The integrity of the stroma i.s necessary to allow mEGF to
act on the epithelial cells (Danie:le, Frati, Flore & Santoni,
1979) and a typical mEGF response ‘will only occur in organ
culture where the stroma is presentt but not in epithelial
cell culture where stroma is absentt (Gospodarowicz, Mescher,

Brown & Birdwell, 1977).

Recent work (Frati, D'Armientwo, Gulletta, Verna & Covelli,
1977) has prompted the proposal that mEGF stimulates protein
synthesis with a secondary effect ©n the cyclic adenosine

monophosphate system.

An interesting detail in the work of Cohen (1962) and Cohen,
Carpenter & Lembach (1975) is that the injection of milligram
quantities of mEGF into newborn mice causes precocious opening

of the eyelids.

The subject of mEGF has recenttly been reviewed by

Carpenter (1978).
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Acetylcholine, choline acetyltransferase and cholinesterase

in the rabbit corneal epithelium,

Several tissues, which have no motor or autonomic innervation,
have been shown to contain one or more components of the cholin-
ergic system. These include erythrocytes, spermatozoa, the

human placenta and the corneal epithelium of many mammals,

The rabbit cornea contains a high concentration of
acetylcholine (ACh) (von Brucke, Hellauer & Umrath, 1949;
Williams & Cooper, 1965; Fitzgerald & Cooper, 1971). This
concentration exceeds even that found in ganglion and brain
(MacIntosh, 1941) although it must be noted that this comparison
does not take into account the amount of connective tissue present
in homogenates of these tissues and absent from the cormneal
epithelium. High levels of the enzyme choline acetyltransferase
(ChAc) have also been found in the rabbit corneal epithelium
(van Alphen, 1957; Williams & Cooper, 1965; Mindel & Mittag,
1976; 1977). These levels of ChAc are equivalent to those found
in the most'highly active forms of cholinergic nerves (Gnadinger,
Heimann & Markstein, 1973). This is the enzyme which is

responsible for the synthesis of ACh.

. + ChAc +
CHBCSCOA + HOCH,, CH, N(CH3)3 _— CH3000H20H2 N(CH3)3 +
" 1
0 HSCoA
Acetyl CoA Choline Acetylcholine

There are marked inter-species, inter-animal and intra-
animal variations to be found in the ChAc levels in the corneal
epithelium. High amounts of the enzyme are found in the rabbit,
bovine and human cornea but very little found in the cornea of

the cat. There can be great variations within one specie;
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over fifty-fold differences occurring in the ChAc content of
rabbit corneal epithelium (van Alphen, 1957; Howard & Wilson,
1972; Howard, Wilson & Dunn, 1973; Mindel, Mittag & Green,
1973; Mindel & Mittag, 1976). In any one animal, the
estimated variation between left and right eyes vary from less
than 1% (Stevemnson, 1974) to 11% (Mindel & Mittag, 1977). 1In
any one rabbit eye, the centre of the cornea has the highest
levels of ChAc whilst the superior and temporal areas of the

cornea contain the least (Mindel & Mittag, 1977).

Rabbit corneal stroma has negligible amounts of ChAc and
ACh (Williams & Cooper, 1965; Gnadinger gi al., 1967; Mindel
et al., 1973). Very 1little Ach has been found in the corneal

endothelium of the rabbit (Williams & Cooper, 1965).

Acetylcholinesterase (AChE) is the enzyme involved in the

breakdown of ACh.

+ AChE +
H —_—— H,COH +
CH,COCH,CH, N(CH,) , — CH, HOCH,, CH, N(CH3)3
n "
0 0
Acetylcholine Acetic acid Choline

It is found in low amounts relative to that found in other tissues
(Williams & Cooper, 1965; Gnadinger, Walz, Hahn & Grun, 1967;
Laties, 1969; Howard et.al., 1973). Gnadinger et al., (1973)
proposed that the low AChE/ChAc ratio which they found in the

epithelium explains the high ACh content of this tissue.

The possibility of a neuronal function of the ACh, ChAc and ChE

found in the corneal epithelium.

Histochemical and electron microscopy techniques have

shown manysensory nerve endings in the corneal epithelium and
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have described the histology of this tissue in great detail
(Zander & Weddell, 1951; Lele & Weddell, 1959; Pedler, 1962;
Robertson & Winkelman, 1970; Hogan et gi.; 1971; Pel & Rhodin
1971) . None of these authors have reported the presence of
autonomic effector nerve endings in the epithelium and Laties

& Jacobowitz (1964), looking specifiically for such structures,
could not find any. Ligand binding: studies by Olsen & Neufeld
(1979) corroborate the earlier evideince for a lack of autonomic
nerve endings in the epithelium by sthowing an absence of
muscarinic and nicotinic receptors in this tissue. The only
contrary evidence to the above is thie claim of Tervo &

Palkama (1978) that possible cholineirgic neurones containing

vesicles exist in the corneal epithe'lium.

Denervation of the cornea has been carried out by several
groups of workers in order to invest:igate the fall in the
epithelial content of ACh, ChAc and (AChE. Destruction of the
v jerve resulted in a 35 to 50% drop in ACh levels (von Brucke
et al., 1949; Williams & Cooper, 1965). A perilimbal
denervation only reduced AChE levels to 50% of the controls
(Petersen, Lee & Donn, 1965). The controls for these experiments
showed that denervation was assoclated with loss of corneal
sensation.  However, Fitzgerald & Cooper (1971) reported that
local denervation of the rabbit cornea resulted in an 87 to 100%
loss of epithelial ACh content, which was associated with a loss
of corneal =zensation., The most recemt work in this field has
shown that a 'denervation' of the eye by retrobulbar injection
of ethanol, produced a reduction in ChAc levels in the iris-

ciliary body but not in the corneal epithelium (Mindel & Mittag,

1977) .
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The pattern of development of’ (ChAc and AChE in the cornea
of neonatal rabbits has been reporrtied to differ considerably from
the patterns of development in the: rabdbit central nervous systenm
(Howard et al., 1973; Hebb, 1956; McCaman & Aprison, 1964).
In neonate rabbits the bulk of AChi aand ChAc in the corneal
epithelium is absent until about tihe time that the eyelids open,
at which time the presence of corniemal sensation can be shown.
After the eyelids open, ChAc activ'itty shows a steady development

for a further seven weeks.

Further evidence against the «llaim that corneal ChAc activity
is mainly associated with nerves was presented by Gnadinger et al.,
(1973): cultured corneal epitheliall cells, obviously outwith
the influence of nerves, possess albout 50% of the ChAc activity
measurable in whole corneal epithelliium. A significant part
of the corneal epithelial ACh and (CihhAc content does not appear

to be associated with the sensory meurones of the cormnea.

The localisation of AChE, ChAc and ACh within the corneal

epithelium.

The AChE which 1s found in the corneal epithelium has been
shown not to be directly associated with nerve endings. It is
associated with the epithelial celll surfaces and within the
epithelial cells (Howard, Zadunaisky & Dunn, 1975). In the cat
cornea, AChE is located mainly in t#he surface layers of the

epithelium (Mittag, Harris, Cohn, Galin & Ehrenpreis, 1970).

Location of epithelial ChAc hais been difficult since a

specific and sensitive histochemicail method to detect its presence

has yet to be found (see Burt & Sillver, 1973, for a review).
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ChAc may be a soluble enzyme (see tlhe review by Rossier, 1977)

but its exact intracellular locatiom has yet to be established.

Little 1s known of the locatiom of epithelial ACh but
Murahata & Wilson (personal communication) suggest that it is

located largely in the epithelial cell cytoplasm.

Uptake of choline in the corneal epiithelium.

Choline i1s one of the compounds which is necessary for the
synthesis of ACh. It is a quaternary ammonium compound and
because of its charge it does not diiffuse freely through
membranes. Two carrier systems for the transport of choline
intovnerve terminals have been descrribed in the literature,

The first system has a low affinity for choline (Marchbanks,
1968; Potter, 1968; Diamond & Kenmedy, 1969) and it seems to

be a component of all cell membranes; (Diamond & Milfay, 1972).
The second carrier system has been dlescribed as a high affinity
choline transport system (Yamamura & Snyder, 1973; Haga & Noda,
1973; Guyenet, Lefresné, Rossier, Bleaujouan & Glowinski, 1973).
This latter system has been shown to be dependent on the presence
of sodium ions (Simon & Kuhar, 1976) and it is specifically
associated with cholinergic nerve emdings (Kuhar, Sethy, Roth

& Agha janian, 1973; Sorimachi & Katiaoka, 1975).

Paterson & Wilson (1977) have characterised the choline
uptake system of the corneal epithel:ium as low affinity, not
dependent on sodium ions and relativiely insensitive to inhibition
by hemicholinium-3, a drug which blocks the high affinity uptake

system. Thus, despite the large capacity of the epithelium to
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synthesise ACh, 1t lacks the high affinity choline uptake
mechanism which 1s associated with cholinergic neurones. This
is further evidence for the lack of association of corneal ACh
with nerves. The choline uptake into corneal epithelium was
similar to that found in the human placenta, a non-innervated
tissue rich in ACh and ChAc, which also possesses only a low

affinity choline uptake mechanism.

Possible functions of acetylcholine in the corneal epithelium.

The ACh of the corneal epithelium appears to be largely
unassociated with neuronal function and there appears to be no
cholinergic innervation of this tissue. A variety of functions
for the bulk of the ACh have been proposed and each proposal will

be discussed briefly below.

1. Light stimulation of the eye.

Since ACh has also been found in the agueous humour of
the anterior chamber, Engelhart (1931) proposed that the ACh
content of the aqueous humour may be related to the amount of
light entering the eye. Rabbits deprived of light fér some
hours did not have any ACh in the aqueous humour yet the ACh
content rose in the aqueous humour of one eye exposed to light
thereafter. These results could not be confirmed, however, by

Fitzgerald & Cooper (1971).

2. Integrity of the corneal epithelium.

The presence of ACh may be a requirement for the maintenance
of the integrity of the tissue. Early work by von Brucke et al.,
(1949) using lesions of the Vth nerve (either viral or surgical)

reported an ensuing breakdown of the corneal epithelium. A
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dramatic regeneration of the epitheelium then followed after

topical administration of ACh. Tthis was compatible with an
earlier theory of von Brucke (1938)) that the ACh exerted a

trophic influence upon the epitheliial cells.

Until recently, no other work had been reported in this
field until Mindel & Mittag (1978) started to work with rabbits
sub jected to blepharorrhaphy. Thesse authors found that in a
number of animals subjected to 1id closure, epithelial defects
were observed upon reopening their eyes. It was found that by
the Bth day after 1id closure, by wwhich time many of the original
epithelial cells will have been repplaced, the ChAc activity was
reduced considerably in the corneall epithelium but not in the
iris, ciliary body or retina. The recovery of the original
enzyme levels required more than foour weeks, so blepharorrhaphy
affected subsequent cell generatioms. Epithelial defects are found
in 50% of the eyes but it is unlike:ly that the low ChAc levels
are due to corneal epithelial defeczts since low ChAc levels

were also seen in intact epithelia..

3. Sensory role.

ACh has been implicated as a piossible sensory mediator at
the chemoreceptors of the carotid biody (Schweitzer & Wright,
1938; Liljestrand & Zotterman, 19554; Eyzaguirre & Koyano,

1965; Eyzaguirre & Zapata, 1968); at thermal receptors
(Zotterman, 1953); at taste fibre (endings (Landgren, Liljestrand
& Zotterman, 1954); at cutaneous miechanoreceptors (Harvey,
Lilienthal & Talbot, 1941; Diamondl, 1959); and in the

auditory system (Comis & Davies, 19¢69),
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Hellauer (1950) studied varicws different species and
found an approximate correlation Ibetween corneal ACh content
and corneal sensitivity. Van Alipthen (1957) found that topical
atropine did not alter corneal semsitivity and Oer (1961) had
rather variable results with the e fffect of topical atropine and
choline esters on corneal sensaticom. In 1971, Fitzgerald &
Cooper revived: the idea that the MCh of the corneal epithelium
in rabbits was involved in sensoryy mediation since a perilimbal
denervation of the cornea reduced +tthe epithelial ACh by 87 to
100% and this was accompanied by @ complete loss of corneal
sensation. These authors also fowmd that intraocular injection
of hemicholinium-3 reduced the comrwrmeal ACh levels by 60% and

abolished corneal sensation. On ttlmhe other hand, Stevenson &

Wilson (1974) found that similar iimjections of hemicholinium-3

had no effect on the epithelial ACh content and did not abolish
the corneal reflex. These authomrs: also used intraocular
injection of triethylcholine, whiach is known to cause depletion
of ACh from tissues, and E‘_&iﬁ_S-4- ((1.-naphthylvinyl) pyridine
hydrochloride (NVP) which is a spesc:ific ChAc inhibitor, to
produce some depletion of ACh fromn the corneal epithelium.

However, this depletion had no efffect on corneal sensation.

Howard & Wilson (1972) demonsstirated that in neonatal rabbits
the corneal reflex can be elicited before the appearance of the
bulk of ChAc and ACh in the epithexl ium, thus indicating that
sensation does not depend on maturre levels of ACh. Boberg-Ans
(1955) found that corneal sensitiwity was greatest at the centre
of the cormea, the site shown to ciomntain the greatest quantity of

epithelial ChAc (Mindel & Mittag, 1977). Although this very
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simple coincidence exists, the latter authors failled to find
a correlation between corneal ChAc activity and the loss of
corneal sensation which follows retrobulbar injection of

ethanol.

4. Jon transport.

There has been much investigation into the mechanisms
involved in the control of corneal hydration. An electrical
potential across the corneal epithelium has been shown to be
responsible for an inward transport of sodium iomns (Donn,
Maurice & Mills, 1959a; 1959b; Green, 1965; 1966; 1967a; 1967b;
1968; Hodson, 1974). Green (1969) has proposed that this
epithelial sodium 'pump' may éontribute to the maintenance of the
normal swelling properties of the mucopolysaccharide in the
stroma by supplying sufficient sodium ions to saturate the
anionic sites on the chondroitin and keratan sulphates in the
stroma (Otori, 1967). This would prevent swelling of the
mucopolysaccharides as a result of mutual repulsion of like
charges (Hedbys, 1961). A second process, an endothelial salt
'pump' (Hodson, 1974) may regulate the movement of water and
sodium ions out of the stroma into the aqueous humour. There is
general agreement that the endothelium is more important than
the epithelium in controlling stromal hydration (Mishima & Kudo,
1967; Maurice, 1972; Hodson, 1974; 1977; Hirsch, 1978).
Indeed, in some species, the epithelium can be replaced by an
impermeable contact lens without adversely affecting the stroma;
the rabbit cornea, however, did show increased hydration

following this procedure (Doane & Dohlman, 1970).
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Gnadinger et al., (1973) suggested that the epithelial
ACh content may be associated with the maintenance of this
electrical potential across the corneal epithelium., Stevenson
& Wilson (1975) proposed that since ACh influences sodium
permeability in many other tissues, the endogenous ACh of the
corneal epithelium may modify sodium movements across this
tissue and hence play a role in controlling corneal thickness
and transparency. They found that high concentrations of ACh
applied to the isolated eye could decrease the movement of

22Na+ across the epithelial barrier. The use of NVP to deplete

224a% and this could be

corneal ACh increased the movement of
reversed by application of ACh. On the other hand, a number of
inconsistencies existed in the effects of physostigmine and

atropine on this system.

Mindel, Szilagyi, Zadunaisky, Mittag & Orellana (1979)

reported that prolonged blepharorrhaphy in rabbits produced not
only a ma jor depletion of epithelial ChAc and ACh but also a small
but significant increase in corneal hydration, and decreases in
the resting potential and short-circuit currents. It was
tempting to explain these observations in terms of an effect of
epithelial ACh on active sodium transport by the epithelium.
However, it was found that application of ACh, pilocarpine or
physostigmine to such eyes failed to restore the resting
electrical potentials and short-circult currents of the epithelium
to normal, Moreover, although the ChAc activity of the
epithelium after 1id closure was closely related to the ACh content
of the tissue, it could not be related to either the resting

potential or the short-circuit current in individual eyes.
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Recovery of these electrical phenommena to normal after 1id

closure occurred sooner than recovesry of ChAc and ACh.

5. Possible role in regulation of outflow of aqueous humour.

Cholinergic agonists, in partiicular pilocarpine, have
long been used to reduce intraoculair pressure in disease states
like glaucoma simplex. This effectt is achieved by reducing
the resistance to outflow of the agjiueous humour from the
anterior chamber., This is more comnmonly expressed as an increase
in the facility of outflow. Much ccontroversy exists over the
mechanism of action of cholinergic cagonists on outflow, The
proximity of the ACh stores in the ccorneal epithelium to the
trabecular region which controls thee outflow, introduced the
possibility that ACh from this sourcce could influence the
outflow of aqueous humour. Such a ssuggestion has not appeared

in the literature.
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In view of the fact that the rabbit corneal epithelium
possesses high levels of ACh which do not appear to be entirely
neuronal in function nor in location, this research attempted to
elucidate a possible function for this ACh and its associated
enzymes . The corneal epithelium has several unique properties,
one of which is its capability for rapid regeneration after injury.
The possibility that the high levels of ACh were linked to

regeneration of this tissue after abrasive injury was investigated.

There is a possibility that the corneal epithelial ACh has a
role to play outwith the tissue itself. If this were the case,
it may meve either laterally, anteriorly or posteriorly. The ACh
might be released into the tear film and then act upon any of the
structures bathed in the tear fluid., This postulate was invest-
igated. Altermnatively, the hormone may more posteriorly into the
aqueous humour in order to act upon any of the structures bathed
by this fluid. Several experimenitis were carried out to explore
the feasibility of such movement. Firstly, the levels of ChE in
the tissues of the anterior chamber were measured in order to
estimate the possibility of complete destruction of the ACh before
it could reach a possible site of action. Secondly, we determined
the sites to which radiolabelled ACh, injected into the corneal

stroma, had diffused. Thirdly, the iris was used as an in vivo

test tissue to allow investigation of whether exogenous ACh was
capable of diffusing from the cornea to affect tissues at a

distance. Fourthly, in view of the well-known effect of cholinergic
agonists on the outflow of agqueous humour, it seemed logical to

examine the effect of intracorneally injected ACh on this parameter.
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Measurement of protein levels and ChAc activity in the

corneal epithelium after regenerattion of the tissue.

Removal of the corneal epithelium.,

Male and female Dutch rabbitss (1.2 to 1.6kg) were

anaesthetised with halothane (3.5% v/v) in O :NZO (1:3 v/v).

2
In experiments in which a 100% removal of the corneal

epithelium was required, the entire surface was scraped up

to the boundary between the cornea.l and conjunctival epithelia

(the limbus). When a 95% removal of epithelium was required,

the cornea was scraped to within 1.mm inside the limbus., In

all cases, the epithelium was removed using a spoon-shaped

sealpel (4mm diameter, Storz),

The rabbits were treated immediately and then 4hr after
the operation with one drop of Xylocaine (lignocaine hydro-

chloride, 4% w/v) eye drops in eaclh eye.

The epithelium from each eye was homogenised in 200pul of
buffer (50mM Tris in 150mM sodium «chloride) in a ground-glass

homogeniser,
The homogenates were stored att -4000 until analysis.

After removal of the epithelia, the animals were allowed
to recover from anaesthesia and the epithelia permitted to
regenerate for various time intervals between 2 and 28 days.
After the allotted time, the animalls were killed with halothane
N20 and the regenerated epithelium removed from both eyes, then

homogenised and frozen as. previously described.

The homogenates from the initial scraping acted as controls

for the homogenates of regenerated epithelium and both were
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assayed simultaneously for choline acetyltransferase (ChAc)

and their protein levels determined (see p 42).

Mouse Epithelial Growth Factor (mEGF) treatment.

Bilateral 95% biopsy of the corneal epithelia was carried
out as described above with local anaesthetic application
immediately and 3.5 hr after the operation. In each rabbit so
operated, the left eye was treated topically with 2541 sterile
saline (0.9% w/v Minims and the right eye with 2541 of a
solution (0.4mg/ml) of mEGF in sterile saline (0.9% w/v).

The saline and mEGF applications were made at 9.00 a.m.,
1.00 p.m.,, 5.00 p.m., and 9.00 p.m. for 4 days, or, in a second

experiment, for 5 days,

The animal was killed with halothane - N20 and the cormneal
epithelia removed (95%) as described previously. The two
homogenates (control and mEGF treated) were assayed for ChAc

activity and protein as described below.

Protein Determination (Lowry, Rosebrough, Farr & Randall, 1951).

Aliquots of homogenate containing an estimated 10 to 50ug
of protein were made up to 100yl volume with N sodium hydroxide,
1ml of solution C (see appendix pl164) was added to each sample
and mixed,

After 15 min, 100yl of N Folin-Ciocalteu reagent was
added to each sample. The solutions were mixed immediately and
allowed to stand at room temperature ror 30 min before the
measurement of their extinction at 750nm on a Cecil grating

spectrophotometer (Model CE303). Distilled water was used
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as the reference.

A standard curve was prepared for each batch of samples
by assaying a series of bovine serum albumin samples (0 to 50ug)
made up in distilled water and diluted to 100Kl with N sodium

hydroxide.

ChAc Determination (Schrier & Shuster, 1967; as modified by

Wilson & Cooper, 1972).

The enzyme ChAc catalyses a reaction between choline and
acetylcoenzyme A (AcCoA) to form ACh

Choline + AcCoA —EEAEA ACh + CoA
—

37%

If endogenous AcCoA is removed from a tissue homogenate
and replaced with radiocactively labelled AcCoA, the end product
is radiolabelled ACh which can be separated from the radio-
labélled AcCoA by the use of an anion exchange resin. The
resin can exchange formate ions from within its matrix for
anions passing through the column i.e. AcCodA, whilst allowing
cations, i.e. ACh, to pass through the column unbound. Hence
the amount of product formed by the endogenous ChAc in the
homogenate can be determined. This is a direct measure of

the amount of ChAc in the tissue,

Aliquots of tissue homogenate were made up to 1004l with
buffer (50mM Tris base in 150mM sodium chloride). Then 90p1
of this buffer mixture, to which choline chloride (5mM), sodium
ethylene-diaminetetra acetate (5mM) and neostigmine methyl-

sulphate (504m) (expressed as final concentrations) had been

added, was mixed with every sample. The mixture was incubated

-42-



at 37°C for 15 min +to permit metabolism of any AcCoA present

in the tissue homogenate,

[l- 140] AcCoM (10pl, 0.84 nmol, 50nCi) was added to each
sample and the incwbation continued for 20 min., The reaction
was halted by addit%tion of an excess of ice-cold ACh (40#1 of
0;72M) and then placing the test-tube in ice, Each reaction
ﬁix wasput on a semparate column ( 5 x 0.8cm) of the anion-
exchange resin AG 1. X 8 (200 to 400 mesh, formate form) and
the [l- 140] ACh formed during the reaction was eluted into a
counting vial by 6 x 0.4ml distilled water washes. Toluene-
Triton X scintillamt mixture (8ml) was added. The 146 emission

was counted for 5 mim in a Packard Tri-Carb Liquid Scintillation

Spectrometer (Model 3390).

Each homogenate was assayed in duplicate. Blanks i.e.
with no addition of homogenate, were also run to account for

14C-labelled AcCoA which failed to bind to the resin.
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Efflux of [°H| Choline and [1- 2H) ACh from the cornea into

the tear fluid.

In an effort to discover whe:ther the endogenous ACh of
the corneal epithelium can be rel.eased anteriorly into the
tear film and whether this releasie can be stimulated by any
chemical or physical means, exper:iments were conducted in which
labelled choline was injected intio the corneal stroma and
subsequent efflux of radiocactivel;y labelled ACh into the tear

fluid was monitored.

Male and female Dutch rabbitess (1.2 to 1.6kg) were
anaesthetised with halothane (3.5% v/v) in 0, : N20 (1 : 3 v/v)
and given diazepam (10mg) intravemously. The fine needle tip
of a 10H1l microsyringe was inserted tangentially through the
corneal stroma for a distance of aat least 4mm until the tip
lay within 1 to 2mm of the centre of the cornea. This area
lies under the central corneal epiithelium which is believed to
contain the highest levels of endomgenous ACh in the whole of
the cornea (Wilson, unpublished otbservations). The needle
insertion permitted intra-corneal injection of [BH] choline
chloride (1p1 containing 1K¥Ci, 4nmol) in distilled water,
at time zero. This procedure is known to result in the
labelling of a substantial part off the epithelial ACh stofe
the ratio of [1- 2u] Ach to [3H] Choline after the injection
is in the range 0.5 to 2.5 after ©0 min, and this ratio is
considerably higher (3 to 8), if C!hE inhibitors are present
(Wilson, unpublished data). Thus:, sampling of the tear film

at 5 min intervals was begun an hosur after the injection was

made. Three methods for collectimg the tear fluid were attempted

b



1. an attempt at cannulation of the entire nasolacrimal
duct was made to allow sampling of the tear fluid at the
nasal end. This was unsuccessful due to the long and

tortuous nature of the canal,

2. a shorter cannulation was made, bringing the cannula
through the skin after it had travelled some 6 to 7 mm down
the lacrimal duct. The cannulation was made with Portex
800/100/200/100 polythene tubing which fitted tightly inside
the duct. This method was unsuccessful since the cannulae
frequently became blocked with mucus, making routine

sampling difficult.

3, +the last method employed was blockage of the lacrimal duct
with a lcm length of the Portex tubing filled with wax.
This prevented loss of tear fluid down the duct. Samples
of fluid were removed from the conjunctival sac using 4mm
wide strips of Whatman No. 40 filter paper. The filter
paper was left in the sac for 45 sec and the amount of fluid
(approximately 10p1) removed was measured by weight
difference before and after sampling, This last method

was chosen for the investigation of [1- BH] ACh release.

Control collections were taken by letting 10M1 of saline
(0.9% w/v) flow over the surface of the cornea immediately before
collection by filter paper. In test situations, 1041 of the
drug solution was allowed to flow over the corneal surface
5 min before sampling in order to give sufficient time for
penetration of the drug to its site of action. In most cases,

this volume, reduced in size by evaporation, but supplemented
by fresh tears formed, was sufficient to allow sampling by
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filter paper. It was always suffiiciently small to sﬁay

totally within the conjunctival sacc and so none was lost by
overflow. Occasionally, the volumee of liguid in the conjunciival
sac was insufficient to permit sammpling with ease and it was
supplemented by 1op1 of saline (0.9% w/v) washed over the

cornea immediately before sampling..

The various stimuli used were

Hypertonic saline (1.8% w/v) which would double the tonicity

of the tear film and this could be a stimulus for the release

of ACh.

Distilled Water which would reduce the osmotic strength of the

tear film and act as a stimulus forr ACh release.

Iso osmotic sucrose (0.25M) would rremove by dilution most of

the extracellular Na+ ions present in the tear film bathing
the epithelium, without altering thie osmolarity of the tear
fluid; some 1link between Na® movement and the corneal content

of ACh has been postulated (Stevension & Wilson, 1975).

Calcium chloride (2.5mM) in saline (0.9% w/v) was used since

Ca2+ ions are involved in the transimission of nerve impulses
and might act as a stimulus for AChi release if this process

was initiated by a neuronal mechani:ism,

Potassium chloride (50mM) in saline (100mM) was applied since

+ o, . 2+ , .  ad
K ions, like Ca ions, are involveed in the transmission of

nerve impulses.

Oxybuprocaine hydrochloride (0.4% w,/v, Minims) is a local

anaesthetic and would block impulse: traffic in corneal sensory
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nerves; an association between codrneal ACh and sensory

mediation' has been put forward byr Fitzgerald & Cooper (1971).

Amethocaine hydrochloride (1% w/v, Minims) is another 1local

angesthetic.

Tetrodotoxin (10'4g/m1) in saline zat pH 4.0 with the control

being citrate at pH 4.8 in saline ((0.9% w/v), specifically
blocks Na' channels in the membrances of excitable cells and,
in this instance, will have an effect similar to that of the

local anaesthetics.

Sodium ethacrynate (2mM) in saline (0.9% w/v) has an effect

on Na+ movement through the epitheliium which is similar to the
+
effect of ACh on Na movement acrosss the corneal epithelium

(Stevenson & Wilson, 1975).

Atropine sulphate (100pyM; 10mM; 25mM) in saline (0.9% w/v)
has been reported to increase ACh melease from the cerebral

cortex (Aquilonius, Lundholm & Wintbladh, 1972).

Neostigmine methylsulphate (100puM; 10mM) in saline (0.9% w/v)

is an anticholinesterase and may prrevent hydrolysis by
cholinesterases of any ACh released. Anticholinesterases
applied topically are known to incrrease the ACh content of

the epithelium (Wilson, unpublished observation).

Compound 48/80 (0.64 mg/ml) in saliine (0.9% w/v) is known

to release radiocactivity from the ciorneal epithelium loaded

in vitro with [BHJ -choline (Wilsom, unpublished observation).
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Nicotine (0.77KM; S.SyM) in saline (0.9% w/v) has been shown
to release ACh from the human placenta and other non-neuronal

tissues which contain ACh (Rowell & Sastry, 1977).

Oxotremorine (10uM; 1mM) in saline (0.9% w/v) has been shown

to have an action Similar to nicotine in rat brain (Holmstedt,

1967) .

Physical stimulation of the cormneal sensory mechanisms was

achieved by formation of dryspot using a fan and benzalkonium
chloride (0.01% w/v), 10pl) which is known to produce dryspots
(Wilson, Duncan & Jéy, 1975) or by mechanical stimulation.
This was carried out by touching the cornea six times per
minute with the tip of a 4cm length of surgical silk (size 0)
alone, and then in the presence of benoxinate (0.4% w/v, lOp},

Minims).

Deprivation of light (during the experiment; for 24hr prior to

the experiment; for 72hr prior to the experiment) might affect
the anterior release of ACh since it has been shown that
blepharorrhaphy suppresses corneal epithelial ChAc activity

(Mindel & Mittag, 1978).

The filter papers containing each sample were inserted
into counting vials which contained 1ml of distilled water and
left standing for 60min to allow elution of the radioactive
material from the paper into the water before addition of 8ml
of toluene-Triton X scintillant. ~Control experiments ‘showed
that the quenching due to the filter paper was constant. The
3

H emission was counted for 10 min in the Packard Liquid Scintill-

ation Spectrometer.
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In order to collect sufficient radiocactive material for
thin layer chromatography (T.L.C.), three consecutive samples
were collected on the same piece of filter paper to obtain a
"pre-test" control. The paper was dried in a stream of warm
air in the intervals between collections. The same procedure
yielded a single strip of paper for the "test" sample and

another strip for the "post-test" control.

Since 1t was necessary to protect the ACh (in the samples
for T.L.C.) from cholinesterases in the tears, neostigmine
methylsulphate (30pyM) was added to the saline (0.9% w/v) which
was used for control washes and to make up the drug solutions
for the test washes. This provision did not apply to the

experiment which involved necstigmine as the test drug.

Once the filter papers contained the control or test
fluids, they were dried and the [BH] choline or [l—BH] ACh
eluted from the paper by allowling a N formic acid : acetone
(15 : 85 v/v) mixture to run by capillary action down the
paper into a collection tube. The paper was soaked for a
further 40 min in the eluate. Then the eluate was evaporated
to dryness in a vacuum drier and reconstituted with 10yl of

distilled water for T.L.C. as described below.

Fach filter paper, after withdrawal from the eluate, was
dried, placed in a counting vial containing 1ml distilled water
and allowed to stand for 60 min before 8ml of toluene-Triton X

scintillant was added. The 3

H emission was then counted for
10 min to allow estimation of the resgidual [BH]choline and

[1- 3H] ACh which had not been eluted from the filter paper.
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Thin layer chromatography.

The method used was a modification of that described by
Hass6h-Voloch & Simas (1969). Kodak-Eastman plastic backed
plates (20 x 20cm, Code 13253 without fluorescent indicator)
were used throughout the project aﬁd these were heated (10000,
15 min) to desiccate., The mobile phase consisted of glacial
acetic acid: ©butan-2-one (1:15 v/v). The "cold carriers"
applied to the T.L.C. plate before application of each sample
were 2yl of choline chloride (100mM) and 2yl of ACh C1 (100mM).
A minimum of five samples and a maximum of eight samples were

run on each plate,

The reconstituted sample (Sul from the 10yl) was spotted
onto the plate in aliquots not larger than 0.5yl which were

dried before further additions.

The T.L.C. piate was set in the tank containing the mobile
phase and the solvent front was allowed to rise to l4cm before
the sheet was removed and dried in a stream of warm air,. The
plate was then sprayed evenly with either a modified Draggendorf's
reagént oriiodoplatinate reagent (see appendix, p 163) for
identification of the ACh (pink spot, Re value 0,6) and choline
(purplish-brown spot, Rf value 0.46).

The zones of colour for ACh and choline were outlined in
pencil and the colour driven off the whole plate by warm air.
The surface of the plate was divided into rectangles of
approximately equal area so that the quenching caused by
alumina in each sample would be approximately equal. The
chromatogram derived from each sample was divided into five

rectangles,
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Approximate Rf value

Origin area -0.1 to 0.1
Pre-choline spot area ‘ 0.1 +to 0.3
Choline spot area 0.3 to 0.5
ACh spot area 0.5 to 0.7
Solvent front area 0.7 to 0.9

Each area was scraped from the T.L.C. plate into a
seintillation counting vial containing 1ml of distilled water.
After 2hr, 12ml of toluene-Triton X scintillant was added to

3

allow the H emission to be counted for 100 min on the

Packard Tricarb.
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Assay of cholinesterases in tissues of the anterior segment

of the eye.

Rabbits were killed.with a halothane -N20 mixture. The
corneal epithelia were completely removed up to the limbus
(see p 40) and the epithelia of the left and right eyes
homogenised together in 2001l potassium phosphate buffer
(0.1M, pH 8.0) containing 0.5% (v/v) Triton X-100 (henceforth

referred to as phosphate-Triton). This was then kept on ice

until the other homogenates were prepared.

The aqueous humour was removed by paracentesis, mixed
with 108ul phosphate-Triton and placed on ice. Air was
injected into the anterior chamber to support the cornea and
the central area of the cornea delimeated with a lecm diameter

trephine.

Then each eye was enucleated and incised from the posterior
aspect. The irides were excised along with the ciliary bodies
and frozen in liquid nitrogen. The pooled frozen tissue fron
both eyes was pulverised with a loosely fitting stainless steel
pestle in a stainless steel centrifuge tube, and homogenised

in 0.5ml phosphate-Triton,

Lastly, the corneas were removed by cutting around the
trephine mark; frozen in liquid nitrogen and pulverised.
Thereafter, the tissue from both eyes was homogenised in 1ml
of phosphate-Triton. The stainless steel centrifuge tube
containing powdered frozen tissue was first plunged into a
beaker of wet ice, thereby bringing the temperature to 0°¢c

so as to prevent freezing of the buffer solution. The
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homogenisation was carried out witlh a loosely fitting Perspex

pestle rotating at about 1000 rev/rmin.

Blood samples removed from eac«ch animal were centrifuged
(1000g, 10 min, 400) and 0.5ml of 1the supernatant plasma was

mixed with 100yl of phosphate-Tritcon,

Cholinesterase (ChE) activity was measured by the method
of Ellman, Courtney, Andres & Featlherstone, (1961). This
spectrophotometric assay measures enzyme activity by following
the increase in intensity of yellow colour produced from

thiocholine when it reacts with thee 5,5 dithiobis-2-nitrobenzoate

(DTNB) ion
H.0 + (CH,). ' NCH.CH.SCOCH 2 (cH.)."N CH.CH.S™
2 3’3 272 3 N 3’3 2772
Acetylthiocholine thiocholine
+
- +
CH,CO0™ + 2H
acétate
+ -
(CH3)3 NCH,CH,8" + 02N’:§:::>- S -8 NO,
“oocT . DTIINB €00~
1 L :
+ -
(CH3)3 N CH20H2 s -8 No2 + 02N S
€00 “00C

5 thio 2 nitrobenzoic acid

yellow
The second reaction is sufficiently  rapid to prevent it being
the rate limiting step,
DTNB solution (100yl, see appemdix plé4) was mixed with
acetylthiocholine chloride solution. (30041, see appendix p 164)

in a cuvette (1lml capacity) and 100l of the tissue homogenate
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was added, The extinction (E) of the reaction mix was examined
at a wavelength of 412nm at 2500 using a Unicam recording

spectrophotometer.

As a standard, pure acetylcholinesterase (AChE, lpmolar

unit per pl) from the electric eel (Electrophorus electricus)

was used, 20pl being mixed with 20ml of potassium phosphate

buffer (pH 8.0).

After measurement of the E412 of each sample for 5 min,
a specific antagonist of AChE, BW 284 C51, was added (100pl of

50uM and the E read for a further 2 to 3 min. Neostigmine

412
methylsulphate (10nl of 0.5mM) was then added as a non-specific
anticholinesterase and readings continued for a further 2 to 3 min,
Hence total ChE and AChE concentrations could be determined,

Protein assays of the tissue samples were carried out as

described above by the method of Lowry et al., (1951) (pp 41-42).
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Recovery of | 1-°H) ACh and [°H] choline from the tissues

of the anterior segment after an intracorneal injection

of [1-21) acw.

Male and female Dutch rabbits were anaesthetised with
halothane 3.5% (v/v) in 0,:N,0 (1:3 v/v) and [1-3H] ACh C1
(1pl, 1pCi, 4nmol) injected intracorneally (see p 44 ), at
time zero. The animals were killed with halothane =~ NZO
as close to 5 min after the injection as possible and the
following tissues removed as described previously (p 52 ) : the
aqueous humour, irides and corneal buttons. The ciliary body

was removed as a ring of pigmented tissue and the greyish ciliary

muscle underlying the processes was also removed.

The tissue were treated as follows; separate homogenates

being made for tissue from each eye

Agqueous humour : 0.2ml of aqueous humour was added to 0.5ml of

a N formic acid : acetone (1l:15 v/v) mixture. These samples were

allowed to stand on ice for 2 hr in sealed tubes.

Irides : these were frozen in liquid nitrogen and pulverised
(as described on p 52) before being homogenised in 0.5ml of N
formic acid ; acetone (1:15 v/v) mixture. These were allowead
to stand on ice for 30 min in sealed tubes

Ciliary bodies : as for irides

Corneal buttons : as for irides

A1l the samples were centrifuged (lOOQg, - 400, 5 min) and

the supernatant removed and evaporated to dryness on a vacuum
drier. The residues were dissolved in 10yl of distilled water

and 8yl of the resultant solution was used in T.L.C analysis
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using the method described previously (ppﬂrﬂﬂ)the reagent

for identification of the ACh and choline was iodoplatinate.

The radioactivity in the tissue residue after the
centrifugation was estimated by dissolving the tissue entirely
in 0.5ml1 of 10 N KOH at 60°C. Some of this solution (0.1lml)
was transferred to 1lml of distilled water and 8ml toluene-
Triton X scintillant. The ABH, emission was counted for 10 min

on a Packard Tricarb.
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The effect of intracorneal injection of ACh on pupil diameter,

Male and female Dutch rabbits (1.2 to 1.6kg) were
anaesthetised with halothane (3.5% w/v) in 0,:N,0 (1:3 v/v)
and set in a restrainer box in a dark room. Measurements of
pupil diameter were made using a modified Hamblin slit lamp

microscope with a graticule set in the eyepiece.

Once constant control readings of pupil diameter had been
obtained, ACh €1 solution was applied to the eye, either by
dropping small volumes (up to 0.5pl) onto a 4mm diameter circle
of bared stroma in the centre of the cornea (the corneal
epithelium was removed as described previously, p 40 ) or by
injecting into the corneal stroma small volumes (0.5p1 of
varying concentrations) using the method described previously
(p 44 ). Thereafter, measurements of pupil diameter were made
at frequent intervals over the first 30 min after the injection

in order to quantify any miosis which occurred.

In several experiments, atropine sulphate (1% w/v) in
saline (0.9% w/v) was applied topically (10pul) to confirm

antagonism of the ACh-induced effect.
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The effect of intracorneal injection of ACh on the apparent

facility of outflow from the anterior chamber,

Male and female Dutch rabbits (1.2 to 1.6kg) were
anaesthetised with urethane (25% w/v in H20) until the corneal
reflex disappeared. The animals were laid prone in a restrainer
box designed to hold the head steady. 1In later experiments, a
tracheal cannula was inserted and the animals 1aid supine in

the box.

A 26-gauge needle (5/8 inch, Becton-Dickinson with the hub
removed) which was connected to a lOpl microsyringe by fine
silicone rubber tubing (0.5mm bore, 0.25mm wall thickness) was
inserted tangentially through the stroma for at least 4mm until
the needle tip lay within 1 to 2mm of the diametral centre of the
cornea, This microsyringe was used to inject small volumes

(less than 1.0pl) of ACh Cl solution into the corneal stroma.

A similar needle was inserted parallel to the plane of the
iris into the anterior chamber of both eyes, This needle ran
within the stroma for 2 to 3 mm before entering the chamber so
that it was leakproof and held securely in position as far from
the other structures in the chamber as possible. This needle
was connected by silicone rubber tubing (as above) to a Statham-
Gould (P23 1D) pressure transducer and a Grass Polygraph recorder
(Model 7) via a double 3-way stopcock assembly, —~———— o

Drugs could be introduced into the system at the stopcock.

A polythene funnel reservoir was also connected by silicone
rubber tubing to the intraocular needle via the stopcocks.

The reservoir was hung on the arm of a Gallenkamp torsion
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balance (full scale deflection 1000mg) which stood upon a rack
of adjustable height. This rack allowed the reservoir to be
quickly adjusted to a height which exerted a pressure of 4mm

Hg greater than the resting intraocular pressure of the eye.

The reservoir, tubing and pressure transducer were fitted
with an agqueous humour substitute of the following composition.

Later experiments employed the second formula.

Formula 1 (after Bardny, 1964) Formula 2
mM mM
NaCl 140.0 NaCl 110.0
KC1 5.0 KC1 3.0
CaCl2 1.0 03012 1.4
MgCl,.6H,0 0.3 MgCl, .6H,0 0.5
NazHPO4 0.6 NazHPO4 0.9
glucose 5.5 NaHCO3 30.0
ascorbic acid 1.0 glucose 6.0
heparin 20.0units/ ascorbic acid 1.0
ml
heparin 20.0

units/ml

both were aerated with O :CO2 95:5v/v and had a final pH of 7.4.

2

The needles for intraocular use were filied with heparin
(1000 units/ml). As soon as this needle had been inserted, the
stopcock was opened and the undiluted heparin run into the eye

to prevent formation of fibrin clots.

In order to measure the apparent facility of outflow, the
stopcock was opened and within 20 sec the pressure of the aqueous
humour substitute adjusted to 4mm Hg above the resting intra-

ocular pressure by reference to the Polygraph recorder. The
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stopcock remained open for a period of 2 min, during which

the aqueous humour substitute flowed from the reservoir into
the anterior chamber. The weight loss from the reservoir was
used to calculate the apparent facility of outflow of aqueous
humour from the anterior chamber. (The density of the agueous

humour substitute was assumed to be 1g/ml).

This procedure was repeated once every & to 12 min. The
interval allowed between facility determinations was sufficient

for the intraocular pressure to return to the pre-test value.

After reproducible control readings of apparent facility
of outflow were obtained, ACh was injected intracorneally and
10min allowed for its diffusion from the injection site before
the apparent facility of outflow was again determined. The
injection and readings were repeated twice and then control
determinations were carried out until these returned to the

level of previous controls.

In order to determine the effect of various drugs on the
ACh-induced response, drugs were applied topically to the
corneal surface or introduced as a bolus into the perfusate or,

latterly, added to the entire perfusate, The drugs used were :
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Drug Method of application

Neostigmine methylsulphate topical
Ecothiopate iodide topical
Atropine sulphate topical or perfusion
Hyoscine hydrobromide topical
Lignocaine hydrochloride topical

(+) - tubocurarine bolus perfusion
Pancuronium bromide perfusion
Hexamethonium bromide bolus perfusion
Mecamylamine hydrochloride perfusion
Phenyoxybengamine hydrochloride perfusion
Choline chloride perfusion
Verapamil hydrochloride perfusion

. . A . 2+
During experiments examining the involvement of Ca in

the ACh - induced effect, the aqueous humour substitute was
modified by the omission of CaCl

and MgCl, and by the addition

2 2
of 5mM EDTA to remove Ca2+ from the endogenous aqueous humour,
Other experiments investigating the role of Ca2+ involved intra-

corneal injection, as described above for ACh, of the calcium

ionophore, Lilly AR23187.

The apparent facility of outflow was also measured after
injectiohs of saline (0.9% w/v) or choline chloride (400 pmol)
intracorneally in eéyes. which:hdd-alreddy shown a response to ACh.
Simultaneous intracorneal injections of saline (0.9% w/v) and
ACh into left and right eyes were also made to obtain control

and test effects.
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RESULTS




Measurements of protein levels and ChAc activity in the

corneal epithelium after regeneration of the tissue.

Complete removal of the corneal epithelium (100%).

Measurements of protein levels (ug) and ChAc activity
(nmol ACh formed. mg pro’cein_1 hr-l) were made in the
regenerated tissue and comparisons made with the original
epithelium. The results for both protein and ChAc activity

are expressed as

activity of regenerated tissue sample 100

activity of original tissue sample (day O) 1

Protein levels were calculated by reference to a standard

curve produced by known quantities of bovine serum albumin.

ChAc activity was calculated by the following formula

net c.p.m. nmol AcCoA used x 3 200
X X —_—
net c.p.m. for 10pl mg protein per eye sample volume (pl)
L1-14C] AcCoA used

The values for the blank samples were subtracted from both
the control and regenerated tissue values before the calculations

of ChAc activity were made,

The results are shown in fig.2 and related to the time
course for the reappearance of protein and ChAc activity. Each

point represents the mean : standard error of the mean (S.E.M.)

Protein levels rose steeply in the first 10 days of regrowth
4
and this period was followed by a plateau phase until day 21.
There then ensued a further rise in protein content of the new

tissue.
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The ChAc activity remainedd low (12 to 15% of control)

in the regenerating tissue untiil around the 1l4th day of
regrowth, Enzyme activity themn rose rapidly to reach control
values by day 21,and by the 281th day, the ChAc activity had

exceeded control values.

Incomplete removal of the cormneeal epithelium (95%).

The results have been exprressed in the same manner as
above, and shown in fig. 3., Tlhe trends in these results are

similar to those seen upon complete removal of the epithelium.

Protein levels showed two rapid rises interrupted by a
plateau phase in regrowtn., Thes ChAc activity in the‘regenerating
tissue remained low for the firrst 10 to 14 days and then rose
rapidly until the level of actiivity surpassed control values

by the 28th day of regrowth.

mEGF treatment.

Four rabbits were treated in one eye four times daily
for four days with mEGF; +the oyther eye was treated with saline
and acted as the control, Prostein levels and ChAc activity
have been expressed in the same: manner as above (p62 ),

calculated as a percentage of diay O control. The results are

shown in table 1
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Tablel:

Content «of regenerated tissue
% of day O .control.

e mean = 8.E.M.

..ChAie - | . . .Protein
+ +
4 day saline 5.4 =~ 1.2 71.8 - 7.2
treatment
+
n o= 4 nEGF 11.3 - 3.1 71.9 I 4.8
. + +
5 day saline 10.1 - 2.0 35.6 - 1.8
treatment
n= 3 KEGF 40.9 I 3.0 60.2 & 4.9

The second experiment, the results of which are also
expressed in table 1 , involved five days of treatment instead

of four.

The first experiment, involving four days of treatment,
showed no significant difference (paired t test, Wilcoxon test)
between the saline-treated and tthe mEGF-~treated eyes either
in protein levels or in ChAc actiivities, In the second
experiment, five days of treatme:nt, the protein levels in
saline-treated and mEGF-treated eyes were significantly
different (paired t test, 0.02 > P > 0.01). The ChAc
activities in the two grbups wer'e not significantly different

(paired t test).
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Efflux of [BH]chbline and [1—3H] ACh from the cornea into

the tear fluid.

i

After 60 min equilibration time, the control counts
which appeared in the tear fluid were almost conétant and
reproduceable, However, to ensure that exponential decay
of control readings is eliminated, test readings were super-
imposed upon the curve generated by the control readings.

The results were analysed as follows

i. logarithmic transformation of control and test readings
which consisted of three 'pre-test', three test and
three 'post-test' readings,.

i1i. 1linear regression analysis carried out using the 'pre-
test' and 'post-test' controls. This produced theoretical
values for the controls (c¢) at times when the tests (T)
were being carried out.

iii, 1a T - 1lmc = D

iv. ZD where n is number of test values

n
v. ) : S.E.M. wére then calculated.
The analysed results are presented in table 2 . The

statistical significance of the results is derived from paired

t tests.
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Table2:

Test drug or Number of Effect on Degree of

- .situation - -} tests release - signifieance
Amethocaine 1% 12 T 0.001 > P
Oxybuprocaine 0,4% 16 T 0.01 > P > 0.001
Atropine 10mM 12 T P = 0.05
Atropine 25mM 12 T 0.02 > P > 0.01
Dry spot formation
+ benzalkonium 16 T 0.05 » P > 0.02

chloride
Sodium ethacrynate

2 mM 24 T 0.02 > P > 0.01
Mechanical

stimulation 12 T 0.01 > P > 0.001
Mechanical
stimulation + 16 T 0.001 > P
oxybuprocaine 0.4%

The tests which did not produce a significant effect on

release of radioactivity into the tear film are shown in table 3 .
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Table 3:

Test drug or Number of
situvation . tests
Dry spot formation 16
Distilled water 21
1.8% w/v saline 24
2.5mM CaCl2 12
50mM KC1 12
iso osmotic sucrose 24
tetrodotoxin 31.3mM % 12
atropine 100uM 12
neostigmine 100pM 12
neostigmine 10mM 12
compound 48/80 0.64mg/ml 12
deprivation of light

during experiment 12
deprivation of light

24 hr prior to experiment 12
deprivation of light

72 hr prior to experiment 12
oxotremorine 10uM 12
oxotremorine 1mM 12

The effects of some drugs were examined further using

T.L.C. separation of the tear sample. This permitted the
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measurement of three parameters

i activity of [BH] ACh in drug-treated and control

samples.

ii activity of [BH] choline in drug-treated and control

samples.
iii ratio of ACh : choline in each sample,.

Differences in these activities and ratios were tested
for significance using a paired t test. The results are

shown in table 4
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Table 4 :

Activity of [1—3H] ACh and [3H] choline in
drug-treated and control samples of tear
fluid after intracorneal injection of [BH]
choline. Ratio of [ 1-°H] ACh : [ °H] choline

in each sample,
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Measurement of cholinesterases in tissues‘of +the

anterior segment of the eye.

The continuous recording of the spectrophotometric

reading gave a plot of E against time. The best

412nm
straight line was drawn through the plot,and the slope,
Emin—l, calculated. The extinction coefficient of the
yellow anion is 13.6 x 102 and so the following equation
could be used
Emin~ T

rate of reaction =

13.6 x 10°

The units for rate of reaction are mmole.ug protein-lm:i.n'l

The use of BW 284 C51, a specific inhibitor of acetyl-
cholinesterase, enabled the amount of AChE to be calculated.
The total ChE and the AChE in each tissue are presented in

table 5
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Table 5 : Estimation of ChE and AChEactivity in tissues
of the anterior segmemt of the eye, calculated

per pyg protein,
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The ChE present in the aqueous humour appears to be
entirely AChE. The amount of AChE in relation to total
ChE in the other tissues varies. Agqueous humour contains
a considerably greater specific activity of ChE than does

plasma.

The relevance of ChE measurement to the fate of ACh
diffusing from the cornea is best seen when the tissue
activities are expressed as ACh hydrolysed per whole tissue,

as in table 6

- Tableb:
ChE activity in pmole.whole tissue™t min~T
Aqueous Iris Cormneal Corneal
humour - epithelium stroma
total
° 1.24 0.53 0.17 0.70
ChE
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[ 3 .
Recovery of [1- H] ACh and [BH] choline from the tissues

of the anterior segment after an intracorneal injection of

[1-35] acn.

Dissection of each tissue and assay for content of
radioactivity permitted the calculation of the total count
in each tissue expressed as a percentage of the overall

counts in the tissues of the anterior segment.

Separation by T.L.C. of the radiocactive components in
each tissue permitted the calculation of the amoumt of intact
ACh reaching each tissue as a percentage of the total count
in that tissue. This assumes that there is no resynthesis

of [1-3H] ACh from its breakdown product in the tissue.

The [l-BH] ACh injected, 4nmole, was approximately four

times the amount of endogenous ACh in the corneal epithelium.

The results are ‘expressed in table 7 .

Table7:
Count(tissue) x 100 ACh count(tissue) x 100
Tissue Count (eye) Total count(tissue)
Mean - S.E.M. n=16 Mean = S.E.M. n=15
+ _ +
Cornea 55,6 - 3.1 58,1 - 1.9
+ +
Aqueous humour 27.4 - 3.4 33.6 - 3.0
Iris 11.8 = 1.5 14.4 = 1.4
N . + +
Ciliary body 5.0 - 0.8 23.0 - 2.2
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A considerable proportion of ACh injected diffused
unchanged into the aqueous humour and appreciable amounts
were detectable in the iris and eciliary body. The amount
of radiocactivity in each tissue fell with the distance from
the site of injection. The amount of intact ACh reaching

each tissue also fell with distance from the cornea.
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The effect of an intracorneal injecection of ACh on the pupil

diameter.

The diameter of the pupil wacs measufed at 1 min intervals
after the intracorneal ingjection wf ACh and miosis followed
until a maximum had been observed.. The reading was taken
at this point, before relaxation f the iris muscle began.

The results are expressed graphically in fig 4 . Log dose
of ACh injected is plotted on the ordinate. Iris contraction
is plotted on the abscissa and thils was calculated by the

following equation :

Pupil diameter (control) - pupiil diameter (test) x 100

Pupil diameter (control)

Mean values I S.E.M. are showm.

There appeared to be two popwlations of animals, differing
in their sensitivity to ACh injectted into the corneal stroma.

These two groups have been plottedl separately on the graph.

If ACh was replaced by normall saline, no change in pupil
diameter ocecurred. When atropine sulphate 1% eye drops were
applied simultaneously with the imjection of ACh, no miosis

occurred.

The time course of the effects of intracorneally injected
ACh was observed, and the maximum :miosis was usually attained

around 10 min after the injection of ACh had been made.

L
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The effect of intracorneal in jection of ACh on the apparent

facility of outflow of aqueouis humour from the anterior

chamber.

The parameter measured im these experiments was the apparent

facility of outflow.

Apparent facility volume ©f fluid moving into anterior

of outflow chamber from reservoir

pressure applied x time stopcock was
open

= volume of fluid

4mm Heg x» 2 min

Hence, the units of facility of outflow are ul.mmHg.-lmin'

A typical polygraph trace of the pressure within the
anterior chamber and readings for the apparent facility of
outflow are shown in fig 5 . The measurement of apparent
facility of outflow occurred during the 2 min period when the
stopcock was open and the pressure within the chamber was
raised by 4mm Hg. After constant control readings had been
gained, ACh was injected and 10 min allowed for its diffusion
to a site of action,since this was the time required for ACh

diffusion to the iris in earliier experiments.

The effect of ACh was remroduceable and dose-dependent,
as shown in fig 6 . The efferct of ACh was not mimicked by
intracorneal injection of saliine (0.9% w/v) or by choline
chloride (400pmole) in eyes which had already shown a response
to ACh (4Opmole). The'contrml values remained constant
during the 2 to 4 hr of the exiperiment. A similar respomnse

to ACh applied topically couldl be elicited if a small area of

the corneal epithelium was fimst abraded.
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Pressure 10min . reservoir
4mmHg [ — raised
40pmol ACh 120pmol ACh
Facility —> 2.3 1.9 1.8 3.1 3.0 2.6 1.5 1.8 4.3 4,5 3.82.5 2.0
=
Fig. 5. Polygraph record of the pressure within

the anterior chamber and readings for
the apparent facility of outflow of
aqueous humour. Effect of ACh on the

apparent facility of outflow.
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Fig. 6. Log dose response: curve : effect of an
intracorneal inje:ction of ACh on the apparent

facility of outfl.ow of aqueous humour.




Towd 000%

Yoy pajoalur jo asop 307

Towd goF

owd 0%

——o0

¢9=1u

Qg =Uu

P o W
~7

-0S

o
(Toajuod 9,) MorJIno Jo £JI[10€] UT dSELdJIU]

|
=
o
i

-81-



The effect of ACh was potentiated when neostigmine

methylsulphate (3% w/v) was :@applied topically simultaneously

with the injection of ACh.

are shown in the histogranm,

40pmol ACh produced a signiif:icant (0.01>P>0.001) increase in

the apparent facility of outtiflow when compared to control

values by Student's t test.

significantly increased thatt effect.
was obtained when ecothiopatte iodide (0.25% w/v) was applied
topically instead of neostigmine, fig 8 .

injected ACh was also prolomged by both of these ChE inhibitors

‘The results of these experiments

fig 7.

Application of mneostigmine

Firstly, a dose of

A similar result !

The effect

of

Table§:
Dose & route of| ACh ACh *+ Drug | Significance
Drug administration control control of
(Mean-S.E.M) | (Mean-S.E.M)| difference
Neostigmine |  45nmol 1.59 £ 0.11 |2.07 I 0.15)0.05>P>0.02
topical n==6 n-==~6
Ecothiopate 3.3n mol 1.58 - 0.18 1.98 = 0.28 0.05>p>0.02
topical n =4 n = 4

A variety of drugs were

the response to ACh.

administered in an attempt to block

Many of these failed to affect the ACK-

induced increase in apparent flacility and these are shown in

table 9
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Facility of

outflow
(u1. mmHg
min-1

Fig. 7.
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3t iR
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-
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-
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1k
(5) (5) (5)
control ACh ACh 40pmol
40pmol neostigmine

Histogram :

facility of outflow of agueous humour.

Effect of neostigmine (3% w/v) on the

response to ACh.
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133 pmol + ecothiopate
Fig. 8. Histogram : effect of ecothiopate

(0.25% w/v) on the response to ACh in
the apparent facility of outflow.
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Table 9 : Drugs which had no significant effect on the
ACh-induced increase in the apparent facility

of outflow.
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Muscarinic and nicotinic antagonists were also used

and these produced blockade of the ACh effect when given

intravenously in high dose but not when applied topically,

as shown in table 10 .

Table 10
Dose & route of| ACh ACh + Drug Significance
Drug administration contfol contfol diffgience
(Mean-S.E.M.)|(Mean-S.E.M)
Hyoscine 60nmol 1.53 = 0.07 1.78 I 0.14 N.S
topical n = 4 n = 4
Atropine| 140mnmol 1.94 £ 0.13 [1.95 1 o.12 N.S
topical n = 12 n= 12
Atropine| 0.19mmol.keg™* |1.61 ¥ 0.06 |[1.03 % 0.02 |0.01>P>0.001
intravenous n-=>5 n=5

The ACh~induced increase in apparent facility of outflow

did not occur when the artificial aqueous humour was replaced

+
with a Ca2+ and Mg2 -free artificial agueous humour containing

EDTA. The results for these experiments are shown in histogram
form, fig 9, and in table 11 .
Table 11
Route of ACh ACh+drug Significance
Drug administration control control of
+ .
(Meanls.E.M){(Meanis.E )| difference
2+ 2+ + +
Ca~ ,Mg~ -free perfused 1.69 - 0.12 | 0.95 - 0.05 P<0.001
artificial n =11 n =11
agueous humour
+ 5mM EDTA
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3 p=
Facility of
outflow 1
(vl mm Hg=" 2 L +.
min-1) ¥
-
- L
1 -
Control ACh Control ACh
40p mol 40p mol
Ca2*,Mg2tfree aqueous
humour + 5mM EDTA
. . 2+ 2+
Fig. 9. Histogram : effect of a Ca and Mg free

artificial agueous humour containing EDTA

(5mM) on the response to ACh in the apparent
facility of outflow.
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Since it appeared that one of these cations may be
involved in the mechanism through which ACh had its effect,
the Ca2+ ionophore, Lilly A23187, was injected in place of
ACh in eyes which had already responded %o ACh. It was
found that reproduceable, dose-dependent increases in the
apparent facility of outflow could be elicited by Lilly
A23187 (fig 10). Log dose of ionophore is plotted on the
ordinate whilst the percentage increase in apparent facility

of outflow is plotted on the abscissa.

Verapamil, a drug which blocks the uptake of Ca2+ into
smooth muscle and nerve was infused into the anterior chamber
to ascertain 1ts effects on the ACh-induced increase in the

apparent facility of outflow. The results are shown in

table 12 .
Table 12

Dose & route of| ACh ACh+drug Significance

Drug administration contfol contzol of
(Mean-S.E.M)(Mean-S.E.M) | difference
+ +
Verapamil 1.25mg/ml 1.78 - 0.16 | 0.96 - 0.09| 0.05>P>0.02
perfusion n = 4 n = 4

These experiments suggest that ACh injected into the
corneal stroma produced an increase in the apparent facility
of outflow by acting on a muscarinic receptor and through a
mechanism which is dependent on Ca2+. The effect of ACh can
be potentiated and prolonged by drugs which block ACh breakdown
by cholinesterases and hence it is an effect specific to the

ester, This is supported by the fact that intracorneal

-88-




160

140

120

100

% increase 80
in outflow

60

40

20

—e—1

——

1 i ]

0.33 1.0 - 3.3
Dose of injected ionophore (n mol)

Log dose response curve : effect of an
intracorneal injection of Lilly A23187
on the apparent facility of outflow of

aqueous humour.



injection of choline could not produce a similar effect.

Since anticholinesterases applied without simultaneous
injection of ACh, did not affect the apparent facility of
outflow, it would seem that there is no continual reiease of
endogenous epithelial ACh to regulate the facility of outflow

under the conditions of these experiments.

The apparent facility of outflow as measured by the
method described here is not solely a measure of outflow via

the conventional drainage route. It is composed of four main

factors:
i conventional drainage
ii scleral compliance

iii wuveoscleral drainage

iv pseudofacility

An attempt was made to ascertain the contribution of
scleral compliance to the measurement of apparent facility of
outflow since this was likely to be the component most liable
to distort the estimation of trué facility of outflow Dby the
present technique. This was done by determining the fluid
lost from the reservoir at 30 sec intervals during the normal
2 min perfusion period. Preliminary experiments showed that
most of the compliance occurred in the system within the first
30 sec of perfusion. The 2 min perfusion period was divided,
on this basis, into a 30 sec reading followed by a 90 sec
reading, to examine the effect of ACh on compliance. The
contribution of outflow to the initial 30 sec reading was
calculated by dividing the 90 sec value by 3 and subtracting
the value obtained from the initial 30 sec value.
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The results are shown in table 13 .

Table 13 : Units - /A*(h"m ﬂj/ndn

Control ACh
(Mean=s .E.M) | (Meanis.E.M)

Significance of
difference (paired
t test)

Initial 30 sec | 0.99 2 0.06 | 1.4 % 0.08 0.001 > P
corrected for

outflow

Remaining 0.59  0.06 | 1.12 ¥ 0.09 | o0.001 >p
90 sec

Paired t test statistics show that ACh significantly

increases the scleral compliance as estimated here and facility

of outflow which is composed of true facility of outflow by

conventional drainage, by uveoscleral drainage and pseudofacility.

i .o R
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DISCUSSION




Measurements of protein levels and ChAc activity in corneal

epithelium after regeneration of the tissue.

Rationale.

As discussed previously, the high levels of ACh and ChAc
in the cormneal epithelium may be related to its potential for
rapid regeneration after injury. Cavanagh (1975) suggested
that a role in control of the rate of epithelial mitosis may
be one function of this non-neuronal ACh store. Topically
applied pilocarpine (a cholinomimetic agent) and ecothiopate
(an anticholinesterase) have been shown to cause mild
desquamation of the cormeal epithelium (Pfister & Burstein,
1976) . However, Fogle & Neufeld (1979), have not clinically
observed any obvious epithelial lesion during topical use of
such cholinergic drugs. The effect is therefore not gross

and has, indeed, only been detected by microscopy.

It was the intention of this study to remove part or all
of the corneal epithelium and to allow either corneal or
conjunctival epithelium to grow over the surface of the
denuded stroma. Measurement of ChAc activity in the regenerating
tissue at different intervals would give an indication of the
rate of recovery of enzyme levels and consequently, it was
thought, of ACh levels, If recovery was rapid, the cholinergic
components might have been involved in the process of
regeneration. However, Mindel et al., (1979) reported some
time after our work was completed, that only a portion of
ChAc activity is required to maintain corneal ACh levels and

that considerable amounts of ACh may be present even when

-92-




ChAc activity is low. This is in agreement with in vitro
work on brain ChAc activity (Krell & Goldberg, 1975; Cheney,
LeFevre & Racagni, 1975). A measurement of epithelial ChAc

activity does not appear to be a good index of the levels of

ACh in the tissue.

Method.

The method chosen for assay of ChAc levels was a radio=-
isotope assay developed by Schrier & Shuster (1967), and
modified by Wilson & Cooper (1972). This method attempts to
achieve maximal linear enzymic activity throughout the
experiment by the following means, Firstly, any breakdown
of the radiocactive product, [1-140] ACh, by the enzyme ChE
is reduced to a minimum by the use of Tris buffer which
inhibits ChE activity (see Pavlio, 1967) and by the addition
of the anticholinesterase, neostigmine, to the reaction mix.
Secondly, an optimal incubation time of 20 min was chosen
since ChAc activity tends to fall with longer incubation times
when a preformed substrate (as opposed to a continually

synthesised)substrate is used (Schrier & Shuster, 1967).

Protein levels in the regenerating corneal epithelium,.

The total protein level increases rapidly in the
developing epithelium in a biphasic manner whether the new
tissue is of corneal or conjunctival origin. The intervening
plateau period lasts some ten days, Although there are several

reports in the literature on enzyme levels within regenerating
corneal epithelia, as discussed previously, none have analysed
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the protein levels per se and this permits no comparisons or
gives any information as to why such a cessation of total
protein formation should occur during a period of rapid

cellular growth.

After complete removal of the corneal epithelium, delays
in healing of up to 14 days, or breakdown of the new tissue
have often been observed (Srinivasan, Worgul, Iwamoto & Eakins,
1977; Thoft & Friend, 1977; Moses, Parkison & Schuchardt, 1979),
but healing was much easier when the regenerating epithelium was
of corneal origin., However, although such events might correlate
with the plateau phase in regrowth shown in this study, the two
phenomena are probably not linked since the plateau phase in
protein regeneration occurs whether the new epithelium is of

corneal or conjunctival origin.

It has been shown that newly regenerated epithelium is
loosely attached to the basement membrane for approximately one
week after abrasion (Khodadoust, 1967). If the basement
membrane 1s removed along with the epithelium during abrasion,
formation of the new basement membréne begins some 6 to 8
days later (Blumcke, Rode & Niedorf, 1969). The basement
membrane appears to be the product of cytoplasmic secretion
by the epithelial cells)probably involving synthesis of
collagen by the cornea (Leuenberger & Gnadinger, 1972). It may
be that the abrasion carried out in the experiments described
here caused damage to the basement membrane and the observed
apparent cessation of protein synthesis is a reflection of a

period during which the epithelial cells were effecting repairs

in, and attaching themselves to the basement membrane.
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The data obtained in this study on protein levels in the
first 10 days confirms earlier observations (Maumenee & Scholz,
1948; Friedenwald, 1951) that both the cormeal and conjunctival
epithelia are capable of rapid regeneration, since approximately
65% of the original epithelial protein content is regained within

6 days of the abrasion.

The second rise in protein synthesis carries the levels
above the original conitirol values, perhaps indicating a
hyperplasia of the epithelium, Other reports have not indicated

that such an event occurs.

ChAc activity in the regenerating epithelium.

There is wide inter-animal variation in the amount of ChAc
activity in the normal corneal epithelium.Mindel & Mittag
(1977), using the same method as used here, found this value for
ChAc to be 20.6 : 13.6 nmole ACh formed.mg pro‘tein?l hr-l
(mean : S.E.M., n = 21). The value for ChAc activity reported
by Howard et al. (1973) was 54.6 : 18.4 nmole ACh formed. mg

-1

pro'l:ein.-l hr using the same method. There is also a wide

variation in the data presented here,.

The ChAc activity remained low for almost 14 days before
it rapidly rose to exceed control values by the 28th day,
whether the regenerating epithelium was of corneal or
conjunctival origin. Several groups of workers have investigated
the levels of other enzymes in regenerating epithelia, both of
corneal and conjunctival origin, A similar pattern of events

to that seen for ChAc, has been observed for acid phosphatase
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levels which required almost 28 days to return to control
values after complete denudation of the stroma (Bolkovg &
ngkova, 1978); alkaline phosphatase levels were slower to
recover and had not reached control values even by the 28th

day of regrowth.

Several authors have suggested that there are differences
in enzyme levels in the new epithelium which are dependent on
the source of this regenerating tissue. This did not appear
to be the case in this study and this may be so because the
peripheral corneal epithelium contains very little ChAc (Mindel
& Mittag, 1977) and is thus more similar to the conjunctival
epithelium than to the epithelium of the central cornea.

The conjunctival epithelium contains very little ChAc (Mindel &

Mittag, 1976).

Another situation in which the cornea is devoid of ChAc
activity occurs when 1id closure persists for more than 8 days.
When the 1ids are opened, reappearance of normal levels of

ChAc takes more than 30 days.

In the experiments presented here, ChAc activity is seen
to increase abruptly around the 14th day of regrowth and this
occurs after complete and 95% removal of the corneal epithelium.
This corresponds to the earlier stages of the histological
transformation which occurs between 2 and 5 weeks after complete
denudation of the stroma (Maumenee & Sholz, 1948; Friedenwald,
1951; Burns, 1968) and to the earlier part of the biochemical

transformation reported by Thoft & Friend (1975).

There have been reports that human limbal epithelium varies
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histologically from both corneal and upper tarsal conjunctival
epithelium (Greiner, Covington & Allansmith, 1979) and that

this transition zone may act as a generative tissue for corneal

epithelial cells (Davanger & Evensen, 1971). This would suggest

that our research only studied the regeneration of the peripheral
corneal epithelium and of the limbal epithelium, the biochemistry

of the latter being unknown. Further experiments, involving

corneal epithelium, are required to ensure that the cells which

migrate are ones for which biochemical data is available.

removal of a ring of conjunctival epithelium along with the
The results of this study represent preliminary observations.

E However, they do suggest that the enzyme ChAc i1s not involved
in the migratory stage after removal of the epithelium, since
it is only present in very low amounts at this time. It is
probably not involved in initiation of transformation of the
cells since levels of activity only rise mid-way through this
phase. ChAc activity then rises rapidly and the possibility

that it is involved in the second phase of growth cannot be

eliminated by these results.

Little can be said on the role of ACh during this regeneration]

process since it has been shown that ACh may be present in
considerable quantity even when ChAc activity is low (Mindel

et al., 1979).
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The effect of mouse epithelial growth factor (mEGF).

Frati, Daniele, Delogu & Covelli (1972) demonstrated that
one drop of a 2mg/ml solution of mEGF, applied four hourly
to a partly denuded stroma, significantly reduced the time
required for regeneration. The tissue had reached the normal
depth of cells within 50 hr of injury, at which time the
control was still at the monolayer stage. Ho, Davis, Elliott
& Cohen (1974) used a 0.05mg/ml solution and found that it
significantly increased the rate of healing and a forty fold

increase in dose had no greater effect on healing.

The mEGF available for the experiments here was in very
limited supply and only 50% pure. If the 'one drop' as used by
Frati et al., (1972) and Ho et al., (1974) is assumed to be
50 ul, then the dose applied in our experiments was 1/20th that
of Frati et al., and twice that of Ho et al. The dose of mEGF
was, therefore, in the right dose range but there was barely
enough to allow its use in sufficient animals for statistical

analysis,

The general trend of these results suggests: that mEGF
hastens the transformation stage and hence the reappearance of
ChAc activity, as might be predicted from its effects on

epithelial proliferation.

Further investigation.

Howard, et al., (1973) have shown that the ChAc levels in
neonate rabbits was very low until around the time that their

eyes opened. Then ChAc activity began to rise until reaching
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adult levels around 56 days after birth. Cohen, Carpenter &
Lembach (1975) and Gregory (1975) noted that the injection of
mg quantities of mEGF caused precocious opening of the eyes
in newborn mice. It would be of interest to measure the ChAc
activity in the epithelia of rabbits treated in this fashion

and to compare the results with those of Howard et al. (1973).
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Effiui”Bf”faﬁ}”chbiihé and [1-°u] Ach from the cornea into the

tear fluid.

Rationale.

It may be postulated that the ACh of the corneal epithelium
may not have an action within the epithelium itself, and that it
may act at a site distant to its site of storage. One such
possibility would involve an anterior release of ACh into the
tear film. The hormone would then be able to act on any of
the tissues bathed by the tears, for example, the goblet cells of
the conjunctiva where ACh might regulate the secretion of mucus,
or the secretions from the Meibomian glands of the eyelids
which might be controlled by ACh released from the corneal

epithelium.

Method

This postulate was investigated by labelling the endogenous

ACh of the corneal epithelium with 3

H. This was attempted by

injecting the labelled precursor [BH] choline into the cormneal

stroma. The [3“] ~haTina had 4. Té resented to the basement
labelled precursor H]

membrane side of the epithelium since Paterson & Wilson (1977)

had demonstrated that bathing the anterior surface with [BH]
choline resulted in no accumulation of radioactivity in the
epithelium, whereas bathing the stroma resulted in 3H appearing
in the epithelium, It has been shown that one hour is required
for substantial uptake of this choline and incorporation into

the epithelial ACh stores (Paterson & Wilson, 1977). This was

the reason for leaving one hour after the injection before the

sampling was started.
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The bolus of labelled material was placed in the stroma
centrally with respect to the limbus since Mindel & Mittag
(1977) had observed that the centre of the epithelium contains
the highest ChAc activity. Hence the [3H] choline would be

converted to [1-3H] ACh most easily from this injection site.

Results.

After the equilibration period, the release of radiocactivity
into the tears was measured and a variety of possible stimuli
were used to provoke release. The rationale for each stimulus
is mentioned in the methods section (pp 46-48), The stimuli fell
into distinct categories : mechanical stimuli, local anaesthetics
drugs acting on cholinergic mechanisms, changes in concentration
of i1ons in the tear film and drugs producing such changes,
deprivation of light. - Local anaesthetics and atropine caused
an increased release of [1-3H] ACh and [BH] choline and atropine
and oxybuprocaine increased the ratio of ACh:choline in the

tears at a marginal level of significance.

It is well known that atropine has many effects other than
acting at muscarinic receptors. One such effect, seen at high
concentrations of atropine, is a local anaesthetic action,

Olsen & Neufeld (1979), using ligand binding studies, have
demonstrated that the cornea contains no muscarinic or nicotinic
receptors. If we assume that the éffect of the drugs applied

is confined to some action within the cornea, the atropine

applied may be acting viaamechanism other than its anticholinergic
action. It is possibly acting as a local anaesthetic since

amethocaine and oxybuprocaine produced a similar response.
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Since tetrodotoxin had noc effect on the release of “H
into the tears, either the dose of tetrodotoxin was insufficient
or the tetrodotoxin and local anaesthetics were acting at
different sites. The first point can only be refuted or
proved by further experiments using larger doses of tetrodotoxin.
Tetrodotoxin specifically blocks sodium conductance in membranes
of nerve and skeletal muscle. Local anaesthetics affect both
the sodium and the potassium permeability in all potentially
excitable membranes including those of nerve, skeletal muscle,
smooth muscle and secretory cells, not all of which are dependent
on sodium ions for conductance of the action potential (see
Bowman & Rand, 1980). It is possible that the local anaesthetics
and atropine are acting on some excitable membrane which is not
dependent on sodium ions for conductance of action potentials.
However, a stabilisation of excitable membranes in the cornea
might be expected to prevent release of ACh and this is not
compatible with the observed tendency to increase release of

labelled ACh and choline.

Local anaesthetics applied for prolonged periods are known
to cause epithelial damage by inhibiting epithelial respiration,
glucose metabolism and mitosis (Sheldon, 1971; Augsburger &

Hill, 1972; Henrotte & Weekers, 1972; Adenis, Merle, Dangoumau,
Robin & Nicot, 1978; Henkes & Waubke, 1978). Recent work
suggests that inhibition of mitosis and disruption of inter-
cellular spaces in the epithelium can occur after a single
application of local anaesthetic (Harnisch, Hoffmann & Dumitrescu,
1975; Brewitt & Honegger, 1978). Several applications of local

anaesthetic can disrupt the plasma membrane and cytoplasm of
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several layers of epithelial cells (Brewitt & Honegger, 1978).
This may be the effect observed here since disruption of
epithelial plasma membranes would probably release the cellular
[1-3H] ACh and [BH] choline into the tear film. The observation
that mechanical stimulation of the cornea and the formation of
dryspots, which is known to damage the epithelial layer, also
increase the release of radioactivity into the tear film supports
the hypothesis that atropine and the local anaesthetics produced
their effect by causing damage to the epithelial cells. 1In
conclusion, 1t appears that no true release of epithelial ACh

is occurring since a low 'background' ratio of ACh:choline would
be expected to rise if any form of specific ACh release occurs

and this did not happen.
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Measurement of cholinesterases in the tissues of the anterior

segment of the eye.

Rationale.

In any hypothesis involving a posterior movement of ACh
from the corneal epithelium to a distant site of action, it
is necessary to know the likelihood of ACh breakdown by

cholinesterases.

Results.

The levels of ChE in the iris and corneal epithelium were
found to be close to ChE levels in plasma, but in stroma the ChE
level is much lower than in plasma. ChE activity in agueous
humour appeared to be higher than that of plasma but since the
plasma is much richer in protein than is the aqueous humour,
then the values of ChE in the aqueous humour are, in reality,
much lower than those in plasma. This supports the hypothesis
that ACh of the corneal epithelium could diffuse away from its

storage site without undergoing total breakdown by ChE.

It is interesting to note that the aqueous humour, which is
produced from plasma, has received an enrichment of ChEs relative
to other plasma proteins, although ChEs do not have low molecular

weights,

It appears that most of the ChE in the aqueous humour and
corneal epithelium is AChE, wvhereas in the iris, AChE is less

than 50% of the total ChE.
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Recovery of [1'3H] ACh énd[BH]"éhblihe from the tissues

of the anterior segment after an intracorneal injection

or [1-%n] acn.

Rationale.

The ACh of the corneal epithelium might diffuse posteriorly
to a distant site of action within the anterior segment of the
eye. These experiments were an attempt to mimic the natural
situation by using radiolabelled ACh injected into the corneal

stroma and tracing the sites to which it diffused.

Results.

The results indicate that the amount of radiocactivity
reaching each tissue falls with the distance of the tissue from

the site of injection and that more than 50% of the[lgﬂ] ACh

remains within the stroma. Only 5% of the[lgﬂ] ACh reaches
the ciliary body and this small quantity is explained by the

distance from the injection site.

The amount of intact[I}H] ACh reaching each tissue falls

almost in relation to the distance from the injection site
and this might be related to the amount of ChE encountered

by the[I}H] ACh as it diffused from the corneal stroma. Due
to the time taken to dissect tissues, the recovery of unhydro-

lysed ACh from these tissues may be underestimated.
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The effect of an intracorneal injection of ACh on the pupil

diameter.

Rationale.

Previous experiments had indicated that small quantities of
ACh can diffuse from the corneal stroma to reach tissues at
some distance from the cornea,. The amount of ChE in the
anterior chamber is low and there is not a total breakdown of
the diffusing ACh, The irisvis an ideal tissue for investigating
the postulate that the endogenous ACh of the corneal epithelium
may act on a tissue within the anterior chamber., This is because
the iris is situated on the posterior aspect of the anterior
chamber and is several mm distant from the site of the ACh
injection. The smooth muscle of the constrictor pupillae,
innervated by parasympathetic fibres from the ciliary ganglion,
contracts (miosis) to ACh in vitro and to topically applied

muscarinic agonists, if these penetrate the corneal epithelium.

Method.

The radioactive technique employed to investigate possible
anterior release of epithelial ACh, was not appropriate for
investigation of posterior release since loading the epithelial
stores with [BH] choline and monitoring diffusion from the
stromal side would make it difficult to detect small quantities

of labelled ACh released posteriorly,

Hence a bolus of ACh was injected into the corneal stroma

with particular care over insertion of the needles since

proptosis of the eyeball may cause contusions which are known
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to cause release of prostaglandins into the agqueous humour
(Ambache, Kavanagh & Whiting, 1965; see Eakins, 1977).
Prostaglandins can cause miosis among other events (Duke-Elder

& Duke-Elder, 1931; Davson & Quilliam, 1947) which is obviously

undesirable in an experiment measuring pupil diameter.

Results.

This experiment suggests that small quantities of ACh
can diffuse from the corneal stroma posteriorly to have a
pronounced effect on the iris, The ACh has to cross a distance
of at least 2.9mm, the depth of the anterior chamber (Sorsby,
Stone, Leary & Sheridan, 1960). Since the effect is antagonised

by atropine, the ACh 1s probably acting on muscarinic receptors.

The mean dose of ACh which had a detectable effect (15%) in
the ma jority of rabbits was 2nmole, although we know from
previous experiments that only 1.6% of this ACh reaches the
iris intact. This amount of ACh, 2nmole, is of the same order
as the total amount of endogenous ACh in the epithelium which is

approximately 1 nmole (Howard et al., 1973; Mindel et al., 1979).

In a few animals, the doses of ACh required to produce

‘miosis were uncharacteristically low. This result may be

attributed to inter-animal variation.

If there is a mechanism for the release of endogenous ACh
across the epithelial basement membrane into the stroma, there
is a possibility that this hormone is acting at a site within
the anterior chamber. It is, however, unlikely that the iris

itself is the target tissue for epithelial ACh since this
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tissue is well innervated by both sides of the autonomic
nervous system. There seems little requirement for further

control by hormonal ACh., It is also unlikely that a high

percentage of the epithelial store of ACh would be released

at once to act upon the iris.
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Effect of intracorneal injection of ACh on the apparent

facility of outflow of aqueous humour,

Rationale,

Experiments described here have shown that ACh injected
into the corneal stroma can diffuse intact to distant sites of
action in a concentration sufficient to have a physidlogical action.
In the light of the knowledge that parasympathomimetic drugs
can reduce the intraocular pressure, as well as causing miosis,
it was thought possible that corneal epithelial ACh might act

to influence the outflow of aqueous humour.

Method.

The method chosen to determine the apparent facility of
outflow was a constant pressure method as opposed to a
constant rate method., The former method was developed by
Becker & Constant (1956) and chosen by Barany (1962) for his
experiments on primates, The constant rate method for
determination of facility of outflow (Sears, 1960) has several
disadvantages, the main one being the long time (20 min in
rabbits) taken for the eye to adjust from one steady state to
another. This time is reduced greatly when a constant pressure
method 1s used. Either method requires a steady state of intra-
ocular pressure, of blood flow through the eye, of secretion
of aqueous humour, and of flow into the eye of artificial

aqueous humour.

In the constant pressure method, two predetermined pressures

are chosen and in the present case these were the resting
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intraocular pressure and a pressure 4mm Hg above the resting
intraocular pressure. The perfusion rate was measured at

the artificial pressure. The apparent facility of outflow, C,
could be calculated from Barany's formula (1964) :

C = Apparent facility of outflow.

F. F, = Rates of flow, where F1 is

27 "1 assumed to be zero.
Py = Pq Py Py = pressures applied where Py, - py =

4mm Hg,

Several assumptions have to be made. The eye is assumed
to be in a steady state and the globe to be elastic, In the
ideal situation flow between the reservoir and the eye can be
recorded instantaneously, and the infusion system, including
the needle in the chamber, has zero resistance; then the pressure
can be changed instantaneously from Pq to P, and an immediate
volume change due to elasticity recorded. This is followed
by an immediate change to a new steady rate of flow, FZ‘
In practice, delays due to the apparatus are less than 5 sec.

and changes due to elasticity are largely completed within

30 sec,

Various factors e.g. heart beat of the animal, eye
movemenits etlbc¢. cause unsteadiness in the rate of flow and
this makes it necessary to average the flow over a certain
interval of time to obtain a reliable value. Barany (1964)
used an interval of 2.5 to 3min at each pressure applied in
monkeys to obtain a good value for the flow from the

reservolr into the eye.
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The apparent facility of outflow as measured by a
constant pressure method is a property of the structures of
the chamber angle and these structures may be affected by the
state of contraction of the iris. The apparent facility of
outflow is dependent on the inverse resistance of all the
outflow channels down to that part of the extraocular venous
system where the venous pressure is independent of aqueous
humour flow. A third component in the determination of
apparent facility of outflow is the pressure dependence of
formation or resorption of aqueous humour. This pressure
dependence is known as pseudofacility (Bgrgny, 1963). The
higher the pressure is within the anterior chamber, the more
the formation of aqueous humour is suppressed and this appears
as 1f 1t were an increase in the facility of outflow.

Bﬁrény (1963) estimated the value for pseudofacility in

rabbits to be 9%. Bill & Barany (1966) used the term 'gross
facility of outflow' for the measurement of facility by changes
in pressure and this is equivalent to the term 'apparent facility
of outflow' used in the present work. Bill (1977a) pointed

out that additions to the gross facility can also be made by

slow changes in the intraocular blood volume and the amount of

fluid in the ocular tissues.

A fifth factor which might affect the values for facility
of outflow, is the value for the resting intraocular pressure.
However, Bérény (1964) found no pressure dependence of the
facility of outflow and Bill & Bgrgny (1966) and Brubaker &
Worthen (1973) have observed linear relationships between
pressure and flow from a reservoir into the eye in the ranges

of O to 7mm Hg below and O to 9mm Hg above the resting
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intraocular pressure.

A small increase in pressure (4mm Hg) was chosen for
these experiments because the artificial value for intra-
ocular pressure fell within the range within which a linear
relationship between pressure and flow had been determined.
It was also chosen because 1t was known that high pressures
maintained in the anterior chamber can lead to a reduction in
the resistance to outflow. A high flow through the meshwork
has been claimed to wash out the ground substance and might
disrupt the inner wall of Schemm's canal to create new, wide
communications between the anterior chamber and the lumen
of the canal (Svedbergh, 1974; Grierson & Lee, 1975). Grierson,
Lee & Abraham (1979) have suggested that the manipulation
required to determine the facility of outflow has a harmful
effect on the morphology of the outflow tissues and renders
them useless for further determinations. On the other hand,
Neufeld (1978) reported no morphological changes after successful
use of vervet monkeys for repeated determinations of facility
of outflow. In the experiments reported here, controls
taken at the beginning and end of the experiment are comparable
which suggests that damage causing an increase, or'decrease,

in facility of outflow did not occur,

Insertion of the needles : this required some care since the

rabbit eye tolerates very little trauma during this procedure
(Bill, 1975a). Ambache et al.,(1965) showed that trauma to
the rabbit iris caused a prolonged increase in intraocular

pressure, miosis and vasodilatation. In the present work,

-112-




intraocular pressure recorded immediately after needle

insertion rarely exceeded 22mm Hg and usually settled to
a constant value of 14 to 18mm Hg within 15 min. This
suggests that the trauma caused was minimal and that
widespread release of prostaglandins and otﬁer substances

(see Eakins, 1977) did not occur to any extent.

Aqueous hymour substitute : +the formula chosen was that of

Barany (1964) since simple, unbuffered saline (0.9% w/v)
regularly caused a decline 1in resistance to outflow on

prolonged infusion into the anterior chamber (Bgrgny, 1962).

Glucose was required to provide nutrition for lens and cornea.
Ca2+ ions, a requirement in all balanced salt solutions, had
an additional role in maintaining the integrity of the

corneal endothelial junctional complexes (Kaye, Mishima, Cole
& Kaye, 1968) since we were particularly concerned to maintain
a physiologically normal cornea., In later experiments, bicarb-
onate ions were added to the formula since Hodson (1974) had
shown that the active pump in the corneal endothelium, which
strives to maintain the hydration of the cornea, has a reduced
activity in the absence of bicarbonate ions from the aqueous
humour. 1In both formulae, heparin was added to the solution
since it reduces the possibility of fibrin clotting in the
aqueous humour, in the outflow mechanism or in the intraocular

needle.
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Anaesthesia : the ma jority of animals were anaesthetised

with urethane which produces a prolonged, stable anaesthesia
in rabbits. It has been suggested that urethane possesses an
anticholinesterase activity (see Bowman & Rand, 1980), but

in the experiments described here, both neostigmine and
ecothiopate were able to potentiate the effect of ACh.
Urethane anaesthesia has a tendency to reduce blood pressure

and hence the intraocular pressure. The intraocular pressures

in rabbits anaesthetised in this manner never fell below

physiological limits,

The fact that almost 50% of rabbits were unresponsive
to ACh, prompted a change in the type of anaesthetic used.
A few experiments were carried out using halothane-N20-02
anaesthesia and some with a mixture of methohexitone, haloperidol,A
phenobarbitone and ketamine, However, no response to ACh could
be elicited from rabbits anaesthetised in these ways and it was

concluded that the type of anaesthetic used was not involved

in the failure of the animals to respond to ACh.

The responsiveness of the rabbits was almost cyclical in
pattern and responses were obtained consistently for periods
lasting several months, These periods were broken by periods
of equal length in which no responses were elicited. Seasonal
variation, however, did not totally explain the phenomenon
since responses were not elicited at the same time in each
year. Genetic variation was also unable to explain the
phenomenon since all the rabbits were obtained from one supplier

who maintained only one strain of the species,
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The effect of intracorneal injection of ACh.

The primary observation made was that small doses around
40pmole of ACh injected intracorneally could increase
significantly the apparent facility of outflow of aqueous
humour. This ACh-induced increase was blocked by large doses
of atropine administered intravenously and hence appeared to be
an action mediated through muscarinic receptors. Although the
effect of ACh was blocked by atropine given intravenously, it
was not affected by atropine administered topically in doses
sufficient to produce a profound mydriasis. This was an
apparent paradox. It may be that high doses of intravenous
atropine were required since some 25 to 65% of strains of
rabbit possess the enzyme atropinesterase in their serum
(Duke-Elder, 1962). It is not yet known whether atropinesterase
is present within the ocular tissues - indeed there is some
debate as to whether atropinesterase is found in any tissues
(Margolis & Feigelson, 1963; Stormont & Suzuki, 1970). Thus,
we were unable to ascertain i1f the inability of topical
atropine to block the effect of ACh was due to atropinesterase
in the tissues of the anterior chamber. However, since
topical atropine produced a mydriasis we might conclude that
it was not completely hydrolysed., It would also appear that
the site of action of ACh to increase the apparent facility
of outflow is a site distant from the iris. This is corroborated
by the finding that intravenous atropine, able to block the

response to ACh, did not produce mydriasis.

An alternative explanation of this paradox was suggested

by the report that melanin in the iris can bind atropine
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(Lyons & Krohn, 1973; ©Patil, 1974). Perhaps the pattern of
atropine binding to melanin varies according to whether it is

administered intravenously or topically.

There are a varlety of possible studies still to be
undertaken. Obvious approaches involve the use of albino
rabbits and rabbits without serum atropinesterase. Another
method would be to use anticholimergic drugs which are

resistant to atropinesterase.

Further investigation of the ACh-induced increase in
facility of outflow explored the role of CaZ+ ions in the
mechanism, The Ca2+ content of the agqueous humour was reduced
by replacing the artificial aqueous humour with a Ca2+-free
fluid containing EDTA, to chelate Ca2+ ions in the natural
aqueous humour., Since Mg2+ ions are also chelated by EDTA,
they were also removed from the artificial medium. Other
experiments involved the use of the Ca2+ ionophore, Lilly A23187,
which forms stable complexes with divalent cations rendering
them 1lipid soluble and able to pass through membranes. Ca2+
ions from the extracellular fluid are the main ions carrying
the inward current during the rising phase of the action
potential in smooth muscle. They are also important in
membrane excitability. Verapamil, a drug which blocks the
transport of Ca2+ ions across the plasma membrane of smooth
muscle cells, was also used in a few experiments. The results
of these three experiments suggested that ACh is acting via

a Ca2+-dependent mechanism,

There are two disadvantages of the use of EDTA and a Ca2+-
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free medium in experiments such as these., Firstly, EDTA
2+ 2+ . . .

removes Mg ions as well as Ca ions. In their action on
membranes, Mg2+ ions have a gsimilar but less powerful effect

+
than Ca2 ions. In their action on transmitter release from
cholinergic and adrenergic neurones and at other sites of
action, Mg2+ and Ca2+ ions are antagonistic to each other.

Secondly, perfusion of the anterior chamber with a Ga2+-free

medium in vitro has been shown to break up the intercellular

junctions in the corneal endothelium (Kaye, Mishima, Cole & Kaye,

1968; Kaye, Hoefle & Donn, 1973). This may have affected the
release of ACh from the stromal injection site but it was not
apparent since control values were maintained duriﬁg perfusion
of Ca2+-free medium into the anterior chamber. 1In contrast,
Bill (1977a) found that agents which chelated ca®? nearly
abolished the resistance to outflow of aqueous humour through
the conventional drainage route. Again, the control values
in our experiments did not rise significantly during each

experiment using EDTA.

In the study presented here, 4Opmole of ACh injected into
the stroma produced a significant increase in the outflow of
aqueous humour. This is the equivalent of a small proportion
of the store of endogenous ACh (1000pmole)in the corneal
epithelium, and it might be suggested that the physiological
release of 4% of the stored ACh is a possibility. Since the
application of anticholinesterases alone, without simultaneous
injection of ACh, did not produce an increase in the outflow

of aqueous humour, it would appear that this release, should it

occur, does not act continually. There may be some stimulus
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for the release of endogenous ACh, which is not revealed
under the conditions of these experiments i.e. normal

intraocular pressure, urethane anaesthesia etc.
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The possible sites of action of ACh to influence the apparent

facility of outflow.

There are several tissues on which cholinomimetic drugs

might act to improve the facility of outflow. Most of the
research on this problem has employed pilocarpine, instead

of ACh, since the former is used clinically in the treatment

of glaucoma. These possible sites of action are discussed
below
Iris : miotic drugs are known to reduce the resistance to

outflow. Contraction of the constrictor pupillae muscle may
pull the iris tissue away from the iridocorneal angle thus
enhancing the passage of aqueous humour into the drainage
system, It is unlikely that the ACh injected intracorneally
in these experiments acts on the iris to increase the apparent
facility of outflow. Previous experiments have shown that the
doses of intracorneal ACh required to produce miosis are much
higher than those required to affect the outflow of aqueous

humour.

Ciliary muscle : Armaly & Burian (1958), working with primates,

found that contraction of the ciliary muscle induced by
voluntary accommodation or by cholinergic drugs causes an acute
increase in the facility of outflow of agqueous humour. Shaffer
(1961) found that the facility of outflow is less improved by
voluntary accommodation than by the same amount of pilocarpine-
induced accommodation. Contraction of the ciliary muscle may

cause a tighter packing of the muscle bundles and make +the
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muscle thicker in the limbus region (Baridny & Rohen, 1965;
Rohen, Lutjen & Barany, 1967). This thickening would cause a
separation of the lamellae in the uveal meshwork and probably
reduce the resistance to outflow in this area. (see Bill 1975a).
The volume of the interstitial spaces is likely to be reduced
upon contraction of the muscle and this would result in a

reduced interstitial flow.

In rabbits, this action of cholinomimetics may not be
as marked as in primates since the ciliary muscle of the rabbit is

less well developed (Grierson, 1976).

Trabecular meshwork and angular aqueous plexus : Auricchio &

Diotavelli (1959a; 1959b) suggested that pilocarpine or high
levels of ACh may have a direct effect on the outflow channels
to improve the facility of outflow, Pilocarpine is known to
have a histamine-like action (Burn, 1957) which could make

the endothelium of the canal 'leaky!. Atropine in high
concentrations has been shown to block this effect (Zweifach,
1961; Majno & Palade, 1961). There is a possibility that the
ACh administered in our experiments exerted a histamine-1like
action on the endothelial lining of the angular aqueous plexus,

if it could reach this site in sufficiently high concentration.

Microcirculation and blood flow of the anterior segment : Since

it has been shown in primates that topical pilocarpine can
double the rate of blood flow in the iris, ciliary processes and
ciliary muscle, this drug may modify the intraocular pressure

and resistance to outflow by modulating the blood flow in such
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tissues (Alm, Bill & Young, 1973). This is a possible mode

of action for the injected ACh to increase outflow. Pilocarpine
applied topically has been shown to cause a brief dilatation of
the episcleral blood vessels (Krakau, 1976). This could cause

a transient increase in the outflow of aqueous humour from

the anterior chamber. The ACh appliéd in our experiments

may act in such a manner but this is unlikely due to the

distance from the site of injection to the episcleral veins.

Formation of agueous humour by the ciliary epithelium : When

gross facility of outflow is measured, any reduction in
formation of agqueous humour appears as an increase in outflow.
It has been shown in primates that pilocarpine can reduce the
rate of formation of aqueous humour. (Wélinder & Bill, 1969).
There is some controversy on the effects of parasympathomimetics
on aqueous humour formation in rabbits. Uusitalo (1972) found
that parasympathomimetics did not affect the formation of
aqueous humour in vivo. Green & Padgett (1979) saw a small
increase in formation of aqueous humour caused by pilocarpine,
These latter authors concluded that pilocarpine produced a

true increase in facility of outflow because it did not increase

pseudofacility yet reduced the intraocular pressure,

Attempts fo define the link between accommodation and
the effects of drugs upon the facility of outflow have not
been conelusive. Ballirtine (1961) reported that pilocarpine
affected the resistancevto outflow at doses which had 1little
effect on accommodation. Bardny (1962; 1966a; 1966b)

concluded that pilocarpine had a direct effect in improving
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the facility of outflow because an intracameral injection of
pilocarpine reduced the resistance to outflow but had litile
effect on accommodation. It was thought originally, that

this additional effect might be on the endothelium of Schlemm's

canal in primates (Bgrgny, 1962; 1966a).

Bgrény (1962) postulated two distinct mechanisms of
action for pilocarpine in increasing the facility of outflow.
Firstly, a parasympathomimetic action on the ciliary muscle,
as described above, and this action was rapidly blocked by
atropine. A second mechanism was only slowly reversed by
atropine, over 30 min being required to produce a complete
blockade. This suggested to Bérény that smooth muscle was not
involved in this second mechanism. Holmberg & Bérgny (1966)
found changes in the endothelium of the canal of Schlemm
caused by pilocarpine but they were unabdle to assess their

functional importance.

Bgrgny later rejected the hypothesis that pilocarpine
acted on the outflow channels since intravenous pilocarpine
reduced the resistance to outflow so quickly after injection
that it seemed likely that most of its effect was on a site
other than the inner wall of Schlemm's canal (Barany, 1967).
After intravenous injection, pilocarpine does not reach
appreciable concentrations in the agqueous humour for some time.
The drug must reach the ciliary muscle to have an effect well
before the concentration in the aqueous humour is high enough
to produce an effect on the endothélial cells lining the outflow

channels. In contrast, the ACh administered in our experiments

is much more likely to reach the outflow structures than to
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diffuse the further distance to the ciliary muscle,

Recent work by Kaufman & Bgréﬁy (1976a; 1976b) and
Kaufman & Lutjen-Drecoll (1975) has employed surgical
disinsertion and retrodisplacement of the ciliary muscle
from the scleral spur in cynomolgus monkeys. These experiments
have shown that the effect of pilocarpine in these animals is
mediated by a contraction of the ciliary muscle. Kaufman &
Barany (1976b) explain the results of Bardny (1962) where
atropine was unable to completely reverse the effects of
pilocarpine. They suggest that a mechanical hysteresis of
the meshwork occurs; contraction of the ciliary muscle forces
a rapid structural change on the meshwork but muscle relaxation
alone cannot reverse this change. The elasticity of the meshwork
is involved in reversing the changes produced within it an
this process may be slow. Again, this mechanism is less likely

to pertain in rabbits which have a poor ciliary musculature.

Grierson, Lee & Abraham (1978) investigated the use of
pilocarpine in human eyes and found that it distended the
endothelial meshwork by an action on the ciliary muscle and
also doubled the incidence of giant vacuoles in the endothelium
of Schlemm's canal. However, in a later publication (Grierson
et al., 1979) it was suggested that there was little evidence
that the increased vacuolation was the result of a direct
action of pilocarpine on the endothelium. The phenomenon was
more likely to be a consequence of the increased passage of

fluid through the drainage system caused by the action of

pilocarpine on the ciliary muscle.
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In conclusion, there are many conflicting pieces of
evidence and hypotheses in the literature on the effect of
parasympathomimetics on the facility of outflow. Most authors,
considering evidence obtained from work on primates, now
conclude that the increase in facility of outflow produced by
pilocarpine is due to its action on the ciliary muscle. This
conclusion does not necessarily pertain in sub-primate species,
Most authors do not completely discard the hypothesis that
parasympathomimetics may have a direct action on the outflow
channels in primates and this mode of action may be of
importance in rabbits. Sakimoto (1979) demonstrated the
presence of smooth muscle cells adjacent to the aqueous drainage
channels in rabbits and such cells have not been reported to be
present near primate outflow channels, It could be speculated
that parasympathetic drugs act on such cells to regulate the
outflow of aqueous humour in the rabbit. Since it appears
that intracorneally injected ACh affects both scleral compliance
and outflow, it may be that an action of the hormone on these
smooth muscle cells alters the shape of the anterior chamber,
This might allow the accommodation of more fluid, in addition
to increasing the facility with which it drains from the

chamber.

Experiments reported here have gshown that only a small
proportion of ACh injected into the corneal stroma can diffuse
as far as the ciliary muscle, whilst a high proportion of this
ACh remained in the stroma. It was also found that the level
of ChE in the aqueous humour is considerably higher than that

in the stroma. In view of these findings, and the decided
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effect of intracorneally injected ACh on the facility of
outflow, it may be suggested that ACh diffuses to a site of

action within the outflow mechanism via the stroma.
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Appendix 1

Chemicals and drugs used.

Chemical

Acetic acid (glacial)

Acetone

Acetylcholine chloride

Acetylcholine perchlorate

Acetylcholinesterase (electric
eel type)

Acetythiocholine chloride

L-adrenaline acid tartrate

AG 1 X 8

Albumin (Bovine Serum)

Amethocaine (Minims)

L-ascorbic acid

Atropine sulphate

Benoxinate (Minims)

BW 284 C51

Calcium chloride

Calcium ionophore A 23187

Choline chloride

Compound 48/80

Cupric sulphate

Diazepam (Valium injection)

Disodium hydrogen phosphate

Dithiobisnitrobenzoate

- 160 -

Manufacturer/Supplier

Hopkin & Williams Ltd.
Hopkin & Williams Ltd.
Sigma
Sigma

Sigma

Sigma

Sigma

Bio Rad Laboratories
Sigma

Smith & Nephew

Sigma

British Drug Houses
Smith & Nephew
Burroughs Wellcome Ltd.
Hopkin & Williams Ltd.
Lilly

Sigma

Sigma

Hopkin & Williams Ltd.
Roche

Hopkin & Williams Ltd.

Sigma




Ecothiopate icdide (Phospholine)

Epithelial growth factor (mouse)

Ethylene diaminetetra acetic acid
Ethylmethylketone

Folin Ciocalteu reagent

Formic acid

D-glucose

Halothane

Heparin Sodium (Mucous)(Pularin)
Heptan-3-one

Hexamethonium bromide
Hydrochloric acid

Hyoscine hydrobromide

Lignocaine hydrochloride

(Xylocaine)
Magnesium chloride
Mecamylamine hydrochloride
Neostigmine methylsulphate
Nicotine hydrogen tartrate
Nitrogen, liguid
Nitrous oxide

Oxotremorine

Oxygen
Pancuronium bromide
Phenoxybenzamine hydrochloride

Potassium chloride
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Ayerst

Imperial Chemicals Industry Ltd.
(estimated purity 50%)

Sigma

British Drug Houses Ltd.
British Drug Houses Ltd.
Hopkin & Williams Ltd.
Hopkin & Williams Ltd,.
May & Baker Ltd.

Duncan Flockhart Ltd.
Kodak Eastman

May & Baker Ltd.

Hopkin & Williams L+t4.
British Drug Houses Ltd.

Astra Chemicals Ltd.

Hopkin & Williams L+td.
Merck, Sharpe & Dohme Ltd.
Sigma

British Drug Houses Ltd.
British Oxygen Company.
British Oxygen Company

Aldrich Chemicals Ltd,

Milwaukee.
British Oxygen Company,
Organon

Sigma

Hopkin & Williams Ltd.




Potassium phosphate Hopkin & Williams Ltd.

Potassium sodium tartrate Hopkin & Williams Ltd.
Scintol 2 (see appendix p.163) Koch Light Laboratories Ltd.
Sodium bicarbonate Hopkin & Williams Ltd.
Sodium carbonate Hopkin & Williams Ltd.
Sodium chloride Hopkin & Williams Ltd.
Sodium chloride (Minims) Smith & Nephew Ltd.

Sodium ethacrynate Merck, Sharpe & Dohme Ltd.
Sodium hydroxide Hopkin & Williams Ltd.
Sodium tetraphenylboron Sigma

Sucrose Hopkin & Williams Ltd.
Tetrodotoxin base Sigma

Toluene Koch Light Laboratories Ltd.

Tris (hydroxymethyl) aminomethane (Tris) Sigma
Triton X 100 -Koch Light Laboratories Ltd.
(+) - tubocurarine Burroughs Wellcome Ltd.

Verapamil hydrochloride (Cordilox) Abbott Laboratories Ltd.

All radiocactively labelled compounds were obtained from the

Radiochemical Centre, Amersham,

All chemicals were of Analar quality, except when stated

otherwise.
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AEEendix 2

Reagent mixtures.

1. Toluene-Triton X scintillant
Triton X 100 1665 ml
Scintol 2 250 ml
Toluene ad 5000 ml
2. Scintol 2 : a concentrated solution in toluene of PPO

and Dimethyl POPOP where ©PPO is 2,5 - Diphenyloxazole
and Dimethyl POPOP is 1,4 - Di - 2 - (4 - methyl - 5 -

phenyloxazolyl) - benzene.

3. Iodoplatinate solution

Chloroplatinate 2 g
Distilled water ad 20 ml
added to
Potassium iodide 120 g
Distilled water ad 400 ml
diluted ad 500 ml with distilled water

4. Draggendorf's reagent (modified)

Bismuth carbonate , 500 mg

Hydrochloric acid (conc) 1.5 ml the
Potassium iodide 3.0¢g concentrate
Distilled water ad 10.0ml
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The concentrate 1 part

Distilled water 4 part the
spray
Hydrochloric acid (conc) 0.5 ml
Solution C for protein determination
Solution C 98 parts of solution A

2 parts of solution B
These are mixed on the day of wuse.
Solution A Sodium carbonate 2 g

Sodium hydroxide (0.1N) ad 100ml

Solution B Cupric sulphate 0.5 g
Scdium potassium tartrate 1.0 g

Distilled water ad 100ml

Dithiobisnitrobenzene (DTNB) solution

DTNB 79.2 mg
Potassium phosphate 20.0 ml

(0.1M, pH 7.0) dissolved
Sodium bicarbonate 30.0 mg

Acetylthiocholine solution

Acetylthiocholine chloride O.5mM in potassium phosphate

buffer (0.1M, pH 8.0).
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