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Preface

It was in 1948 that I called at the offices of Messrs
Churchill with a brown paper parcel containing the
manuscript of Physiology of the Eye, and offered it to
them for publication, and the first edition appeared in
1949. A second edition appeared in 1963, and in the
preface to this I wrote: “The task (of revision) has now
been completed and has resulted in about a 50 per cent
increase in size, an increase that is the necessary con-
sequence of the tremendous advances made in those
aspects of the physiology of the eye that are dealt with
in Sections I and II. Thus, it is true to say that in 1948
our knowledge of the vegetative physiology and bio-
chemistry of the eye was rudimentary in the extreme.
Now, thanks to the establishment of numerous ophthal-
mological research organizations—mainly in the U.S.A.
—it is safe to say that our knowledge in this branch of
ocular science is abreast of our knowledge in comparable
fields of physiology and biochemistry. Although, in
1948, the field covered by the title Mechanism of Vision
rested on a much firmer basis of accurate scientific
investigation, the striking improvements in photo-
chemical and electrophysiological techniques that have
since taken place have permitted just as rapid progress
in elucidating basic problems. Consequently, because
I have tried to maintain the same sort of treatment as 1
had inmind when I wrote the first edition of this book—
namely, to present a simple yet thorough exposition of
the fundamental principles of ocular physiology—1I have
had to double the amount of space devoted to these
first two sections. The muscular aspects covered by
Section I11 have been expanded a little to take account
of the important advances made possible by the applica-

tion of modern methods to the analysis of the eye
movements, pupillary function, and so on. Sections IV
and V rest on the firm theoretical and practical
foundation laid by the work of Helmholtz and other
classical research workers in the realm of physiological
optics, so that they have been tampered with least.’

In presenting this (fourth) edition, I feel that I must
convey my apologies for a book that has grown well
beyond the limits expected of a ‘small textbook’. I must
temper these apologies, however, with the mitigating
plea that the advances in electrophysiology of the
receptors, and of the central nervous pathways of vision
and eye movement, demanded a great increase in space
if a fair presentation was to be achieved. In the field of
the vegetative physiology of the eye, the remarkable
developments in separative techniques of the lens
crystallins have likewise demanded an expansion of the
treatment of the biochemical aspects of lens trans-
parency. Mere expansion of the subject matter does not
necessarily justify an expansion of treatment in a text-
book ; however, in writing these editions I have always
kept in mind the desirability of showing how the facts
of visual physiology were discovered, rather than
epitomizing them in a succinct summary, so that new
facts do, in fact, usually require new space for their
description. By suppressing the detailed description of
visual optics present in the first three editions, I have
made room for more physiology and biochemistry, and
thus rescued the book from an unconscionable increase
in size.

London, 1980 Hugh Davson
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1 (a). Anatomical introduction

(b). Aqueous humour and the intraocular

pressure

THE THREE LAYERS

The globe of the eye consists essentially of three coats
enclosing the transparent refractive media. The outer-
most, protective tunic is made up of the sclera and
cornea—the latter transparent ; the middle coat is mainly
vascular, consisting of the choroid, ciliary body, and
iris. The innermost layer is the retina, containing the
essential nervous elements responsible for vision—the
rods and cones; it is continued forward over the ciliary
body as the ciliary epithelium.

DIOPTRIC APPARATUS

The dioptric apparatus (Fig. 1.1) is made up of the trans-
parent structures—the cornea, occupying the anterior
sixth of the surface of the globe, and the lens, supported
by the zonule which is itself attached to the ciliary
body. The spaces within the eye are filled by a clear
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Fig. 1.1 Horizontal section of the eye. P.P., posterior pole;
AP, anterior pole; V.A., visual axis. (Wolff, Anatomy of the
Eye and Orbit.)

fluid, the aqueous humour, and a jelly, the vitreous body.
The aqueous humour is contained in the anterior and
posterior chambers, and the vitreous body in the large
space behind the lens and ciliary body. The posterior
chamber is the name given to the small space between
the lens and iris.

The iris behaves as a diaphragm, modifying the
amount of light entering the eye, whilst the ciliary body
contains muscle fibres which, on contraction, increase
the refractive power of the lens (accommodation).
An image of external objects is formed, by means of the
dioptric apparatus, on the retina, the more highly
specialized portion of which is called the fovea.

VISUAL PATHWAY

The retina is largely made up of nervous tissue—it is
an outgrowth of the central nervous system—and fibres
carrying the responses of visual stimuli lead away in the
optic nerve through a canal in the bony orbit, the optic
foramen (Fig. 1.2); the visual impulses are conveyed
through the optic nerve and tract to the lateral geniculate
body and thence to the cerebral cortex; on their way,
the fibres carrying messages from the medial, or nasal,
half of the retina cross over in the optic chiasma, so that
the lateral geniculate body of the left side, for example,
receives fibres from the temporal half of the left retina
and the nasal half of the right. The nerve trunks,
proximal to the chiasma, are called the opric traces. This
partial decussation may be regarded as a development
associated with binocular vision; it will be noted that
the responses to a stimulus from any one part of the
visual field are carried in the same optic tract (Fig. 1.3),
and the necessary motor response, whereby both eyes
are directed to the same point in the field, is probably
simplified by this arrangement. It will be noted also
that a right-sided event, i.e. a visual stimulus arising
from a point in the right half of the field, is associated
with impulses passing to the left cerebral hemisphere,
an arrangement common to all peripheral stimuli.

VASCULAR COAT
The nutrition of the eye is taken care of largely by the

capillaries of the vascular coat; let us examine this
structure more closely.
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Fig. 1.2 The orbit from in front. (Wolff, Anatomy of the Eve and Orbit.)

To Cortex To Cortex

Fig. 1.3 The partial decussation of the optic pathway.

CHOROID

The choroid is essentially a layer of vascular tissue next
to the retina; it is separated from this nervous tissue by
two membranes—the structureless membrane of Bruch
and the pigment epithelium. The retina comes to an end
at the ciliary body, forming the ora serrata (Fig. 1.4),
but the vascular coat continues into the ciliary body
as one of its layers, the vessel layer, which is separated
from the eye contents by membranes—the two layers
of ciliary epithelium which, viewed embryologically,
are the forward continuations of the retina and its
pigment epithelium, and the lamina vitrea, which is the
continuation forward of Bruch’s membrane.

CILIARY BODY AND IRIS

The ciliary body in antero-posterior section is tri-
angular inshape (Fig. 1.5) and has a number of processes
(seventy) to which the zonule is attached; viewed from
behind, these processes appear as radial ridges ro which
the name corona ciliaris has been given (Fig. 1.4). The
relationship of the iris to the ciliary body is seen in
Figure 1.5; the blood vessels supplying it belong to the
same system as that supplying the ciliary body.
Posteriorly, the stroma is separated from the aqueous
humour by the posterior epithelium, a double, heavily
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Fig. 1.4 Posterior view of the ciliary body showing ora serrata and corona ciliaris. (Wolff, Anaromy of the

Eye and Orbit.)

pigmented layer which may be viewed as a prolongation
of the ciliary epithelial layers.

NUTRITION

The vessels of the vascular coat nourish the internal
structures of the eye; so far as the lens is concerned,
this process must take place by diffusion of dissolved
material from the capillaries through the aqueous
humour and vitreous body. The inner (nearest the
vitreous) nervous elements of the retina, however, are
provided for by a functionally separate vascular system
derived from the central artery of the retina; this artery,
a branch of the ophthalmic, enters the globe with the
optic nerve and it is its ramifications, together with the
retinal veins, that give the fundus of the eye its
characteristic appearance. The choroid, ciliary body,
and iris are supplied by a separate system of arteries,
also derived from the ophthalmic—the ciliary system
of arteries.

The anterior portion of the sclera is covered by a
mucous membrane, the conjunctiva, which is continued

forward on to the inner surfaces of the lids, thus creating
the conjunctival sac. The remainder of the sclera is
enveloped by Tenon’s capsule.

MUSCLE

Movements of the eye are executed by the contractions
of the six extra-ocular muscles; the space between the
globe and orbit being filled with the orbital fat, the
movements of the eye are essentially rotations about a
fixed point in space.

NERVE SUPPLY

The essentials of the nerve supply to the eyeball are
indicated in Figure 1.6; sensory impulses (excluding, of
course, the visual ones) are conveyed through the long
and short ciliary nerves. The long ciliary nerves are
composed mainly of the axons of nerve cells in the
Gasserian ganglion—the ganglion of the trigeminal
(N. V); they convey impulses from the iris, ciliary body,
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Fig. 1.5 Antero-posterior section through the anterior portion of the eye. (Wolff, Anatomy of the Eye and Orbit.)

and cornea. The short ciliary nerves also contain axons
of the trigeminal; they pass through a ganglion in the
orbit, the ciiary ganglion, into the naso-ciliary nerve;
the fibres carry impulses from all parts of the eyeball,
but chiefly from the cornea.

The voluntary motor nerve supply to the extraocular
muscles is through the cranial nerves III (oculomotor),
IV (trochlear) and VI (abducens). Parasympathetic
motor fibres to the ciliary muscle and iris travel
through the lower division of N. III as the motor root
of the ciliary ganglion; post-ganglionic fibres to the
muscles are contained in the short ciliary nerves.

Sympathetic fibres from the superior cervical gang-
lion enter the orbit as the sympathetic root of the
ciliary ganglion and run in the short ciliary nerves to
supply the vessels of the globe and the dilator fibres
of the pupil. Other sympathetic fibres avoid the ciliary
ganglion, passing through the Gasserian ganglion and

entering the globe in the long ciliary nerves, whilst still
others enter the globe in the adventitia of the ciliary
arteries.

ADDITIONAL NERVE SUPPLIES

Figure 1.6 may be said to represent the classical view of
the ciliary ganglion with its three roots; however, the
work of Ruskell (1970, 1974) has revealed the existence
of ocular fibres from both the facial nerve (N. VII) and
from the maxillary branch of thé trigeminal, in addition
to the nasociliary branch.

Facial nerve

This represents an ocular parasympathetic pathway
derived from N. VII; the fibres are derived from the
pterygopalatine ganglion, running as rami orbitales to the
retro-orbital plexus (top of Fig. 1.7); the rami oculares
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Fig. 1.6 Nervous supply to the eyeball.

Fig. 1.7 Distribution of trigeminal nerve fibres to the eyeball. cg, ciliary ganglion; f, frontal nerve; 1, lacrimal nerve; npc,
nerve of the pterygoid canal; ns, nasociliary nerve; pg, pterygopalatine ganglion; ro, rami orbitales; rop, retro-orbital plexus;
V., ophthalmic nerve; V,,,, maxillary nerve; II[, oculomotor nerve; [II, superior branch of oculomotor nerve. (Ruskell,

¥ Anat)
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8 PHYSIOLOGY OF THE EYE

find their way into the globe mainly through the long
ciliary nerves and along the ciliary arteries.

Macxillary fibres
These are illustrated in Figure 1.7, some of them

entering the retro-orbital plexus which had hitherto
been assumed to be entirely autonomic, and the other
division represents a maxillary root of the ciliary
ganglion; degeneration experiments showed that the
fibres passed into the globe through short ciliary nerves.



1 (b). Aqueous humour and the intraocular

pressure

The aqueous humour is a transparent colourless fluid
contained in the anterior and posterior chambers of the
eye (Fig. 1.1, p. 3). By inserting a hypodermic needle
through the cornea, the fluid may be more or less
completely withdrawn, in which case it consists of the
mixed fluids from the two chambers. As Seidel first
showed, the posterior fluid may be withdrawn separately
by inserting a needle through the sclera just behind the
corneoscleral junction; because of the valve-like action
of the iris, resting on the lens, the anterior fluid is
restrained from passing backwards into the posterior
chamber, so that subsequently another needle may be
inserted into the anterior chamber and this anterior fluid
may be withdrawn. In the cat Seidel found that the
volume was some 14 per cent of the volume of the
anterior fluid, whilst in the rabbit it is about 20 per cent,
according to Copeland and Kinsey. The fluids from the
two chambers are of very similar composition, so that
we may consider the composition of the mixed fluid
when discussing the relationships between aqueous
humour and blood. Thanks largely to the studies of
Kinsey, however, it is now known that there are
characteristic differences between the two fluids,
differences that reflect their histories, the posterior fluid
having been formed first and therefore exposed to
diffusional exchanges with the blood in the iris for a
shorter time than the anterior fluid.

ANATOMICAL RELATIONSHIPS

The nature of the aqueous humour is of fundamental
interest for several reasons. There is reason to believe
that it is formed continuously in the posterior chamber
by the ciliary body, and that it passes through the pupil
into the anterior chamber, whence it is drained away
into the venous system in the angle of the anterior
chamber by way of Schlemm’s canal. As a circulating
fluid, therefore, it must be a medium whereby the lens
and cornea receive their nutrient materials. Further-
more, because it is being continuously formed, the
intraocular pressure is largely determined by the rate of
formation, the ease with which it is drained away,
and by the forces behind the process of formation. To
understand the nature of the fluid we must consider its
chemical composition and variations of this under

experimental conditions, whilst to appreciate the
drainage process we must examine the detailed micro-
anatomy of the structures that are concerned in this
process. Since, moreover, the aqueous humour cannot
be considered in isolation from the vitreous body, the
posterior portion of the eyeball is also of some interest.

THE VASCULAR COAT

The choroid, ciliary body and iris may be regarded as
a vascular coat—the wuvea—sandwiched between the
protective outer coat—cornea and sclera—and the inner
neuroepithelial coat—the retina and its continuation
forwards as the ciliary epithelium (Fig. 1.8). This

Fig. 1.8 Illustrating the uvea, or vascular coat (black),
sandwiched between the sclera on the outside and the retina,
ciliary epithelium, etc., on the inside.

vascular coat is made up of the ramifications of the
ciliary system of arteries that penetrate the globe
independently of the optic nerve.

CILIARY ARTERIES

The posterior ciliary arteries arise as trunks from the
ophthalmic artery (Fig. 1.9), dividing into some ten to
twenty branches which pierce the globe around the optic
nerve. Two of them, the long posterior ciliary arteries,
run forward through the choroid to the ciliary body
where they anastomose with the anterior ciliary arteries
to form what has been incorrectly called the major circle
of theiris; incorrectly, because the circle is actually in the
ciliary body. From this circle, arteries run forward to
supply the ciliary processes and iris, and backwards—
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Fig. 1.9 Physiological plan of the circulation in man. OA,
ophthalmic artery ; MB, muscular branch; ACA, anterior
ciliary artery; CAl, circulosus arteriosus iridis major; LPC,
long posterior ciliary artery; SPC, short posterior ciliary
artery ; PCA, posterior ciliary arteries; CAR, central artery
of the retina; RA, retinal artery; VV, vortex vein; IOV,
inferior orbital vein ; AB, anastomosing branch; CS, cavernous
sinus. (Duke-Elder, Brit. §. Ophthal.)

as recurrent ciliary arteries—to contribute to the
choroidal circulation.

By the choroid we mean the vascular layer between
the retina and sclera; it is made up of the ramifications
of the recurrent ciliary arteries, just mentioned, and of
the short posterior ciliary arteries, which enter the globe
around the posterior pole. The arteries break up to
form a well-defined capillary layer —the choriocapillaris
—next to the retina, but separated from this by a
transparent glassy membrane—the membrane of Bruch
or lamina wvitrea. This capillary layer is certainly
responsible for nutrition of the outer layers of the
retina—pigment epithelium, rods and cones, and
bipolar cells—and may also contribute to that of the
innermost layer.

VENOUS SYSTEM

The venous return is by way of two systems; the
anterior ciliary veins accompany the anterior ciliary
arteries, whilst the vortex veins run independently of

Posterior ciliary
srlery

the arterial circulation; these last are four in number,
and they drain all the blood from the choroid, the iris
and the ciliary processes, whilst the anterior ciliary
veins drain the blood from the ciliary muscle and the
superficial plexuses, which we shall describe later.
According to a study by Bill (1962) only 1 per cent of
the venous return is by way of the anterior ciliary veins.

RETINAL CIRCULATION

As indicated earlier, the innermost part of the retina is
supplied directly, in man, by the ramifications of the
central retinal artery, a branch of the ophthalmic that
penetrates the meningeal sheaths of the optic nerve in
its intraorbital course and breaks up into a series of
branches on the inner layer of the retina, branches that
give the fundus its characteristic appearance in the
ophthalmoscope. As Figure 1.10 indicates, the central
artery gives off branches that supply the optic nerve*;
moreover, the posterior ciliary arteries may send off
branches in the region of the optic disk, forming a
circle—circle of Zinn or Haller—which may form
anastomoses with the branches of the central artery of
the retina. To the extent that these anastomoses occur,
the uveal and retinal vascular systems are not completely
independent. Venous return from the retinal circulation
is by way of the central retinal vein which, for a part of
its course, runs in the subarachnoid space of the optic
nerve and is thereby subjected to the intracranial
pressure. For this reason, an elevated intracranial
pressure may be manifest as an engorgement of the
retinal veins.

* Some authors, for example Frangois and Neetens, speak of a
central artery of the optic nerve, derived either as a branch of
the central retinal artery or entering separately as a branch of
the ophthalmic artery. Wolff describes them as arteriae
collaterales centralis retinae. The literature relating to this and
other points is well summarized in the careful studies of Singh
and Dass (1960), whilst Hayreh (1969) has described the
capillary supply to the optic disk; a large part of this—the
prelaminar—is from cilio-retinal arteries.

Fig. 1.10 Schematic section of the optic

Dura nerve and eyeball showing course and

Arachnoid branches of the central retinal artery.

(Singh and Dass, Brit. ¥. Ophthal.)
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So much for the general lay-out of the vascular
circulation of the eye; as we have seen, the uveal
circulation supplies the ciliary body and iris, the two
vascular structures that come into close relationship
with the aqueous humour. It is important now that we
examine these structures in some detail.

CILIARY BODY

In sagittal section this is a triangular body (Fig. 1.5,
p. 6), whilst looked at from behind it appears as a
ring, some 6 mm wide in man. Where it joins the
retina—the ora serrata—it appears smooth to the naked
eye, but farther forward the inner surface is ridged,
owing to the presence of some seventy to eighty ciliary
processes, and acquires the name of corona ciliaris
(Fig. 1.4, p. 5). As the oblique section illustrated in
Figure 1.11 shows, the ciliary processes are villus-like
projections of the main body, jutting into the posterior
chamber. According to Baurmann, the total area of these
processes, in man, is some 6 cm? and we may look upon
this expansion as subserving the secretory activity of this
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part of the ciliary body, since there is good reason to
believe that it is here that the aqueous humour is formed.
The vessel-layer of the ciliary body is similar to the
choroid; it extends into each ciliary process, so that this
is probably the most heavily vascularized part of the
eye. Each process contains a mass of capillaries so
arranged that each comes into close relationship, at some
point in its course, with the surface of the epithelium.
As stated above, blood from the ciliary processes is
carried away by the vortex veins. In the rabbit, the
ciliary processes are of two kinds—posterior principal
processes projecting from the posterior region, and the
iridial processes, located more anteriorly, and projecting
towards the iris. These last have no zonular connections
and may be those that are most closely concerned in
production of the aqueous humour since they are the
only processes to show significant morphological
changes after paracentesis (p. 56), according to Kozart
(1968).

CILIARY EPITHELIUM

The innermost coat, insulating the ciliary body from
the aqueous humour and vitreous body, is the cliary

Fig. 1.11 Oblique section of the ciliary body. (Wolff, Anatomy of the Eye and Orbit.)
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Fig. 1.12 A section of portions of two adjacent ciliary
epithelial cells of the rabbit showing complex interdigitations
(B) of their boundaries. Zonular fibres (Z) can be seen in close
approximation to the surface of these cells. ER, endoplasmic
reticulum; M, mitochondrion. (Drawing after an electron
micrograph by Pappas and Smelser, Amer. ¥. Ophrhal.)
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epithelium, a double layer of cells, the inner layer of
which, i.e. the layer next to the aqueous humour or
vitreous body, is non-pigmented, whilst the outer
layer is heavily pigmented, and represents the forward
continuation of the retinal pigment epithelium, whilst
the unpigmented layer is the forward continuation of
the neuroepithelium from which the retinal cells are
derived. The cells of this epithelium, which are
considered to be responsible for the secretion of the
aqueous humour, have been examined in the electron
microscope by several workers; a striking feature is the
interdigitation of the lateral surfaces of adjacent cells,
and the basal infoldings (Fig. 1.12), which are charac-
teristic features of secretory epithelia concerned with
fluid transport. The relations of the two epithelial cell
layers are of importance, since the secreted aqueous
humour must be derived from the blood in the stroma
of the ciliary body, and thus the transport must occur
across both layers. The matter will be considered in
detail later in connexion with the blood-aqueous barrier,
and it is sufficient to indicate now that the cells of the
two layers face each other apex-to-apex, as a result of
the invagination of the neuroepithelial layer during
embryogenesis. Thus the basal aspects of the un-
pigmented epithelial cells face the aqueous humour, and
the basal aspects of the pigmented cells face the ciliary
stroma (Fig. 1.13).

Basement
Membrane

Pigmented
Cells

Apex to Apex
Junctions

Non-pigmented
Cell

Basement
Membrane

Aqueous Humour

Fig. 1.13 Showing how the two layers of epithelium of the ciliary body face each other apex-to-apex.



THE IRIS

LAMINAE

This is the most anterior part of the vascular coat;
in a meridional section it is seen to consist of two main
layers or laminae, separated by a less dense zone, the
cleft of Fuchs. The posterior lamina contains the muscles
of the iris and is bounded by two layers of pigmented
cells; the innermost, i.e. nearest the aqueous humour,
represents the forward continuation of the unpigmented
ciliary epithelial layer, and the outer is embryogenically
equivalent to the pigmented epithelial layer; its cells,
however, become differentiated into the muscle fibres
of the dilator pupillae, so that the layer is often called
myoepithelium. The blood vessels, derived from the
major circle of the iris (p. 10), run in the loose connective
tissue of the laminae. Both arteries and veins run
radially; venous return is by way of the vortex veins.

LININGS

On its anterior surface the iris is in contact with the
aqueous humour, so that it is of some interest to
determine exactly how the fluid is separated from the
tissue. Itis customary to speak of an anterior endothelium,

AQUEOUS HUMOUR AND THE INTRAOCULAR PRESSURE 13

continuous with the corneal endothelium anteriorly
and the posterior iris epithelium posteriorly, covering
the anterior surface of the iris and thus insulating the
aqueous humour from the underlying spongy tissue.
The weight of recent evidence, however, bears against
this so that it would seem that, in man at any rate, the

Fig.1.14 Illustrating the canal of Schlemm and its relation to
the plexuses of the anteror segment of the eye. C, conjunctival
plexus; T, Tenon’s capsule plexus; PLe, episcleral plexus;
PLi, intrascleral plexus; Mc, ciliary muscle; VMec, vein of
ciliary muscle ; Ac.a, anterior ciliary artery ; v.ca, anterior ciliary
vein; PrC, ciliary process; C, cornea; c, collector; L, limbus.
(Maggiore, Ann. Ottalm.)

Fig. 1.15 Meridional section of the angle of the anterior chamber of human eye. x 64. C, cornea;

ISP, intrascleral plexus of veins; DM, Descemet’s membrane; AC, anterior chamber; 1, iris; IC, iris crypts;
DF, dilator fibres of iris; CP, ciliary processes; CIM, circulus iridis major; CM, ciliary muscle; SS, scleral
spur; TM, trabecular meshwork; SC, Schlemm’s canal; S, sclera. (Courtesy R. C. Tripathi.)
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aqueous humour has direct access to the stromal tissue.
This is an important point when we come to consider
the blood-aqueous barrier.

THE DRAINAGE ROUTE

We have said that the aqueous humour is most probably
secreted continuously by the cells of the ciliary
epithelium; to make room for the new fluid there must
obviously be a continuous escape, or drainage, and this
occurs by way of the canal of Schlemm. This is a circular
canal in the corneo-sclera of the limbus (Fig. 1.5, p. 6)
which comes into relation with the aqueous humour on
the one hand and the ¢ntrascleral venous plexus on the
other, as illustrated by Figures 1.14 and 1.15.

PLEXUSES OF THE ANTERIOR SEGMENT

The intrascleral plexus is largely made up of the
ramifications of branches of the anterior ciliary
veins, but, as Maggiore showed, there is also an arterial
contribution, branches of the anterior ciliary arteries
passing directly to the plexus and breaking up into fine
vessels that come into direct continuity with the finer
vessels of the plexus. It connects with the canal of
Schlemm by some twenty fine vessels—collectors—
which thus transport aqueous humour into the venous
system. The blood from the plexus is drained away
by large trunks into the episcleral plexus; from here
large veins, also draining the more superficial plexuses—
conjunctival and subconjunctival—carry the blood to
the insertions of the rectus muscles in the sclera
and accompany the muscular veins.

CANAL OF SCHLEMM

The canal of Schlemm is usually represented as a ring
lying in the corneo-sclera, which on cross-section (as
in the meridional section of Fig. 1.15) appears as a circle
or ellipse; its structure is, in fact, more complex,
since it divides into several channels which, however,
later reunite; hence the appearance of a cross-section
varies with the position of the section. The channel,
moreover, is partially interrupted by septa which
probably serve a mechanical role in preventing oblitera-
tion of the canal when the pressure within the eye is
very high.

The canal is essentially an endothelium-lined vessel,
similar to a delicate vein; on the outside it rests on the
scleral tissue whilst on the inside, nearest the aqueous
humour, it is covered by a meshwork of endothelium-
covered trabeculae—the trabecular meshwork or pectinate
ligament (Fig. 1.16). Aqueous humour, to enter the
canal, must percolate between the trabeculae and
finally cross the endothelial wall

TRABECULAR MESHWORK

On meridional section the meshwork appears as a
series of meridionally orientated fibres (Fig. 1.15), but
on tangential section it is seen to consist of a series
of flat lamellae, piled one on top of the other, the fluid-
filled spaces between these lamellae being connected by
holes, as illustrated schematically in Figure 1.17. The
meshwork has been divided into three parts with
characteristically different ultrastructures; the inner-
most portion (1 of Fig. 1.18) is the uveal meshwork; the
trabeculae making up the lamellae here are finer than
those of the outer or corneoscleral meshwork (2) whilst the

Fig.1.16 Meridional section of Schlemm’s canal and adjacent trabecular meshwork of rhesus monkey. Osmium fixed,
toluidine blue stained. CC, collector channel; CSW, corneoscleral wall of Schlemm’s canal; SC, Schlemm’s canal;
TW, trabecular wall of Schlemm’s canal. Light micrograph x 750. (Courtesy, R. C. Tripathi.)
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Fig. 1.17 Schematic representation of a section through chamber-angle tissue. (Bill, Physiol. Rev.)

Fig. 1.18 Schematic drawing of the chamber-angle in
primates, showing the three distinct parts of the trabecular
meshwork. 1, uveal meshwork; 2, trabeculum corneosclerale;
3, inner wall, or pore area. Note trabeculum corneosclerale has
been incorrectly shown as attaching to ciliary muscle. (Rohen,
Structure of the Eye.)

meshes are larger. Each lamella of the uveal meshwork
is attached anteriorly to the corneal tissue at the end of
Descemet’s membrane, constituting Schwalbe’s ring,*
and posteriorly to the meridional fibres of the ciliary
muscle. A pull of these fibres may well operate to
open up the meshes of this trabecular structure, thereby

favouring passage of fluid. The third portion, lying
immediately adjacent to the canal, was described by
Rohen as the pore area, or pore tissue, but is now
usually referred to as the endothelial meshwork.

Ultrastructure

As described by Tripathi (1977) the corneoscleral and
outer uveal trabeculae are flattened perforated sheets
orientated circumferentially parallel to the surface of
the limbus. The inner 1 to 2 layers of uveal sheets are
cord-like and orientated predominantly radially in a
net-like fashion enclosing large spaces (Fig. 1.19). The
beams constituting the meshwork are made up of
collagen and of elastic tissue, covered by basement
membrane material which, in turn, is completely or
incompletely covered by a layer of flattened mesothelial
cells. These cells exhibit both synthetic and phagocytic
properties. As Figure 1.19 shows, the trabecular mesh-
work forms a labyrinth of intercommunicating intra-

*Iris processes are made up of an occasional lamina of the
uveal meshwork that crosses posteriorly to attach to the root of
the iris.
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Fig. 1.19 Scanning electron micrograph of the trabecular meshwork seen from the anterior chamber aspect. The
rounded beams of the inner uveal meshwork, their endothelial covering and net-like arrangement and
intercommunicating inter- and trans-trabecular spaces are seen in the foreground, whereas the deeper sheet-like
trabeculae seen in the background are orientated circumferentially. (Approx. x 610) (Tripathi, Exp. Eye Res.)

and extra-trabecular spaces of variable size and shape,
and may be likened to a coarse filter.

ENDOTHELIUM AND ADJACENT TISSUE

The endothelium of the canal consists in a single
layer of cells whose lateral borders meet in either a
narrow zone of apposition or in a more complex zone
formed by cellular overlap or tongue-in-grove insertion
(Grierson and Lee, 1975). Intercellular clefts exhibit
junctional modifications which represent limited regions
of apparent fusion between apposing plasma mem-
branes, and are, in fact, gap-junctions in addition to
adhering junctions.* The cells rest on a basement
membrane facing the endothelial meshwork, which may
be considered to be the region lying between the basal
aspect of the canal and the first layer of corneo-
scleral trabeculae; this is of variable thickness (8 to
16 um).T The native cells constituting this region are
usually orientated with their long axes parallel to the
endothelium lining the canal, and form a network by

process-contacts between neighbouring cells. In the
outer corneoscleral meshwork, the adjacent trabeculae
are separated by narrow intertrabecular spaces, and
cellular contact across these spaces is achieved through
cellular processes; once again, the regions of contact
show gap-type and desmosome-type junctions. A
characteristic feature of the endothelial cells lining the
meshwork side of the canal is the prominent vacuoliza-
tion of the cells; and its significance will be considered
later in relation to the mechanism of drainage.

*According to Inomata ez al. (1972), the junctional complexes
include tight-junctions or zonulae occludentes.

t-According to Inomata et al. (1972), the endothelial cells of the
inner wall of Schlemm’s canal, i.e. that facing the meshwork,
have no basement membrane, the cells resting on very fine,
unevenly distributed fibrillar material embedded in a homo-
geneous ground substance. This is in contrast to the cells of
the outer layer, adjacent to the corneo-sclera, which rest on
a well defined basement membrane. These cells lack vacuoles

(p. 39).



COMPARATIVE ASPECTS OF DRAINAGE

Earlier anatomists tended to distinguish between the
primate angle of the anterior chamber, with its canal of
Schlemm, and the drainage mechanism in lower
mammals, e.g. Troncoso (1942). However, the physio-
logical studies on drainage processes in non-primates,
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this. It is generally located on the inner aspect of the
anterior sclera and sclero-cornea, and is supported
partly on the anterior chamber aspect or completely
surrounded by the loose tissue of the angular meshwork.
As in primates, the plexus forms a circumferential
structure in lower mammals, birds and many reptiles,
butis more localized in amphibians and fishes. Drainage

Fig. 1.20 Diagrammatic representation of the angular region of a primate (A) and a lower placental
(B) showing comparative morphological organizations. S, sclera; C, cornea; I, iris; AM, angular
meshwork ; AP, angular aqueous plexus; CM, ciliary muscle ; CC, ciliary cleft; CP, ciliary processes;
ISC, intrascleral collector channels. (Tripathi, The Eye.)

and the recent comparative anatomical studies of
Tripathi (1974), have confirmed the essential uniformity
in the mechanism and site of drainage, not only amongst
mammals but also in lower vertebrates including fishes,
although the morphological organization of the irido-
corneal angle does show interesting variations.

ANGULAR AQUEOUS PLEXUS

Thus in primates, owing to the compact nature of the
ciliary muscle, the angle is clearly defined (Fig. 1.20A),
whereas in most amphibians, reptiles, birds and lower
placentals it is ill defined owing to the wedge-shaped
separation of the ciliary body into two leaves, one
hugging the inner aspect of the sclera and the other
being continuous with the fibrous base-plate of the
ciliary body. The resulting ciliary cleft can be regarded
as an extension of the anterior chamber (Fig. 1.20B); it
is criss-crossed and bridged by fibro-cellular strands to
form an angular meshwork or pectinate ligament* (Fig.
1.21). The structure of this angular meshwork varies
widely throughout the vertebrates. In all the species
studied by Tripathi, an equivalent channel to
Schlemm’s canal could be discerned, and he suggested
a generic term—angular aqueous plexus—to describe

of aqueous from this plexus takes place into intra- and
epi-scleral plexuses of veins, and in some instances also
by supraciliary and suprachoroidal plexuses of veins
which connect directly to the angular plexus.

Cellular lining

As with the primate, the angular plexus is lined by
mesothelium, the individual cells being linked by
junctional complexes, whilst the large wvacuoles
described above for the primate eye are a universal
feature, and which, on the basis of tracer studies, have
been identified as representing the pathway into the
channel. Thus, to quote Tripathi (1977) . . . The
normal presence of macrovacuolar structures in the
mesothelial lining of the aqueous plexus in species as
diverse as aquatic dogfish, arboreal pigeon and terrestrial
man would suggest that the bulk flow of aqueous
humour through the dynamic system of vacuolar trans-
cellular pores is a fundamental biological mechanism of
great antiquity.’

*The stout strands extending from the root of the iris to the
inner aspect of the peripheral cornea (Fig. 1.21) have been
likened to an inverted comb and hence the name pectinate
ligament. These strands are most prominent in ungulates.
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Fig. 1.21 The angular region of rabbit eye in meridional section. PL, pectinate ligament; CC, ciliary cleft,
bridged by an accessory pectinate ligament (arrow) ; AM, angular meshwork; AP, angular aqueous plexus; C,
peripheral cornea. Photomicrograph. OsO,, 1 um thick Araldite section. (Tripathi, The Eye.)

THE AQUEOUS HUMOUR

The intraocular pressure depends primarily on the rate
of secretion of aqueous humour, so that factors
influencing this are of vital importance in understanding
the physiology of the intraocular pressure. We may
therefore pass to a consideration of the chemistry of the
fluid and the dynamics of exchanges between it and the
blood. These aspects, although apparently academic,
are important for the full understanding of the experi-
mental approaches to measuring the rate of secretion of
the fluid and to controlling this.

CHEMICAL COMPOSITION

The most obvious chemical difference between aqueous
humour and blood plasma is to be found in the protein
contents of the two fluids; in the plasma it is of the order
of 6 to 7 g/100 ml, whereas in the aqueous humour it is
only 5 to 15 mg/100 ml in man and some 50 mg/100 ml
in the rabbit. By concentrating the agueous humour

and then causing the proteins to move in an electrical
field—electrophoresis—the individual proteins may be
separated and identified. Such studies have shown that,
although the absolute concentrations are so low, all the

Table 1.1 Chemical composition of aqueous humour and
blood plasma of the rabbit (after Davson, 1969)

Agqueous humour Plasma
Na 1435 151-5
K 5-25 55
Ca 1-7 2:6
Mg 0-78 10
Cl 1095 108-0
HCO, 33-6 274
Lactate 74 4-3
Pyruvate 0-66 0-22
Ascorbate 0-96 0-02
Urea 7-0 9-1
Reducing value
(as glucose) 6-9 83
Amino acids 0-17 0-12

Concentrations are expressed as millimoles per kilogramme of water.



plasma proteins are present in the aqueous humour,
so that it is reasonable to assume that they are derived
from the plasma rather than synthesized during the
SECretory process.

NON-COLLOIDAL CONSTITUENTS

As Table 1.1 shows, the crystalloidal composition
of the aqueous humour is similar in its broad outlines
to that of plasma, but there are some striking differences;
thus the concentrations of ascorbate (vitamin C),
pyruvate and lactate are much higher than in plasma,
whilst those of urea and glucose are much less.

Gibbs-Donnan equilibrium

The similarities between the two fluids led some earlier
investigators to assume that the aqueous humour was
derived from the blood plasma by a process of filtration
from the capillaries of the ciliary body and iris; i.e. it was
assumed that the aqueous humour was similar in origin
and composition to the extracellular fluid of tissues such
as skeletal muscle. If this were true, however, the ionic
distributions would have to accord with the require-
ments of the Gibbs-Donnan equilibrium, according to
which the concentrations of positive ions, e.g. Na*
and K¥, would be greater in the plasma than in the
aqueous humour, the ratio: [Na]sq/[Nalp; being less
than unity, whilst the reverse would hold with negative
ions such as Cl~ and HCOj. Moreover, the actual
values of the ratios: Concn. in Agqueous Humour|Concn.
in Plasma would have to conform to those found
experimentally when plasma was dialysed against its
own ultrafiltrate. In fact, however, as Table 1.2 shows,

Table 1.2 Values of the two distribution ratios; Concn. in
Aqueous/Concn. in Plasma and Concen. in Dialysate/Concn.
in Plasma. (Davson, Physiology of the Ocular and Cerebro-
spinal Fluids.)

Concen. in Aqueous Conen. in Dialysate

Conen. in Plasma Concn. in Plasma

Na 0-96 0-945
K 0-955 096
Mg 0-78 0-80
Ca 0-58 0:65
Cl 1-015 1-04
HCO; 1-26 1-04
Urea 0-87 1:00

the ratios show considerable deviations from what is
demanded of a plasma filtrate, and the deviations are
not attributable to experimental errors. Thus with a
plasma filtrate the ratio: [Na]aq/[Na]p: should be 0-945
whilst it is in fact 0-96, indicating that there is an excess
of 1-5 per cent of sodium in the aqueous humour. More
striking is the discrepancy of the bicarbonate ratio,
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which in the rabbit is 1-26 compared with a value of 1-04
demanded by the Gibbs-Donnan equilibrium. It will be
noted that the dialysis-ratio for calcium is 0:65; the
theoretical ratio for a divalent cation is 0-92, and the
discrepancy is due to the large amount of calcium held
bound to plasma proteins in unionized form. With
magnesium the discrepancy is not so large, due to a
smaller degree of binding.

Glucose

The concentration of glucose in the agqueous humour
is less than in plasma, and the concentration in the
vitreous body is even lower; these differences have been
ascribed to consumption within the eye by the lens,
cornea and retina; this utilization may be simply
demonstrated by incubating the excised eye at 37°C;
within two hours all the glucose has disappeared (Bito
and Salvador, 1970). It is possible that a further factor
is a low concentration in the primary secretion, since
the concentration of glucose in the aqueous humour of
cataractous eyes is not significantly lower than normal
(Pohjola, 1966).

Amino acids

The relative concentrations of amino acid in the plasma
aqueous humour and vitreous body depend on the
particular amino acid, so that the concentration in
aqueous humour may be less than, equal to, or greater
than that in plasma (Fig. 1.22); the concentration in the
vitreous body is always very much less than in either
of the other fluids (Reddy, Rosenberg and Kinsey,
1961 ; Bito er al., 1965). The low values in the vitreous
body are not due to consumption within the eye since
a non-metabolized acid, cycloleucine, shows a steady-
state concentration in the vitreous body only 10 per cent
of that in plasma after intravenous injection (Reddy and
Kinsey, 1963), so that an active removal of amino acid
by the retina has been postulated. When the dead eye
is incubated, there is a large rise in concentration of
amino acids in the vitreous body, due to escape from
the lens, which normally accumulates these from the
aqueous humour (Bito and Salvador, 1970).

Ascorbic acid

The concentration of ascorbic acid in the rabbit’s
aqueous humour is some 18 times that in the plasma;
the degree of accumulation varies with the species,
being negligible in the rat and galago, but high in man,
monkey, horse, guinea pig, sheep, and pig. As Kinsey
(1947) showed, when the plasma level is raised, the
concentration in the aqueous humour rises until a
‘saturation level’ is reached in the plasma, of about
3 mg/100 ml when the concentration in the aqueous
humour reaches some 50 mg/100 ml. Raising the plasma
level beyond the saturation level causes no further rise
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Fig. 1.22 Relative concentrations of free amino acids in lens, vitreous and aqueous
humours of the rabbit eye. (After Reddy and Kinsey, Invest. Ophthal.)

in concentration in the aqueous humour. According to
Linnér (1952) the ability of the eye to maintain this
concentration of ascorbic acid depends critically on the
blood-flow, so that unilateral carotid ligation causes a
17 per cent fall in concentration on the ligatured side.
Hence, under non-saturation conditions, the concentra-
tion of ascorbic acid in the aqueous humour is some
measure of the rate of blood-flow through the ciliary
body. When the isolated ciliary body is placed in a
medium containing ascorbic acid, the tissue accumulates
this to concentrations considerably higher than in the
medium; D-isoascorbate competed for accumulation
but glucoascorbate, containing an additional CHOH-
group, had no effect (Becker, 1967). The isolated retina
also accumulates ascorbic acid (Heath and Fiddick,
1966); this is true of the rat, although in this species
the ocular fluids contain a very low concentration.

AQUEOUS AS A SECRETION

Studies along these lines have left the modern
investigator in no doubt that the fluid could not have
been formed by such a simple process as filtration; in
consequence the aqueous humour is called a secretion.
What is implied by this is, essentially, that in order that
it should be formed from the blood plasma, something
more than a mechanical filtration process that ‘skims’ off
the proteins is necessary; the cells of the ciliary
epithelium must perform work—what is called osmotic
work—in order to produce a fluid like the aqueous
humour, which is not only different from plasma but
also from a filtrate of plasma or dialysate. How this

happens is still a closed book; presumably the first
step is the production of a plasma filtrate in the stroma
of the ciliary processes; this is prevented from passing
into the posterior chamber by the tightly packed cells
of the ciliary epithelium. We may assume that, next,
these cells abstract from this fluid the various ions and
molecules that are ultimately secreted, and together with
water they drive them into the posterior chamber. In
making the selection, certain ions and molecules may be
transferred across the cells to give higher concentra-
tions in the secretion than in the original plasma filtrate,
e.g. bicarbonate and ascorbate, whilst others are trans-
ferred at lower concentrations, e.g. calcium, urea, and
SO on.

ALTERATIONS OF THE PRIMARY SECRETION

Once formed, the composition of the fluid may well be
modified by metabolic and other events taking place
during its sojourn in the posterior and anterior
chambers; thus the concentration of, glucose could be
low because the lens and cornea actually utilize it,
whilst the relatively high concentrations of lactate and
pyruvate could be the consequence of glycolytic activity
by these structures. That this is probably true is shown
by comparing the vitreous body with the aqueous
humour; the vitreous body, being exposed to both lens
and retina, might be expected to have an even lower
concentration of glucose than that in the aqueous
humour, and higher concentrations of lactate and
pyruvate. In fact this is true. Moreover, if lactate and
pyruvate are produced in this way, being stronger



acids than carbonic acid, they will have decomposed
some of the bicarbonate entering in the original
secretion, so that the original concentration of
bicarbonate must have been higher (and the chloride
concentration lower) than that actually found, and
recent studies of Kinsey and Reddy have shown that
this is indeed true.

SPECIES VARIATIONS

The high concentration of bicarbonate in the aqueous
humour shown in Table 1.1 is not a general char-
acteristic common to all species; thus in horse, man,
cat, rabbit and guinea pig the ratios: Concn. in Aqueous
Humour|Concn. in Plasma are 0-82, 0-93, 1-27, 1-28 and
1-35 respectively. Hence in the horse and man the con-
centrations of bicarbonate are Jess than what would be
expected of a filtrate of plasma. Study of the chloride
composition shows an inverse relationship, as we might
expect, the aqueous humours with high bicarbonates
having low chlorides, and vice versa. It would seem that
the secretion of a fluid with a high concentration of
bicarbonate is concerned with the buffering needs of the
eye, the bicarbonate being required to neutralize the
large amounts of lactic and pyruvic acids formed by
lens, retina and cornea. In animals like the rabbit and
guinea pig the lens occupies a large proportion of the
intraocular contents and so the buffering requirements
are high; by contrast, in the horse and man the lens
occupies a much smaller percentage of the contents
(Davson and Luck, 1956). Wide species fluctuations in
the concentration of ascorbate in the aqueous humour
are also found; thus in the horse, man, rabbit, dog, cat
and rat the concentrations are about 25, 20, 25, 5, 1 and
0 mg/100 ml respectively, although the concentrations
in the plasma are all of the same order, namely about
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1 mg/100 ml. Unfortunately the significance of ascorbate
in the eye is not yet understood, so that the reason
why the cat, dog and rat can manage with such low
concentrations, whilst the rabbit and other species
require high concentrations, is not evident. The
suggestion that the lens actually synthesizes ascorbate
and pours it into the aqueous humour has been
disproved, at any rate as a significant source of the
vitamin.

THE BLOOD-AQUEOUS BARRIER

Our knowledge of the relationships between aqueous
humour and plasma has been furthered by a study of
the exchange of materials between the two fluids,
studies of what has come to be known as the blood-
aqueous barrier. If various substances are injected into
the blood so as to establish and maintain a constant
concentration in the plasma, then the rates at which the
concentrations in the aqueous humour approach that of
the plasma are usually very much less than occurs in
such tissues of the body as skeletal muscle, liver, etc.
It is because of this that we have come to speak of the
‘blood-aqueous barrier’, meaning that substances
encounter difficulty in passing from the one fluid to the
other.

EXPERIMENTAL STUDIES

Figure 1.23 illustrates the penetration of some sub-
stances into the anterior chamber of the rabbit. In
general, the substances fall into three categories. First
there are the very large molecules like the plasma

180
Time (min)

120

Fig.1.23 Penetration of some non-electrolytes (left) and ions (right) into the aqueous humour
of the rabbit. The concentration of the given substance in the plasma (Cg;) was maintained
constant, and the concentration in the aqueous humour (Caq) was determined at different
times. (Davson, Physiology of the Ocular and Cerebrospinal Fluids.)
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proteins, dextrans and inulin which penetrate so slowly
as to give the impression of an absolute barrier,
although studies with isotopically labelled proteins leave
us in no doubt that there is some, but very slow,
penetration. Because the aqueous humour is constantly
being drained away the concentration of these large
molecules in the aqueous humour never rises very high
and we may speak of a steady-state in which the ratio of
concentrations is exceedingly low. This of course
accounts for the low concentrations of plasma proteins
in the aqueous humour. The second category of
substance has a much smaller molecule, or may be an
ion; the molecule is water-soluble, like urea, creatinine,
p-aminohippurate, sucrose and so on. Penetration is
considerably faster, usually, than that of the proteins.
The third group are the lipid-soluble molecules which
penetrate very rapidly; these include ethyl alcohol,
various substituted thioureas, many sulphonamides. In
general, the rate of penetration increases with increasing
lipid-solubility, as measured by the oil-water partition
coefficient. Water, although not strongly lipid-soluble,
belongs to the category of rapidly penetrating sub-
stances. Again, the sugars such as glucose and galactose
are insoluble in lipid solvents but they also penetrate
the barrier rapidly.

MECHANISM OF THE BARRIER

We may imagine that the cells of the ciliary epithelium
continually secrete a fluid, which we may call the
primary agueous humour, that is emptied into the
posterior chamber and carried through the pupil into
the anterior chamber to be finally drained away out of
the eye. If a foreign substance, or the isotope of a
normally occurring constituent of the aqueous humour,
e.g. 2*Na, is injected into the blood it presumably
equilibrates rapidly with the extracellular fluid in the
ciliary processes, and thus gains ready access to the
cells of the ciliary epithelium. If the substance penetrates
these cells easily, then we may expect it to appear in
the secretion produced by them relatively rapidly. The
primary aqueous humour will therefore contain the
substance in high concentration. This circumstance will
favour penetration into the aqueous humour as a whole.
On mixing with the fluid already present in the posterior
chamber, the primary fluid will be diluted, so that it
will take time for the aqueous humour as a whole to
reach the concentration in the plasma, in the same way
that if we were to add a coloured solution to a tank of
water, removing fluid from the tank as fast as the
coloured fluid was added, in time the concentration of
dye in the tank would come up to that in the coloured
solution, but the process would take time and be
determined by the rate of flow.

DIFFUSION FROM IRIS

While in the posterior and anterior chambers, however,
the aqueous humour is subjected to diffusional
exchanges with the blood in the iris, as illustrated in
Figure 1.24, so that if these exchanges are significant

Fig. 1.24 Illustrating the diffusional exchanges between
aqueous humour in posterior and anterior chambers on the one
hand, and the blood plasma in the iris, on the other.

the rate at which the foreign substance comes into
equilibrium with the aqueous humour is increased.
There is no doubt that lipid-solubility is an important
factor in determining the rapidity of these diffusional
exchanges. The anterior surface of the iris is not
covered by an intact epithelial or endothelial layer, so
that restraint on diffusion from blood into the anterior
chamber must depend on the capillaries of this tissue.
That the iris offers considerable restraint to exchanges
with the aqueous humour was demonstrated by Davson
and Spaziani (1960), who infused artificial aqueous
humour containing different solutes into the anterior
chamber of the cat; under these conditions the pupil
closed to a slit so that a large area of iris was exposed
to the aqueous humour. If lipid-insoluble substances
such as 2*Na, para-aminohippurate or sucrose were
injected, these escaped at a rate that could be completely
accounted for by bulk flow through the canal of
Schlemm; even lipid-soluble substances, such as
propylthiourea, did not escape much faster than sucrose.

Large molecules

On the basis of this scheme, we may interpret the
blood-aqueous barrier phenomena qualitatively. Thus
large lipid-insoluble molecules such as the plasma
proteins will probably be held back partially by the
capillaries in the ciliary processes; the permeability of
ciliary body capillaries to proteins is unusually high,
however, (Bill, 1968)* so that the main restraint will be

*Thus Bill (1968, g, b), measured the penetration of labelled
myoglobin, serum albumin and gammaglobulin from blood into
the stroma of the ciliary body and choroid ; the turn-over rates
in the tissue were 25, 39 and 16 per cent per minute
respectively, showing that the capillaries were exerting a sieve-
like action. Bill estimated that the albumin concentration in
the stroma was some 55 to 60 per cent of that in plasma,
so that the oncotic pressure of the tissue is relatively high.



the clefts between the unpigmented ciliary epithelial
cells (p. 27). Penetration into these cells and through
the clefts will be minimal, and it may be that passage
across this unpigmented layer is by a process of
pinocytosis or engulfment of the proteins into small
vacuoles, which subsequently empty themselves into the
posterior chamber (Bill, 1975). During the fluid’s
sojourn in the posterior and anterior chambers,
additional amounts may diffuse from the iris; once
again, however, the vacuolar pathway seems likely, since
the capillaries of the iris are probably completely
impermeable to proteins (p. 29). Because of the sluggish-
ness of all these processes, the concentration in the
aqueous humour will never build up to that pertaining
in the plasma; in fact, as indicated above, the

concentration-ratio never rises above about 1/200 for
the plasma proteins.*

Ions and lipid-soluble molecules

With substances such as 2*Na, the evidence suggests
that the primary secretion contains this ion in the same
concentration as in the plasma, whilst the contributions
of diffusion from the iris are also significant. The over-
all rate of penetration into the aqueous humour is thus
considerably greater than that of the proteins. With
ethyl alcohol penetration is altogether more rapid
because of the lipid-solubility of the molecules; this
permits of very rapid exchanges across the iris.

Facilitated transfer

Sugars and amino acids are relatively large and very
lipid-insoluble molecules so that their penetration into
the aqueous humour, which occurs relatively rapidly
(Davson and Duke-Elder, 1948 ; Harris and Gehrsitz,
1949) is doubtless due to facilitated transport, namely
the development of ‘carriers’ or active membrane sites
that specifically react with these solutes.

BLOOD-VITREOUS BARRIER

Early studies on the Kkinetics of the blood-aqueous
barrier tended to ignore the influence of the vitreous
body on the penetration of material into the aqueous
humour. In general, the vitreous body comes into
equilibrium with the blood much more slowly than
the aqueous humour and we may speak of a blood-
vitreous barrier. The vitreous body probably receives
material from the choroidal and retinal circulations,
but because, with many substances, equilibrium with
plasma takes a long time to be achieved, it follows
that the vitreous body must also receive material from
the aqueous humour in the posterior chamber, the
concentration tending to be higher in this fluid. The
blood vitreous barrier is thus complex, and may be
illustrated by Figure 1.25.

AQUEOUS HUMOUR AND THE INTRAOCULAR PRESSURE 23

Gk

Fig. 1.25 The blood-vitreous barrier.

Since the vitreous body is exposed to diffusional
exchanges with blood in the retinal circulation, as well
as the choroidal, we must seek some reason for the
slow rates of exchange of this body with blood. The
pigment epithelium doubtless restricts passage from the
choroid; as we shall see, the cells are sealed by tight
junctions. Thus material escaping from the highly
permeable choroidal capillaries is held up at the pigment
epithelium. Treatment of rabbits with iodate, which has
a specific effect in damaging the cells of the pigment
epithelium (Noell, 1955; Grignolo et al., 1966), causes a
marked decrease in electrical resistance across the retina
(Noell, 1963) and an increased permeability of the
blood-vitreous barrier (Davson and Hollingsworth,
1972).

Diffusion into vitreous body

A study of the penetration of, say, 2*Na into the
aqueous humour must take account of the circumstance
that quite a considerable fraction of the 2*Na passing
from plasma to posterior chamber diffuses back into
the vitreous body, instead of being carried into the
anterior chamber. The extent to which this occurs
depends largely on the relative rates at which the
vitreous body and aqueous humour come into
equilibrium with the plasma. With lipid-soluble sub-
stances like ethyl alcohol or ethyl thiourea the
discrepancy is small, and the loss of material from the
posterior chamber is not serious.t With 2Na and
various other ions the losses are very significant.

MATHEMATICAL ANALYSIS

In consequence, the mathematical analysis of the process
of equilibration becomes highly complex; moreover, the
experimental study demands that we measure penetra-

*The concentrations of immunoglobulins in the tissues of
rabbit and human eyes have been determined by Allansmith
et al. (19715 1973); these are remarkably high in the avascular
cornea, and low in the retina and iris.

TWith lipid-soluble substances, however, the penetration of
material into the lens becomes a significant factor ; in an animal
like the rabbit, where the volume of the lens is about twice that
of the aqueous humour, this can be a very serious factor.
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tion into both anterior and posterior chambers
separately, as well as into the vitreous body and some-
times the lens. It is not feasible to enter into the details
of the mathematical analysis, which has been so elegantly
carried out by Kinsey and Palm and Friedenwald and
Becker. Figure 1.26 shows the experimental basis for
one such analysis, namely the penetration of **Na into
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Fig. 1.26 The penetration of isotopically labelled sodium
into the posterior (broken line) and anterior chambers (full line)
of the rabbit. (After Kinsey and Palm, Arch. Ophthal.)

posterior and anterior chambers. As we should expect;
the posterior chamber tends to come into equilibrium
more rapidly than the anterior chamber ; the interesting
feature is the crossing over of the curves, so that at the
later stages the anterior chamber is ahead ; this is because
the posterior chamber is losing material to the vitreous
body. A similar situation is found with chloride, studied
with the isotope *°Cl. The value of the mathematical
analysis of the process of penetration is that it enables
one to compute the probable character of the aqueous
humour as it is primarily secreted (Kinsey and Reddy,
1959).

POSTERIOR AND ANTERIOR CHAMBERS

In describing the chemistry of the aqueous humour we
considered simply the fluid obtained by inserting a
needle into the anterior chamber and withdrawing all
the fluid; the aqueous humour so studied was a mixture

of posterior and anterior fluids. When the fluids are
withdrawn separately and analysed, their comparative
chemistry reveals, in some measure, their different
histories. Thus the bicarbonate concentration in the
posterior fluid is higher than that in the anterior fluid,
in the rabbit, and this is because the freshly secreted
fluid has a much higher concentration than in the
plasma; while in the posterior chamber, some diffuses
back to the vitreous body and some is decomposed by
lactic and pyruvic acids; in the anterior chamber more
is decomposed by the acids formed by lens and cornea,
and some diffuses back into the blood in the iris. In a
similar way we can account for the circumstance that the
ascorbate concentration is higher in the posterior fluid;
here, the diffusion from the anterior chamber into the
blood in the iris is the determining factor. With chloride
the concentration is less in the posterior fluid; this is
because the freshly secreted fluid has a relatively low
concentration of this ion ; while in the anterior chamber,
chloride diffuses from the blood into the anterior fluid.
Some analyses, including the vitreous body, are shown
in Table 1.3.

POTASSIUM, MAGNESIUM AND CALCIUM

The relative concentrations of these ions in plasma
and ocular fluids have not received a great deal of
attention, due, presumably, to difficulties in chemical
analysis. The matter is certainly of great interest since
the concentrations of these ions are very important for
the functioning of the central nervous system, and they
are maintained in the cerebrospinal fluid and extra-
cellular fluid of the central nervous tissue at levels that
are different from those of a plasma filtrate. Since the
retina is a part of the central nervous system, and
since it is exposed to the vitreous body, the concentra-
tions of these ions in the vitreous body are of great
interest; since, moreover, the vitreous body is in free
communication with the aqueous humour in the
posterior chamber, the concentrations in the aqueous
humour are also relevant.

Potassium

The situation is complicated by species variability; for
example, the concentration of K* in the anterior
aqueous humour of the dog is considerably higher

Table 1.3 Relative compositions of plasma, aqueous humours and vitreous body in

the rabbit. (Reddy and Kinsey, 1960)

Na Cl Total CO;  Ascorbate  Lactate  Glucose
Plasma 143-0 109-0 206 0-04 103 57
Anterior aqueous 1380 101-0 30-2 1-11 93 54
Posterior aqueous  136-0 96-5 375 1-38 9-9 56
Vitreous 1340 105-0 26-0 0-46 12-0 3-0

Concentrations are expressed in millimoles per kilogramme of water.



than that in a plasma dialysate, whereas in the cat and
rabbit it is less. Some figures from a recent paper by
Bito (1970) have been collected in Table 1.4. Perhaps
the most striking feature is the existence of quite large
differences in concentration between the anterior and
posterior halves of the vitreous body; such differences
indicate that the retina + choroid is acting as either a
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gradients of concentration between posterior aqueous
and anterior vitreous, and between anterior vitreous
and posterior vitreous, indicate beyond doubt that the
retina is actively removing amino acids from the vitreous
body; and the process has been demonstrated experi-
mentally by Reddy ez al. (1977a,b). These authors have
shown, for example, that treatment of the sheep with

Table 1.4 Concentrations of certain ions (mequiv/kg H,O) in ocular
fluids and plasma dialysate. (After Bito, 1970)

Plasma Agqueous Vitreous
Species Ion  dialysate Ant. Post. Ant. Post.
Dog K 4-06 4-74 5-32 5-24 511
Cat K 4-53 415 4-70 5-15 4-99
Rabbit K 4-37 426 469 469 4-62
Dog Mg 118 1-07 1-06 1-28 138
Cat Mg 126 0-99 0-89 1-01 1-08
Rabbit Mg 149 1-41 1-50 1-99 2:16
Dog Ca 3-05 2:96 2:92 3-34 3-56
Cat Ca 3-02 270 278 3-04 3-22
Rabbit Ca 412 3-48 3:48 3-90 3-94
source or sink for the ion. Thus, in the dog, the iodate, which attacks the pigment epithelium

concentration of K* in the posterior half is less than in
the anterior half, and this is less than in the posterior
aqueous humour; these gradients could be due to the
retina + choroid acting as a sink for K*, secreted by
the ciliary body at a higher concentration than in a
plasma filtrate. A further complicating factor is the
possibility that the lens may be actively taking up K+
at its anterior surface and releasing it at its posterior
surface (Bito and Davson, 1964) and this view is
supported by Kinsey’s studies on transport of this ion
across the lens (pump-leak hypothesis, p. 129), and the
observation of Bito et al. (1977) that, in the absence of
the lens, the rabbit’s vitreous has a concentration of K*
considerably lower than in a dialysate of plasma.

Magnesium

The gradients with Mg?*, on the other hand, suggest
that the retina plus choroid is acting as a source of
this ion and this indicates that the actual concentration
of Mg?* immediately adjacent to the retina is even
higher than in the bulk of the posterior segment of
vitreous. The concentrationof Mg?2 * in the cerebrospinal
fluid is likewise much higher than in a plasma dialysate
(Davson, 1956) so that it seems that central nervous
tissue requires a higher concentration of Mg** in its
extracellular fluid than that provided by a simple filtrate
of plasma.

AMINO ACIDS

The low concentrations of amino acids in aqueous
humour have been discussed earlier (p. 19); the

specifically, actually caused the steady-state concentra-
tion of cycloleucine in the vitreous body to increase,
indicating that the iodate had inhibited the active
transport of the amino acid out of the eye. These
authors emphasized the species variation in the steady-
state distribution of amino acids in the ocular fluids;
thus in the sheep the concentrations in posterior and
anterior aqueous humours were always above that in the
plasma, indicating an active transport inwards across
the ciliary epithelium, and possibly the iris. It is possible,
moreover, that the low concentrations found in many
species result from the vitreous ‘sink’, caused by active
transport across the pigment epithelium.

SUMMARY DIAGRAM

Figure 1.27 from Bito (1977) illustrates the gradients
of concentration within the eye established by recent
chemical studies.

VITREOUS BODY AS EMERGENCY RESERVOIR

Bito (1977) has emphasized that, because of its relative
bulk, the vitreous of, say, the rabbit, contains some
1-2 mg of glucose. In the enucleated eye maintained at
body-temperature there is a rapid utilization of this
(Davson and Duke-Elder, 1948), and this is due to
utilization by both lens and retina; the retinal con-
tribution to utilization was demonstrated by the
gradients of concentration in the vitreous, and also by
the continued utilization by the aphakic eye; in this case
it amounted to some 10 ug/min (Bito et al., 1977). Thus
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Fig. 1.27 Schematic representation of the gradients of
some solute concentrations and total osmolality in the
intraocular fluid system of a typical mammalian eye. The
blood levels are indicated by the dotted line and by the value
given for the choroid. There is active transport of magnesium
into the eye across the blood-retinal barrier while potassium
and most amino acids are transported outward. Potassium and
ascorbic acid are actively transported into the posterior
chamber, whileamino acids and glucose transport can be either
active or passive at this site. The facilitated transport of
glucose and ascorbic acid across the blood-retinal barrier is
indicated by a question mark since they have not been proven.
The highest osmolality is found in the posterior chamber, and
the fluids become more isotonic toward both the anterior
chamber and the retina. (Bito, Exp. Eye Res.)

in acute metabolic stress the vitreous might act as a
temporary supply, and as a ‘sink’ for accumulating
lactate.

WATER AND OSMOTIC EXCHANGES

The aqueous humour and blood plasma are approxi-
mately isosmolar, with the possibility that the aqueous
humour is slightly hyperosmolar. Thus exchanges of
water, apart from those concerned in the formation of
the fluid, are normally negligible. When the osmolarity
of the blood is altered experimentally, for example
by intravenous injection of a hypertonic salt solution,
then there is a rapid adjustment of the osmolarity of the
agueous humour, indicating that the barrier to water is
relatively slight by comparison with the barrier to salts;
and this is confirmed by direct studies with labelled

water. The loss of water resulting from the hypertonic
injection brings about a fall in the intraocular pressure,
and the effectiveness of various solutes in reducing the
intraocular pressure is presumably related to the ease
with which they may cross the blood-aqueous and
blood-vitreous barriers. Thus, if the solute penetrates
rapidly into the fluids a difference of osmotic pressure
cannot be maintained for any length of time and so the
loss of water will be small. For this reason sucrose or
sorbitol is effective. The special effectiveness of urea,
which may be used clinically to reduce intraocular
pressure temporarily, is due to a relatively slow rate of
penetration of the barriers, but also to the circumstance
that it is not rapidly excreted by the kidneys, so that a
high level may be maintained in the plasma for some
time; finally, its molecular weight is low, so that from
an osmotic point of view a 10 per cent solution of urea
is as effective as a 60 per cent sucrose solution.

THE MORPHOLOGY OF THE BARRIERS

The experimental studies outlined above have revealed
a restraint on the passage of many solutes from blood
into agueous humour and vitreous body; and we must
now engquire into the sites of the barriers that give rise
to this restraint. Thus, as indicated earlier (p. 22), blood
in the iris, ciliary body and choroid comes into close
relations with the aqueous and vitreous humours. If
relatively free and unselective exchanges are not to occur
between blood and these fluids there are two
possibilities; first, that a selectively permeable layer of
epithelium be interposed between the stroma of the
tissue and the fluids, or second, that the capillaries in
the stroma be of a type similar to those found in the
brain, exhibiting a high degree of selectivity and
generally restraining the passage of most water-soluble
compounds. In the eye, both mechanisms operate;
thus the ciliary epithelium and retinal pigment
epithelium separate aqueous humour and vitreous body
from the stroma of the ciliary body and choroid
respectively, whilst in the iris and retina the restraints
to free exchanges with blood are imposed by the
capillaries themselves.

CILIARY EPITHELIUM

The blood capillaries of the ciliary body supplying the
tissue immediately under the epithelium in the ciliary
processes are large, like venules, and exhibit fenestra-
tions that occupy the entire circumference of the
endothelium. Capillaries with fenestrations are found to
be highly permeable to all solutes, so that even plasma
proteins escape into the stroma and tend to build up a



high colloid osmotic pressure (Bill, 1975). Thus restraint
to passage from the ciliary stroma must be determined
by the ciliary epithelium and such a restraint may be
visualized by injecting into the blood a tracer that
escapes from the capillaries but yet is large enough to be
visualized in the electron microscope. Such a tracer is
horseradish peroxidase.* When Vegge (1971) injected
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layers may fuse to give the tight junction, or zonula
occludens, where the layers have been reduced to 5
(Fig. 1.28B); and it is found that electron-dense markers
such as ferritin or horseradish peroxidase fail to pass
through the intercellular cleft, which is therefore sealed.
A membrane consisting of a layer of cells, each with its
space occluded by a tight junction, would have a low

No tanthanum

Tight junction

Gap junction

Cell Lanthanum
membrane ( Electron opaque)
C

Fig. 1.28 TIllustrating types of cell contact. (A) Simple apposition. (B) Tight junction where there has been fusion of adjacent
laminae. (C) Tight junction plus gap-junction in series. This preparation has been treated with colloidal lanthanum from the
blood side, as indicated by the cross-hatching. Lanthanum has passed through the gap-junction but has been restrained by the

tight junction. (Davson and Segal, Introduction to Physiology.)

this into the monkey he found that it rapidly filled the
stroma of the ciliary body and the intercellular spaces of
the pigmented layer, but was held up at the non-
pigmented layer passing along the intercellular clefts
only to a restricted extent and was prevented from
passing further byjunctional complexes. A similar result
was described by Shiose (1970) in the mouse and
Uusitalo et al. (1973) in the rabbit.t

TIGHT JUNCTION

When examined in thin sections in the electron micro-
scope, the individual cells of epithelial sheets are seen
to be separated from each other by a space of about
20 nm; since each cell membrane appears, at high
magnification, to consist of three layers, the region of
cell apposition appears as a seven-layered structure
(Fig. 1.28A). At certain regions these membranes may
come into much closer apposition and their constituent

permeability to solutes, and this would be manifest as a
high electrical resistance.

GAP-JUNCTION

Another type of junction, formerly confused with and
included in the category of tight junction, is the gap-
Junction; here, the outer layers of the cell membranes
come into very close juxtaposition, but when a small
electron-dense marker, such as lanthanum hydroxide,

*The technique employing this as an electron-dense marker
was developed by Karnovsky (1967); it has a molecular weight
of 40000 and a diameter of 50 to 60 A; by causing it to
react with H,0O, and 3-3'-diaminobenzidine, the reaction
product reacts with osmium to produce a dense electron-
staining.

+ Uusitalo et al. (1973) point out that the ciliary epithelium on
the ciliary processes and pars plana does allow some horse-
radish peroxidase to pass between its non-pigmented cells, so
that it is possible that the small amounts of protein entering
the aqueous humour are carried through these regions.
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is employed, it is seen to pass through a narrow inter-
cellular space of about 4 nm diameter, the outer leaflets
of the cell membranes not having fused as in the tight
junction (Fig. 1.28C). Thus the gap-junction constitutes
a pathway for ready passage of small solutes between
cells, so that an epithelium whose cells were linked by
this type of junction only would be very leaky and have
a low electrical resistance. Another feature of the gap-
junction is that it serves to connect the two adjacent
cells, so that if a dye stuff is injected into one cell the
adjacent cell soon becomes coloured, due to diffusion
across the gap-junction; in this way the fibres of cardiac
and smooth muscle are joined, so that the tissue
behaves as a syncytium.

DESMOSOME
A third main type of junction is the desmosome, or

macula adhaerens; this serves only to hold the cells
together mechanically.

Junctional complex

In general these junctions do not occur singly but as a
‘junctional complex’ with the tight junction, or zonula
occludens, closest to the apices of the cells.

CILIARY JUNCTIONS
Figure 1.29 illustrates the types of junction in the
ciliary epithelium; it is the apices of the unpigmented
cells that contain the true zonulae occludentes that act
punctum
adhaerens

tight
junction

gap
junction

as seals restricting diffusion between the cells, so that
the whole layer behaves as a single sheet of membrane-
covered cytoplasm rather than a discontinuous array of
cell membranes and intercellular spaces (Raviola, 1971;
1977). The gap-junctions between adjacent pigmented
cells, and between pigmented and unpigmented cells,
allow the tissue to behave as a syncytium, in the sense
that diffusion from one cell to another is relatively
unrestricted. These gap-junctions have been demon-
strated by Raviola (1971) and Smith and Rudt (1975)
who showed that, whereas horseradish peroxidase
(MW 40000) was held up at the junctions, the smaller
microperoxidase (MW 1900) did actually penetrate
through the fine intercellular space at the gap-junctions
between non-pigmented epithelial cells.

THE IRIS BARRIERS

POSTERIOR EPITHELIUM

This layer seems to be functionally similar to its
analogue in the ciliary body, namely the unpigmented
layer, since its intercellular clefts are probably sealed
by tight junctions; at any rate, according to Raviola
(1977), horseradish peroxidase, which leaks out of the
ciliary body capillaries into the stroma, diffuses into the
root of the iris but is held up at the integcellular
clefts of the posterior epithelium.

Fig. 1.29 [Illustrating the interceliular
junctions’in the ciliary epithelium.
(Raviola, Exp. Eye Res.)

desmosome



IRIS CAPILLARIES

The blood capillaries of the iris seem to be different
from those of the ciliary processes, although they are
derived from the same arterial circle ; thus we have seen
that the ciliary capillaries are fenestrated and allow the
escape of large molecules such as horseradish peroxidase
and plasma proteins. By contrast, horseradish per-
oxidase (Shiose, 1971; Vegge, 1971), microperoxidase
(Smith and Rudt, 1975) and even fluorescein fail to
escape from iris capillaries, and morphological studies
have revealed tight junctions between the endothelial
cells similar to those in brain capillaries (Vegge, 1972)
mostly located close to the luminal end of the cleft.
There seem to be some species variations, which have
been summarized by Szalay et al. (1975); thus gap-
junctions seem to be predominant in rat, cat and pig,
whilst in mouse, monkey and man the junction is of the
occluding type (Smith, 1971; Vegge and Ringvold,
1969). Thus it would appear that the maintenance of a
barrier between the blood in the iris stroma and the
aqueous humour in posterior and anterior chambers is
achieved by restraint on passage out of the capillaries,
just as in the brain; an additional barrier is provided by
the posterior epithelium interposed between iris stroma
and posterior chamber.

IRIS ANTERIOR LINING

We have indicated that the consensus of opinion, based
on light-microscopy, denied the existence of an
epithelial or endothelial sheet, continuous with the
corneal endothelium, and covering the anterior surface
of the iris. Electron microscopy has, indeed, revealed
a surface layer of cells, which, however, lack a basal
lamina and are thus more similar to fibroblasts
(Ringvold, 1975; Raviola, 1977). As seen in the scanning
electron microscope, the cells are star~-shaped, and their
processes intertwine with those of neighbouring cells.
Between the cell-bodies and processes large openings
are present, traversed by small bundles of connective
tissue fibres. The same openings are seen in freeze-
fractured preparations so that they are unlikely to be due
to shrinkage during fixation. These large holes between
cells mean that there is no barrier to free diffusion
between the stroma of the iris and the aqueous humour
in the anterior chamber, so that the blood-aqueous
barrier in this region is determined by the nature of the
iris capillaries with their tight junctions.

THE CHOROID AND PIGMENT EPITHELIUM

The choroidal capillaries are similar to those of the
ciliary body, being fenestrated; and the intercellular
contacts are peculiar and reminiscent of those in the
liver sinusoids. Studies on passage of macromolecules
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from blood into the choroidal stroma indicate a high
permeability (Bill, 1968), and horseradish peroxidase
passes readily into these spaces (Shiose, 1970). Thus
the choroid, like the ciliary body, contains vessels that
are readily permeable to the solutes of plasma, so that
the observed restraint on passage of such solutes from
plasma into the vitreous body must be due to the inter-
position of a selective membrane. At one time it was
thought that the limiting membranes of the retina—
inner and outer limiting membranes—constituted a
barrier between vitreous and choroid.

PIGMENT EPITHELIUM

However, when horseradish peroxidase was added to the
vitreous body it was found to diffuse rapidly across these
limiting membranes and to be brought to a halt at the
tight junctions of the pigment epithelium (Peyman
etal., 1971), whilst horseradish peroxidase, injected into
the blood, fails to pass beyond the stroma of the
choroid, being held up at tight junctions between the
pigment epithelial cells (Peyman and Bok, 1972). The
junctions between pigment epithelial cells have been
described by Hudspeth and Yee (1973) in the eyes of a
number of species, ranging from frog to cats and
monkeys; they were similar in all species, so that the
frog’s epithelium may be treated as typical. The
junctional complex occurred about half-way down the
cell, rather than at the apex, and consisted of an
apical gap-junction (nearest the vitreous) and a basal
desmosome or macula adhaerens, and between and over-
lapping these is the tight junction or zonula occludens.
The presence of gap-junctions suggests electrical
coupling between the cells, and this was proved by
passing current through one cell and recording the
electrical changes in cells at greater and greater
distances away; the epithelium was clearly behaving as
a syncytium.

RETINAL CAPILLARIES

In those species that have a retinal circulation, in
addition to the choroidal circulation, the maintenance
of a blood-vitreous barrier must depend not only on a
barrier between choroid and vitreous, exerted by the
pigment epithelium, but also a barrier across the
capillary endothelium of the retinal circulation. The
retinal circulation is equivalent to the cerebral circula-
tion, since the nervous layers of the retina are a part
of the brain; in the cerebral circulation it has been
demonstrated that the basis of the blood-brain barrier is
the existence of tight junctions between the endothelial
cells of the capillaries (Reese and Karnovsky, 1967).
Experimental studies on the retinal circulation, using
electron-dense markers, showed that horseradish per-
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oxidase, for example, was prevented from leaving
retinal capillaries by the tight junctions between
endothelial cells (Shiose, 1970). Horseradish peroxidase
has a molecular weight of 40000 and a diameter of
about 5 nm; the much smaller microperoxidase, with
a molecular weight of only 1900 daltons, also fails to
cross the retinal capillary endothelium (Smith and Rudt,
1975).

To conclude, then, the aqueous humour and vitreous
body are insulated against free exchanges of solutes with
blood by epithelial layers and, where these are lacking,
by capillaries with an endothelium in which the inter-
cellular clefts are closed by zonulae occludentes. A
‘leak’ in this system is probably provided by the
anterior surface of the iris; solutes could diffuse out of
the ciliary capillaries into the stroma of the ciliary body
and from there they could diffuse to the iris root and
thence into the anterior chamber. The same route in
reverse is available for the uveo-scleral drainage process
of Bill (p. 46).

SECRETION OF AQUEOUS HUMOUR

ACTIVE TRANSPORT

The continuous formation of a fluid that is not in
thermodynamic equilibrium with the blood plasma
requires the performance of work; such work is

described as active transport, and the common basis for
this, whether it be the production of saliva, the secretion
of gastric juices, or the reabsorption of fluid from the
kidney tubule, is accomplished by the transport of one
or more ions from the blood side of the system to the
secreted fluid side. The osmotic gradient caused by the
transport of the ion or ions leads to flow of water, and,
depending on the permeability characteristics of the
limiting membranes across which the transport occurs,
the fluid may ultimately be isotonic, hypertonic or
hypotonic. Thus the process in the eye takes place
across the ciliary epothelium; in the stroma of this
tissue the blood is filtered by the capillaries to produce
afiltrate comparable with tissue fluid in other parts of the
body; because of the high permeability of the capillaries
the filtrate is by no means free from protein. The
unpigmented epithelium, however, acts as a diffusional
barrier to this protein and to most of the other
constituents of the filtrate, so that the transport is
slowed and becomes selective.

COLE’S HYPOTHESIS

The basic hypothesis, developed by Cole (1977), is that
the unpigmented cells absorb selectively Na* from the
stroma and transport it into the intercellular clefts
which, as Figure 1.30 shows, are closed at the stromal
side by tight junctions but are open at the aqueous
humour side ; the development of hyperosmolarity in the

Water and solute flow

‘;B

Fig. 1.30 Representation of standing gradient osmotic flow system. The system consists
of a long, narrow channel, the entry to which is restricted at the left-hand end (A). The
density of dots indicates the solute concentration. Solute is actively transported from the
cells into the intercellular channel by a solute pump, thus making the channel-fluid
hypertonic. As solute diffuses towards the open end of the channel at the right-hand
side (B), water enters across the walls because of the osmotic differential. In the steady
state a standing gradient will be maintained with the osmolarity decreasing from the
restricted to the open end and with volume-flow directed towards the open end. In the
limiting case, the emergent fluid approaches iso-osmolarity with the intracellular
compartments. The arrow on the left-hand side (across the restriction) represents an
element of hydraulic flow. (Cole, Exp. Eye Res. modified from House, Wazer Transport in

Cells and Tissues.)



clefts leads to osmotic flow of water from the stroma
and thus to a continuous flow of fluid along the clefts.
The passage of other jons may also be governed by
independent active processes, e.g. Cl~, HCO;, K*,
and so on, whilst others may diffuse passively down
concentration gradients established by the primary
process; the same may apply to sugars and amino acids.

BASIC CONSIDERATIONS

POTENTIAL

Active transport of an ion is often associated with the
development of a potential; thus the frog-skin, which
for simplicity we may represent as a single layer of
cells as in Figure 1.31, actively transports NaCl from

+

Fig. 1.31 Active transportof Na* acrossalayer of epithelium
can cause a potential due to acceleration of the positive ions
with respect to the passively flowing negative ions.

outside to inside even though the concentrations on
both sides are maintained the same, or, if the concentra-
tion is much lower outside when the animal is in fresh
water. The transport of the Na*-ion is equivalent to
an increase in its mobility in relation to the negative
Cl™-ion, so that the side to which Na™ is transported
becomes positive ; the difference of potential created by
the separation of the ions accelerates the Cl ~-ions, which
are said to follow passively in the wake of the actively
transported Na*-ions; thus in a given time, because of
the establishment of this potential, equal numbers of
ions pass from the bulk of the outside medium to the
bulk of the inside medium, and the potential is confined
to the membrane. Electrodes placed in the two media
will therefore register the active transport potential,
often described as a pump-potential since it results from
the pumping action of metabolism on a given ion.
Often the transport of Na* is accompanied by a trans-
port of K* in the opposite direction, in which case the
pump is called a Na*-K*-pump, the transport of Na*
in one direction across the membrane being linked to
the transport of K* in the reverse direction, not always
in a one-for-one manner. Inhibition of the ion pump
can be achieved through metabolic inhibitors, such as
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dinitrophenol, or by substances that exert a more
specific attack on the transport process, such as the
cardiac glycosides. The effect will be to reduce, if not to
inhibit entirely, the potential, but this will depend on
the extent to which the measured potential is directly
dependent on the ion-pump.

SHORT-CIRCUIT CURRENT

Ussing and Zerahn (1951) drew attention to the
importance of this current in the quantitative assessment
of the active transport process. Figure 1.32 jllustrates the
+ -
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Fig. 1.32 Apparatus suitable for measuring the short-circuit
current across the frog skin. The active transport of Na* from
left to right creates a potential across the membrane due to the
slower movement of Cl™-ions. If a potential is applied from a
battery (top) opposing this potential, a current must flow in the
external circuit such that for each ion of Na* transported one
electron passes to neutralize it. Thus, electrons in the external
circuit replace the Cl™-ions that would have moved from left to
right accompanying the actively transported Na* ions. If,
under these short-circuit conditions, the only ion being
transported is Na *, the short-circuit current is a measure of the
transport of Na*, (Davson and Segal, Introduction to
Phystology.)

procedure for measurement and the principle on which
itis based. Ussing and Zerahn argued that, if a counter-
potential was applied across the skin so as to make the
potential zero, there would be no force driving Cl~ from
one side of the membrane to the other if there were
equal concentration on either side in the first place.
The counter-potential would presumably not affect the
movement of Na® if it was being transported as an
unionized complex, so that the neutralization of the
positive charges brought on to the inside of the skin
by the transported Na* would have to be done by
electrons in the external circuit. Thus the current
flowing in the external circuit—the short-circuit current
—would be equivalent to the ions carried by the active
transport mechanism, if this transport of Na* were the
sole process generating the potential.
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TRANSPORT OF Na”

Cole blocked the escape route from the anterior chamber
by inserting silicone oil into the angle (Fig. 1.33), and
the posterior and anterior chambers were perfused with
an isotonic mannitol solution; the Na*, K* and Ca®*
entering the fluid were estimated chemically. When a

Fig. 1.33 Diagrammatic transverse section of eye, showing
positions of needles and oil during transfusion. 1, inflow
needle (connected to motor-driven syringe; 2, posterior
chamber; 3 and 6, oil or silicone fluid.in drainage angle; 4,
outflow needle to collecting system ; 5, anterior chamber; 7,
lens; 8, iris. (Cole, 1965.)

steady state was established, most of the ions entering
the fluid were derived from the newly secreted aqueous
humour, together with additional quantities derived
from diffusion from the iris, cornea, etc. Treatment
of the animal with DNP reduced the Na*-influx by
about a half, suggesting that about half the influx was
due to the active secretory process. In general, Cole’s
studies suggested that a passive influx of Na*, possibly
by a process of filtration from the stroma across the
tight junctions sealing the clefts, contributed perhaps
a third of the total flow, the remainder being dependent
on active transport inhibitable by DNP.

POTENTIAL

Lehmann and Meesmann (1924) measured a potential
of 6 to 15 mV between an electrode in blood and one
in the aqueous humour, the aqueous humour being
positive; subsequent work has confirmed this in the
intact rabbit’s eye and the isolated epitheltum (Miller
and Constant, 1960; Cole, 1961; Berggren, 1960);
although there may be species differences respecting the
orientation of the potential; thus Holland and Gipson

(1970) found values of 1-3 to 1-8 mV, the aqueous
humour side negative.

SHORT-CIRCUIT CURRENT

With an isolated iris-ciliary body preparation, separating
two chambers of saline as in the Ussing-Zerahn set-up,
Cole measured a p.d. of 5 mV and a short-circuit
current of 46 pAjcm?, using ox tissue, and 3-8 mV
and 295 pAficm? for rabbit tissue. In the cat isolated
preparation, Holland and Gipson (1970) obtained a
value equivalent to the transport of 1 uE/cm?/hr.

ATPase

The inhibition of active transport of Na* by the cardiac
glycosides is related to the inhibition of an enzyme that
catalyses the hydrolysis of ATP to ADP and phosphate;
the enzyme is specifically activated by Na*- and K*-
jons as well as Mg? *, and its presence on cell membranes
concerned with active transport has been visualized in
the light- and electron-microscope. The localization of
ATPase in the ciliary epithelium is illustrated by
Figure 1.34 where it is seen to be associated with the
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Fig.1.34 Localization of ATPase at cell borders of the ciliary
epithelium. (Shiose, Fap. ¥. Ophthal.)

membranes of the unpigmented cells. Cole found that
strophanthin G reduced influx of Na* into the anterior
chamber by some 50 per cent. Figure 1.35 illustrates
the results of a more recent study where blood-aqueous
potential, aqueous humour formation, Na* -influx and
plasma sodium concentration are shown before, during,
and after treatment with ouabain, another cardiac
glycoside. When ouabain was injected into the vitreous
humour, there was a fall in intraocular pressure, due
presumably to lowered rate of secretion of aqueous
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Fig. 1.35 Effects of close arterial injection of ouabain on
several parameters of aqueous humour dynamics. (Cole, Exp.
Eye Res.)

humour; and the time courses of the two processes
ran parallel to each other (Bonting and Becker, 1964).

FURTHER ASPECTS OF SECRETION

ISOLATED CILIARY PROCESSES
Berggren (1964) examined the ciliary body i vitro when
spread over a cylinder of perspex such that the processes
projected outwards, with the stroma in contact with the
cylinder. The whole was immersed in a bath and it was
observed that, because of secretion, the ciliary epithelial
cells shrank. Using this preparation, Berggren showed
that secretion could be inhibited by removing Na* or
K* from the medium, whilst typical inhibitors of active
transport, such as ouabain, DNP, azide etc., were also
effective in inhibiting shrinkage.

ANION TRANSPORT

The effects of ouabain are strongly suggestive of the
existence of a primary active transport of Na* across
the ciliary processes; a probable linkage of this with an
active transport of anions, such as chloride and
bicarbonate, is suggested by the prominent action of
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the carbonic anhydrase inhibitor, acetazolamide, or
Diamox, on the rate of formation of aqueous humour,
and also by the short-circuit studies of Holland and
Gipson, which indicated that a part of the net flux of
chloride could be accounted for by an active transport
of this ion. Acetazolamide lowers intraocular pressure
and reduces the rate of production of aqueous humour
by some 40 to 50 per cent (Becker and Constant, 1955;
Garg and Oppelt, 1970). The attack seems to be on an
anion-secreting mechanism, and in view of acetazola-
mide’s well known inhibition of carbonic anhydrase, it is
reasonable to infer that the inhibition of synthesis of
bicarbonate by the secreting cells represents the prime
effect; as Maren (1977) has emphasized in relation to a
similar inhibition of secretion of cerebrospinal fluid, the
inhibition of formation of bicarbonate would lead to
about a 50 per cent inhibition in the total rate of
secretion of fluid. Thus the observed inhibition of
sodium transport (Garg and Oppelt, 1970; Becker,
1959, Zimmerman et al., 1976a,b), is consistent with
inhibition of bicarbonate transport, a transport that is in
some way linked to that of sodium (Maren, 1977).

ULTRAFILTRATION

At one time it was argued that the sole process of
formation of aqueous humour was by filtration from the
blood vessels of the anterior uvea (Duke-Elder, 1932);
later, the reverse extreme was adopted, namely that the
process was governed entirely by secretion (e.g. Kinsey
and Barany, 1949). However, Davson (1953) showed
that the penetration of two large water-soluble
molecules, namely p-aminohippuric acid and raffinose,
into the aqueous humour from the blood, took place
at the same rate. Since these molecules would be
unlikely to enter the primary secretion, it was argued
that their penetration was through relatively large pores
either in the iris or ciliary epithelium or both; if they
entered by diffusion their rates would be proportional
to the square roots of their molecular weights, i.e. the
penetration of p-aminohippuric acid would be 1-6 times
that of raffinose; if, on the other hand, the non-
colloidal constituents of plasma were carried through by
flow, i.e. by ultrafiltration, then, if the pores were
large, there should be no difference in the rates, and this
was found.

Pressure-reduced flow

Further support for a contribution of passive filtration
to flow has been provided by several studies, notably
the demonstration by Bill and Barany (1966) that a rise
in pressure in the eye, artifically produced, caused a
reduction in the computed rate of secretion of aqueous
humour. This has been confirmed in the monkey by
Bill (1968) who caused a hypertension by intracameral
injection of erythrocytes; the suppression corresponded
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to 0-06 pl/min/mmHg rise in pressure; thus with a
normal flow of 124 yl/min this means that a rise of
some 20 mmHg would suppress aqueous humour forma-
tion altogether. This does not mean that secretion would
be suppressed; far from it, since it is well established
that secretory processes can proceed against very high
pressures ; Bill’s observation simply indicates that, when
pressure in the eye reaches a critical level, the influx
by secretion is just balanced by an outflux through
the filtration channels.*

Site of filtration

The contribution of the iris to fluid flow into the
aqueous humour seems small or negligible (Bill, 1974),
so that the site of filtration may well be through the
clefts in the ciliary epithelium; thus secretory epithelia
have been categorized as ‘tight’—e.g. that of frog skin—
and °‘leaky’, such as that of gall bladder and choroid
plexus. By a leaky epithelium is meant one that has a
relatively high passive permeability to ions, and as a
result, the establishment of large potentials during
secretion is precluded. As we have seen, the potential
across the ciliary body is small, about 5 mV; again, the
electrical resistance is low (Cole, 1966) about 60 ohm/
cm? compared with 2000 for frog skin. Thus the ciliary
epithelium may be classed with the leaky epithelia, and
a significant passive filtration across this is feasible,
provided the pressure within the blood capillaries of the
ciliary body is adequate. According to Cole (1977) the
pressure is in the region of 25 to 33 mmHg ; this would
certainly permit filtration into the stroma, especially as
the capillaries are highly permeable and allow escape of
proteins so that the opposing colloid osmotic (oncotic)
pressure is probably less than the theoretical oncotic
pressure based on impermeability of the capillaries to
proteins (Bill, 1968).

ROLE OF THE PIGMENT EPITHELIUM

This layer constitutes the barrier between the blood,
in the choroid, and the fluid immediately adjacent to
and surrounding the cells of the retina, in particular
the receptors with which it makes especially intimate
relations (p. 200). Since there is free communication
between the retinal extracellular spaces and the vitreous
body, the pigment epithelium may be said to contribute
to the blood-vitreous barrier, the retinal capillaries (e.g.
in the holangiotic retina) representing the other locus.
A number of experiments have indicated that the pig-
ment epithelium, like the unpigmented ciliary
epithelium, is more than a passive barrier to diffusion
from the adjacent stroma, and contributes, by active
transport processes, to control the ionic composition

of the medium bathing the retinal cells (Noell et al.,
1965; Lasansky and De Fisch, 1966; Steinberg and
Miller, 1973).

IONIC MOVEMENTS

It is sufficient to describe, here, a recent study of
Miller and Steinberg (1977) on the cold blooded frog’s
retina that permits the study of transport across a
choroid-pigment epithelium preparation mounted in an
Ussing-type chamber. The preparation shows a trans-
epithelial potential of some 5 to 15 mV, with the
apical (vitread) side positive, suggesting the active
transport of a positive ion, such as Na* ; a short-circuit
current of some 35 to 80 pA/cm?/hr was measured,
and this was equivalent to some 30 to 40 per cent of the
measured net flux of Na¥, as measured with isotope
exchanges across the preparation. Quabain reduced the
net sodium-flux by 50 to 60 per cent, and this was
associated with an increase in the retina-choroid flux
rather than a decrease in the choroid-retina flux. In
addition to an active sodium transport, revealed by these
measurements, there was a net flux of chloride,
measured by exchanges of isotope, in the opposite
direction to that of sodium, namely from retina to
choroid; this varied with the season being highest in
spring, when it amounted to 0-5 yEq/cm?*/hr compared
with some 0-23 pEq for sodium. This chloride-flux
was inhibited by acetazolamide, and by lowering the
concentration of bicarbonate in the medium. Of
considerable significance for the function of the photo-
receptors was the demonstration of a net flux of Ca**
into the retina of some 6 nM/cm?/hr.

ANALOGY WITH CHOROID PLEXUS

Miller and Steinberg emphasize the analogy between
the choroid-pigment epithelium system of the eye and
the choroid plexus of the brain, both of which actively
transport ions, thereby exerting a control over the ionic
environment of the neurones in their neighbourhood;
to some extent this control may be extended to the
composition of the vitreous body, but its large mass and
close relations to the lens and ciliary body may obscure
any effects of active processes in the pigment epithelium,
which could well be confined to the fluid immediately
adjacent to the receptors.

*That the pressure-suppressed inflow of aqueous humour is,
indeed, formed by filtration is made very likely by
Macri’s (1967) finding that, when he raised the intraocular
pressure by occluding anterior ciliary veins, there was no
suppression; in this case the transmural pressure-difference
across the blood capillaries was probably not decreased,
whereas when the intraocular pressure was raised by
increasing the pressure-head of saline during perfusion, there
was a suppression of inflow of aqueous humour, as revealed
by the phenomenon of pseudofacility.



RATE OF FLOW OF AQUEOUS HUMOUR

The measurement of the rate of production (or drainage)
of aqueous humour is of great interest for the study of
the physiology and pathology of the eye, but un-
fortunately the measurement is not easy. Thus, simply
placing a needle in the eye and collecting the fluid
dropping out would cause a breakdown of the barrier,
and the rate of production of the plasmoid aqueous
humour would not be a measure of the normal rate of
production. In consequence, essentially indirect
methods, largely based on studies of the kinetics of
penetration and escape of substances into and out of the
eye, have been employed. Space will not allow of a
description of the methods. In general, the principle on
which most are based is the introduction of some
material into the aqueous humour and to measure its
rate of disappearance from the anterior chamber. The
substance is chosen such that the rate of escape by
simple diffusion into the blood stream, across the iris,
is negligible by comparison with the escape in the bulk-
flow of fluid through Schlemm’s canal, for example,
1317 labelled serum albumin, '*C-labelled sucrose or
inulin, and so on.

INTRODUCTION OF MARKER

The main experimental difficulty is the introduction
of the marker into the aqueous humour without
disturbing the blood-aqueous barrier; and this is
extremely difficult. Maurice applied a solution of
fluorescein onto the cornea through which it diffused
to establish a measurable concentration in the aqueous
humour; the subsequent changes in concentration were
measured with a slit-lamp fluorimeter and, with the aid
of suitable equations, a flow-rate could be determined.
The method is applicable to man. In animals Bill (1967),
for example, has introduced needles into the anterior
chamber and replaced the aqueous humour by an
artificial one containing the labelled marker; by an
ingenious arrangement of syringes this could be done
without lowering the intraocular pressure. Oppelt (1967)
has introduced cannulae into posterior and anterior
chambers and perfused an artificial fluid through the
system, measuring the dilution of the marker due to
formation of new fluid; under these conditions, how-
ever, the eye was not normal since the perfusate
contained a high concentration of protein.

ESTIMATED VALUES

Estimates based on these principles agree on a value of
some 1 to 13 per cent of the total volume per minute.
Thus, in the cat, with a volume of about 1 ml, this
would correspond to 10 to 15 ul/min, whilst in the
rabbit, with a volume of about 0-35 ml, the absolute
flow-rate would be less, namely 3-5 to 5-2 ul/min.
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PRESSURE-CUP TECHNIQUE

The outflow of aqueous humour may be blocked by
applying a uniform positive pressure on the sclera at
the limbus in such a way as to compress the drainage
channels. The technique was developed by Ericson
(1958) to permit an estimate of the rate of flow of
aqueous humour, since, if rate of secretion is unaffected
by this treatment, the rise in pressure, and calculated
rise in intraocular volume, at the end of, say, 15 minutes’
occlusion of the drainage channels should give the rate
of formation. The blockage of outflow is achieved by
placing a suction-cup on the globe (Fig. 1.36) fitting

Fig. 1.36 The suction-cup applied perilimbally with the
contact surface blocking the anterior outflow passages of the
aqueous humour (Ericson, Acta Ophthal.)

snugly round the limbus; a negative pressure in the cup
leads to a positive pressure on the rim; thus a negative
pressure of 50 mmHg caused a positive pressure of
some 29 mmHg, which was adequate to block both the
epi- and intra-scleral vessels. Langham (1963) obtained
flow-rates between 0:8 and 19 ul/min in six human
subjects, comparing with a mean of 0-85 ul/min found
by Galin ez al. (1961).

TONOGRAPHY

In human subjects the established technique depends on
measuring the resistance to flow in response to an
applied pressure. If this is measured (p. 50) then the
normal rate of flow under steady state conditions will
be given by the equation:

FXR—_—Pi—Pe (1)
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where F is rate of flow, R is the resistance, P is the
pressure within the eye and P. is the pressure in the
blood vessels into which the aqueous humour drains;
this is taken as the pressure in the episcleral veins,
which can be measured (Brubaker, 1967).

ACTIVE TRANSPORT OUT OF THE EYE

It is common to think of the ciliary processes as
organs for the production of secretion, in the sense of
transporting material from blood to posterior chamber.
It is therefore of considerable interest to discover that
the ciliary processes are capable of actively removing
certain substances from the aqueous humour into the
blood. Thus Forbes and Becker showed that, if diodrast
was injected into the vitreous body, it disappeared
from this into the blood but did not appear in the
aqueous humour, being apparently actively removed by
the ciliary epithelium; studies on the isolated ciliary
body confirmed that the epithelium was indeed able to
accumulate diodrast and also iodide.

ANALOGY WITH KIDNEY AND LIVER

Another substance that is actively carried out of the
posterior chamber is p-aminohippurate (PAH), so that
the ciliary body behaves similarly to the kidney in the
sense that it actively eliminates this substance from the
eye; a similar process was described in the cerebro-
spinal fluid system, in the sense that iodide, thiocyanate,
p-aminohippurate are removed rapidly (Davson, 1955)
and against concentration gradients (Pappenheimer
et al., 1961 ; Pollay and Davson, 1963). In addition to
this ‘kidney’-type of active process, there is a ‘liver’-type

that actively removes compounds like iodipamide, a
substance typically used to measure the liver’s capacity
to excrete into the bile (Barany, 1972). The significance
of these active processes was obscure, since these
compounds penetrate the eye very slowly from the blood
and therefore are unlikely to present a problem to the
eye in so far as there is little necessity to remove them
actively.

PROSTAGLANDIN TRANSPORT

However, Bito (1972) showed that the ciliary body is
capable of accumulating prostaglandins (PG) when
incubated in vitro in a manner comparable with the
accumulation of p-aminohippurate. Again, when a
mixture of labelled sucrose and prostaglandin was
injected into the vitreous body of the rabbit, only the
labelled sucrose appeared in the anterior aqueous
humour (Fig. 1.37), indicating that the prostaglandin
was removed directly into the blood rather than through
the usual drainage channels. If the mixture was injected
into the anterior chamber both substances disappeared
at the same rate, showing that the iris is not responsible
for active removal (Bito and Salvador, 1972). Bito
suggested that the excretory mechanism, manifest in
the active transport of p-aminohippurate, etc., from the
eye was developed in association with a need to eliminate
prostaglandins after their synthesis and liberation in the
ocular tissues. Thus the eye is unlike lung in that it has
a very low power of inactivation of prostaglandins
(Fig. 1.38), so that any removal of liberated prosta-
glandin would have to be achieved by the ordinary bulk
flow mechanism unless supplemented by this active
secretory process. That the secretory process uses the
same mechanism as that involved in elimination of
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Fig. 1.37 A mixture of *H-labelled
prostaglandin and '#C-labelled sucrose
was injected into the vitreous body. The
curves show the changes in activity in
aqueous humour (lower block) and
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(Bito and Salvador, Exp. Eye Res.)
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Fig. 1.38 Metabolic degradation of prostaglandin E; in
supernatant fractions of rabbit kidney, lungs and ocular
tissues. Conjunctiva, A; lens, @; iris/ciliary body, ¥ ;
kidney, A; lung, ll. Each point is the mean of four
experiments + s.e.m. (Eakins ez al., Exp. Eye Res.)

p-aminohippurate is indicated by the fact that
probenecid inhibits the process (Bito and Wallenstein,
1977).*

THE DRAINAGE PROCESS

EXPERIMENTAL STUDY

In 1921 Seidel established beyond reasonable doubt that
the aqueous humour was continually formed and
drained away. He inserted a needle, connected to a
reservoir containing a solution of a dye, into the anterior
chamber of a rabbit (Fig. 1.39). By lowering the reservoir
below the intraocular pressure a little aqueous humour
was drawn into the needle and then, when the reservoir
was raised, this fluid, mixed with dye, was returned to
the anterior chamber. Soon the dye mixed with the rest
of the fluid. Seidel observed that the dye stained the
blood vessels in the surface of the globe—episcleral
vessels—indicating that aqueous humour was being
carried into the venous system. This passage out would
only occur, however, if the pressure in the eye,
determined by the height of the reservoir, was at or
above 15 mmHg; when the pressure was reduced below
this it was presumed that drainage of aqueous humour
ceased. Since the pressure within the eye is normally
above 15 mmHg, we may conclude that fluid is being
continuously lost to the blood; moreover, the loss
presumably depends on the existence of a pressure-
gradient between the aqueous humour and the venous
system. Since the episcleral vessels are derived from the
anterior ciliary system, we may conclude that the dye
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Fig. 1.39 Illustrating Seidel’s experiment.

was not being absorbed from the iris, the venous return
from which is by way of the vortex veins which were
uncoloured in these experiments. More recent studies,
in which isotope-labelled material is introduced into the
aqueous humour and the venous blood collected from
both ciliary and vortex veins, have confirmed that at
least 99 per cent of drainage is by the anterior route (Bill,
1962).

AQUEOUS VEINS

Confirmation of Seidel’s view was provided in a
striking manner by Ascher in 1942; when examining
the superficial vessels of the globe with the slit-lamp
microscope, he observed what appeared to be empty
veins but they turned out to be full of aqueous humour,
and he called them agueous veins. Usually one of these
veins could be followed till it joined a blood vessel, in
which event the contents of the two vessels, aqueous
humour and blood, did not mix immediately but often
ran in parallel streams forming a laminated aqueous vein,
as illustrated schematically in Figure 1.40. If the blood-
vein beyond the junction was compressed, one of two

* Ehinger (1973) incubated iris-ciliary body tissue in a medium
containing *H-PGE; and found an accumulation in the
ciliary processes.
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Junction to give
three laminae

Agqueous vein

A

~Blood vein

Fig.1.40 Aqueousveins. The aqueous vein emerges from the
deeper tissue and is visible at A. At B it joins a blood-vein so
that the latter has two strata. At C the stratified vessel joins
another vein to give three laminae. (Ascher, Amer. ¥. Ophthal.)

things happened; either the blood drove the aqueous
humour out of its channel or the aqueous humour drove
the blood out.

GLASS-ROD PHENOMENA

The latter situation was described as the positive glass-
rod phenomenon, whilst the former, with the blood
driving aqueous humour out, was called the negative
glass-rod phenomenon. These superficial vessels, full of
aqueous humour, are probably derived from the deeper
vessels of the intrascleral plexus, the pressure-relation-
ships in the collectors from Schlemm’s canal being such
as to favour displacement of blood throughout the course
of the fluid to the surface of the globe as illustrated by
Figure 1.41.

FLUORESCEIN

Goldmann proved conclusively that these vessels con-
tained aqueous humour by injecting fluorescein
intravenously. This substance passes very slowly from
blood into aqueous humour so that one would not expect

Fig. 1.41 Ascher’s view of the origin of an aqueous vein.

any vessel containing aqueous humour to fluoresce
immediately after the injection, whilst vessels full of
blood or plasma should do so; in fact only the blood
vessels did fluoresce.

CONNECTIONS

Later, Ashton identified an aqueous vein in a human
eye that was about to be enucleated; a wire was tied
round the vein and, after enucleation, the canal of
Schlemm was injected with Neoprene. After digesting
the tissue away a cast of the canal and its connecting
vessels remained, and examination showed that the
aqueous vein did, indeed, take origin from the canal
of Schlemm. Subsequent studies of Jocson and Sears
(1968), employing a silicone vulcanizing fluid, have
shown that the connections of the canal of Schlemm
with the vascular system are of two main kinds, large
(aqueous veins) to the episcleral vessels and much
finer connections to the intrascleral vessels. In addition,
Rohen (1969) has described bridge-like channels
running parallel with Schlemm’s canal, which branch
off and later rejoin it; these make connections with the
intrascleral plexus.

PHYSIOLOGY OF THE VASCULAR SYSTEM

The vascular circulation of the eye has attracted a great
deal of interest because of its close relationship to the
formation and drainage of aqueous humour. Space will
not permit a detailed description of this aspect of ocular
physiology, and we must be content with a few salient
points.

PULSES

With the ophthalmoscope an arterial pulse may be
observed in the retinal vessels; if the intraocular
pressure is increased by compressing the globe the pulse
may be exaggerated, since the collapse of the artery
during diastole becomes greater; if the pressure is raised
sufficiently the pulse will cease, at which point the
pressure in the eye is equal to the systolic pressure in
the artery from which the retinal artery is derived,
namely, the ophthalmic artery. The retinal veins also
show a pulse; it is best seen where the large veins lie on
the optic disk; it appears as a sudden emptying of this
portion of the vein, progressing from the central end
towards the periphery followed by a pronounced
dilatation, beginning at the periphery and passing
centrally. The pulse is not simply a reflexion of events
taking place in the right atrium, and is closely related
to ventricular systole. The rise in intraocular pressure
associated with systole will tend to compress the veins;
and a collapse of the latter will take place where the
pressure is least, i.e. most centrally. The subsequent
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Fig. 1.42 Light photomicrograph of the trabecular wall of Schlemm’s canal; the lining cells are characterized by
prominent bulging nuclei and vacuolar structures (V). Note also the predominance of loosely organized cellular
elements in the supporting tissue zone. SC, lumen of Schlemm’s canal. Araldite section. { x 980) (Tripathi,

Exp. Eye Res.)

refilling of the vein will occur in diastole, or late in
systole, and will proceed in the reverse direction. The
exact time-relationships of the pulse were established
cinematographically by Serr.

PRESSURES

These were studied experimentally by Seidel and later
by Duke-Elder; according to the latter author the
following values (mmHg) are associated with an intra-
ocular pressure of 20 mmHg:

Ophthalmic artery 99-5 Retinal vein 22:0
Retinal arteries 755 Intrascleral vein 21-5
Episcleral vein 13-0

Values in normal human subjects are included in
Table 1.6 (p. 54).

MORPHOLOGICAL BASIS OF DRAINAGE

GIANT VACUOLES

The connections between the canal of Schlemm and the
vascular system have been well established since the
work of Maggiore; the mechanism by which fluid

passes from the trabecular meshwork into the canal is
not so clear. McEwan (1958) showed on hydrodynamic
principles that the flow could be accounted for on the
basis of a series of pores in the inner wall of the canal,
and recent electron-microscopical studies have lent
support to this view. Holmberg (1959) made serial
sections of the trabecular tissue immediately adjacent to
the canal and found channels apparently ending in
vacuoles enclosed within the endothelial cells of the
canal, and he considered that these vacuoles opened
into the canal. Subsequent work, notably that of Kayes
(1967) Tripathi (1968-1977) and Bill and Svedbergh
(1972) has confirmed the existence and emphasized the
significance of these giant vacuoles which are formed by
the cells of the trabecular wall and cells lining the
septa, recognizable even at the light-microscopical level
of magnification (Fig. 1.42), and there seems little
doubt they are not artefacts of fixation.*

* Shabo et al. (1973) claimed that the vacuoles were, indeed,
due to inadequate fixation, increasing with the delay between
death and fixation; however Kayes (1975), while confirming
the effects of pressure on vacuole formation (p. 43), were
unable to find more than a few vacuoles in tissue maintained
at zero pressure and left for as long as 30 minutes before
fixation.
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TRANSCELLULAR CHANNELS

By studying serial sections in the electron microscope
it could be shown that the majority of the vacuoles were,
in fact, invaginations of the basal aspect of the
endothelial cell and thus may be regarded as extensions
of the extracellular space into the cell, with openings
measuring up to 3-5 or 4 um on the trabecular aspect.

At any given time a small proportion of these vacuoles
show communications with the lumen of Schlemm’s
canal through smaller apical openings, in addition to
the basal opening into the meshwork. Thus such a
cell is, in effect, cloven into two by a channel
communicating between aqueous humour in Schlemm’s
canal and aqueous humour in the endothelial mesh-

Fig.1.43 (A) Asurvey electron micrograph of the cellular lining of Schlemm’s canal (SC) in section showing many giant vacuoles
(V). In this plane of section, many vacuoles are seen to have communication (arrow) towards the spongy subendothelial tissue
containing aqueous humour. ( x 3810). (B) In a given plane of section, some giant vacuoles show openings on both sides of the cell
thereby consituting a vacuolar transcellular channel (continuous arrow). N, cell nucleus; SC, Schlemm’s canal. { x 20 000).
(C) Such transcellular channels provide the pathway for the bulk outflow of aqueous humour as indicated by the passage of
colloidal tracers (ferritin) shown in this Figure. The tissue was processed and electron micrograph taken following experimental
introduction of the tracer into the anterior chamber of the eye. V, vacuolar transcellular channel filled with electron dense tracer
material; SC, Schlemm’s canal. ( x 17550). (Courtesy, R. C. Tripathi.)
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Fig. 1.44 An erythrocyte is seen passing through a pore in the flat portion of the endothelium (En) to
the lumen of Schlemm’s canal. The endothelium extends a funnel-like process toward the meshwork
side. Th. thorotrast. ( x 2000). (Inomata et al., Amer. §. Ophthal.)

work. An example of this communication is shown in
Figure 1.43; and Figure 1.44 from Inomata et al. (1972)
shows an erythrocyte actually on its way through a
pore, the anterior chamber having been perfused with
fluid containing these cells before fixation. Even more
striking is the appearance of the inner (luminal) side
the Schlemm’s canal as seen in the scanning electron
microscope ; as Figure 1.45 shows, there are unmistake-
able pores opening into the lumen.

VALVULAR ACTION

The relatively large basal openings compared with the
smaller apical (luminal) openings, these last being
located on the convex surface of the vacuole and usually
not directly opposite the basal opening, could well
provide the basis for a valvular function, flow being
favoured by a pressure-gradient from aqueous humour
towards the canal of Schlemm; reversal of this gradient
might well cause closure of the apical openings and
prevent reflux of aqueous humour into the anterior
chamber. The basic concept of the structure of the
angle is illustrated by Figure 1.46 from Inomata ez al.,
the endothelial lining of Schlemm’s canal, as seen from
the inside by scanning electron microscopy, exhibiting

Fig. 1.45 Detail of the inner wall of Schlemm’s canal. A
partly collapsed bulging structure has two openings, P1 and
P2. Part of the nucleus, N, can be seen through one opening.
Structures most probably representing collapsed invaginations,
Cl, are seen at several places. P3 is also a pore. Freeze-dried
preparation. (Bill and Svedbergh, Acta Ophthal.)



42  PHYSIOLOGY OF THE EYE

depressions corresponding to the endothelial cell nuclei,
and at the base of these depressions the openings of
the pores, or giant vacuoles, are located.

VACUOLIZATION CYCLE

Tripathi suggested that the channel was just one stage
in a cycle of vacuolization, as illustrated by Figure 1.47,
in which event it is possible to envisage changes in the
resistance to outflow in accordance with changes in the
degree of vacuolization. Cole and Tripathi (1971)
calculated that the normal facility of outflow could be
accounted for if the life-span of a transcellular channel

# Endothelial vacuolation cycle

. Aqueous humour
in schlemm’s cannal

Aqueous humour
inthe trabecular meshwor

Fig. 1.46 Three-dimensional schematic
drawing of endothelium lining the inner
wall of Schlemm’s canal and the
endothelial meshwork. Endothelial cells
of inner wall of Schlemm’s canal are long
and spindle-shaped and the nuclear
portion, which often contains vacuoles,
bulges into the lumen. Pores through
endothelial cells are formed in flat
portions of cells as well as in the wall of
vacuoles opening both toward the
meshwork and to the lumen of Schlemm’s
canal. Endothelial meshwork cells have
long processes which contact those of
adjacent cells forming a complicated
network. These cells are often located
close to the pores in the endothelial cell
and are involved in ‘sieving’ of particles
in the aqueous humour. A tiny rectangle
in the Insert shows the part of the wall of
Schlemm’s canal that is illustrated.
(Inomata et al., Amer. §. Ophthal.)

occupied only one fiftieth of the total life-cycle of the
vacuole as depicted in Figure 1.47.

When particular matter, such as Thorotrast, ferritin,
etc. is introduced into the aqueous humour, it can be
identified within the large vacuoles, and even intact
blood cells can be seen in them; by contrast, no
particulate matter is seen to leak through the inter-
cellular clefts, a route for bulk outflow suggested by
Shabo ez al. (1973), and in fact Bill (1975) has calculated
that these clefts would be unable to contribute as much
as 1 per cent of the total fluid conductance across the
endothelial lining of Schlemm’s canal.

Fig.1.47 Illustrating hypothetical cycle
of vacuolization in an endothelial cell of
Schlemm’s canal resulting in creation of
a temporary channel communicating
“\ between the canal and the trabecular
h ) meshwork. (Tripathi, Exp. Eye Res.)




PINOCYTOSIS

Finally, in this context, it can be argued that flow
across the endothelium is achieved through pinocytosis
by the endothelial cells, i.e. through engulfment
(endocytosis) of aqueous humour in small pinocytotic
vesicles and ejection of the contents at the opposite
side of the cell (exocytosis). However, Tripathi’s
studies have shown that the pinocytotic vesicles within
the endothelial cells do not accumulate particulate
matter from the aqueous humour.

EFFECTS OF PRESSURE

The effects of pressure on the state of the drainage
channels are of great interest; these have been studied in
particular by Johnstone and Grant (1973), by Grierson
and Lee (1974, 1975) and Kayes (1975) in primate eyes,
using both scanning and transmission electron micro-
scopy. To confine attention to the studies of Grierson
and Lee on monkeys, they found that changes in intra-
ocular pressure had negligible effects on the uveal mesh-
work and inner corneaoscleral meshwork, so that the
obvious effects were on the structure closer to
Schlemm’s canal. The effects may be summarized as a
tendency for the meshwork to become compressed at
low intraocular pressures, reducing the intertrabecular
spaces, and for the meshwork to become progressively
expanded as pressure was raised.

Increasing pressure

Thus at 8 mmHg the endothelial meshwork had become
compact and was reduced to less than 10 zm in thick-
ness, the native cells being arranged in two or three
irregular layers; the narrow and tortuous extracellular
spaces were filled with extracellular material as in
normal tissue. As pressure was increased up to and past
normal, the intertrabecular spaces in the outer corneo-
scleral meshwork became wider and the cells of the
endothelial meshwork became separated, so that the
thickness of this region became as much as 20 um.
Eventually as pressure rises further the endothelial
lining of Schlemm’s canal, adjacent to the endothelial
meshwork, balloons into the canal to become apposed
to the corneal layer, thus locally occluding the channel;
this tendency is opposed by rigid structures such as the
outer trabeculae which are strengthened by attachment
to the scleral spur and cornea; this, together with the
struts formed by the bridging septa within the canal,
prevent complete closure even at pressures of 50 mmHg.
At these high pressures the endothelial meshwork
becomes still more distended to reach a thickness of
15 to 35 um, so that cell-to-cell contacts were often
broken although in other regions these were maintained
through fine cytoplasmic processes connecting mesh-
work cells to each other and also connecting meshwork
cells to endothelial cells of Schlemm’s canal.
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Low pressure

At zero pressure the endothelial cells and outer corneo-
scleral meshworks were very highly compressed. The
absence of blood cells in the inner meshwork, although

Fig. 1.48 Composite schematic drawing of the trabecular
meshwork and Schlemm’s canal of the human eye. (A) with
intraocular pressure less than the episcleral venous pressure;
(B) with equal intraocular and episcleral venous pressures;
(C) with intraocular pressure 30 or 40 mmHg greater than
episcleral venous pressure, (Johnstone and Grant, Amer. ¥.
Ophthal.)
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the canal of Schlemm was packed with them, suggests
that the collapsed meshwork adjacent to the canal acts
as a filter preventing reflux from the canal (Johnstone
and Grant, 1973). The changes in appearance of the
meshwork with pressure are illustrated schematically by
Figure 1.48.

Vacuoles

At the low intraocular pressure of zero there were no
giant vacuoles (Johnstone and Grant, 1973), and as
pressure was raised there was a progressive increase in
the numbers of vacuolated cells, and an increase in
size and length of the vacuoles within individual cells,
so that it appears that vacuole formation does depend
on a positive intraocular pressure; this, of course, does
not prove that at high pressures there are more
transcellular channels, since the increased vacuolation
may not be accompanied by increased numbers of
openings into the canal lumen. This is important since
many studies have indicated a nearly linear relation
between pressure and flow-rate, indicating a resistance
to flow that was independent of pressure so that
Poiseuille’s Law would apply. If rising pressure were
accompanied by lowered resistance due to increased
numbers of channels, then flow would rise steeply with
increasing pressure. At the highest pressure the number
of vacuoles decreased, so that the increases in resistance
to flow observed at high intraocular pressures by
Ellingsen and Grant (1971) in experiments on
enucleated human eyes, may have been due to the
reduction in vacuolization as well as the herniation of
the canal of Schlemm that also occurs.*

Extracellular material

In the normal and low-pressure eyes the characteristic
extracellular material covering the endothelial cells, and
probably consisting of mucopolysaccharides, was
distributed normally ; at the raised pressures this tended
to disappear; thus at 22 mmHg it became focally
aggregated and usually in limited regions close to the
endothelium lining the canal; at 30 mmHg the material
was still further reduced and in some areas could not be
detected.

ESCAPE OF PARTICULATE MATTER

Particulate matter of diameter around 1-5 to 3-0 um,
when injected into the anterior chamber, escapes into
the blood-stream; even erythrocytes; introduced into
the anterior chamber with care not to alter the intra-
ocular pressure, disappear and may be recovered in the
blood when appropriately labelled; the rate of escape is
not so rapid as that of serum albumin, showing that
there is some obstruction to passage; moreover, if the
cells are left in the anterior chamber and the eye is
allowed to adopt its true pressure, this rises due to a
partial obstruction of the outflow routes (Bill, 1968). The

passage of particulate matter has been visualized in the
electron microscope, €.g. by Inomata ez al. (1972) in the
monkey. Thorotrast (10 nm diameter), 0-1 um latex
spheres and blood cells (about 6 to 7 um) readily
entered Schlemm’s canal, but fewer 0-5 ym and 1-0 um
latex spheres were found, indicating some selection at
these sizes. Thorotrast penetrated every space of the
trabecular meshwork, except areas with very fine fibrils,
and it entered each vacuole in the endothelium lining
the canal; as Tripathi also found, Thorotrast particles
did not enter micropinocytotic vesicles in the
endothelial cells lining Schlemm’s canal, nor did they
pass between adjacent cells lining the canal. The large
latex spheres of 0-5 to 1-0 pm diameter reached the
endothelial meshwork adjacent to the canal but most
were trapped by its long cytoplasmic processes, which
thus acted as a sieve. The escape of erythrocytes is
due to their great deformability, so that although 6 to 7
um in diameter, they were able to squeeze through
25 to 3-5 um diameter pores (Fig. 1.44, p. 41). The
exit vacuole has a smaller diameter than the inlet (1-0 to
18 um compared with 2-5 to 35 um), so that
erythrocytes that entered a pore tended to remain there.

LOCUS OF OUTFLOW RESISTANCE

The actual locus of the main resistance to outflow from
the anterior chamber has been implicitly accepted as the
trabecular meshwork and endothelial lining of the canal,
as opposed to the resistance to flow from the canal
through the collector channels and vessels of the scleral
plexuses. This viewpoint is supported by the experi-
ments of Grant (1958; 1963) and Ellingsen and Grant
(1971) on the trabeculotomized eye, the resistance in
this eye being only some 25 per cent of normal. The
change in resistance on trabeculotomy is strikingly
illustrated by Figure 1.49; in the monkey some 83 to
97 per cent of the resistance was eliminated by trabecu-
lotomy compared with some 75 per cent in human eyes
(Ellingsen and Grant, 1971).

COMPUTED RESISTANCE

Bill and Svedbergh (1972) examined the meshwork and
Schlemm’s canal of human eyes in the scanning
electron microscope, in an attempt to estimate the

*These authors discuss in some detail the effects of pressure
on resistance, as measured by cannulation of the eye and
determining the relation between pressure and flow from a
reservoir; an important pitfall is the variation in resistance
with changing angle of the anterior chamber; thus if no
deepening is allowed to take place, facility tends to decrease
with increasing pressure, whereas if deepening occurs with
raised pressure, then facility tends to remain nearly constant
with increasing pressure.



probable number of open pores and their dimensions,
and from this to compute a likely resistance to flow on
hydrodynamic principles; they pointed out that, with
conventional transmission electron-microscopy, the

100
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Fig. 1.49 Steady-state intraocular pressures and
corresponding aqueous perfusion flow rates in enucleated
monkey eyes in which the anterior and posterior chambers
were in free communication, showing the difference between
normal control eyes and eyes that had internal trabeculotomy
of one quadrant. The measurements were made at a series of
steady states as the pressure was raised stepwise to 50
mmHg and again as pressure was reduced, in the sequence
indicated by the arrowheads. (Ellingsen and Grant, Inves:.
Ophthal.)

chances of finding a pore-opening are relatively small
compared with scanning electron microscopy with its
smaller magnification and larger field. They measured
an average of some 1840 pores per mm? of endothelial
surface (comparing with 1200/mm? in the monkey).
Some of the pores are illustrated in Figure 1.45. Taking
a value of 11 mm? for the total area of the wall
(McEwan, 1958) and the dimensions illustrated
schematically in Figure 1.50, they calculated the resis-
tance per pore on the basis of a modified Poiseuille’s
relationship which took account of the shortness of the
pore; and from the numbers of pores of given diameters
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Fig. 1.50 (A) Invagination and pore in an endothelial cell.

(B) Simplified model used to calculate resistance to flow. (Bill
and Svedbergh, Acta. Ophthal.)

they computed the total resistance of the angle. This
varied between 0-16 and 0-25 mmHg min ul ~'.

ACTUAL RESISTANCE

Although the calculation is highly approximate it does
indicate that the facility is more than adequate to
account for flow; thus usual values for resistance in man
are 3 to 5 mmHg min ul~! (Grant, 1958), i.e. some ten
times that computed for flow through the pores. Hence
the study of Bill and Svedbergh has shown that the
pores actually observed could easily account for the flow
under the existing difference of pressure between
anterior chamber and the episcleral venous pressure,
supposing that the pressure-drop occurred between the
anterior chamber and canal of Schlemm.

RESISTANCE IN DRAINAGE VESSELS

The study, of course, does not answer the question as
to whether a large proportion of the resistance occurs
along the collectors and vascular channels, as argued
by Perkins (1955), who found the pressure in the canal
of Schlemm equal to that in the anterior chamber. In
view of the fact that the resistance can be strongly
affected by drugs that cause a pull on the ciliary
muscle, opening up the meshwork, it is difficult to
believe that the meshwork, especially the corneo-scleral
and endothelial regions, is not a major locus of resistance
to flow.

EFFECT OF HYALURONIDASE

Biérény and Scotchbrook (1954) showed that the facility
of outflow through the perfused rabbit eye was increased
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by adding hyaluronidase to the medium, suggesting that
a factor in resistance to flow was the mucopoly-
saccharide matrix to the trabecular meshwork, but it
would seem from the study of Melton and De Ville
(1960) that this does not happen in the cat and dog.
Again, Grant (1963) found no effect on human eyes. In
the monkey, Peterson and Jocson (1974) found decreases
ranging from 24 to 65 per cent in resistance with a
mean of 40 per cent; the remaining resistance could be
decreased by a further 60 per cent by trabeculotomy,
whilst hyaluronidase treatment after trabeculotomy only
decreased resistance 'by some 25 to 30 per cent. Thus
the authors considered that hyaluronidase might well
be acting at some other locus than the meshwork.

Glycosaminoglycans

However, there is no doubt that glycosaminoglycans
are present in the meshwork; thus Grierson and Lee
(1975b) and Armaly and Wang (1975) used colloidal
thorium and colloidal iron as electron-dense stains that
react with the glycosaminoglycan of the mucopoly-
saccharide complexes. These particles were found on
the surface of the trabecular meshwork cells, on the
surface of the endothelial cells of the canal, and in
close association with extracellular connective-tissue
elements. The giant vacuoles were lined by a continuous
layer of polysaccharide, thus confirming their origin as
invaginations of the cell membrane which carried with
it its external coating of mucopolysaccharide; when an
opening of a vacuole appeared in a section, the coating
was continuous with that on the plasma membrane of
the vacuolated endothelial cell. Thus the trans-
membrane channels through which agueous humour
presumably flows are apparently lined with muco-
polysaccharide, and this may well influence fluid-flow.*

UVEOSCLERAL DRAINAGE

Bill (1964) deduced from his studies on the passage of
albumin from blood into the uveal tissue that there must
be some route for drainage additional to that provided by
Schlemm’s canal. By perfusing the anterior chamber of
the monkey’s eye with a mock aqueous humour contain-
ing labelled albumin, he was able to divide the losses
of protein into two components, the one appearing in the
blood and doubtless having been drained through
Schlemm’s canal, and the other that remained in the
uveal tissue, having presumably passed directly into the
tissue of the anterior uvea. The average ‘uveo-scleral
drainage’ was 0-44 y1/min compared with a conventional
drainage of 0-80 yl/min; thus the rate of formation of
aqueous humour, the sum of these, was 1:24 ul/min
In the cat, the rate of secretion was 144 ul/min and

only 3 per cent of this passed by uveoscleral routes.
In man, Bill (1971) demonstrated the uveoscleral flow
by autoradiography, iodinated albumin passing through
the anterior uvea and along the suprachoroidal space
to reach, eventually, the posterior pole of the eye. In
rabbits, Cole and Monro (1976) perfused eyes with
fluorescein-labelled dextrans and were able to demon-
strate that these high-molecular weight compounds
found their way to suprachoroid, scleral limbus and
iris, and, by quantitative analysis of the material in
the dissected eye, it was shown that the amounts
recovered were in this order.

THE ACTUAL ROUTE

There is no complete endothelial layer lining the anterior
surface of the ciliary body which faces the anterior
chamber between the cornea and iris; there is also no
delimitation of the spaces between the trabecular sheets
and the spaces between the bundles of the ciliary
muscle so that fluid can pass from the chamber-angle
into the tissue spaces of the ciliary muscle, and these
spaces in turn open into the suprachoroidal space from
which fluid can pass across the sclera or along the
perivascular spaces of the large vessels penetrating the
sclera. Under normal conditions the pressure in the
suprachoroid is less than that in the anterior chamber
by a few mmHg (Bill, 1975), and thus the conditions
for a flow along this ‘unorthodox channel’ are present.t

Electron-microscopy

Inomata et al. (1972b) followed the passage of particulate
matter (Thorotrast of 10 nm diameter and latex spheres
of 0-1, 0-5 and 1-0 um diameter) from anterior chamber
along the unconventional route. As others had found,
the anterior surface of the iris allowed passage of all
sizes of particles into the stroma; the pupillary zone
appeared less permeable. All sizes of particles also passed
into the intertrabecular spaces, penetrating the
corneoscleral and uveoscleral meshwork and thence into
the spaces between bundles of the ciliary muscle; the
spaces between muscle cells allowed the smaller Thoro-
trast particles to pass, excluding the latex spheres. All
sizes of particles appeared in the suprachoroid and even

* Schachtschabel et al. (1977) have cultured explants of
trabecular meshwork and shown that they synthesize
glycosaminoglycans consisting of mainly hyaluronic acid and
the sulphated glycans, chondroitin-4-sulphate and dermatan
sulphate.

+The proportion of uveoscleral drainage seems to depend on
the size of the ciliary muscle; thus in the cat it is considerable
although less than in primates; in the rabbit with its very
poor ciliary muscle it is negligible (Bill, 1966).



the largest particles passed along this as far as the
macular region in three hours. The compact sclera, as
one might expect, allowed only the smaller (Thorotrast)
particles to penetrate, and these in relatively small
amount. In a later study, the passage of particulate
matter was followed through the sclera in the loose
connective tissue surrounding the blood vessels piercing
this coat (Inomata and Bill, 1977).

EFFECTS OF CILIARY MUSCLE CONTRACTION

Bill and Walinder (1966) found in monkeys that,
although drugs such as pilocarpine, which cause con-
traction of the ciliary muscle, increase facility of out-
flow, they actually decrease uveoscleral flow, and this is
clearly because of the reduction in the spaces between
ciliary muscle bundles (Fig. 1.74, p. 71). A similar effect
was found in human eyes (Bill, 1971).

THE INTRAOCULAR PRESSURE
AND FACILITY

On the basis of Seidel’s studies, we may expect the
flow of aqueous humour to be determined by the
difference of pressure between the fluid within the eye—
the intraocular pressure—and the blood within the
episcleral venous system into which the fluid must
ultimately flow to reach the surface of the globe. Thus,
according to Seidel’s formulation we should have:

Flow = (P, — P.)/R @

if the flow follows Poiseuille’s Law, R being a resistance
term determined by the frictional resistance through
the trabecular meshwork and along the various vessels
through which the fluid flows. To understand the
dynamics of flow of aqueous humour, then, we must
consider in some detail the nature of the intraocular
pressure, P;, and its relationships with the other factors
in the above equation, namely, the episcleral venous
pressure, P, and the resistance term, R.

MEASUREMENT OF THE INTRAOCULAR
PRESSURE

On inserting a hypodermic needle into the anterior
chamber the aqueous humour flows out because the
pressure within is greater than atmospheric; we may
define the intraocular pressure as that pressure required
just to prevent the loss of fluid. Manometric methods
have been developed that permit the measurement of
this pressure with a minimal loss of fluid, this being
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necessary since, as we shall see, loss of fluid per se may
upset the normal physiology of the eye.

MANOMETRY

The general principle of the manometric methods
employed for measuring the intraocular pressure is
illustrated by Figure 1.51. The fluid-filled chamber is
connected to a reservoir, R, which is of variable height,
and also to the hypodermic needle. The end of the

Polythene tubing

Fig. 1.51 Illustrating the general principle on which
manometric measurement of the intraocular pressure is based.
The reservoir serves to fill the system with saline. When the
needle is in the anterior chamber, and the tap is closed,
changes in pressure cause movements of the membrane.

chamber is covered by a membrane, and it is essentially
the movements of the membrane, caused by changes in
pressure, that are recorded. If the membrane consists
of a latex skin, it may be made to move a small mirror
in contact with it, so that movements of the membrane
can be magnified into movements of a spot of light
reflected from the mirror. Alternatively, the membrane
may be made of metal and act as the plate of a
condenser, as in the Sanborn electromanometer, or it
may be connected to a transducer valve, i.e. a valve
whose anode may be moved from outside, so that a
change in its position is converted into a change of
voltage. The reservoir serves to fill the system with a
saline solution and may be employed to calibrate the
system; thus, with the needle stopped and the tap open,
raising and lowering the reservoir will establish known
pressures in the chamber.

TONOMETRY

For studies on man, the introduction of a needle into
the anterior chamber is rarely permissible, so that
various tonometers have been developed permitting an
indirect measure of the pressure within the eye. With
the impression type of tonometer, such as the Schietz
instrument, the depth to which a weighted plunger
applied to the cornea sinks into the eye is measured,
whilst with the applanation tonometer the area of
flattening of the cornea, when a metal surface is applied
with a controlled force, is measured. The two principles
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are illustrated schematically in Figure 1.52; the greater
the intraocular pressure the smaller will be the depth of
impression, or area of applanation.

TN 27N

Fig. 1.52 Illustrating the principles of impression tonometry
(left) and applanation tonometry (right).

Schietz tonometer

So widespread has been the use of this instrument, or
its electronic adaptations, that it may profitably be
described in some detail. An actual instrument is illus-
trated in Figure 1.53, whilst the mechanical features are
shown schematically in Figure 1.54. The footplate, F,
is curved to fit the average curvature of the human
cornea. The weighted plunger, P, passes through the
footplate ; movements of this plunger operate on the
hammer, H, which converts vertical movements into
readings of the pointer on the scale. This scale reads
from 0 to 20, the greater the indentation the lower the
intraocular pressure and the larger the scale-reading.

Fig. 1.53 The Schigtz tonometer applied to the eye
(Department of Audiovisual Communication, Institute of
Ophthalmology, London.)

The frame, Y, serves to hold the instrument upright on
the eye, and because the footplate can move freely within
the cylindrical part of the frame, the actual weight
resting on the eye is that of the plunger, footplate,
hammer and scale (17-5 g), the frame being held by the
observer. With the smallest weight on the plunger, the
total effective thrust on the eye amounts to 5-5 g, and the
readings made with this are referred to as the 55 g
readings’. By using heavier weights the thrust may be
increased to 7-5 or 10 g, thereby allowing the instru-
ment to give reasonable scale-readings at higher levels
of intraocular pressure.

Fig. 1.54 Diagrammatic illustration of the Schigtz
tonometer.

CALIBRATION

To calibrate the tonometer, the scale-reading, R, must be
converted to the actual pressure within the eye before the
tonometer was applied, P,. The detailed procedure has turned
out to be very complex and not completely satisfying;* it is
impossible to enter into details of the procedures here, so we
must content ourselves with the general principles. When the
tonometer is on the eye, the pressure within it obviously rises
because of the weight of the instrument; and the pressure
within' the eye with the tonometer on it is referred to as
P.. P, may be related to the scale-reading, R, by taking an
excised eye, and inserting a needle connected to a reservoir
and manometer into the anterior chamber. Different pressures
may be established in the eye, and tonometer readings

*The literature on calibration scales and ocular rigidity is quite
large and cannot be summarized here ; some key references are
Friedenwald, 1957; McBain, 1960; Drance, 1960; Perkins and
Gloster, 1957; Hetland-Eriksen, 1966; Moses and Grodski,
1971.



corresponding to these may be made, Friedenwald found the
relationship:

WP, = a + bR 3)

so that with a and & determined experimentally we have the
relationship between P, and scale-reading, R. To convert P, to
P,, we require to know by how much the indentation,
corresponding to the scale-reading, R, has raised the pressure;
and this depends on the distensibility of the sclera, i.e. the
extent to which a change in volume of the eye will raise the
pressure. Thus, if we know the volume of displacement, I/,
associated with a given scale-reading, and if we can relate I,
to a change in pressure of the eye, we can finally establish
a relationship between R and P,. Friedenwald considered
that there was a logarithmic relationship between pressure and
volume of the globe, to give an equation:

Log P[Py = k(V, = V) €)

whence he defined a rigidity coefficient, k, characteristic of a
given eye. Experimentally he measured the volumes of
displacement, V., for different scale-readings, and making use
of an average rigidity coefficient he was able to construct a
table relating scale-readings to values of P,, the intraocular
pressure corresponding to the scale-reading. As subsequent
work has shown (Perkins and Gloster; Macri, Wanko and
Grimes; McBain), the weakness in this calibration is the
assumption that the rigidity coefficient is a constant char-
acteristic of each eye, i.e. that it is independent of pressure;
in fact values ranging from 0-003 to 0:036 could be obtained
in a given eye according to the intraocular pressure. More-
over, there is no doubt that the distensibility of the globe varies
from one individual to another, so that unless this can be
allowed for, it is not very sound to use a single calibration
scale.*

Because of these difficulties in accurate calibration, the
Schietz instrument is slowly being superseded by an applana-
tion type of manometer, since with this instrument the
deformation of the eye during applanation is very small, with
the result that calibration is independent of scleral extensibility
(Goldmann, 1955; Armaly, 1960).

Applanation tonometer

This measures, in effect, the force required to produce
a fixed degree of applanation when a flat surface is
pressed against the cornea. The earliest instrument
(Maklow) consisted of a cylindrical piece of metal with
a flat base weighing 5 to 15 g. A drop of a concentrated
dye-solution was spread over the cornea, the instrument
was allowed to rest a moment on the corneal surface
and a print of the area of contact between cornea and
metal was obtained by placing the foot of the instrument
on a piece of paper. Goldmann’s (1955) instrument is a
refinement on this procedure, in which the degree of
applanation is kept fixed and the instrument indicates
the force required to produce this. There is no doubt
that the calibration of this instrument involves far fewer
uncertainties than does that of the Schietz indentation
type. Other applanation instruments are the Mackay-
Marg (1959) tonometer and the pneumatic applanation
tonometer of Durham ez al. (1965).

Because of the superiority of the Goldmann
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applanation tonometer to the indentation type, it seems
reasonable to calibrate the Schietz tonometer by
measuring pressure on the same eye with both instru-
ments successively, taking care that the head is in the
same position for both measurements. The most recent
calibration carried out in this way has shown that the
pressure deduced from the Schiotz measurement, using
Friedenwald’s calibration table, is lower than that
measured by the Goldmann instrument (Anderson and
Grant, 1970).

THE NORMAL INTRAOCULAR PRESSURE

Clearly, the magnitude of the normal average intraocular
pressure in man will depend on the validity of the
calibration scale employed ; early studies, using Schietz’
original calibration, gave mean values in the neighbour-
hood of 20 mmHg, but later studies in which more
modern calibration scales have been employed, e.g. that
of Leydhecker et al., or in which a more accurate
applanation technique was used (Goldmann), indicate a
lower mean value in the range 15 to 16 mmHg. In
general, Leydhecker et al.’s figures, based on 13861
apparently healthy eyes, suggest that 95-5 per cent of all
healthy eyes have a pressure lying between 10-5 and
20-5 mmHg. A pressure above 20-5 mmHg may thus be
a sign of abnormality. Between the ages of 10 and 70
there is no significant change in mean intraocular
pressure, and no difference between the sexes is found.
In newborn infants likewise the pressure falls within the
normal adult range, the mean value found by Hérven
being 16-5 mmHg with limits of 10-9 and 242 mmHg.
In experimental animals the intraocular pressure may
well be of the same order; thus in cats Davson and
Spaziani reported a mean value of 16-5 mmHg, whilst
Langham found 20 mmHg in this animal and
20-5 mmHg in the rabbit.

*If the pressure is measured on the same eye with different
weights on the tonometer, the same result should be read off
the calibration scales. If this did not happen it was attributed
to the circumstance that the ocular rigidity was abnormal in
the eye being studied and Friedenwald, and later Moses and
Becker, actually devised a nomogram and tables from which
the ocular rigidity could be estimated from paired readings on
the same eye using different weights. It will be clear, however,
that the scales must be rigidly consistent within themselves
if deviations from them are to be interpreted as the correlates
of the mechanical properties of the eye rather than as errors in
the scales themselves. Subsequent studies summarized by
McBain (1960) have shown that they were not sufficiently
consistent to warrant their use in this way.

+ Manometric methods usually demand the use of a general
anaesthetic, so that the figures given may not be true of the
normal unanaesthetized animal; according to Sears (1960)
and Kupfer (1961), the normal unanaesthetized value for
rabbits is 19 mmHg; with urethane it was 16-8 mmHg, with
paraldehyde, 20-4 and aprobarbital, 17 mmHg.
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DIURNAL VARIATION

In man the intraocular pressure shows a slight but
significant diurnal variation, being highest in the early
morning and lowest at about midnight. The range of
fluctuation is small, 2 to 5 mmHg. According to Ericson
(1958) the cause is a diurnal variation in the rate of
secretion of fluid, as measured by the suction-cup
technique (p. 35).

MECHANICAL FACTORS AFFECTING THE
INTRAOCULAR PRESSURE

The simple relationship between flow-rate of aqueous
humour, F, and the pressure-drop, mentioned above,
may be rewritten:

P=FxRxt+ P, (5)

where P, is the intraocular pressure, F is the volume of
aqueous humour drained during time f, R is the
resistance and P, is the episcleral venous pressure. With
the aid of this relationship some of the factors
determining the intraocular pressure may be easily
appreciated. Thus an increase in resistance to flow will
increase the intraocular pressure, provided that the rate
of formation of fluid does not decrease in proportion.
The factors determining the rate of production of fluid
are not completely understood. As we have seen, the
fluid is formed by a process of secretion and, when
comparable systems are studied, e.g. secretion of saliva,
it is found that the process can operate against very
high pressures, so that the secretion of aqueous humour
may be assumed to occur at a constant rate independent
of fairly wide fluctuations in the pressure. If a process
of passive filtration from the vascular bed contributes
to flow—and as we shall see this seems to be true of some
species—then this contribution will be reduced at higher
pressures (p. 52). We shall not go far wrong, however,
if we conclude that intraocular pressure varies inversely
with resistance to flow. Alterations in episcleral venous
pressure, P, may likewise be expected to be reflected
in predictable alterations in intraocular pressure.

TONOGRAPHIC MEASUREMENT OF RESISTANCE

The essential principle on which this measurement is
based is to place a weight on the cornea; this raises the
intraocular pressure and causes an increased flow of
aqueous humour out of the eye. Because of this increased
flow, the intraocular pressure falls eventually back to its
original value, and the rate of return enables the
computation of the resistance to flow. Thus:

_bh-P

F, 7

®

(tz2 —11)

F, being the normal volume flow, without the weight on
the eye, during the period ¢, — 7;.
With the weight on the eye we have:

3Py, — P) - P,

F =
! R

)

(2 —ty)
Where the average intraocular pressure during the
period ¢, — r; with the weight on the eye is taken as:
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where C is the reciprocal of R and may be called the
facility of outflow.

Experimentally the weight is applied to the eye in the
form of an electronic tonometer so that it serves also to
measure the intraocular pressure when appropriately
calibrated. Since, moreover, the calibration of the tono-
meter had already given the change in volume of the eye
associated with changes in P,, A F was also known. Hence
by measuring the change in P,, AF was found and these
two quantities could be inserted into the equation to
give C, the facility of outflow. The average value found
by Grant, who first described the technique, was
024 mm® min~!-mmHg™!, i.e. the flow when the
difference of pressure was 1 mmHg was 0-24 mm?® per
minute. Measurements on excised human eyes gave
comparable results; in this case fluid was passed into the
eye from a reservoir and the rate of movement measured
at different pressures.

EPISCLERAL VENOUS PRESSURE

The episcleral venous pressure, P,, representing as it does the
pressure of the blood into which the aqueous humour is
draining, is an important experimental parameter. The
measurement has been studied especially by Brubaker (1967),
who has compared three different techniques, two based on the
force required to make a vein collapse, and one involving
direct cannulation of the vein and determining the pressure
required to cause a change in direction of flow. The cannula-
tion method is the most reliable, but for human subjects the
technique employing a transparent pressure-chamber must be
used, a membrane made of the toad pericardium being



employed. With this method, an average value of 10-8 + 0-5
mmHg was found for the rabbit. Values for man are included
in Table 1.5 (p. 54).*

FACTORS AFFECTING THE INTRAOCULAR
PRESSURE

VENOUS PRESSURE

In so far as the aqueous humour must drain into the
episcleral venous system, either by way of the intra-
scleral plexus or more directly along the aqueous veins,
the intraocular pressure will vary directly with the
venous pressure in accordance with the simple equation
given above. Certainly in man there is a good correlation
between intraocular pressure and P., whilst in cats
Macri showed the same thing when he varied the
intraocular pressure experimentally. Acute changes of
venous pressure will influence the intraocular pressure
in a twofold manner. First, by affecting drainage as just
indicated, and second, by a direct transmission of the
changed venous pressure across the easily distensible
walls of the intraocular veins. The expansion of the
veins will be eventually compensated by a loss of
aqueous humour from the eye, so that the rise due to this
cause may be more or less completely compensated, but
the effect on drainage should last as long as P, is
elevated. Experimentally the effects of changed venous
pressure may be demonstrated by administering amyl
nitrite; the peripheral vasodilatation causes a general
increase in venous pressure and leads to a considerable
rise in intraocular pressure in spite of a lowered arterial
pressure. Again, ligation of the vortex and anterior
ciliary veins causes large rises in intraocular pressure,
as we should expect. Finally, destruction of the aqueous
veins, by restricting the outlets of aqueous humour, may
cause quite considerable rises in intraocular pressure in
rabbits, according to Huggert.

ARTERIAL PRESSURE

The arterial pressure can influence the intraocular
pressure through its tendency to expand the intraocular
arteries; since these are not easily distensible, however,
relatively large changes in arterial pressure will be
required to produce measurable changes in intraocular
pressure. That the arterial pressure does affect the intra-
ocular pressure in this way is manifest in the pulse shown
in records of the intraocular pressure; the amplitude of
this pulse is small, about 1 mmHg, and coincides with
cardiac systole. Thus a change of about 20 mmHg,
which is the pulse-pressure in an intraocular artery
according to Duke-Elder, causes a change of only 1
mmHg in the intraocular pressure.

In the rabbit, ligation of one common carotid artery
lowers the intracranial arterial pressure on the side of
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the ligation, whilst the pressure on the other side rises
above normal; hence we may study the effects of
lowered arterial pressure on one eye, using the other as
a control. Wessely in 1908 found a small lowering of
the intraocular pressure on the ligated side and Barany
found that after 24 hours the pressure had returned to
normal. The immediate effect of the ligation is
undoubtedly the result of the fall in arterial pressure
which leads to a reduced volume of blood in the eye.
As Figure 1.55 shows, there is a tendency to compensate
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Fig. 1.55 Intraocular pressure of the rabbit. At points
marked C the left common carotid artery was clamped, and at
points marked R it was released. (Davson and Matchett, ¥.
Physiol.)

for this since alternate clamping and unclamping of the
artery leads to an overshoot on release of the clamp,
suggesting that there has been some vasodilatation
which would partly compensate for the reduced flow
caused by the fall in pressure. The compensation is not
complete, however, since Linnér found a 19 per cent
decrease in the rate at which blood escaped from a cut
vortex vein on the side of the ligature.

Bill (1970), working on the monkey, found at normal
mean arterial pressure of 119 mmHg a rate of flow of
aqueous humour of 2-64 ul/min; this was unaffected by
lowering the blood pressure, through haemorrhage, to
70 to 90 mmHg; however, when the pressure was
reduced to 60 to 40 mmHg there was a sharp fall to as
little as 0-5 ul/min, presumably due to lowered blood-
flow through the ciliary processes.

*The episcleral venous pressure will be a factor determining
the intraocular pressure so that a relationship between these
two variables may be expected. Weigelin and Lohlein (1952)
gave the following: P, = 0-48 x P; + 3-1, where P. is the
episcleral venous pressure and P is the intraocular pressure.
In animals, too, Macri (1961) found a linear relationship
between the two.
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RATE OF FLOW OF AQUEOUS HUMOUR

Other things being equal, we may expect changes in rate
of secretion of fluid to produce changes in intraocular
pressure in the same sense, but the effects are not likely
to be large. Thus, if the intraocular pressure, P; is
16 mmHg, and the episcleral venous pressure, P,
is 12 mmHg, the pressure drop, P; — P., is 4 mmHg.
If the rate of flow is doubled the pressure-drop must
be doubled too, in which case it becomes 8 mmHg,
and if P. remains the same this means that the intra-
ocular pressure, P; rises from 16 to 20 mmHg. Thus
doubling the rate of secretion causes only a 25 per cent
increase in intraocular pressure. In practice it is not easy
to vary the rate of secretion; as we shall see, the carbonic
anhydrase inhibitor, Diamox, reduces the rate and this is
accompanied by a fall in intraocular pressure; the same
is true of digitalis compounds, according to Simon,
Bonting and Hawkins.

By injecting saline continuously into the anterior
chamber we may experimentally increase the flow of
fluid through the eye and test the applicability of the
simple equation relating flow-rate to pressure-drop;
Langham found that the equation did not hold, the rise
in pressure for a given increase in flow being smaller than
than predicted, and his results suggested some
homeostatic mechanism that decreased the resistance to
flow as the intraocular pressure rose. Section of the
cervical sympathetic, or ligation of the common carotid,
caused the relationship between flow and pressure to
become linear, i.e. to follow the simple equation:

flow x resistance = pressure drop

and this suggested that the adaptation was largely
vascular. The situation is apparently complicated, how-
ever, by the effects of pressure on the rate of production
of aqueous humour. Thus Bill and Barany (1966) found
a linear relation between flow-rate and pressure, but
they also showed that the rate of secretion diminished
with higher pressures, so that the linear relation found
between flow-rate out of the cannula and pressure
means that the actual flow through Schlemm’s canal
was not linearly related to pressure, a rise in pressure
producing too small a flow, and thus suggesting an
increased resistance at the higher pressure.

PSEUDOFACILITY

If raising the intraocular pressure reduces the produc-
tion of fluid, this means that, when facility is determined
by measuring the flow of fluid from a cannula in the
anterior chamber under an applied pressure, a reduction
in fluid production caused by the raised pressure will
make room for some fluid from the reservoir and so give
too high a measure of the extra flow through Schlemm’s

canal; the extra fluid entering for a given rise in
pressure can be expressed as a ‘pseudofacility’ (Bill and
Barany, 1966).

BARANY’S THEORETICAL TREATMENT

If a part of the production of fluid is pressure-
dependent, then the relationships between pressure,
resistance (or facility), flow-rate and vascular pressures
become more complex. Barany (1963) has developed an
equation* to describe these relationships, defining the
pseudofacility as the rate of decrease in flow, dF/dP;
with increase in intraocular pressure, AP;. Thus
dF|dP; = — A x. where A represents the hydraulic
conductivity across the filtering membranes, e.g. the
capillaries of the ciliary body, and x. represents the
‘pressure index’ corresponding to the filtering vessels
and is related to the pressures at arterial and venous
ends of the filtering systems, P, and P,. An important
relation emerges from this treatment, describing the
change in intraocular pressure, AP; when the episcleral

venour pressure is changed by AP, :
APi Cnrue
—_—_—— (11)
APe Cuue + Cpseudo

C’s being facilities, defined as before, Cgoss being
that measured without regard to pseudofacility, and
being equal to Ctrue + Cpseudo'

From this it follows that:

AP;
Cpseudo = Cgross x(1— A Pe

(12)

EXPERIMENTAL DETERMINATION

Brubaker and Kupfer (1966) determined Cgross by
perfusion of the monkey’s eye at constant pressure. They
then raised P, by inflating a cuff round the monkey’s
neck and determined Cgoss for the new steady state;
P, and P. at the new pressures were also determined, to
give AP;/AP..

*Barany’s equation is:

S C

Ax,
—C+A&+P P

Py *C+ Ax,

P A

eC+Axc+ B collC+Axc

S is rate of secretion; C is true facility, P; and P, are intra-
ocular and episcleral venous pressures respectively, Peo is
the colloid osmotic pressure of the plasma proteins, and A
represents the conductivity of the filtering part of the vascular
tree, i.e. the flow produced by unit difference of pressure, and
X, as indicated above, represents the pressure index, and is
essentially a fraction of the difference between arterial and
venous pressures within the eye. Thus x x (P, — P.)
represents the available pressure favouring filtration and may
be equated with the capillary pressure; as indicated, Ax. is
the pseudofacility.



Mean values for the monkey were:

P; = 127 mmHg
P, = 9-0 mmHg
Caross = 0-63 pl.min ™! mmHg ™!
Cpseudo =019 ,ul.minﬁl mmHg_I

Thus in this species, pseudofacility was 30 per cent of
the total. In human subjects Goldmann (1968) found a
value of 20 per cent.

EFFECTS OF BLOOD OSMOLALITY

Aqueous humour and blood plasma are approximately
1sosmolal, and this is to be expected in view of the rapid
exchanges of water across the blood-ocular fluid barriers
(Kinsey et al., 1942) compared with the much slower
exchanges of solutes. Raising the osmolality of blood
artificially causes a fall in intraocular pressure because
of the osmotic outflux of water (Davson and Thomassen,
1950; Auricchio and Barany, 1959); clinically an acute
fall in intraocular pressure may be induced by oral urea,
this being chosen because it is not rapidly excreted from
the blood and its passage across the blood-ocular barriers
is slow ; mannitol is less effective presumably because its
renal excretion is greater (Galin, Davidson and
Pasmanik, 1963).

REFLEXION COEFFICIENTS

As Pederson and Green (1973) have emphasized, the
effectiveness of a hypertonic solution in reducing intra-
ocular pressure depends on the reflexion coefficient of
the solute, e.g. glycerol, employed to induce the
hypertonicity. Thus the relatively small effects*
obtained with many hypertonic solutions are probably
due to the low reflection coefficient of the solute; for
example, Pederson and Green calculate from their
measurements that the reflection coefficient for salt, such
as NaCl, is as low as 0-02, in which case the difference
of osmotic pressure actually developed between blood
and aqueous humour would be only one fiftieth of the
theoretical pressure based on complete semipermeability
of the lining membranes.

RELATIVE CONTRIBUTIONS OF
FILTRATION AND SECRETION

It has generally been assumed that the contribution of
filtration to the net flow of fluid through the eye is small
and perhaps negligible in some species (Bill, 1975).
However, Weinbaum ez al. (1972) and Pederson and
Green (1973a,b) and Green and Pederson (1972) have
developed Barany’s treatment of the fluid relations in
the eye and illustrated how some of the required

AQUEOUS HUMOUR AND THE INTRAOCULAR PRESSURE 53

parameters may be deduced from experimental studies.
On this basis they conclude that the contribution of
filtration is very much higher than that deduced, say,
from the effect of inhibitors of sodium transport (Cole,
1966), in fact they conclude that only some 35 per cent
of total formation is the result of active secretion, the
remainder being due to filtration. This very high
estimate of filtration is surprising and may well result
from an erroneous estimate of the reflection coefficient
for such solutes as Na* and sucrose which, surprisingly,
Pederson and Green find the same, although the rate of
penetration of sucrose into the aqueous humour from
blood is very much less than that of 2*Na (see, for
example, Davson and Matchett, 1953).1

HUMAN STUDIES

The study of intraocular pressure in man must be made
with the tonometer ; this permits both the measurement
of pressure and facility of outflow. The measurement of
episcleral venous pressure, P., in humans by Kupfer
and his colleagues has permitted the assessment of the
pseudofacility, an important parameter since, without a
knowledge of the pressure-dependent flow into the
eye—and out of it when the pressure is high—no
accurate notion of the true facility is obtainable, and
without this, of course, no true notion of rate of
secretion is obtainable. Kupfer and Ross (1971)
measured total facility, using a modified Grant equation
that corrects for ocular rigidity, and pseudofacility was
determined by measuring change in intraocular
pressure, 4P;, with change in episcleral venous pressure
4P,, in accordance with Equation 11. The flow out of
the eye, F, is given by the equation:

F = Coue (P, — P.) (13)

Cirue being equal 10 Cior — Cpseudo-

THE NORMAL VALUES

Average normal values derived from ten determinations
of right and left eyes of the same subject are given in
Table 1.5, and average results on four separate human
subjects are shown in Table 1.6. It emerged that the
errors were not very high, so that it is practicable, using

*Care must be taken in interpreting the quantitative results of
hypertonic solutions since the vitreous body represents a
large unstirred mass of fluid and will only slowly be affected
by the hypertonicity of the blood.

tPederson and Green (1975) have developed their treatment
further in relation to the effects of prostaglandin PGE, on
aqueous flow; they make the important point that filtration and
secretion might well cooperate in determining the efficacy of
the flow process, the passive pressure-induced flow ‘sweeping’
the secreted fluid in the correct direction.
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Table 1.5 Parameters of the right and left eyes of a human subject. (Kupfer and

Ross, 1971).

p; P, Cioral Cirue Chpseudo Py, Flow
Right eye 13-8 9-2 0-328 0-256 0-072 31-6 1-19
+ + . + + + + +
SEM 0-36 0-14 0-014 0-010 0-006 25 0-13
Left eye 14-0 9-0 0-288 0-226 0-062 336 1-14
+ + + + + + +
SEM 0-33 0-12 0-016 0-012 0-006 23 011

Mean of ten determinations,

Pressure mmHg; Cin pl/min/mmHg. Flow in ul/min. (Kupfer and Ross, 1971).

Table 1.6 Similar to Table 1.5, but results of four human subjects averaged.

(Kupfer and Ross, 1971).

P P, Ciroral Cirue Cpseudo P, Flow
133 8-4 0-285 0-224 0-061 31-0 1-09
+ + + + + + +
SEM + 0-21 0-26 0-008 0-006 0-002 0-59 0-030

these techniques, to study the effects of drugs and to
analyse them in terms of changed flow-rate and
facilities.

THE CRITICAL INTRAOCULAR PRESSURE

Goldmann (1968) pointed out that if the intraocular
pressure was caused to rise, e.g. by raised episcleral
venous pressure, the pressure-dependent flow would
decrease and finally reverse, and that there was a
theoretical intraocular pressure, Py, at which net fiow
through the eye would be zero, the secretory inflow
being balanced by the pressure-dependent outflow. This
becomes clear from Figure 1.56 where intraocular
pressure, P;, is abscissa and the ordinate is flow through

the eye. Line II represents the constant (pressure-
independent) secretion, S, and line I is the pressure-
dependent flow, which is positive at lower values of
P; but becomes negative at higher values. The relation-
ship is probably linear and the slope measures the
pseudofacility, Gpseudo = AF/AP;. Line 111 is the sum of
lines I and II and represents the net flow through the
eye and becomes zero at P. It is clear that the slope of
line III also represents the pseudofacility.

_ PP, - PP,

Py is given by: P = AP — AP (14

where the numbered suffices indicate the pressures
before and after a change in P..

Fig. 1.56 Illustrating significance of the
theoretical pressure, Py, such that flow
through the eye is zero, the secretory
inflow being balanced by the pressure-
dependent outflow. P; is the abscissa and
the rate of inflow is ordinate. Line II
represents the pressure-independent
influx (secretion), whilst Line I
represents the pressure-dependent

component, being positive (inflow) at
lower values of intraocular pressure (P;)
and negative (outflow) at higher values.
Line III is the algebraic sum of I and

Y=F|mm3/min. A
!
i
1
t
H
1
1
1
i
I
1
1
t
1
i
1
i
1

\ {
+
i
1
:
|Pio Epc Py P P,
i
|
1
1
]
l \
A 1

II. It is clear that total rate of flow is
I linearly dependent on intraocular
pressure and becomes zero at P,.
(Goldmann, Bibl. Ophthal.)



FLOW-CURVES

Experimentally, then, so-called flow-curves may be
constructed based on tonographic measurements of
flow-rate and the influence of altered P. on P;. The
effects of drugs etc. might then be revealed as an
altered slope of the flow-curve, indicating a changed
pseudofacility, whilst an altered flow-rate, with un-
changed pseudofacility, would give a new line parallel
to the first.

To check the linearity of flow versus P;, Kupfer et al.
(1971) raised P,, the episcleral venous pressure, to
successively higher values by inflating a cuff round the
neck, measuring P. and P, at each steady state. Finally
tonography was carried out at normal pressure to give
total facility ; from this the pseudofacility was computed,
whence true facility was obtained:

Ctrue = Ctotal - Cpseudo (15)

Hence for each value of P, a computed flow rate given
by:

Fz(Pi_Pe) Ct:ue (16)
was obtained. Values have been plotted in Figure 1.57
to give a good straight line.
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Fig. 1.57 Relation of aqueous flow to steady-state intraocular

pressure in one eye of a young normal volunteer. Sequential
elevation of intraocular pressure obtained by sequentially
greater inflation of a pressure cuff around the neck. Flow
calculated using value for C,,,. obtained at base-line pressure.
The relation is very close to linear. (Kupfer et al., Invest.
Ophthal.)

Effects of Diamox

Figure 1.58 illustrates the effects of Diamox on the
flow-curve ; there has been a parallel shift of the line to
the left indicating that, at any given value of intraocular
pressure, the flow-rate is considerably smaller. This
representation indicates how an underestimate in the
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reduction in flow-rate can be made through ignoring
pseudofacility. Thus the initial estimate of aqueous flow,
F, = 1-24 ul/min was obtained at the baseline intra-
ocular pressure, P; = 13-1 mmHg. After treatment, the
pressure fell to P, = 96 mmHg and total flow decreased
to F, = 040 ul/min, an observed difference of 0-84
ul/min. However, this observed difference does not take
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Fig. 1.58 Flow curves for mean values of data obtained on
four subjects before and after acetazolamide. Illustrates how
experimentally observed drop of aqueous flow (4F,,,)
underestimates total effect of medication by magnitude of
increase of ultrafiltration (4F,) when intraocular pressure
becomes lower. Magnitude of total flow decrease due to
acetazolamide would be 4F,,, + 4F,. (Kupfer et al., Invest.
Ophthal.)

into account the increased pressure-dependent flow
due to the lowered intraocular pressure. This is
represented as AF, and its magnitude is given by the
pseudofacility (0-07 ul min~! mmHg™!) times the
change of pressure, 3-5 mmHg = 0-24 ul/min). Thus
the total change in flow due to the drug is
AFos + AF, = 084 + 0-24 = 1-08 pl/min.

Effect of epinephrine

When epinephrine was applied to the eye there was a
change in the slope of the flow-curve (Fig. 1.59). The
intraocular pressure was decreased, and this was
associated with a decrease in pseudofacility and a
decrease of observed flow, which, however, was not
significant. In these young normal subjects there was no
significant increase in true facility, by contrast with
glacuoma subjects where this occurs (see, for example,
Weekers et al., 1954; Kronfeld, 1964 ; Krill et al., 1965).
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Fig. 1.59 Flow curves for mean values of data obtained for
the treated eye of four subjects, before and after topical
L-epinephrine. Illustrates how the experimentally observed
decrease of aqueous flow (4F,;,) is related to change of slope
(pseudo-faciliry) and change of intraocular pressure; it
underestimates total effect of medication. The total effect of
medication can be determined for any given value of
intraocular pressure. (Kupfer er al., Invest. Ophthal.)

BREAKDOWN OF THE BLOOD-AQUEOUS
BARRIER

Under certain pathological or experimental conditions,
the blood-aqueous barrier breaks down, so that sub-
stances such as proteins, that are normally almost
completely excluded from penetration, now appear in
the aqueous humour in measurable amounts. Thus, on
treatment of the eye with nitrogen mustard, there is
a large increase in the protein content of the aqueous
humour, and this is easily revealed in the slit-lamp
microscope as a pronounced Tyndall beam (Fig. 1.60);
associated with these two events there is a constriction
of the pupil. The breakdown of the barrier not only
allows proteins and other high molecular weight sub-
stances in the blood to appear in the aqueous humour
in large amounts, but it is also associated with an
increased permeability to smaller molecules, such as
sucrose or p-aminohippurate.

FLUORESCEIN TEST

The dye, fluorescein, normally penetrates the blood-
aqueous barrier very slowly, but to a measurable extent
because, in the intact eye, it may be detected by the
fluorescence it causes in the slit-lJamp beam. When the
blood-aqueous barrier is broken down, the rate of
appearance of fluorescein increases, and the change in
rate, measured by some simple fluorimetric device such

as that devised by Amsler and Huber or L.angham and
Wybar, is used as a measure of the breakdown.
Clinically this has been found useful in the diagnosis
of uveitis, an inflammatory condition associated with
breakdown of the barrier.*

PARACENTESIS

When aqueous humour is withdrawn from the eye in
appreciable quantities, the fluid is re-formed rapidly
but it is now no longer normal, the concentration of
proteins being raised. The fluid is described as plasmozd.
The breakdown of the barrier following paracentesis was
attributed by Wessely to the sudden fall in intraocular
pressure, causing an engorgement of the blood vessels
of the uvea that led to dilatation of the epithelial linings
and escape of protein into the anterior or posterior
chamber.

ANTAGONISM OF BREAKDOWN

Wessely showed that the breakdown could be prevented
by sympathetic stimulation or treatment of the eye with
epinephrine, and more recently Cole (1961) showed that
the anti-inflammatory agent, polyphoretin, which has a
direct action on capillaries, also prevented breakdown.
It must be emphasized, however, that the degree of
breakdown after paracentesis varies with the species,
being very pronounced in the rabbit but much less in
primates.

PHYSIOLOGICAL SIGNIFICANCE

According to Bito, the escape of proteins, including
fibrinogen, into the anterior chamber serves to seal the

*A few minutes after an intravenous injection of fluorescein,
a line of green fluorescence may be seen along the vertical
meridian of the cornea. This is called the Ehrlich line, and it
results from the thermal currents in the anterior chamber. The
rate of appearance of the Ehrlich line was used as a rough
measure of rate of flow of aqueous humour, on the assumption
that the fluorescein passed first into the posterior chamber.
More recently the ‘fluorescein appearance time’, determined
with the slit-lamp microscope, has been recommended as a
measure of rate of flow of aqueous humour, but the situation
with regard to the mechanism of penetration of fluorescein
into the aqueous humour is complex; thus the initial appear-
ance seems definitely to be due to diffusion across the anterior
surface of the iris (Slezak, 1969), a measurable concentration
in the posterior chamber only building up later. There seems
no doubt, moreover, from the work of Cunha-Vaz and Maurice
(1967) that fluorescein is actively transported out of the eye,
certainly by the retinal blood vessels and possibly, also, by the
posterior epithelium of the iris. Thus appearance of fluorescein
in the anterior chamber is determined primarily by diffusion
from the surface of the iris rather than by the rate of secretion
of aqueous humour.
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Fig. 1.60 Rise in IOP and intensity of
the Tyndall beam in the aqueous humour
after subconjunctival injection of
nitrogen mustard in the rabbit’s eye. At
points marked NM the injection was
made. Numbers applied to the pressure
curve indicate diameter of the pupil in
mm. (Bakins, Exp. Eye Res. from Davson
and Huber, Ophthalmologica.)
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Table 1.7 Experimental procedures producing a breakdown of the blood-aqueous

barrier (Eakins, 1977)

Trauma
Mechanical injury to iris, lens
Contusions
Paracentesis

Chemical irritants
Nitrogen mustard
Formaldehyde
Acid burns
Alkali burns

Nervous activity
Stimulation of trigeminal nerve

Immunogenic mechanisms
Bovine serum albumin

Endogenous chemical mediators
Histamine
Bradykinin
Prostaglandins (and arachidonic acid)
Serotonin
Acetylcholine

Miscellaneous
Bacterial endotoxins
X-ray irradiation
Laser irradiation

anterior chamber after puncture by clotting of the re-
formed aqueous humour. The source of the newly
formed plasmoid aqueous humour is presumably the
ciliary body and iris ;* certainly the rate of refilling of the
eye is much greater than can be accounted for by a
normal secretion, so that a large part is simply a plasma
exudate; thus the concentration of chloride in the newly
formed fluid approximates that in a plasma filtrate
rather than in normal aqueous humour (Davson and
Weld, 1941).

PROSTAGLANDINS

Breakdown of the blood-aqueous barrier results from a
number of treatments, which are summarized in Table
1.7, and it appears that a feature common to most of the
insults is the liberation of prostaglandins into the eye.
Ambache (1957) extracted a substance from the iris that

he called 7rin; this seemed to be responsible for the
pupillary constriction that followed stroking the iris or
mechanical stimulation of the trigeminal (Maurice,
1954); and in a later study Ambache, Kavanagh and
Whiting (1965) showed that the effects were not due to
cholinergic mechanisms, since they were not blocked by
atropine, nor yet was histamine or 5~-HT responsible
since mepyramine and L.SD did not block. By perfusing
the anterior chamber they were able to obtain material—
irin—that caused contraction of smooth muscle;
increased amounts of the irin were obtained by collapse

*Scheie er al. (1943) found that the protein concentration in
the fluid formed after paracentesis in the cat was reduced to
about a half if the animal was completely iridectomized, and
they attributed to the iris 2 major role in production of the
newly formed fluid. However, as Unger et al. (1975) point out,
iridectomy removes a major source of prostaglandins which,
as we shall see, are mainly, if not entirely, responsible for the
breakdown of the barrier.
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of the anterior chamber, stroking the iris, or moving the
lens. Chromatographic analysis of irin indicated that it
consisted of one or more fatty acids of the prostanoic
acid class called prostaglandins (Ambache et al., 1966).
The metabolic pathway of PGE; is illustrated in Figure
1.61. Waitzman and King (1967) injected prostaglandins
E, and E, into the anterior chamber of the rabbit’s eye
and obtained a sustained rise in intraocular pressure
accompanied by a contracted pupil; the effect on facility
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Fig. 1.61 Pathways of biosynthesis of PGE; from
arachidonic acid. (Eakins, Exp. Eye Res.)

of outflow was slight, so they concluded that the
influence was on the production of fluid; these authors
stated that the protein content of the aqueous humour
was not raised significantly, but Beitch and Eakins
(1969) found a considerable increase ; Figure 1.62 shows

the course of the rise in intraocular pressure, the course
being similar to that caused by nitrogen mustard;
like Davson and Quilliam (1947), these authors found
that application to one eye could have a contralateral
effect on the other eye. As Cole had found with break-
down induced by nitrogen mustard, the effects of
prostaglandin could be blocked by polyphloretin.
Prostaglandin synthetic enzymes are present in the
ocular tissues (Bhatterchee and Eakins, 1974) and the
precursor of prostaglandins, arachidonic acid, is
effective in causing breakdown of the barrier.

INHIBITORS OF PROSTAGLANDIN SYNTHESIS

The synthesis of prostaglandins is inhibited by aspirin
and indomethacin (Ferreira et al., 1971),* and the
breakdown of the barrier caused, for example, by
paracentesis, may be largely inhibited by these agents
(Unger et al., 1975). An actual release of PGE,-like
activity into the rabbit’s aqueous humour was described
by Miller et al. (1973), and this, too, was prevented by
treatment of the animal with aspirin. When different
prostaglandins were compared for activity in raising the
intraocular pressure, Beitch and Eakins (1969) found the
order:

E > E; > Fyy > Fpa

SPECIES VARIATIONS

The cynomolgous monkey’s eye is much less sensitive
to PG’s than the rabbit’s, and in this species Kelly and
Starr (1971) found that the changes in protein concen-
tration in the aqueous humour were unrelated to the
rise in intraocular pressure, suggesting that something
more than a breakdown of the barrier was involved in
the rise in pressure.

EXCEPTIONS

The rise in intraocular pressure and breakdown of the
barrier caused by nitrogen mustard are not inhibited by
pretreatment of the animal with aspirin, in contrast to

* Most of the aspirin-like nonsteroidal anti-inflammatory drugs
inhibit synthesis at an early stage and thus block the formation
of the whole cascade of compounds formed from the essential
fatty acids, such as arachidonic acid.
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Fig. 1.62 Effect of prostaglandin PGE,
on intraocular pressure of rabbit. Right
eye is the control. (A) Injection of 0-5 ug
of PGE; into the anterior chamber of the
left eye. (B) Shows peak response 9-12
min after the injection. (C) Shows
return to normal after about 30 min and
(D) shows failure of eye to respond to a
second injection. (Beitch and Eakins, Briz.
¥. Pharmacol.)



the inhibition of the effects of paracentesis (Neufeld,
Jampol and Sears, 1972). By contrast, the effects of
nitrogen mustard could be partially inhibited by
retrobulbar local anaesthetics, such as lidocaine, as
indeed Davson and Huber (1950) had found, and the
effects are completely blocked by retrobulbar alcohol,
whereas these sensory blocks had no effect on the break-
down due to paracentesis (Jampol ez al., 1975). A similar
discrepancy is found with the breakdown associated with
stimulation of the trigeminel nerve; Perkins (1957)
showed that stimulation of NV, especially if brought
about mechanically, causes a marked rise in intraocular
pressure accompanied by a dilatation of the intraocular
blood vessels and a breakdown of the blood-aqueous
barrier, and is presumably an antidromic response to
sensory nerve stimulation causing a primary vasodila-
tion in the anterior uvea. These effects are not blocked
by aspirin (Cole and Unger, 1973); again, the break-
down due to formaldehyde is not inhibited by aspirin-
like drugs (Cole and Unger, 1973).

EFFECTS OF POLYPHLORETIN

We have seen that this anti-inflammatory agent blocks
the effects of chemical irritants, such as nitrogen
mustard and formaldehyde, an action originally
attributed to its antiprostaglandin activity. However,
with the demonstration that the breakdown of the blood-
aqueous barrier by these drugs is not affected by
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inhibitors of prostaglandin synthesis, the mechanism of
polyphloretin action is probably more direct. Eakins
(1971) has shown that the low-molecular weight fraction
of the mixture of polyphloretins employed in these
studies has anti-prostaglandin action, whilst the high-
molecular weight fraction has none; yet Cole (1974) has
shown that it is this fraction that blocks the action of
chemical irritants whilst the low molecular weight
polymers failed to antagonize their action. Thus the
polyphloretin action is apparently the result of a direct
action on the blood vessels. The results of Cole’s
experiments are summarized in Figure 1.63, where it is
seen that the mixed preparation and the high-molecular
weight fraction reduce the effects on intraocular
pressure, whilst the low-molecular eight fraction has
little or no effect. None of the preparations affected
the constriction of the pupil, indicating that this
response to chemical trauma is likewise not induced by
prostaglandins (Cole and Unger, 1973).

LASER IRRADIATION

Laser irradiation of the eye is used clinically to cause lesions
in the iris allowing communication between posterior and
anterior chambers (laser iridotomy). Lesions obtained by
directing the high energy of a ruby pulse laser on to the iris
cause a transient breakdown of the blood-aqueous barrier with
pupillary constriction (Unger ez al., 1974). The effects may be
partly abolished by treatment with indomethacin, indicating
the involvement of prostaglandins; the residual effect was not
abolished by atropine and is thus analogous with the effects
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Fig. 1.63 Effects of polyphloretin preparations on the change in intraocular pressure induced by formaldehyde. Solid
columns represent mean changes in intraocular pressure in mmHg; shaded columns (above the line) represent mean
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of nitrogen mustard or formaldehyde. Since application of
local anaesthetics abolished this residual effect, it would seem
that there is some non-cholinergic, non-prostaglandin-
mediated response to the laser irraciation; and this is presum-
ably analogous with the response to stimulation of NV; the
fact that tetrodotoxin, which blocks nervous conduction, also
reduced the laser effect when given into the anterior chamber
confirms the neurogenic character of part of the response to
laser irradiation (Unger et al., 1977).

PARASYMPATHETIC BREAKDOWN

It is well established that cholinergic potentiators, such as
DFP, cause a breakdown of the blood-aqueous barrier
(v. Sallmann and Dillon, 1947) suggesting that the para-
sympathetic innervation of the eye might be involved. Stimula-
tion of the intracranial portion of NIII caused an increase
in protein concentration of the rabbit’s aqueous humour
(Sternschantz, 1976), an effect that was not blocked with a
curarine-type drug and so was not due to contraction of the
extraocular muscles; it was also unaffected by indomethacin,
thus ruling out involvement of prostaglandins, but it was
prevented by treatment with biperiden, a drug that blocks
muscarininc receptors.

OSMOTIC AGENTS

Infusion of a hypertonic solution into the internal
carotid and ophthalmic arteries causes a rapid and
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reversible breakdown of the blood-aqueous and blood-
vitreal barriers (Latties and Rapoport, 1976), as manifest
by penetration of fluorescein from the blood; an
exception is the barrier in the iris. The effect is due to
shrinkage of the cells constituting the barrier, e.g.
endothelial cells of retinal capillaries or epithelial cells of
ciliary epithelium, a shrinkage that would impose strains
on the junctions tending to pull the cells apart. In the
bilayered ciliary epithelium the hypertonic solutions
produce permanent structural changes, by contrast with
the pigment epithelium adjacent to the retina where
increased fluorescein permeability is not accompanied
by any obvious structural change. As illustrated by
Figure 1.64, the pigmented layer of ciliary epithelium
separates from the nonpigmented layer and eventually
some 50 to 80 per cent of the cells in this layer are lost;
the structure of the nonpigmented layer rapidly returns
to normal after separating from the pigmented cells,
being connected at their basal tight junctions. Figure
1.65 shows the changes in intraocular pressure; this is
low immediately after the perfusion and ultimately
returns to normal in 4 to 6 weeks. The fact that normal
intraocular pressure returns although as much as 80 per
cent of the pigmented layer of ciliary epithelium is lost,
indicates that secretion of aqueous humour can proceed
independently of the pigmented layer.

Fig. 1.64 Summary of structural
changes in the ciliary epithelium as a
consequence of an internal carotid
perfusion of hypertonic solution for 20-30
seconds. (Rapoport, Exp. Eye Res.)

10 min
after hypertonic perfusion
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MORPHOLOGY OF THE BREAKDOWN

CILIARY EPITHELIUM

Smelser and Pei (1965) and Bairati and Orzalesi (1966)
examined the electron-microscopical appearance of the
ciliary epithelium after paracentesis of the rabbit; the
changes seemed to be confined to the pigmented layer,
the intercellular spaces of which being dilated to form
large vacuoles or cysts so that the pigmented cells were
converted into slender cytoplasmic processes separated
by large cavities filled with finely granular material; in
spite of this, the cells retained their attachments to the
basement membrane on the stroma side and to the non-
pigmented cells on the other. In man, where the effects
of paracentesis are not so large, the intercellular spaces
showed only slight dilatations.

When particulate matter was in the blood before
paracentesis, this apparently escaped mainly through the
enlarged intercellular clefts; in particular Smelser and
Pei (1965) noted that the interdigitations of the cells were
reduced and the particulate matter became concentrated
in the enlarged intercellular spaces. The basement
membranes of epithelial and capillary endothelial cells
offered no absolute restriction to movement of particles.

IRIS

So far as the iris is concerned, it appears that there are
species differences. Thus in the rat and cat the iris
capillaries, normally impermeable to fluorescein, now
become permeable to this, and also to much larger
molecules, such as Thorotrast (10 nm diameter) and
carbon particles (20 nm) (Shakib and Cunha-Vaz, 1966);
by contrast, in the monkey Raviola (1974) found the
iridial vessels impermeable to horseradish peroxidase
(4 nm diameter) after paracentesis. The difference may
be due to the fact that the endothelial cells of the

25 30

monkey are sealed by tight junctions whereas those of
the rat and cat have gap-junctions.

RAT

The breakdown in the rat has been examined in some
detail by Szalay et al. (1975); in normal young animals
there was a little escape of fluorescein, and this was
greater in older animals; in the old animals paracentesis
was accompanied by increased escape from the iris
capillaries. Carbon particles injected into the blood also
escaped from the iris capillaries after paracentesis, and
it seemed that the paracentesis had produced an
inflammatory type of reaction in the iris capillaries
leading to large gaps between endothelial cells through
which the carbon particles escaped into the stroma. The
escaped particles were rapidly phagocytosed by macro-
phages.

RABBIT

In the rabbit, Cole (1974), employing vasodilator drugs
to break the barrier down, concluded that escape of
fluorescein occurred primarily into the posterior
chamber, the fluorescein passing through the pupil
(Fig. 1.66). When a suspension of carbon particles was
given intravenously, the drugs caused ‘carbon staining!
of the blood vessels of the ciliary body but not of the
iris; this carbon staining was due to escape of the
carbon particles into the surrounding basement mem-
branes of the capillaries and thence into the stroma.

CILIARY PROCESSES AS MAIN SITE

Cole (1975) emphasized that this obvious increase in
ciliary body capillary permeability is not the whole
mechanism, since in the normal eye there is some
escape of proteins through the ciliary capillaries (Bill,
1968), further progress being prevented by the ciliary
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Fig. 1.66 Effects of bradykinin on passage of fluorescein from blood into the anterior segment of the eye. (A) to (C), rabbit I,
and (D) to (F) rabbit I1. Nearly all the fluorescein enters the anterior chamber by transpupillary flow and only at a late stage (F) is
there any indication of diffusion across the anterior surface of the iris. (Cole, Exp. Eye Res.)



epithelium. Thus a breakdown of the occluding
junctions between ciliary epithelial cells is also
necessary, and this may be the mechanical consequence
of the oedematous condition of the ciliary processes, or
it may be that the primary cause of the breakdown
affects capillary endothelium and ciliary epithelium
together. Extending this work to the situation of
paracentesis, Unger er al. (1975), using the same
techniques of fluorescein angiography and colloidal
carbon labelling, showed that the breakdown was indeed
primarily in the ciliary processes; these were highly
congested, whilst carbon particles were deposited in the
walls of their blood vessels, by contrast with those of
the iris, which appeared normal.*

PROSTAGLANDINS AND SODIUM ARACHIDONATE

In strong contrast to the effects of paracentesis, these
substances, applied topically to the eye, caused increased
permeability of the iris vessels, so that fluorescein
appeared to come primarily from the anterior surface
of this tissue rather than from the posterior chamber.
Thus the effects of paracentesis are probably twofold;
first, a release of prostaglandins which attack mainly
the iris vessels, and secondly, because of the mechanical
strains due to the fall in intraocular pressure, the ciliary
body vessels are affected (Bhattacherjee and Hammond,
1975).%

PARASYMPATHETIC STIMULATION

Uusitalo et al. (1974) studied the breakdown of the
barrier, following N. III stimulation, in the electron
microscope. Horseradish peroxidase injected into the
blood escaped into the stroma of the ciliary body;
it no longer remained accumulated here between the
two epithelial layers but presumably, because of the
electrical stimulation, was able to pass into the aqueous
humour between the epithelial cells at points where
the tight junctions had opened. There was no evidence
of a vasodilatation in the ciliary body, in that there was
no extravasation of red cells into the stroma, and the
capillaries seemed to be intact ; and this is consistent with
the studies of Perkins (1957) and Bill (1962). The ciliary
epithelium of the stimulated eyes showed striking
changes; in the pigmented layer there were saccular
dilatations filled with slightly electron-dense material;
these dilatations appeared to be intracellular and thus
were giant vacuoles which projected into the inter-
cellular space between pigmented and non-pigmented
cells, interrupting this. In the non-pigmented layer there
were also dilatations at the lateral borders of the cells,
dilatations that seemed to contain electron-dense
material.

Greeff vesicles
In so far as it allowed the comparison of stimulated and
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unstimulated eyes in the same animal, this study,
although not very instructive as to the nature of the
dilatations, i.e. as to whether they were inter- or intra-
cellular, does confirm the fact that breakdown of the
barrier is, indeed, associated with the appearance of
‘vesicles’ probably the same as the Greeff vesicles
described so long ago in the light-microscope. That
nervous stimulation alone, apparently not producing
vasodilatation, can produce these morphological changes
is of great interest and could mean some nervous
influence on the intactness of the blood-aqueous barrier.

EFFECTS OF NERVOUS SYSTEM ON
SECRETION AND PRESSURE

INTRODUCTION

On theoretical grounds, nervous mechanisms may be
expected to influence the steady-state intraocular
pressure primarily by affecting either the resistance to
outflow or the rate of secretion of aqueous humour.
Temporary, non-steady-state, changes can be brought
about by alterations in the volume of blood in the eye
or mechanical compression brought about by the extra-
ocular musculature. A direct influence of the nervous
system on the secretory process is a possibility, whilst
inhibition by drugs is well proven, as we shall see;
alternatively, the secretory process may be limited by
blood-flow in the ciliary body, in which event secretion
could be controlled by an influence on the vasculature.
The resistance of the angle of the anterior chamber
could well be affected by the ciliary muscle, as originally
suggested by Fortin, since the trabecular meshwork
is the insertion of the meridional fibres; a contraction

*In the monkey, however, Okisaka (1976) found a char-
acteristic engorgement of capillaries in the ciliary body
following PGE,-treatment; the channels between the two
ciliary epithelial layers became enlarged and spaces between
cells of both layers were expanded. The striking feature of the
drainage angle was the large number of red blood cells in the
canal of Schlemm, and the reduction in the number of giant
vacuoles in the lining endothelial cells; no red blood cells
found their way back into the meshwork.

+Raviola’s (1974) study on the effects of paracentesis on the
monkey’s blood-aqueous barrier strikes a discordant note;
she failed to observe any changes in the ciliary body, so that,
as in the normal animal, horseradish peroxidase was blocked
at the tight junctions of the non-pigmented epithelial layer,
and the same was true of the iris, the tracer being blocked at
the tight junctions of the capillaries. The large influx of
peroxidase into the aqueous humour that she observed was
apparently due to reflux from the canal of Schlemm, which
entered between gaps in the endothelial cell lining. Whilst
there is no reason to doubt this reflux from the canal of
Schlemm and intrascleral blood vessels, the failure to observe
changes in the ciliary body is surprising.
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of these fibres should open up the meshwork and
promote percolation of fluid through the holes in the
lamellae. It seems unlikely that the nervous system can
directly affect the meshwork, although the studies of the
effects of ganglionectomy, to be described below, do
suggest this; such an effect could be brought about by
a shrinkage or swelling of the endothelial cells lining the
trabeculae, and possibly through an alteration of the
size of the vacuolar system in the inner wall of the canal
of Schlemm. Finally, the pressure within the blood
vessels into which the aqueous humour drains is under
nervous control.

SYMPATHETIC SYSTEM
Stimulation of the peripheral end of the cut cervical

immediate effect on the normal intraocular pressure
(Greaves and Perkins; Langham and Taylor), although
occasionally quite large rises, lasting for thirty minutes,
can be observed (Davson and Matchett). Twenty-four
hours after ganglionectomy the intraocular pressure is
definitely lower than normal, and a study of the
dynamics of flow of aqueous humour suggested that this
was due to a diminished outflow resistance, since P, was
said to be unaffected by the procedure. Tomar and
Agarwal (1974) confirmed in rabbits the fall in pressure,
reaching a maximum at about 24 hr; by 3 to 4 days,
however, it had returned to normal. The fall in pressure
was associated with an increased facility of outflow and
the return to normal pressure was accompanied by a
return to normal facility.

Table 1.8 Blood-flow through eye of monkey on sympathectomized side, and effects of sympathetic

stimulation (Alm, 1977).

Blood flow in whole
tissue (mg/min)

Blood flow

(g/min/100 g tissue)

Percent reduction

(sympathectomized (sympathectomized of blood flow on
Tissue side) side) stimulated side Significance level
Retina 3342 8+4
Iris 441 52+7 P < 0-001
Ciliary body 79+ 4 223 P < 0-001
Choroid 558 £59 30+6 P < 0-005
Ciliary processes 120+ 18 23+8 P < 0-025
Ciliary muscle 176 £ 10 29+5 P < 0-001
Anterior sclera 241 52421 P < 005

The weights for the ciliary processes and muscle are calculated from the dry weight on the assumption that dry weight/

wet weight ratio is 0-20 (see Alm and Bill, 1972).

sympathetic trunk in the rabbit causes a constriction
of the uveal vessels associated with a marked fall in the
intraocular pressure. This is accompanied by a consider-
able fall in blood-flow through the uvea; thus Alm and
Bill (1973), working on the cat, and Alm (1977) on the
monkey, measured blood-flow with radioactive micro-
spheres.* Results on the monkey are shown in Table 1.8,
where a sympathectomized eye is compared with one
where the cervical sympathetic on the non-sympathecto-
mized side was stimulated for one minute. The effect on
retinal blood-flow was small and probably insignificant,
and this is consistent with a correspondingly small effect
on cerebral blood-flow; presumably constriction of the
retinal artery is compensated by the autoregulatory
mechanism peculiar to the central nervous system.

SECTION OF CERVICAL SYMPATHETIC

Section of the sympathetic, or extirpation of the superior
cervical ganglion has, in general, remarkably little

EFFECTS OF CATECHOLAMINES

ALPHA- AND BETA-ACTION

The sympathetic activity in the body is mediated by
norepinephrine which isliberated at the nerve terminals.
The same catecholamine, as well as adrenaline (or
epinephrine) is secreted by the adrenal gland. It is well
established that there are at least two types of receptor
for the catecholamines, in the sense that a given
catecholamine may be preferentially bound at one site
and exert a specific action whilst the same or another
catecholamine may be bound to a different site and
exert a different and usually opposite activity. Thus the
neuropharmacologist speaks of - and S-receptors, and
the normally occurring catecholiamines, norepinephrine
and epinephrine, are capable of exerting both «- and
f-action on a given effector, such as the pupil. Nor-

*Radioactive microspheres of about 15 um diameter are
injected into the left ventricle, and the animal is subsequently
killed; the microspheres are unable to pass beyond the capillary
circulation and their density in any tissue is a measure of the
blood-flow at the time of injection.



epinephrine exerts a predominantly a-action, whilst
epinephrine exerts a mixed «- and f-action. The
B-action can be mimicked by isoproterenol (Fig. 1.67);
usually the separate effects of, say, epinephrine can be
deduced from the effects of specific inhibitors; thus
phenoxybenzamine inhibits alpha-action, and when an
animal is treated with this its pupillary response to

HO (le—CHzNH—CH (CH,),
HO OH
Isoproterenol
HO @—({?H—CHZ NH,
HO OH
Noradrenaline
HO (IZH—CH2 NH—CH,
HO OH

Adrenaline

Fig. 1.67 Structural formulae of some catecholamines.

epinephrine—midriasis—is abolished, indicating that
the predominant effect of epinephrine on the iris is an
a-action. A specific inhibitor of -activity is propanolol,
and this barely affects the action of epinephrine on
the pupil showing that there is little f-activity on the
iris dilator muscle.
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MYDRIASIS AND HYPOTENSION

The effects of catecholamines and their antagonists have
been examined in detail by Langham, mainly on the
rabbit; they are highly complex, indicating possible
effects on resistance to flow and rate of secretion,
effects that involve both a- and f-actions. The most
obvious effect or epinephrine, applied to the cornes, is a
fall in intraocular pressure extending over about 24
hours; the same effect can be mediated by the almost
pure o-agonist norepinephrine and also by the $-agonist
isoproterenol. A typical response is shown by Figure
1.68 which includes the changes in pupillary diameter
taking place at th® same time. The two effects—
mydriasis and hypotension—do not follow the same
time-course, suggesting that the effect on intraocular
pressure is more complex, perhaps involving both f-
and a-activity. A f-blocker, propanolol, reduced the
hypotensive effect by 17 per cent, indicating some
p-action; a much larger reduction in the effect was
produced by an a-blocker, e.g. phenoxybenzamine,
indicating the predominantly o-action in the hypo-
tensive response.

Salbutamol is a drug that has a purely f-action by
contrast with the mixed effects of epinephrine; as
Figure 1.69 shows, it had no effect on pupillary
diameter, but it produced an initial rapid fall in intra-
ocular pressure which was over in 5 hr, by contrast with
the more prolonged action of epinephrine (Fig. 1.68). It
would seem, then, that the powerful and prolonged
effects of epinephrine are due to its combined «- and
B-actions working in the same direction. It is unusual
for a-~ and f-actions on an effector to work in the same
direction, the one usually inhibiting the other; it would
seem, then, that the catecholamines can act at two sites,

10P {(mmHg)

Fig. 1.68 The mean pupillary and
intraocular pressure responses to a 2 per
cent solution of epinephrine. 25 ul of
solution was applied topically to 1 eye
(@—@) of 8 conscious rabbits at T =0,
2 and 4 min. The contralateral eyes
(O—O) were untreated. The vertical
bars represent -+ standard error of the
mean. (Langham ez al., Exp. Eye Res.)
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Fig. 1.69 The average time courses of
20 the pupillary and intraocular pressure
=) responses of conscious rabbits to
:E 18 salbutamol ascorbate applied topically.
£ Twenty-five microlitres of a 2 per cent
a 16 solution (pH 6-5) was applied to one eye
@] (@—@) of individual rabbits at 0,2 and 4
14 min. The contralateral eyes (O - - O)
were not treated. (Langham and Diggs,
12 Exp. Eve Res.)
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presumably the rate of formation of fluid and the
facility of outflow. Langham and Diggs (1974) con-
cluded that the rapid S-action was, in effect, a reduction
in secretion rate, whilst the more prolonged a-action
was due to an effect on facility. This could be achieved
by reduction of blood-flow through the intrascleral
plexus leaving more room for aqueous flow in the mixed
channels.*

HYPERTENSIVE RESPONSE

The effects of epinephrine are even more complex than
the above description suggests, since there is some
evidence for a hypertensive response ; this was observed
by Kornfeld (1971), in his study of human subjects, as
an initial response in some subjects. On average, how-
ever, the effect of single or repeated doses of epinephrine
was a prolonged fall associated with an increase in
facility from control values of 0-10 to 0-12 to 0-19.
Again, Norton and Viernstein (1972), working on
rabbits, found a transitory rise in intraocular pressure
in rabbits if they used high concentrations (4 to 8 per
cent) of epinephrine; this occurred in 75 per cent of
animals, and the remainder showed only a continuous
decline in pressure ; the effect could be mimicked by the
f-agonist, isoproterenol, and blocked by propanolol a
f-blocker. These authors attributed the hypertensive
effect to a decrease in facility.

BIPHASIC RESPONSE

Langham and Kriegelstein (1976) were able to bring
this hypertensive action of epinephrine into prominence
by studying the effects of repeated applications; Figure
1.70A shows the usual hypotensive response to a single
application. B shows the response to a second application
24 hr later; there is now an initial rise in intraocular
pressure, which gives way to a long-lasting hypotensive
response so that after 24 hr the pressure is still below
normal. Surprisingly, the rise in pressure could be

blocked by a-blockers, indicating the participation of an
a-mechanism; and this was confirmed by showing that
asimilar effect of repeated application could be obtained
with norepinephrine, which has a predominantly «-
action; it was blocked by phenoxybenzamine but not by
propanolol.t

Norepinephrine

The same biphasic responses were obtained with
noradrenaline by Langham and Palewicz (1977), and it
was found, as with epinephrine, that both responses,
namely the fall and rise in intraocular pressure, were
accompanied by changes in outflow resistance, the rise
in pressure being associated with an increased resistance
and vice versa. This surprising opposite action of an
o-agonist on resistance was interpreted as being due to
difference in sites of action on the intraocular
vasculature, so that the effects being observed were the
result of altered filling of the vascular networks with
blood, leading to altered facility of flow of aqueous
humour along channels shared with the blood.

PRIMATES

As indicated earlier, Kupfer ez al. (1971) found, in
normal human subjects, a decrease in intraocular

*A similar conclusion had been reached by Sears (1966) who
ascribed the early fall in tension to reduced production; this
overlapped with a later-occurring increase in facility.

+In general, the studies of Lamble (1977 and earlier) are in
good agreement with those from Langham’s laboratory;
Lamble concludes that any effect on flow—measured
quantitatively by clearance of inulin—are rapid and soon over,
so that the main effect in inducing a lowered intraocular
pressure is through increased facility, mediated by g-
receptors. The delay in fall in intraocular pressure observed
by Lamble (2 hr) is attributed to an initial hypertensive
response which temporarily negates the hypotensive effect of
increased facility.
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Fig.1.70 The mean time courses of the pupillary and intraocular pressure responses of six conscious rabbits to single
applications of 25 ul of 1 per cent epinephrine at T = 0 (4) and T = 24 hours (B). O— O and @ —@ represent the
untreated and drug-treated eyes, respectively. (Langham and Krieglstein, Invest. Ophthal.)

pressure with epinephrine, and their treatment per-
mitted an estimate of true and pseudofacility; they
concluded that the increased facility was due entirely to
pseudofacility, as might be expected of a vascular
phenomenon.

With norepinephrine, the virtually pure x-agonist,
increased rate of flow being accompanied by a reduction
in pseudofacility. Isoproterenol, the f-agonist, lowered
intraocular pressure and decreased flow-rate without
altering facility. The combined effects of norepine-
phrine and isoproterenol were equivalent to those of
epinephrine, and they concluded that the acute effects
of epinephrine were in fact due to the flow-reduction
due to f-stimulation combined with the reduced
pseudofacility due to alpha-action. (Gaasterland et al.,
1973).

Monkey

In the vervet monkey Bill (1970) measured both flow-
rate and facility, separating flow into its two com-
ponents, namely uveoscleral and conventional. Isopro-
terenol increased production of fluid and increased

gross facility and uveoscleral drainage; he estimated
that flow had increased by 30 per cent and facility by
55 per cent. Norepinephrine had no significant effects
on flow or facility. Neither drug had a significant effect
on intraocular pressure. Thus in this species only the
f-agonist seems to have a significant effect on aqueous
humour dynamics, and the effects mainly cancel each
other out.

GANGLIONECTOMY

The ‘ganglionectomy-effect’ has been the subject of a
great deal of investigation largely in the laboratories of
Langham and Bérany. The effect is definitely due to
destruction of the postganglionic neurones, since pre-
ganglionic sympathotomy is without effect (Langham
and Fraser, 1966). It is well known that denervation
of a tissue causes hypersensitivity, and it was argued
by Sears and Béarany that the resistance to flow was
governed by an adrenergic mechanism which became
hypersensitive after denervation, whilst the liberation
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of catecholamines from the degenerating terminals
produced the adrenergic effect. The slow release of the
catecholamines would account for the slow onset of the
change, and the subsequent return of the intraocular
pressure to normal would be accounted for by the
eventual release of all stored catecholamines. The effects
of reserpine and adrenergic blocking agents generally
confirmed the hypothesis, although Langham and
Rosenthal’s observation that prolonged stimulation of
the sympathetic had no effect on outflow resistance is
in conflict with the theory.

LANGHAM-HART MODEL

In general, then, the effects of the adrenergic system
on intraocular dynamics are highly complex, and the
reports are often contradictory ; there are obvious species
differences, whilst acute must be distinguished from
chronic effects, and even the mode of administration of

the drug may be critical. If the effects are mediated
entirely through the ocular vasculature—and this seems
the most profitable working hypothesis—then the model
built by Hart (1972), according to which facility of out-
flow is governed by the degree to which the intra-
and episcleral blood vessels are perfused (Fig. 1.71),
and the rate of secretion influenced by the blood supply
to the ciliary processes, seems a reasonable basis for the
interpretation of many of the effects. Thus according to
the model of Figure 1.71, it is assumed that increases
of intraocular pressure and outflow resistance are due to
constriction of the aqueous and episcleral veins, and that
the decreases in pressure are due to constriction of the
blood supply to the intrascleral venous plexus. In
addition, the changes in calibre of the episcleral veins
induced by adrenergic drugs can alter outflow
resistance ; thus the blanching of these vessels observed
after application of a-agonists could be a cause of an
increased resistance, taking place rapidly owing to the
short distance required for the agent to travel.

Fig. 1.71 The anatomical components of the inner and outer networks of the channels
draining the aqueous humour from the eye. The inner network includes the trabecular
meshwork and the layer of endothelial cells lining the inner wall of Schlemm’s canal. It
remains uncertain whether innervated receptors are present in the inner network (1). The outer
network comprises the intrascleral vessels filled with aqueous humour (2), blood (3), or a
mixture of blood and aqueous humour, and the recipient episcleral veins (4). Post-ganglionic
adrenergic neurones from the superior cervical ganglia (scg) innervate the vessels of the outer
network. In addition, vessels of the outer network show vasoconstrictor response to o~
adrenergic receptor agonists and vasodilatation to $-adrenergic agonists. (Langham and

Palewicz, ¥. Physiol.)



UVEOSCLERAL DRAINAGE

When uveoscleral drainage represents a significant
proportion of the total, as in primates, then the state
of the ciliary muscle becomes important (p. 71), whilst
altered tendency to filtration in the anterior uvea, due
to vascular changes, would also affect this drainage
pathway and, of course, any flow of aqueous humour
due to direct filtration from the vascular bed, a flow
that reflects pseudofacility.

CYCLIC AMP

It is generally agreed that S-adrenergic activity may
be mediated through the second messenger, cyclic AMP,
the neurotransmitter activating the enzyme adenyl
cyclase which leads to the intracellular release of cAMP,
which then initiates the cellular reaction, be this con-
traction of heart muscle, changed liver metabolism,
and soon. The physiological response and the associated
rise in cAMP concentration can usually be blocked by a
f-adrenergic antagonist but they are little affected by
o-blockers. As Figure 1.72 shows, the effects of
adrenergic agonists, both a- and f- are accompanied by
a rise in aqueous humour cAMP concentration; the
falls in intraocular pressure run parallel with the rises in
cAMP, suggesting a causal relationship; interestingly,
the effects of the pf-agonist, isoproterenol, were not
blocked by propanolol; thus isoproterenol reduced
intraocular pressure but the fall was not blocked by
propanolol, whilst the rise in cAMP was also not
blocked. These findings were essentially confirmed by
Radius and Langham (1973) using norepinephrine, a
predominantly a-agonist, as the adrenergic agent; this
caused a rise in cAMP in the aqueous humour associated
with a fall in intraocular pressure; the o-blocker
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phenoxybenzamine itself actually increased the concen-
tration of CAMP in the aqueous humour; a further
increase was achieved by subsequent application of
norepinephrine, whilst the pressure and pupillary
responses to norepinephrine were blocked by phenoxy-
benzamine. Thus it would appear that both «- and
B-agonists are able to stimulate adenylcyclase activity in
the eye and, through the raised cAMP, to exert a
hypotensive effect, but of course the precise mechanism
or .mechanisms of the hypotensive effect remain to be
discovered.*

PARASYMPATHETIC
EFFECTS OF STIMULATION

INTRAOCULAR PRESSURE AND BLOOD-FLOW

The reports on the effects of stimulation of the para-
sympathetic supply to the eye on intraocular pressure
are contradictory; and this may be largely due to the
uncertainty as to the nerve fibres actually stimulated,
e.g. when an electrode is placed on the ciliary ganglion
(Armaly, 1959) or by stereotactic location intracranially
(Stjernschantz, 1976). The various studies have been
summarized by Stjernschantz and Bill (1976) who have
described experiments on rabbits stimulated intra-
cranially. The mean decrease of 1-8 mmHg in intra-
ocular pressure was not statistically significant, and this
was associated with a barely significant increase in

*Some of the characteristics of a particulate fraction with
adenylcyclase activity obtained from rabbit ciliary process
tissue have been described by Waitzman and Woods (1971);
its activity could be stimulated by epinephrine, an effect that
was blocked by propanolol, a f-blocker, but not by phenoxy-
benzamine. The prostaglandin PGE; was also a stimulator
and added its effects with those of epinephrine.

@
E 400 P<00I P<QOI . . .
@ — ) Fig. 1.72 The effects of adrenergic agonists and
53 300} antagonists on intraocular pressure and cyclic-AMP
c? in the aqueous humour. Agonists: EPI = 1 per cent
ch ] P00 l-epinephrine, NOREPI = 1 per cent I-
3§ 200} P<0-0l P<O05 norepinephrine, ISOP = 2 per cent l-isoproterenol,
5o P<0Q05 | F<QOl were administered topically to one eye, the control
5 2 vehicle (1mm HCI) to the other eye. Antagonists:
,,,t 100~ PBA = 30 mg/kg phenoxybenzamine, PROP = 5
mg/kg propanolol, were administered
g 0 100 Koy is) &) S () S )] W (©)] intravenously. The change in intraocular pressure is
Treotment EPI NOREPI ISOPROT EP! NOREPI EPI ISOPROT)  expressed as the mean + s.E.M. of the difference
PBA PBA PROP PROP between the two eyes. The cyclic-AMP content of
Y 73 M 104 ©) 3) 04 (3) the aqueous humour in the drug-treated eye is
& A expressed as the mean per cent of the contralateral
e~ 2+ "I‘ eye. The ‘P’ values were obtained from the mean
3? LI" LI— + S.E.M. of the cyclic-AMP levels of the drug-
4 E 3+ treated and control eyes. The numbers of
§v 41 observations are in parentheses. (Neufeld et al., Exp.
5 Eye Res.)
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outflow facility ; the mean increase in flow-rate was not
significant. Stimulation of N1III, as we have seen, causes
a breakdown of the blood-aqueous barrier, which might
be expected to raise intraocular pressure by increasing
flow of abnormal agueous humour from the ciliary
body, and such an increased production of fluid has
been described by Macri and Cevario (1973) in perfused
enucleated cat’s eyes. In the rabbit Stjernschantz and
Bill (1976) found an actual decrease in blood-flow
through the iris and ciliary body, as measured with
radioactive microspheres; this was accompanied by an
increased flow in the choroid. Thus the equivocal effects
on intraocular pressure, as with catecholaminergic
agents, are probably the results of opposing actions on
the various parameters that go to make up the intraocular
pressure.

RESISTANCE TO OUTFLOW
Direct stimulation of the oculomotor nerve as it emerges
from the brainstem in the monkey causes a fall in
resistance to outflow, whilst cutting the nerve uni-
laterally causes the resistance to be higher on the same
side (Torngvist, 1970).

PARASYMPATHOMIMETIC AGENTS

Drugs that mimic the effects of parasympathetic
stimulation, e.g. pilocarpine and eserine, are used in the
treatment of glaucoma, and their hypotensive effect has
been regarded as largely exerted through the pull of the
ciliary muscle on the trabecular meshwork. Atropine,
the cholinergic blocking agent, may raise the pressure in
glaucoma. In the normal human eye the effects of
pilocarpine and atropine are usually negligible, but this
does not mean that the drugs are without effects on all
the parameters that go to determine the intraocular
pressure.

PILOCARPINE

Thus there seems little doubt that pilocarpine causes a
decreased resistance to outflow, and Barany (1967) has
shown that the effect is so rapid that it occurs before
sufficient of the drug has reached the aqueous humour
to enable it to exert any direct effect on the meshwork;
its action is therefore on the ciliary body and/or iris;
and we may presume that it is exerted through the
ciliary muscle. The effects obtained were just as large as
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Fig. 1.73 Outflow facility and facility responses to intravenous and intracameral pilocarpine-HCI
(i.v. PILO; a.c. PILO) before and after unilateral ciliary muscle disinsertion in a typically bilaterally
iridectomized monkey. Intramuscular atropsine sulphate (i.m. ATR) was given before each perfusion
to minimize systemic effects of intravenous pilocarpine. Note absence of facility increase following
intravenous and intracameral pilocarpine in the iridectomized + ‘disinserted’ eye (solid circles), as
opposed to the large facility increases in the opposite iridectomized only eye (open circles). (Kaufman and

Béarany, Exp. Eye Res.)



any obtained through intracameral injection, so it is
unlikely that the drug influences the trabecular mesh-
work directly. Further proof that the increased facility
is a mechanical response to contraction of the ciliary
muscle is provided by Kaufman and Barany (1976) who
disinserted the monkey’s ciliary muscle and showed
that the acute effects of pilocarpine were abolished
(Fig. 1.73).

UVEOSCLERAL-SCHLEMM CANAL SWITCH

Some of the complexities in the study of the effects of
drugs on intraocular pressure are well revealed by the
studies of Bill and Walinder (1966), who showed that,
in macaque monkeys, pilocarpine increased the intra-
ocular pressure; this was associated with a fall in rate
of secretion of aqueous humour from a control value of
1-60 ul/min to 1-05 pl/min. The reason for the rise in
pressure was an almost complete blockage of the uveo-
scleral drainage route, so that drainage was confined to
the canal of Schlemm (Fig. 1.74).

Blood-flow

We have seen that stimulation of NIII causes a
decreased blood-flow through the anterior uvea (of
rabbits); the effects of parasympathetic potentiators
such as eserine and DFP are opposite, however,
doubling the blood-flow through the anterior uvea
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AQUEOUS HUMOUR AND THE INTRAOCULAR PRESSURE 71

(Alm er al. 1973), whilst in humans Wilke (1974) found
dilatation of superficial blood vessels associated with
increased episcleral venous pressure.

EXPERIMENTS ON PERFUSED CAT’S EYE

Macri and his colleagues, working on the isolated cat’s
eye, perfused through the ophthalmic artery, have
studied the effects of various agents on the production
of fluid. Under these conditions there is a production
of fluid of some 8 ul/min, compared with about twice
this in the normal animal. Macri and Cevario (1973)
found a marked increase in rate of production of fluid
if acetylcholine plus eserine were applied, an effect that
was reduced by atropine. This increase could be
abolished by reducing the arterial pressure (Macri et al.,
1974) so that it is likely that the main phenomenon
observed in the perfused cat’s eye is the production
of an intraocular fluid that is largely a filtrate from the
plasma. Whether or not this production is a normal
component of the cat’s aqueous flow remains an open
question ; it is significant that the measured flow in the
perfused eye is only half normal, so that it is possible
that this pressure-sensitive fraction is, indeed, a normal
component of the cat’s secretion. This may well account
for the small effects of Diamox (acetazolamide) on the
cat’s fluid formation (Macri and Brown, 1961) an effect
that was attributed to vascular changes rather than
inhibition of carbonic anhydrase; certainly Davson and
Spaziani (1960), working on the intact cat, found no

Ciliary
Muscle

canal ”

Fig. 1.74 (A) Ciliary muscle is relaxed, spaces between lamellae of uveal and corneoscleral
meshwork are narrow, and interstitial spaces between muscle bundles of ciliary muscle are wide.
Agqueous humour leaves the anterior chamber via Schlemm’s canal and via interstitial spaces of ciliary
muscle. (B) Ciliary muscle is contracted, spaces in different parts of meshwork are relatively wide, and
interstitial spaces between muscle bundles have almost disappeared. Aqueous humour leaves the eye
almost entirely via Schlemm’s canal. (Bill, Physiol. Rev.)
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evidence of a decrease in rate of secretion greater than
about 20 per cent.

ANCILLARY ACTIONS OF SECRETION INHIBITORS

Macri (1971) and Macri and Cevario (1975, 1977) have brought
forward a body of evidence suggesting that a part of the effects
of acetazolamide and ouabain are due to their constrictive
action on the ciliary body vasculature. Thus, working on the
isolated perfused cat’s eye, they demonstrated an indubitable
vasoconstrictive action of these drugs; the effects could be
blocked by hexamethonium, suggesting that acetazolamide and
ouabain were exerting a pharmacological action on the blood
vessels rather than specific inhibition of active transport. The
action could be on a local ganglion in the uvea, sensitive to
cholinergic drugs, since acetylcholine-eserine accelerated fluid
production, and this would account for the action of the
ganglion blocker, hexamethonium. The strongly hypotensive
action of hexamethonium on the blood pressure precluded a
direct study of its action on fluid production in the intact
animal, but the ganglion-blocker phencyclidine, which does not
have this hypotensive action, was tested, and it blocked the
effects of acetazolamide on fluid production in the isolated eye
preparation as well as the vasoconstrictive action. In intact
monkeys phencyclidine alone had no effect on rate of
production of aqueous humour, but it did reduce the inhibition
caused by high doses of acetazolamide. It should be em-
phasized that Macri postulates a vasoconstrictive action that
can accelerate fluid production—acetylcholine-eserine treat-
ment-—and a vasoconstrictive action that can decrease fluid
production—acetazolamide, ouabain. He assumes that the
situation in the ciliary processes is similar to that in a kidney
glomerulus, so that constriction of an afferent blood vessel
reduces fluid formation, and constriction of an efferent vessel
increases it.*

HYPOTHALAMIC CENTRE

STEREOTACTIC STIMULATION

Attempts to locate a centre controlling the intraocular
pressure have been made by v. Sallmann and Loewen-
stein and Gloster and Greaves, by inserting stereo-
tactically controlled stimulating electrodes into different
parts of the brain. The parts of the brain from which
effects on intraocular pressure could be obtained were in
the hypothalamus, but since this region contains many
centres controlling the autonomic system generally, it is
important to distinguish primary effects on the intra-
ocular pressure from the secondary consequences of
stimulating these autonomic centress Thus many
stimulated points gave rise to rises or falls in intra-
ocular pressure that were obviously associated with
corresponding rises or falls of arterial pressure. Never-
theless, other points could be found where a rise or fall
of intraocular pressure, independent of general vascular
changes, resulted from stimulation; the falls in intra-
ocular pressure were probably mediated by the
sympathetic, since they could be prevented by section of
the sympathetic trunk. It is possible, then, that there is a
co-ordinating centre in the hypothalamus capable of
influencing the intraocular pressure, and subject to
afferent impulses carried in the long ciliary nerves. The

evidence for this is not completely convincing, however,
and we must bear in mind the possibility that there is
no central control, local homeostatic mechanisms being
adequate to keep the intraocular pressure within a
narrow range.

If there is a ‘centre’ controlling the intraocular pres-
sure, we may expect to find evidence of a sensory system
capable of keeping the centre informed of the state of the
intraocular pressure at any moment. Studies from the
laboratories of Vrabec and v. Sallmann have shown that
the trabecular meshwork is richly provided with fine
nerve fibres.

SENSORY INPUT

TRIGEMINAL

Using electron microscopy and nerve degeneration,
Ruskell (1976) showed that fibres from N. V terminate
in the meshwork. (Sympathetic terminals were also
identified by the presence of granular visicles in terminal
varicosities, and these might well be concerned with
some of the effects of adrenergic substances on intro-
ocular dynamics.) Bergmanson has examined the
innervation of the uvea in monkeys before and after
lesions of the ophthalmic division of N. V. It appeared
that the choroid was probably not innervated, the
fibres running in the suprachoroid having terminals in
the anterior uvea; similarly the origin of the ciliary
muscle lacked sensory innervation, as also did the
individual ciliary muscle fibres. The subepithelial
stroma of the ciliary processes was well innervated
and it seemed that the fibres terminated in the
stroma as the adjacent tissue either had none or very
few. It could be these terminals in the ciliary body
stroma that gave rise to the action potentials described
by Tower (1940) when pushing on the front surface of
the lens in cats. According to Bergmanson’s study,
there are few or no sensory terminals in the monkey’s
iris; this is surprising in view of the painful nature of
iridectomy without retrobulbar anaesthesia.

Thus the source of sensory input from the uvea is
apparently largely the stroma of the ciliary processes
and the iris root, and we may presume that if such
afferent information is concerned in responses to raised
or lowered intraocular pressure, then these fibres carry
the information. The absence of sensory fibres in the
ciliary muscle rules out the trigeminal nerve as a source
of muscle proprioception.

*In the monkey, Bill ez al. (1976) have found evidence for a
ganglionic type of intraocular vascular response to oculomotor
nerve stimulation; these authors showed that the stimulation
liberated both vasoconstrictor and vasodilator agents in the
anterior uvea; the vasoconstrictor response was completely
blocked by hexamethonium, and also, in the ciliary processes,
by the ¢-adrenergic blocking agent, phentolamine.



AFFERENT DISCHARGES

Belmonte ez al. (1971) recorded discharges in ciliary
nerves of the cat; lowering the intraocular pressure by
steps progressively reduced the discharge-frequency.

EFFERENT IMPULSES

FACIAL NERVE

Gloster (1961) has shown that stimulation of N. VII
causes a rise in intraocular pressure; it is not merely
due to a contraction of the extraocular muscles since
gallamine did not abolish the effect. Cutting the nerve
of the pterygoid canal causes a fall in intraocular
pressure in the monkey (Ruskell, 1970b). This effect is
consistent with Ruskell’s (1970a) description of rams
orbitales of the pterygopalatine ganglion containing
parasympathetic fibres of N. VII; these supply the
ciliary arteries, and if they are antagonistic to the
sympathetic supply, the rise in intraocular pressure
obtained by stimulation could be due to vascular
dilatation. Cutting this nerve supply caused a prolonged
fall in intraocular pressure (Ruskell, 1970b).

CILIARY NERVES

Gallego and Belmonte (1974) have described discharges
in the central end of the cut ciliary nerves, presumably
carrying efferent messages to the internal structures of
the eye; some increased their firing frequency when
intraocular pressure was raised and others decreased
their frequency. So far as motor terminals in the eye
are concerned, there is no doubt from various studies
(Nomura and Smelser, 1974; Ruskell, 1976) that
sympathetic and probably parasympathetic fibres
terminate in the angle, although the manner in which
a nervous impulse could alter the meshwork directly,
i.e. independently of action on the ciliary muscle, must
remain obscure. They are located close to the insertion
of the ciliary muscle in the scleral spur with no
terminals in the more anterior parts of the meshwork,
so it may well be that they are related more to the
muscle than the meshwork as such (Nomura and
Smelser, 1974). The autonomic innervation of the uveal
vasculature is well established and physiologically this
is revealed by the effects of nerve stimulation on blood-
flow (p. 71).

HORMONAL INFLUENCES ON
INTRAOCULAR PRESSURE

CORTICOSTEROIDS
Frangois (1954) observed that the prolonged use of

topical cortisone in the treatment of uveitis sometimes
led to a rise in intraocular pressure; patients under-
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going systemic corticosteroid therapy for rheumatic
conditions also showed raised intraocular pressure.
Bernstein and Schwartz (1962) showed that the cause
was a decreased facility of outflow, which was reversible
when the dose of corticosteroid was reduced. In human
subjects, Anselmi, Bron and Maurice (1968) found no
change in rate of secretion, although the intraocular
pressure was high. In experimental animals, such as the
rabbit, results have been contradictory (see, for example,
Armaly, 1964, whose results were negative, and Jackson
and Waitzman, 1965, with positive, but complex,
results); the study of Oppelt, White and Halpert (1969),
employing the posterior-anterior chamber perfusion
technique in cats, indicated a dose-related fall in rate of
secretion after intravenous hydrocortisone; associated
with this, there was a 23 per cent decrease in facility of
outflow, and presumably it would be this that caused
the rise in intraocular pressure if results on cats may be
transposed to man.

TRABECULAR MESHWORK

Rohen er al. (1973) examined samples of trabecular
meshwork removed from two human subjects who had
developed glaucoma as a result of corticosteroid therapy;
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Fig. 1.75 Effects of increasing doses of vasopressin
(Pitressin) on short-circuit current across the isolated ciliary
body. (Cole and Nagasubramanian, Exp. Eye Res.)
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in the electron microscope the outer region of the mesh-
work appeared swollen and very compact, and the inter-
trabecular spaces were filled with amorphous and fibrous
material embedded in a homogeneous substance. The
endothelial lining of the canal of Schlemm, adjacent to
the meshwork, seemed thin and was without vacuoles.
Thus the evidence suggests that the resistance to flow
through the meshwork and into the canal could have
been seriously increased through the deposition of
material. ¥

VASOPRESSIN

The antidiuretic hormone is an agent concerned in the
regulation of blood osmolality, being secreted when this
is reduced; a lowered blood osmolality probably
increases aqueous humour production, in that a greater
amount of water accompanies a given amount of active
salt transport; thus if secretion of ADH increased salt
transport, the decreased secretion that accompanies a
lowered blood-osmolality would decrease salt transport
into the eye and thus tend to compensate for the
increased flow of aqueous humour caused by the lowered
blood osmolality. To test this hypothesis, Cole and
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