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PREFACE

The invitation to edit this book came from Dr. E. Edward Bittar, an
excellent colleague and friend. Along with the invitation came exceedingly
useful suggestions on the contents and format, for which Dr. Bittar is to be
amply credited, as well as for his mentoring this author and advising on steps
to move the book along during difficult periods.

This preface is the only place in which the Editors seemingly can thank
the authors in public for the time and dedication they have spent for this
volume. Seeing how much knowledge has been distilled into crisp text, one
can feel the dedication and love for their field the contributors have. Partly
as a consequence of the seas of acquaintances the editors navigate in, a large
number of the chapters have been written by Scandinavians. That seems
quite natural these days; that part of the World distinguishes itself in love for
Academia and tradition in ophthalmic sciences. For them as well as the
other authors, in this sampling the pleasure of imparting knowledge con-
tinues to be an important driving force in our world, which should be a sign
of hope.

Editing a book of this sort presents a quandary: given two extremes, one
can try to run a regimented production along narrow lanes, or can allow the
authors latitude for them to write as they see fit. In this case, the second
option carried the day hands down. The original instructions asked the
authors to think of a potential audience of newcomers to the field trying to
discover in relatively simple terms what is known about the eye, which are

Xi
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the areas receiving most of the attention, and where the excitement of
crossing the border and venturing into the unknown lies in every case. |
think the authors have responded brilliantly. Each one in his own style; some
wrote short accounts, others wrote wonderful comprehensive reviews. The
extension of each chapter in some way gives a measure of the width of the
currents crossing that field, and of the complexities that the author felt
compelled to communicate. The Editors have prudently opted for stepping
aside and letting that be.

The subjects covered are an indication of the growth and diversification of
areas of interest in the eye. Years ago, books in this area took great care in
covering the anatomy, and justifiably so, as the future ocular surgeons
needed to start their careers with the best of directions about the area they
would be operating on. As the basic sciences progressed, books included
growing sections on the functionality of the different organs. We have of
course kept the anatomical separation of subjects and the functional descrip-
tions. However, we have also chosen to add a chapter on the shape of the
eye, in a way perhaps acknowledging that ophthalmology has begun mod-
ifying the corneal shape, and has begun asking what would it take to give the
eye optimal shape for image formation. The chapters on drug delivery and
immunology respond to the same activist approach, one in which as we learn
the basics of the eye we learn as well about ocular characteristics that allow
intervention or explain pathology. In addition, although this book addresses
basic mechanisms, the chapters contain mentions to pathology and disease
wherever these subjects arise naturally.

Speaking for the Editors, we have greatly enjoyed the reading of these
materials. I hope the same intellectual fulfillment will be now felt by the
readership.

New York, February 2005 Jorge Fischbarg
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ABSTRACT

An impressive characteristic about eyes is their round, spherical structure. This
chapter explores the optical, mechanical, structural, phylogenic, and ontogenic
reasons why eyes are round. This exploration is used as a starting point to
describe how the different features of the eye are related to each other, and how
the roundness is maintained by the inflow and outflow of fluid in the eye.

I. INTRODUCTION

If you look up into the night sky at the constellation of the Big Dipper and
have 20/30 or better visual acuity and adequate night vision, you will see that
the next-to-the-last-star in the handle of the dipper is actually two stars that
are quite close together. One star is brighter than the other. The brighter star
is called Mizar and the fainter Alcor. It is easy to fall into the trap described
by the ancient Arabic proverb that, “He sees Alcor, but not the full moon.”
The lesson here is that the most outstanding fact about eyes is not something
arcane, but the obvious fact that eyes are round (i.e., eyes are spheres).
Therefore, this first chapter will focus on the fact that eyes are round. Why
should eyes be round? What does it tell us about how eyes are constructed
and how they work? Not only is this shape similar in different animals, but
the variation in size of the vertebrate eye, from tree shrew to whale, is much
smaller in proportion than the variation in size of these creatures. It will also
be described how different features of the eye (Figure 1) are related to each
other, and how the roundness is maintained and controlled by the formation,
flow, and removal of fluid in the eye.
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Il. WHY ARE THINGS ROUND?

When I first thought about the roundness of eyes, I realized I did not know
why anything was round. So, I made a list of other round objects to help
organize my thought process. My list consisted of the sun, the earth, the
moon, oranges, frog urinary bladders, basketballs, and rocks. As you can
see, the list consists of organic animate and inorganic inanimate objects
(Volk, 1985).

A. Inanimate Objects

Before starting with the inanimate objects on the list, the understanding of
the concept of equilibrium is needed. Consider your textbook, unopened, on
a desk. Even though it is static, there are at least two forces at work, making
it that way. It is actually in dynamic equilibrium, subject at every instant, to
opposing forces, which balance it. Gravity is pulling the book down toward
the center of the earth. The desk is pushing it up, preventing it from moving.
All objects that appear static are actually in this balancing act of opposing
forces. If one of the forces were stronger, it would change the object rapidly,
until an opposing force balanced it, and then the object would again be at a
new equilibrium. Objects change so rapidly when out of equilibrium that we
are not likely to catch sight of them during that time.

What forces are balancing in these inanimate objects? How do those
forces determine the shapes of these objects? In the sun, gravity pulls the
gases of the sun together, pushing all its material toward its center. The
inward pull of gravity raises the temperature, which raises the pressure of
the gas in the sun until the outward pressure of the gas balances the inward
pull of gravity. Both the inward pull of gravity and the outward push of
gas pressure are isotropic. That is, they are equally effective in all directions.
That is why the sun is round. If one of these forces were not isotropic, then
the sun would not be round. Sometimes there are other pressures. If a star is
rapidly rotating, or has a strong magnetic field, then the gas pressure is
weaker along that axis. The gas collapses along that axis, and the star
becomes a flattened disk. The weaker pressure along the axis balances the
weaker gravitational force of the thin mass in the thickness of the disk,
whereas the stronger pressure along the radius of the disk balances the larger
gravitational force of the larger amount of mass in the radial direction.
Thus, round objects exist when forces are isotropic and nonround objects
when forces are not isotropic.

In the earth, the gravitational force pushing inward is balanced by the
outward push of the strength of the rocks, a result of the push of electrons
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against each other in adjacent atoms. Both these forces are isotropic, and so
the earth is round. In a basketball, the air pressure pushing outward is
balanced by the tension on the fabric pushing inward. Again, both these
forces are isotropic and so the basketball is round.

B. Animate Objects

In inanimate objects, a round configuration results from a balance of isotro-
pic forces (i.e., forces experienced equally in all directions). But what deter-
mines the shapes of living things? The zoologist and classical scholar,
D’Arcy Thompson attempted to answer this puzzling phenomena in his
book, “On Growth and Form” first published in 1917 (Thompson, 1966).
Although you may not be familiar with his publication, there is a good
chance that you have seen reproductions of his drawings. His exquisite
illustrations of forms of radiolaria, or how the shapes of animals change
from one species to another have been prolifically copied. The seminal point
of Thompson’s book was that genes do not set the blueprint of the shape of
an organism, but they set the rules of how the organism interacts with its
environment. It is then this dynamic interaction between the organism and
its environment that produces the structure.

For example, the final shape of the long bones in the arms and legs is
dependent on forces between osseous cells and the forces of their environ-
ment. Since bone is alive, material is constantly being added and removed
from biochemical reactions by cells within the bone. When a bone is bent,
fluid flows inside the bone. The negative and positive ions in this fluid flow
at different rates generating an electrical voltage. This voltage affects the
cells in the bone, so that their enzymes add more calcium on the electri-
cally negative side of the bend and remove more calcium on the electrically
positive side of the bend. As a result, the bone is resculpted into a straighter
shape. Bone is very strong at resisting compressive forces pushing inward on
both ends. It is weak at resisting tensile forces pulling outward from both
ends. The resculpting adds material where the bone is in compression and
more material is needed. It removes material where the bone is in tension
and excess material is wasted. Thus, the genes, through their complex
programming of cells and their enzymes, have set the rule: add material
where it is needed and remove material where it is not needed. The genes
have set the rule of how the bone interacts with the environment. That rule
and its interaction with the environment then generate the straight shape
of the bone.

Such interactions also sculpt the eye and its surrounding tissues. In
congenital glaucoma, the increased pressure in the eye stimulates the entire
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eye to develop to a larger size than normal. When an eye with retinal
blastoma has to be enucleated at an early age to prevent cancer from
spreading, the bones of that orbit do not grow as large as the other orbit,
because the pressure of the eye is needed to stimulate their normal growth.

For the living things in my list, how much shape is determined solely by
the genes and how much by the rules of interaction with the environment set
by the genes? I have my own guesses about oranges and frog urinary
bladders. What are your guesses? To answer these questions you must ask
yourself, “What forces are balancing to determine the shape?”” and ‘“What is
the mechanism of feedback between the world and the tissue?”

I1l. WHY ARE EYES ROUND?

A. Optical Properties

My first guess was that since the most important function of the eye is to
form our image of the world, there must be an optical reason why eyes are
round.

The eye focuses light onto the retina. Most people think that this focusing
is performed by the lens in the eye. However, light is bent most sharply when
it passes through an interface of materials of different refractive indices. In
the eye, the difference in refractive index is much larger at the air-tissue
interface of the cornea (the clear front surface of the eye), than at the fluid-
tissue—fluid interface of the lens. Thus, two-third of the focusing of light is
done by the cornea and only one-third by the lens. The lens does the fine-
tuning of the focusing of the image. The cornea controls the overall quality
of the image. It is problems of the cornea that produce nearsightedness,
farsightedness, or astigmatism that can be corrected by glasses or contact
lenses.

Is the eye round to achieve the best optical image on the retina, where the
light is detected and transformed into electrical signals? There are a number
of different aberrations, ways in which the focus of images on the retina are
not perfect. Important deviations include spherical aberration (where a light
ray in the center of the cornea reaches a focus that is closer to the cornea
than a ray at the periphery of the cornea), and chromatic aberration (where a
ray of blue light reaches a focus that is closer to the cornea rather than a ray
of red light). Another aberration is that the cornea focuses images onto a
spherical surface rather than a flat surface. Moreover, this spherical surface
has a different radius for vertical and horizontal images on the cornea. The
retina of the eye is a spherical surface whose radius is a good compromise
between those two different radii. This looks like a good reason why eyes
might be round, but actually, it is only a very small effect.
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In fact, the image of the world on the retina does not need to be in very
good focus across the entire retina. Brown notes that “the optical character-
istics of the eye ... are nicely matched to the receptors [photoreceptors] and
neural components (Records, 1979).” Only a very small part of the retina,
the fovea, requires light to be accurately focused. This is because the neural
components of the retina that sense light only have high resolution in the
fovea. There are about 100 million photoreceptors, rods, and cones in the
eye that convert light into electrical signals. There are 1 million retinal
ganglion nerve cells that carry the information out of the eye into the brain.
This enormous number of nerve cells is about one-third of all the afferent
nerve fibers bringing information into the brain. But even with this large
number of nerve cells, there are still 100 photoreceptors for each nerve cell.
Hence, the light from every photoreceptor does not individually reach the
brain. Only in the fovea there is a 1:1 coupling between photoreceptors and
nerve cells. Away from the fovea, the output from many photoreceptors is
processed and blended together into far fewer nerve cells that reach the
brain. Thus, throughout most of the retina the neural pixels (picture ele-
ments) are coarse. In most of the retina, the eye sacrifices spatial resolution
for enhanced sensitivity at low-light levels, as well as enhanced resolution of
how the light level is changing in time.

The spatial resolution is high only in the fovea, which senses an area that
is about two degrees (2°) across, only four times the diameter of the full
moon. Everything else in your image of the world is fuzzy. The look of the
world, its sharp edges and beautiful colors, is an illusion generated high up in
the neural pathway located in the visual cortex in the back of your head. The
eye is not like a camera. It is more like an electronic information sampling
system. The brain moves the high resolution, clear image fovea to sample
interesting features such as an ornate edge or a flashing light. It samples
phenomena that look interesting. What you see depends primarily on what
you saw before and what you are thinking now. This information is
combined into the fiction of a clear, stable world.

A sharp, clear image is not needed across most of the retina because the
neural elements there that detect light do not have a high-spatial resolution.
A coarse image is a nice match to the coarse neural elements. Most of the
retina provides a wide angle, low-resolution detection system to spot poten-
tial predators. The spherical retina may provide a useful detector for such
system. Sharp, clear images are only needed in the fovea, a region 3 mm in
diameter. A spherical shape is not needed to produce a clear image over such
a small target. For example, when light is dim, at the bottom of the ocean or
late at night on the land, animals have developed long cylindrical eyes with
large, fast (high f ratio) lenses that maintain focus and clear images to the
central area of their flattened retinas.

Thus, it does not seem as if roundness is a necessity for optical efficiency.
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B. Eye Movement

I used to ask scientists at eye research conferences why they thought eyes
were round. Inevitably, the answer that I received was that eyes were round
because this was the best shape for rapid and accurate eye movements. It is
mechanically easy to rotate a round eye in a round socket to aim it at any
direction. Spheres also have the lowest moment of inertia for their mass and
thus require the least force to move.

Is this the reason why eyes are round? In his classic book on the vertebrate
eye, Walls notes that the “primitive function of the eye muscles was not to
aim the eye at objects at all [but] ... designed to give the eyeball the
attributes of a gyroscopically stabilized ship, for the purpose of maintaining
a constancy of the visual field despite chance buffetings and twistings of an
animal’s body by water currents and so on” (Walls, 1963).

Let’s examine the evolutionary sequence (Lythgoe, 1979). Fishes lack the
fovea needed for sharp vision. They do not need to aim their eyes accurately,
so they do not follow objects with their eyes. Amphibians also have limited
eye movement capabilities. Neckless frogs turn their entire bodies in order to
change their direction of gaze. Reptiles show variation in their eye move-
ment. Some, like the Gila monster, have eyes that are fixed in their head.
Others, like the chameleon, can use one eye to look forward and the other to
look backward at the same time. Birds, the descendants of dinosaurs, have
better vision than humans. Some birds have extended high-resolution areas
on their retinas that cover a huge field of view. Other birds have more
pigments in their photoreceptors for enhanced color resolution or extra
structures to deliver more oxygen to the retina. Yet, their eyes are fixed
and immobile. It is only mammals that have rapid and accurate movements.

This idea of roundness to facilitate eye motion, which seems obvious to
many scientists, when considered in more detail, seems less convincing. The
evolutionary record is whispering to us that eyes were round before they
moved rapidly or accurately. Thus, it does not seem as if the eye is round
primarily for eye movement reasons.

C. Hollow

Perhaps it is the hollow inside, which is significant. A spherical shell, inflated
with fluid, can provide a clear optical pathway to the retina unobstructed by
bones and ligaments. The spherical shape also provides the shortest, there-
fore the quickest, pathways for oxygen and nutrients to reach the interior
structures of the eye and for wastes to leave them. A convoluted interior
space, with serpentine passageways, would reduce the efficiency of such
diffusion.
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But the eye has not taken full advantage of this unobstructed interior
space. Except in the core of the fovea, one layer of blood vessels that nourish
the retina and two layers of synapses of nerve cells, lie in front of the
photoreceptors. Light passes through these cells to reach the photoreceptors.
These obstructions affect the image on the retina. You have probably
observed this blood flow. On a clear day, when you look at a bright blue
sky (but not the sun, which can cause severe and permanent damage) you
can see tiny white specks darting around. This image is called the blue
entoptic phenomenon. The white specks are white blood cells moving in front
of the photoreceptors. The photoreceptors become adapted to the more
numerous red blood cells shadowed against the blue sky, but then detect
and respond to the occasional white blood cell. Experimentally, the speed of
the white dots on a computer screen has been matched with the speed of
these white specks to measure relative retinal microcirculation. To calibrate
the system, a few volunteers wore a neck cuff to reduce the circulation to
head so that the speed of the dots on the computer screen could be related
quantitatively to the blood flow in the retina.

The eye has taken some, but not complete advantage, of this hollow
space. Thus, it does not appear that the eye is round primarily for structural
reasons to create a hollow space.

D. Phylogeny and/or Ontogeny

Walls notes, “The great German anatomist Froriep once likened the ‘sud-
den’ appearance of the vertebrate eye in evolution to the birth of Atena, fully
grown and fully armed, from the brow of Zeus.”” There are no intermediate
anatomical adaptations. Animals either have eyes that form images or spots
that detect the amount of light. Perhaps roundness is a consequence of
evolutionary pressures that produced the vertebrate eye. This idea is sup-
ported by the anatomical evidence found in the eyes of the cephalopods,
such as squid and octopus. Their eyes evolved separately from the vertebrate
eye, yet except for some small differences, their anatomy is strikingly similar.
One of the few differences is that the cephalopod eye has nerves, which travel
from the back of the photoreceptors, rather than the front of them, so that
they do not interfere with the light pathway to the photoreceptors. Tripathi
notes, “The final resemblance between the two types of eye [cephalopod and
vertebrate] ... makes this one of the most striking cases of convergence in
evolutionary history (Davson and Graham, 1974).”” Convergence means that
similar adaptive pressures led to similar anatomical structures. Perhaps,
those pressures also dictated the roundness of the eye.

Maybe the answer lies not in phylogeny, the evolutionary history of a
species, but in ontogeny, the developmental history of each new individual.
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The structures of the eye need to be axis-symmetric along the line of rotation
which brings light through the eye into the retina. Perhaps, developmental
processes that form spherical structures are the embryo’s path of least
resistance to form such axis-symmetric structures.

Although speculation on species-specific evolution or individual develop-
ment is both interesting as well as attractive, the hard evidence in support of
these ideas is lacking. Thus, it does not seem that the eye is round primarily
for phylogenic or ontogenic reasons.

E. Conclusions

Neither optical, nor movement, nor structural, nor evolutionary, nor devel-
opmental reasons seem to be the primary reason why the eye is round.

IV. PRESSURE

Although we do not understand why the eye is round, we do understand
how it is round. As explained earlier, the roundness of the eye reflects a
balance of two opposing forces. The outward force exerted by the pressure
of the fluid inside the eye is balanced by the inward tension in the shell of
the eye.

A. Surface Tension

The tension in the outer layers of the eye is called surface tension. If we
were to make a small cut on the eye, the surface tension would be the force
pulling the two sides of the cut away from each other. For a given pressure
inside, the sphere is the shape that has the lowest surface tension. Containers
for gas under pressure of any shape other than spherical require stronger
walls. In the inorganic world, it is harder to manufacture spheres than
cylinders, thus, most gas containers are cylinders. However, the material of
these cylinders must be made twice as strong as would be needed for a sphere
to hold the same pressure of gas.

In a cylinder, the surface tension across a cut in a curved direction is equal
to that for a sphere of the same radius under the same pressure, but the
surface tension for a cut in the long direction has twice the surface tension.
This is the reason that the skin of frankfurters always tears in the long
direction when cooked. The surface tension is twice as great in the lengthwise
direction. Since the frankfurter skin is equally strong in both directions, it
always breaks along the long direction, where the force tearing at it is twice
that of the force tearing at it in the curved direction.
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B. Pressure in the Eye

The fluid that flows in the eye is called the aqueous humor. It flows out of the
ciliary body, passes in front of the lens, moves through the pupil, and
circulates in the space behind the cornea. As discussed earlier, the outward
force from the fluid pressure of the aqueous humor inside the eye is isotropic,
felt equally in all directions. The inward force of the surface tension in the
outer shell of eye is also isotropic. The balance between these inward and
outward forces determines the spherical shape of the eye.

Since the force of the fluid pressure inside the eye is isotropic, a pressure
increase in one part of the eye causes a pressure increase everywhere
throughout the eye. In glaucoma, the pressure increase in the aqueous
humor in the front of the eye is transmitted to the back of the eye. Although
the pressure increase is caused by events in the front of the eye, the damage
to vision is due to the effects of this pressure in the back of the eye. The
increased pressure crimps the retinal nerve and blood flow, killing retinal
ganglion cells either by cutting off the transport of essential materials along
the inside of their axons, or the blood supply that nourishes them from the
outside. The loss of vision results from the death of these nerve cells.

The hardness of the eye to touch is not determined by the toughness of the
fabric of the eye, but by the fluid pressure inside the eye. When the pressure
is high, the eye is hard. When the pressure is low, the eye is soft.

However, this is not the whole story. There is an additional factor. I have
always felt that when my bicycle tires are old, no matter how much I pump
them up, they never feel quite as hard as new tires. In the eye too, when the
fabric is compromised, the shape and hardness of the eye change. For
example, the shape of the cornea changes in keratoconus where the collagen
in the cornea is weakened. In pathological myopia, there is a slow mechani-
cal yielding of the fabric, and the eye steadily enlarges in time.

V. AQUEOUS FLOW

A. Balance of Inflow and Outflow

The eye is round because it is inflated by the pressure from the fluid inside. Is
that what is necessary to maintain its shape, that is, to fill it once with
aqueous humor under pressure? Nothing lasts forever. For example, my
bicycle tires lose about 20% of their air every week. In order to maintain
the pressure in the eye, we need to push fluid in and have it leak out in a very
precise system. At first thought, it seems unbelievably wasteful to push fluid
into the eye just to let it leak out again, but it’s actually the most basic
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biological trick to expend energy for the sake of control. Balancing the
inflow and outflow of aqueous humor provides a way to maintain and
control the pressure inside the eye.

Soon we will see in detail how the aqueous humor is produced, and how it
leaks out of the eye. The important point to remember here is that there is a
balance of inflow and outflow. If the inflow was greater than the outflow, the
fluid inside the eye would continually increase, and the eye would burst.
If the inflow were less than the outflow, the fluid inside the eye would
continually decrease, and the eye would collapse.

The flow of aqueous humor out of the eye is driven by the pressure
inside the eye. The resistance to the flow of aqueous out of the eye deter-
mines the intraocular pressure inside the eye. If it is hard for the aqueous
humor to leave the eye, then more aqueous accumulates in the eye. This
increases the pressure within the eye, which forces more aqueous out. The
pressure continues to increase until the aqueous flow out of the eye equals
the aqueous flow into the eye. The pressure at which this balance occurs is
determined by the resistance to the outflow of aqueous humor leaving
the eye.

Thus, there is always a balance in the amount of aqueous entering and
leaving the eye.

B. Inflow

The aqueous humor is generated by the ciliary body, a wiggly layer of tissue,
two cells thick, along the edge of the ciliary muscle in the inside angle of the
eye, a little back from where the clear cornea merges into the white sclera.
From the ciliary body, the aqueous humor flows into the posterior chamber
behind the lens. Then it passes through the pupil into the anterior chamber
in front of the lens.

C. Outflow

The aqueous humor in the anterior chamber leaves the eye by passing
through a series of structures in the angle of the eye inside of where the
cornea merges with the sclera. On its way out of the eye, the aqueous flows
through a coarse filter and then a fine filter, called the trabecular meshwork.
Then it flows through a layer of cells and into a tube called Schlemm’s
canal that circles the cornea. From the canal it flows through collecting
channels that bring it to the veins. It is not known which of these structures
offers the most resistance to the flow. Some recent evidence suggests that
the cells that line Schlemm’s canal offer the most resistance to the flow, and
thus determine the intraocular pressure inside the eye.
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VI. THE CILIARY BODY

A. Structure

Aqueous humor is produced by two layers of epithelial cells in the ciliary
body. A layer of pigmented cells is attached to a membrane that borders the
capillaries. Inside of this is a layer of unpigmented cells that borders the
posterior chamber. Fluid flows from the plasma in the capillaries, through
these two layers of cells, into the posterior chamber.

In science, we use numbers to get a feeling for places that we can never
touch with our fingertips. We will now use Reynolds, Peclet, and concentra-
tion numbers to gain a better understanding of the nature of the production
of aqueous humor from these cells of the ciliary body.

B. Numbers in Science

There seems to be quite a misunderstanding about how numbers are used in
science. Numbers are used only for qualitative purposes. Numbers are never
used for quantitative purposes. What an oxymoron!

Let me illustrate this with an example. What do you think is the average
density of the sun? The average density, the sun’s mass divided by its volume,
is about 1.4 gm/cm®. The importance of this number is that the density of
coal is about 3 gm/cm®, and the density of iron is about 8 gm/cm®. Thus,
knowing the average density of the sun immediately tells us that the sun
cannot be a burning ball of coal or a red hot ball of iron. In fact, the light
coming from the sun has strong spectral lines of carbon and iron, so it would
not be unreasonable to think that the sun was made of coal or iron. Yet, the
number of the density tells us that the sun must be made out of something
else.

The importance of the number of the average density of the sun is not that
we know that it is 1.414 gm/cm® rather than 1.415 gm/cm’, but that in
relationship to other facts, namely the density of other materials, this num-
ber tells us something. It gives us the qualitative information that the sun is
not made out of coal or iron. This is how numbers are used in science, to
reach qualitative conclusions about the nature of things.

Let us now use some numbers to get a feel of what it is like to be in the
ciliary body where the aqueous humor is produced.

C. Reynolds Number
The wind flowing toward a beach ball is deflected by its curved surface. The

air curves around the beach ball. It continues its curvy path after it flows
past the beach ball. This tendency of objects in motion to remain in motion
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is called inertia. The beach ball changes the flow of the air most near its
surface and has little effect on the air some distance away. There is friction as
the nearer and more distant streams of air scrape against each other. This
friction is called viscosity.

The Reynolds number is the ratio of inertia to viscosity (Purcell, 1977).
When the Reynolds number is small, then a fluid flow is dominated by
viscous friction. The flow is viscous, smooth, and regular. For example, a
pearl in honey has a Reynolds number of about 0.01. When the Reynolds
number is large, then a fluid flow is dominated by inertia. The flow is fast,
disorderly, and turbulent. For example, a rowboat in a lake has a Reynolds
number of about 10,000.

The Reynolds number for the flow of aqueous humor through the cells of
the ciliary body is about 0.00001. This is the same Reynolds number that you
would have if you were in a swimming pool filled with molasses and were
told not to move any part of your body faster than 1 cm/min. Thus, the flow
of aqueous through these cells is smooth, laminar, and stately. It is like the
squishy motion of a macrophage slipping between endothelial cells that you
may have seen in movies taken through microscopes. It is not like the flow of
water out of your kitchen faucet, gurgling with disordered turbulence at
Reynolds numbers of 10,000-100,000.

From our first number, the Reynolds number, we have learned to picture
aqueous production as thick and regular, dominated by friction rather than
by inertia.

D. Peclet Number

Place a drop of black ink into a clear mountain stream. The drop will spread
in the water. This is called diffusion. The drop will also be carried down-
stream. This is called advection. The osmotic Peclet number is the ratio of
diffusion to advection. When the Peclet number is small, the flow is domi-
nated by advection. The ink drop will be swiftly carried a long way down-
stream before it has time to spread. When the Peclet number is large, the
flow is dominated by diffusion. In this case, the ink drop will spread much
faster than travel downstream.

The Peclet number inside the cells of the ciliary body is about 100. The
motion of molecules inside the cell is dominated by diffusion. A molecule
soon wanders from any one part of the cell to any other part of cell,
precluding the necessity for a conveyer belt. It is not necessary to mechani-
cally grab molecules and carry them from one part of the cell to another. Just
wait a little while and the molecule will diffuse. This is true for all cells except
for nerve cells with long axons where diffusion is not efficient. In such nerve
cells, energy from ATP drags carrier molecules along complementary tracks.
However, the microsituation inside the ciliary body differs from both the
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nerve cell situation and our macroenvironment, where all types of clever
mechanical devices are needed to move things from one place to another.
Sometimes membranes wall off compartments within a cell and reduce the
efficiency of the diffusion of molecules. Molecules are then carried by
proteins across those membranes from one compartment to another.

Thus, from this second number we have learned that diffusion, rather
than the mechanical transport of our macroscopic world, is the mechanism
that moves molecules around in the cells of the ciliary body.

E. Concentration Number

Another useful number is the concentration number of ions, such as sodium,
potassium, and chloride in the intracellular and extracellular solutions. The
concentration of a solution of sodium chloride adjusted to match the osmo-
larity of plasma, called isotonic saline, is about 300 millimoles/liter. Molecu-
lar weight units, such as moles per liter, are helpful for computing the
amounts that must be weighed out on a scale in order to mix a solution
with a given concentration. These units are not helpful to form a physical
picture of these solutions.

A more useful unit of concentration is the number of water molecules for
each ion. The number of ions in solution is similar in isotonic saline, the
blood plasma, the aqueous humor, the solution in the cells in the ciliary
body, and the solution in the spaces between those cells. In each of these
solutions, there are about 150 molecules of water for each ion. You can now
picture a few cubes of solution, each with about 1 ion and about a 150 water
molecules. You can now understand why these ions are close enough to
interact a little, but not too much. The interactions between the ions change
the osmotic force by about 10% from that which would be generated if the
ions did not interact with each other.

Thus, from our third number we have learned that both within and
outside the cell, there are about 150 molecules of water for each ion of
sodium, potassium, and chloride.

F. Fluid Transport

How do the cells in the ciliary body produce the aqueous humor? Proteins in
the cell membranes of these cells could clutch water molecules and push
them across the cell membrane. But these cells do something more clever,
more subtle, and more efficient. If one ion is transported across the cell
membrane, it will change the concentration on the other side. This change in
concentration will osmotically induce the flow of water. How much water?
In these solutions 1 ion is balanced by 150 molecules of water. Therefore, the
movement of 1 ion will induce the movement of 150 molecules of water.
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So, why pump 150 molecules of water, if you can induce the same fluid
flow by pumping 1 ion? That is exactly how these cells generate the flow of
aqueous humor. They transport ions across the cell membrane. The fluid
that forms the aqueous humor is then osmotically driven by the changes in
concentration caused by these ions.

For this elegant scheme to work, the water permeability of the cell
membrane must be much larger than its ion permeability. This is needed
so that the water easily flows across to join the ion that has been transported
to the other side of the membrane, and so that the ion does not freely cross
back across the membrane. In order to move 150 water molecules for each
ion, the permeability of the cell membrane to water needs to be about 150
times that of its permeability to ions, which is indeed the case.

The location of the small spaces whose concentrations have been altered
by the transport of ions is not known. They could be up against the front
surfaces of the cells or in between them.

The flow of aqueous humor through the cells in the ciliary body is
prodigious. In the usual units, the flow is about 1 (ul/min)/cm”. A more
meaningful question is to ask how long it takes for each cell to transport a
volume of aqueous equal to its own cellular volume. Each cell transports its
own volume in 2 min. The fluid floods through these cells.

G. lon Transport

The transport of ions is complex. Outside cells, the movement of ions is
driven by differences in electrical voltage and concentration. Across the cell
membranes, ions are moved by proteins. Some of these proteins use energy
from ATP to move the ions uphill against their electrical and concentration
gradients. Some of these proteins bind a few different ions at a time, and
then move them into and out of the cell. Some of these proteins are like big
holes that allow many ions through at any one time.

As mentioned previously, cells use energy to pump ions out, and then let
them leak back in again. This is not futile. By controlling the pump and leak,
cells control the movement of ions and the voltage across the cell membrane.

A typical epithelial cell, like those in the ciliary body, has about 1,000,000
sodium—potassium ATPase protein molecules in its cell membrane. There
are so many of these molecules that they are quite close together on the cell
surface, about 10 nm apart. About 30 times a second, each of these mole-
cules uses the energy from ATP to move a few sodium ions out of the cell
and a few potassium ions into the cell.

However, the ions leak back across the cell membrane in a very different
way. Each cell has about 100 ion channel protein molecules in the cell
membrane. There are so few of these molecules that they are quite far apart
on the cell surface, about 1000 nm apart. About 10 times a second, for about
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1/200 of a second, each of these channels opens and 30,000 ions leak
through.

Thus, the pump is very different from the leak of ions across the cell
membrane. The pump works by using energy to move a few ions at a time, at
many places, on the cell surface. The leak works passively to move many
ions at a time, across a few places, on the cell surface.

The leak of ions through the ion channels is well separated in space and
time on the cell surface. This makes it possible to measure the flow of ions
through an individual channel. A piece of cell membrane, small enough to
contain only one ion channel, is sealed in a micropipette called a patch
clamp. The electronics are sensitive enough to resolve the picoampere cur-
rent through an individual ion channel in such a patch when it opens for a
brief time. The much smaller currents through the proteins that pump ions
are too small to measure this way.

The proteins for the pump and leak are on different sides of the cells in the
ciliary body. The ions pumped across one side of the cell leak across the
other side of the cell thus, there is a net transport of ions. The pigmented and
unpigmented layers of cells in the ciliary body transport ions in opposite
directions. This is a complex machine, and how it works to produce the
aqueous humor is not clear.

H. Active or Passive

The ciliary body of an animal can be removed and mounted in a chamber.
The current measured due to the flow of the ions transported is about
8 pA/cm?. Since each ion will drag about 150 water molecules with it, we
can use that current measurement to compute the rate of aqueous produc-
tion. The result is that the ion transport accounts for only 2% of the aqueous
production! It has been suggested that the failure of ciliary body to pump
fluid in these experiments is due to the fact that the tissue has been damaged
in the dissection, or that the capillaries are collapsed in the mounting so that
fluid does not reach the cells for them to transport. Perhaps the ion flows
are recirculated so that the net ionic current is not a complete measure of
the amount of fluid transport.

However, the fact remains, that in most of the experiments of isolated
ciliary tissue or isolated animal eyes, the ciliary body does not secrete
aqueous humor. This has led some scientists to argue that the aqueous
humor is produced by the filtration of fluid under pressure from the plasma
across the ciliary body rather than by fluid transport driven by active ion
transport.

It is hard to believe that the aqueous humor is generated by passive
filtration from the plasma. Aqueous humor has different concentrations of
ions and other substances than the plasma. This suggests that those ions and
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substances were actively pumped into the aqueous humor. The ciliary epi-
thelium has features that are present in other epithelia that are known to
move fluid by the active transport of ions. These features include ruffled
edges to enlarge the area of the cell membrane and a large number of
mitochondria to provide energy in the form of ATP for ion transport. It
would be hard to understand why such specializations for ion transport
would not be present in a tissue that was not transporting ions and fluid.

It is puzzling that the production of the aqueous humor by the ciliary
body has been so difficult to demonstrate in these experiments.

VIl. LARGE SCALE AQUEOUS MOTIONS

The aqueous humor emerges from the posterior chamber, through the pupil,
into the anterior chamber. The fluid in the anterior chamber can be stained
with fluorescein dye. At this larger scale, the Peclet number is small, so the
dye does not diffuse rapidly enough to stain the new, emerging aqueous.
Thus, the flow of the new, clear aqueous can be followed from the posterior
into the anterior chamber. Even at this scale, the Reynolds number is still
low. Thus, the “jet” of aqueous emerging through the pupil has the form of
an expanding ball. This is very different from the thin cone of water in the
high Reynolds number jet that emerges from your kitchen faucet.

The interior of the eye is warmer than the air outside. Warm aqueous rises
and cool aqueous falls. Thus, there is also a vertical convective circulation of
aqueous humor. This circulation can sometimes be seen in the motion of
small particles in the eye.

VIIl. CONTROL OF INTRAOCULAR PRESSURE

Intraocular pressure is determined by the balance of the aqueous inflow and
outflow. How that balance is set and maintained? Many variables can act to
alter that balance. Like other somatic phenomena, there is a circadian
rhythm in the pressure: it is low at 7 a.m. and high at 7 p.m.

Diseases alter the pressure. In glaucoma the increased resistance to the
outflow of aqueous humor increases the pressure within the eye.

Osmotic agents, such as alcohol, suck additional fluid from the eye.
Increased outflow of fluid lowers the pressure.

Pharmacological agents that mimic or inhibit neurotransmitters can also
change the pressure. The physiological implications of the effects of these
agents are rarely discussed in the literature. Does it mean that synapses are
involved in either the sensing of intraocular pressure or control of aqueous
production or aqueous outflow? If there is a neural circuit, is it local,
through the spinal cord, or all the way upstairs to the brain?
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IX. SUMMARY

We do not really understand why eyes are round. The roundness might
involve their optical properties or their ability to move rapidly and accurate-
ly. However, the evidence in support of these reasons seems weak. Still less
evidence suggests that roundness arises from the need to maintain a clear
interior space or is a result of the evolution of eyes in vertebrate species or
their individual developmental history.

If we do not know why eyes are round, we know /ow they are round. They
are round because they are inflated from within by pressure of the aqueous
humor, the fluid in the eye.

The balance of the inflow and outflow of the aqueous humor determines
the pressure within the eye. We are not sure how the aqueous is produced.
We are not sure which structures determine the resistance to the outflow of
the aqueous from the eye. We do not understand the factors that control the
intraocular pressure during the day, or how they are altered in the course of
certain diseases.

It is sobering to realize how little we know about the most salient features
of the eye.
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ABSTRACT

The exposed surface of the eye is continuously covered by a thin film of fluid,
the tear film, which covers the entire ocular surface, including the cornea (the
clear “window” of the eye) and conjunctiva (the white part of the eye, which
extends under the eyelid). The tear film is a complex fluid that is secreted by
several different glands surrounding the eye. The epithelial cells of the ocular
surface itself also secrete components of the tear film. The action of blinking
spreads the film of tears over the whole surface of the eye and mixes the tears
underneath the lids. The tear film serves as an interface between the external
environment and the ocular surface and is the first layer of protection for the
cornea and conjunctiva. It is constantly responding to stresses that include
desiccation, bright light, cold, mechanical stimulation, physical injury, noxious
chemicals, and bacterial, viral, and parasitic infection. The tear film also
maintains the health of the cornea and conjunctiva by providing optimal
electrolyte composition, pH, nutrient levels, and a complex mix of proteins,
lipids, and mucin. To respond to these various external and internal require-
ments, exquisite control of the volume, composition, and structure of the tear
film is required. This control arises from regulating secretion from the individ-
ual orbital glands and ocular surface epithelia. Regulation of tear secretion
provides an extremely stable fluid that protects and maintains the cornea and
conjunctiva and ensures that the transparent cornea provides the retina with its
window to the world and ensures clear vision.

I.  FUNCTIONS OF THE TEAR FILM

The tears provide a large number of diverse functions to protect and main-
tain the ocular surface. Tears are able to perform these varied functions
because they are an exceedingly complex fluid made up of a diverse array of
lipids, protein, electrolytes, water, and mucins all organized into a stable,
specific structure. The tear film provides a smooth refracting surface that
eliminates the many small irregularities of the cornea for clear refraction of
light (Lamberts, 1994; Tiffany, 1995).

Tears also transport metabolites to, and remove waste products from the

epithelial cells of the cornea (Lamberts, 1994). Since the corneal epithelium,
stroma, and endothelium lack a blood supply, they must be provided with
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oxygen and nutrients (Tiffany, 1995). Carbon dioxide and metabolic waste
products must also be removed. The nearest blood supply to the cornea is at
the limbus, which connects the cornea to the adjacent sclera. The limbal and
conjunctival blood vessels provide for these needs by supplying a small
amount of O, and small nutrient molecules to the cornea and removing
CO,. When the eye is open, tears secreted from the orbital glands provide
the bulk of O, and nutrients in their secretions and remove CO,. When the eye
is closed, the aqueous humor, which bathes the endothelial side of the cornea,
supplies the cornea with its entire metabolic needs. The supply is not quite
adequate, however, and the cornea swells slightly. It is interesting to note that
differentiated (multiple-cell layered) corneas survive best in culture when they
are placed at the air—fluid interface and not submerged (Zieske et al., 1994).
This suggests that the unique ocular surface/air interaction is important to the
structure and function of the cornea.

Another function of tears is to provide the entire ocular surface with a
moist environment with the appropriate electrolyte composition. The ocular
surface has a narrow range of pH, osmolarity, and ionic concentrations
necessary for optimal function. Small changes in these variables, especially
osmolarity and ion concentrations lead to ocular surface disease (Gilbard
et al., 1988). Tear pH is maintained between 7.14 and 7.82 (Feher, 1993) by
the buffers in the eye that are mainly bicarbonate (HCO3), H', and
proteins (H™ acceptors). Tear osmolarity is normally 300-304 mOsm and
is similar to that of plasma (Gilbard et al., 1978). An increase of 10 mOsm is
enough to be deleterious to the ocular surface, especially the conjunctiva.
Tear osmolarity is derived from the ionic composition of tears, which is
unique when compared to plasma or other body fluids. Tears contain Na™,
K*, CI", HCO;3, Ca’>", Mg*>", and trace levels of other ions. Tears have a
higher K* and CI™ concentration and a similar Na™* concentration com-
pared to plasma (Feher, 1993). This implies that tears are not an ultrafiltrate
of plasma, but are secreted by the orbital glands. Because this secretion is
highly regulated, the ionic composition of tears (thus the osmolarity and pH)
can be tightly controlled and the health of the ocular surface maintained.

Protein composition is also important for a healthy ocular surface. Tears
contain a large number of proteins, which are secreted by the orbital glands.
Tears do not normally contain serum proteins, although these can enter the
tears from leaky conjunctival blood vessels under pathological conditions.
One of the most important functions of tear proteins is preventing bacterial
and viral infections. The major tear proteins, lysozyme, secretory immuno-
globulin (IgA), lactoferrin, lipocalin, and peroxidase are antibacterial
(Fullard, 1994). The high-molecular weight glycoproteins in tears known
as mucins are also antibacterial and antiviral. Mucins are secreted onto the
ocular surface and protect the underlying epithelial cells by binding to and
entrapping bacteria and viruses (Corfield et al., 1997). The carbohydrate side
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chains of mucins, which are attached to the protein core, are able to bind to a
wide variety of pathogens. Since each type of pathogen has a specific
carbohydrate sequence to which it will bind, mucin carbohydrate side chains
are heterogencous and are able to bind a wide variety of microorganisms.
When mucins bind to bacteria or viruses, they prevent them from attaching
to the ocular surface and invading it (Corfield et al., 1997). Thus, mucins
block microbial binding sites before the microorganism penetrates the ocular
surface and prevent infection.

In addition to preventing bacterial and viral infection, the diverse array of
tear proteins can also regulate many functions of the ocular surface. These
functions include cellular migration and proliferation during wound repair,
normal cellular differentiation, and secretion of electrolytes and water. Tears
contain a wide variety of growth factors, cytokines and biologically active
peptides (Sullivan and Sato, 1994). The known growth factors in tears
include: epidermal growth factor (EGF); hepatocyte growth factor (HGF);
transforming growth factor (TGF; o, 1, and, B2), basic fibroblast growth
factor (bFGF), tumor necrosis factor (TNF)a, and granulocyte macro-
phage-colony stimulating factor (GM-CSF). The cytokines interleukin
(IL)-1ac and IL-1PB and the neuropeptides substance P (Sub P) and endothelin
1 are also present.

Tears protect the eye from noxious stimuli, such as acids, bases, and other
chemicals. Tears also remove particles and debris, such as eyelashes or
makeup, from the ocular surface. Two components of tears are effective in
this mechanism. External irritants of the ocular surface cause neurally
mediated reflex secretion of water and electrolytes to neutralize and wash
away the irritants. The same neural pathways also stimulate mucin secretion.
Mucins physically entrap and remove irritants. As the cornea and conjunctiva
are innervated with sensory nerves, reflex secretion of electrolytes, water, and
mucins provide a rapid response to noxious stimuli. The blinking mechanism
then washes irritants into the lacrimal drainage system effectively removing
them from the ocular surface.

The blinking mechanism that helps remove tears from the surface of the eye
occurs continuously, as does the horizontial movement of the globe (sac-
cades). This means that the lids and ocular surface are in almost constant
movement. The eyelids move vertically as well as horizontally during the
blink, which occurs about 15 times per minute (Doane, 1980). During
the blink the eyelids move 17-20 cm/s and generate enough force to push
the ocular surface 1-6 mm into the orbit (Doane, 1980). The rapid continuous
movement of the eyelids and ocular surface requires minimal frictional resis-
tance to avoid mechanical damage to the surface of the eye (Corfield et al.,
1997). The composition of tears, especially the mucin component, provides a
fluid that is non-Newtonian in behavior. This means that when a shear force is
applied, such as occurs during the blink, the viscosity of tears decreases. Thus,
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in spite of the force generated by the blink, the ocular surface is unscathed.
The forces generated by blinking also illustrate the ability of tears to wash
away foreign bodies from the ocular surface.

II. ORGANIZATION OF THE TEAR FILM

It is well documented that the tear film consists of three layers: a lipid layer,
an aqueous layer, and a mucous layer. The lipid layer is the outermost layer
and is thought to be about 0.1 um thick. The aqueous layer, the middle
layer, is between 7 and 10 pm thick. The mucous layer is the innermost layer.
Its thickness is somewhat controversial. The original measurement of the
mucin layer was 0.2-1.0 um thick. Prydal has proposed that the mucous
layer is much thicker than previously thought, that is about 30 um thick in
humans (Prydal et al., 1992). Another possibility is that the mucous and
aqueous layers are not distinct layers, but rather are a gradient of decreasing
mucous and increasing aqueous concentration from the apical surface of the
cornea and conjunctiva to the lipid layer. So, while it is well documented that
the tear film contains the three major components, lipids, aqueous, and
mucins, the exact relationship between the aqueous and mucin layers has
not been determined.

The layered structure of the tear film is maintained by the blink, which
redistributes the lipid layer over the other layers. Between blinks, the lipid
layer slowly begins to breakup and dry spots or discontinuities begin to form
(Holly, 1973). It is not known why these dry spots form. One hypothesis is that
the mucins influence tear stability by lowering the surface tension (Holly and
Lemp, 1971, 1977). Another hypothesis is that it is the breakup of the lipid
layer causes tear instability (Doane, 1994). A third hypothesis is that corneal
epithelial cells that have newly migrated to the epithelial surface have not yet
developed their glycocalyx (mucin coat attached to the plasma membrane).
These cells could initiate dry spot formation (Gipson et al., 1992; Sharma,
1993; Corfield et al., 1997). Regardless of its cause, the tear film breaks up
between blinks and then reestablishes its normal complex structure.

I1l. ORBITAL GLANDS AND OCULAR SURFACE
EPITHELIA THAT SECRETE TEARS

Given the diverse components of tears and the complex structure of the tear
film, it is not surprising that many different tissues contribute to the tear
film. In fact, each layer of the tear film is secreted by specific orbital glands
and ocular surface epithelia (Figure 1). The lipid layer is secreted primarily
by the meibomian glands embedded in the tarsal plate of the upper and



26 DARLENE A. DARTT et al.

Lacrimal Gland \

Accessory
Lacrimal Gland

\
\
Upper n'd\\_

Cornea

Meibomian \
Gland

Tear Film

Epithelial
Cells

/
¢
Conjunctiva Goblet cells

Figure 1. Schematic drawing showing the glands and epithelia of the eye and
ocular surface that contribute to the tear film. Shown are the meibomian glands,
which secrete the outer lipid layer; the main and accessory lacrimal glands, as well
as the conjunctival and corneal epithelia, which secrete the middle aqueous layer;
and the conjunctival goblet cells, which secrete the inner mucous layer. (From Dartt,
D.A. and Sullivan D.A. (2000). Wetting of the ocular surface. In: Principles and
Practice of Ophthalmology. (Albert, D. and Jakobiec, F. Eds.), 2nd edn., p. 960. W.B.
Saunders Co., Philadelphia.)

lower eyelids and secondarily by the glands of Zeis and Moll. The aqueous
layer is secreted largely by the main lacrimal gland and to a lesser extent by
the accessory lacrimal glands (the glands of Kraus and Wolfring). The
cornea also secretes electrolytes and water into the tear film. Aqueous
portion of the tears could also originate from leakage across the conjunctival
blood vessels or from electrolyte and water secretion by the conjunctival
epithelial cells. The conjunctival epithelium may affect the composition of
the tears by absorbing tear fluid or specific components of tears (e.g.,
glucose) similarly to the intestinal epithelium. The goblet and the stratified
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squamous cells of the conjunctival and corneal epithelia secrete the mucins.
The relative contribution of these two types of cells to the mucous layer is
unknown.

Until recently, secretion from the individual orbital glands and ocular
surface epithelia had not been well characterized. Many of the earlier studies
of secretion by these tissues used tear fluid, which can be collected easily.
Because tears are a mixture of secretions from many different glands, col-
lecting tears cannot draw an accurate picture of secretion from one gland.
Even though the main lacrimal gland is primarily responsible for reflex tears,
there is a small but significant contribution from the other orbital glands. To
characterize secretion of each orbital gland, studies need to be performed
on pure, uncontaminated secretion from individual glands or on in vitro
preparations of individual glands or cells.

IV. SECRETION OF THE LIPID LAYER OF THE TEAR FILM

A. Meibomian Glands

The lipid layer of the tear film is secreted primarily by the meibomian
glands. Meibomian glands are sebaceous glands that lie in a parallel row
in the upper and lower tarsal plates perpendicular to the lid margin. There
are approximately 30—40 glands in the upper lid and 20-30 in the lower.
Meibomian glands in the upper lid can be up to 10 mm long, while
meibomian glands in the lower lid can be up to 6 mm long. The length of
the gland depends on the position of the individual gland in the lid. The duct
of each gland opens directly onto the inner margin of the eyelids. Tiffany has
recently published an excellent review of meibomian gland structure and
function (Tiffany, 1995).

B. Functional Anatomy

Sebaceous glands are oil-secreting glands that are found over most of the
body except on the palms and soles (Thody and Shuster, 1989). Sebaceous
glands are especially prevalent on the scalp, forehead, and face where they
are associated with hairs and are known as pilosebaceous glands. Glands not
associated with hairs are termed free sebaceous glands and are usually in
transitional zones between skin and mucous membranes. These regions
include the anogenital region, the periareolar skin, the border of the lips,
and the eyelids. Thus, the meibomian glands are free sebaceous glands (not
associated with hair follicles despite their proximity to the eyelashes) and are
found at the border between the eyelid skin and the conjunctival mucous
membrane (mucocutaneous junction).
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All sebaceous glands have a similar basic structure. These glands consist
of a single lobule (acinus) or a collection of lobules that coalesce into a
system of ducts, which open directly onto the body surface (Thody and
Shuster, 1989). The acinus or alveolus contains the lipid-secreting epithelial
cells. The lipid is secreted into small ducts, which lead to a single, straight
duct lined with four layers of ductal epithelium. Most sebaceous glands, the
meibomian gland included, are surrounded by a connective tissue capsule,
which separates individual acini and is rich in fibroblasts and capillaries.
With the exception of the meibomian glands and the preputial glands of the
rat, sebaceous glands are not innervated (Thody and Shuster, 1989). How-
ever, nerve fibers are found in the connective tissue stroma of the preputial
and the meibomian glands.

There are two major cell types in meibomian glands and other sebaceous
glands: the lipid-producing cells of the acinus and the stratified squamous
cells of the ducts (Thody and Shuster, 1989). Unlike other sebaceous glands,
the ductal cells in the meibomian gland do not secrete lipids. The lipid-
producing cells can be subdivided according to their stage of differentiation
into undifferentiated cells, maturing cells, and necrotic cells. The undifferen-
tiated cells form a single layer and are in contact with the basement mem-
brane (Figure 2). These cells are germinal basal cells with a small-flattened
shape and do not synthesize and secrete lipids. The next several layers
contain the maturing cells. These cells are rounded in appearance and larger
due to the development of the smooth endoplasmic reticulum and golgi
apparatus necessary for the synthesis of lipids. Lipids are stored in droplets
surrounded by a membrane, which is known as a secretory granule. The
closer the cell is to the duct, the more secretory granules the cell contains.
Cells in the innermost zone are the necrotic cells. These cells are full of
secretory granules and are 100-150 times larger than the peripheral cells.
The nuclei have become pyknotic and there is little cytoplasm except for a
few mitochondria. These cells are ready to degenerate. Just before this
occurs, the secretory granules fuse to form large aggregates. Secretion occurs
when the cells closest to the duct lyse releasing lipid droplets and cell debris.
This mechanism of secretion is known as holocrine secretion.

The main duct of the meibomian gland consists of four layers of stratified
squamous epithelium that is continuous with the epithelium of the acinus at
one end and the mucocutaneous zone of the eyelid at the other end. The duct
cells are a well-developed keratinized epithelium consisting of a basal cell
layer, an intermediate cell layer, and a horny cell layer (Jester et al., 1981).
These cells contain the markers characteristic of keratinization, including
keratohyalin granules, lamellar granules, and bundles of keratin filaments
(Thody and Shuster, 1989; Driver and Lemp, 1996). The stratum corneum
(several layers of flat keratinized, nonnucleated cells) and stratum granulo-
sum (also known as granular cell layer and is the start of keratinization)
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Figure 2. Light micrograph of an alveolus of a rabbit meibomian gland. Cells in the
outer layer (large arrow) of the alveolus are undifferentiated and do not contain lipid
secretory droplets. Clear lipid droplets are visible in the middle layers of cells. Cells
in the inner layer (small arrow) disintegrate into the alveolar duct releasing lipid
droplets to form the secretory product that is released into the lumen (L) of the central
duct. H&E 350x. (From Jester, ).V., Nicolaides N., and Smith R.E. (1989). Meibo-
mian gland dysfunction. |: Keratin protein expression in normal human and rabbit
meibomian glands. Invest. Ophthalmol. Vis. Sci. 30, 927.)

usually found in keratinized epithelium are present in the distal part of the duct.
The orifice of the meibomian glands consists of three concentric zones or cuffs
(Jester et al., 1982). The inner cuff is the keratinized lining of the duct while the
translucent cuff is the surrounding dermis while and the outer cuff is a subder-
mal structure (Tiffany, 1995).

Release of meibomian gland fluid onto the surface of the eye is related to
the blink mechanism and is controlled by the coordinated relaxation and
contraction of the pars marginalis and the pars palpebrae muscles. The
secreted meibomian gland fluid is stored in the ducts and is kept there by
contraction of the pars marginalis muscles that surround the orifice (Linton
et al., 1961; Tiffany, 1995). At the same time the pars palpebrae of the
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orbicularis oculi muscle is relaxed allowing the ducts to accumulate meibo-
mian gland fluid. During the blink, the meibomian glands are milked by
contraction of the pars palpebrae and the stored fluid is released onto the
ocular surface by relaxation of the pars marginalis. The movement of
the eyelids during the blink then spreads the meibomian gland fluid over
the aqueous layer of the tear film.

C. Regulation of Secretion

While it is well known that blinking controls the release of meibomian gland
fluid from the ducts of the meibomian gland, it is not known what stimuli
induce secretion (the rupture of the necrotic acinar cells). Secretion can be
controlled by several mechanisms. One such mechanism is by regulating the
fusion of the secretory granule to the apical (duct side) plasma membranes
releasing of the contents of the cell. This could be initiated by the release of
hydrolytic enzymes from lysozymes into the cell cytoplasm. Another mecha-
nism by which to regulate lipid secretion is regulation of the rate of lipid
synthesis by the endoplasmic reticulum and hence the maturation of the
acinar cells. Evidence suggests that androgen sex steroids regulate meibo-
mian gland lipid synthesis and secretion. Indeed, human meibomian glands
have been shown to contain (Rocha et al., 2000; Wickham et al., 2000)
androgen receptor mRNA and protein in the nuclei of the acinar cells. In
addition, these glands also contain enzymes that either convert testosterone
and dihydroepiandrosterone into the potent androgen, Sa-dihydrotestosterone
(Rocha et al., 2000) or metabolize androgens into other androgenic forms
(Perra et al., 1990).

Another mechanism for the regulation of meibomian gland secretion
involves the nerves surrounding the acinar cells of the alveoli. Neural control
of the meibomian gland would be unique given that the other sebaceous
glands, with one exception (i.e., preputial gland of rat), are not innervated
(Thody and Shuster, 1989). Chung et al. have shown that meibomian glands
are richly innervated by several different nerve types (Chung et al., 1996).
Vasoactive intestinal peptide (VIP)-containing nerves, probably parasympa-
thetic, are abundant and surround the acini (Figure 3) (Hartschuh et al.,
1983; Chung et al., 1996; Seifert and Spitznas, 1999). Sympathetic and
sensory nerves are also present, but are not as abundant as parasympathetic
nerves and are located mainly near blood vessels. Neuropeptide Y (NPY)-
containing nerves are also abundant with a similar distribution as VIP
(Chung et al., 1996). This is surprising as NPY is usually contained in
sympathetic nerves. However, the distribution of NPY and tyrosine hydrox-
ylase, a marker for sympathetic nerves, is different. It is possible that
the NPY-containing nerve fibers in the meibomian gland are of parasympa-
thetic origin. Thus, it seems likely that parasympathetic nerves play a role in
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Figure 3. Fluorescence micrograph demonstrating the location of vasoactive intes-
tinal peptide (VIP)-containing nerves around the alveoli (v) of the meibomian glands.
Bar 0.1 mm. (From Seifert and Spitznas (1999) Vasoactive Intestinal Polypeptide
(VIP) Innervation of the Human Eyelid Glands. Exp. Eye Res. 68: 685-692.)

the regulation of secretion from the meibomian gland. Indeed, Montagna and
Ellis have shown that physostigmine, which prolongs the action of acetyl-
choline (a parasympathetic neurotransmitter), stimulates meibomian gland
secretion in the rabbit (Montagna and Ellis, 1959). Nerves could also regu-
late the release of lipids from the secretory granules by stimulating fusion of
the secretory granule and apical membranes. More research into the regula-
tion of meibomian gland secretion is needed to determine the role of hor-
mones and nerves in the control of secretion.

D. Secretory Product

Meibomian gland fluid is a complex lipid mixture that varies considerably
between individuals (Nicolaides, 1986; Tiffany, 1987). The composition of
meibomian gland fluid also differs from that of other sebaceous glands
(Thody and Shuster, 1989). Meibomian gland fluid is 60—70% wax monoesters
and sterol esters. Several types of diesters are also present. Minor constituents
of meibomian gland fluid include hydrocarbons, triglycerides, diglycerides,
free sterols (including cholesterol), free fatty acids, and polar lipids (including
phospholipids). Meibomian gland fluid also contains the lipid components of
the cellular membrane of the acinar cells themselves as a result of the holocrine
mechanism of secretion. In addition, there are some unique diesters and
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triesters present as well as a large proportion of anteiso-branched chains in the
acids and alcohols (Thody and Shuster, 1989). Their chain lengths are longer
than those found in other sebum. Importantly, the mixture of lipids secreted
by the meibomian gland melts at 35°C and so is liquid on the surface of the
eye Tiffany, 1995). The unique features of meibomian gland fluid are not
surprising as it has a specialized role in the eye to preserve the transparent,
fluid nature of the tears.

E. Function of Lipid Layer

The lipid layer is essential for the maintenance of the structural and refrac-
tive integrity of the ocular surface (Driver and Lemp, 1996). Patients with
meibomian gland dysfunction have a 25-40% incidence of keratoconjuncti-
vitis sicca, and meibomian gland dysfunction is one of the major causes of
“evaporative” dry eye (Lemp, 1995; Driver and Lemp, 1996). Despite this,
little is known about the function of the meibomian gland fluid. Experiment-al
evidence has shown that meibomian gland fluid prevents spillover of the tears
by containing tears within the palpebral opening; prevents damage of the lid
margin skin by tears; and forms a seal over the exposed portion of the eye
during sleep. It has been suggested, but not proven, that meibomian gland
secretion also reduces evaporation in the open eye, prevents sebaceous lipids
from entering the tears, and increases the stability of the tear film by interac-
tion with the soluble components (Tiffany, 1987).

V. SECRETION OF THE AQUEOUS LAYER OF THE
TEAR FILM

A. Main Lacrimal Gland

The main lacrimal gland is an almond-shaped gland located within the orbit
of the eye and is the major contributor to the aqueous layer of the tear film.
It is highly lobular with numerous ducts that open onto the superior portion
of the surface of the eye (Lamberts, 1994).

Functional Anatomy

In humans, the main lacrimal gland is a multilobed, tubuloacinar exocrine
gland (Figure 4). Each lobe contains many branched tubules of columnar
secretory cells known as acinar cells (Walcott, 1994). In cross section, the
tubules form an acinus or ring of secretory acinar cells, which converge to
form interlobular ducts consisting of a single layer of cuboidal cells. The
intralobular ducts empty into larger interlobular ducts consisting of
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Figure 4. Schematic drawing of the lacrimal gland showing the tubules that contain
acini. These acini surround central lumen of the ducts. These ducts coalesce to form
intralobular ducts that join to form the main excretory duct that secretes lacrimal
gland fluid onto the surface of the eye. (From Botelho, S.Y. (1964). Tears and the
lacrimal gland. Sci. Am. 211, 78.)

two layers of epithelial cells. In humans, there are 6-12 ducts from which
lacrimal gland fluid is secreted onto the ocular surface. In rats and rabbits,
however, there is only one main excretory duct.

The main function of the acinar cells is to secrete protein, water, and
electrolytes. Tight junctions surround each acinar cell on the luminal side
creating a polarized cell (Figure 5). Thus, the plasma membrane can be
separated into apical (luminal) and basolateral (serosal) components. The
basal side of the cell contains the nucleus, endoplasmic reticulum, and Golgi
apparatus while the apical side is filled with secretory granules that contain
the protein secretory product. This polar structure of the acinar cell is the
basis for the unidirectional secretion of proteins, electrolytes, and water.

The major function of the duct cells is to secrete electrolytes and water.
Like acinar cells, the cuboidal duct cells are also polarized due to the
presence of luminal tight junctions. Nuclei are located basolaterally, whereas
the rough endoplasmic reticulum and mitochondria are more apical
(Jakobiec and Iwamoto, 1979). While duct cells are known to secrete some
proteins, such as EGF, they do not contain many secretory granules and
their protein secretion is limited.

In addition to acinar and ductal cells, the lacrimal gland also contains
myoepithelial cells. These flat cells contain multiple processes, which surround
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Figure 5. Transmission electron micrograph of the acinar cells of the main lacrimal
gland. Acinar cells are pyramidal cells that are joined together by tight junctions TJ
that separate the apical membrane (AM) from the lateral membrane (BLM). Secretory
proteins are synthesized in the rough endoplasmic reticulum (ER), stored in the clear
secretory granules (SG), and then secreted into the lumen (L). N, nucleus. (Courtesy
of Dr. Kenneth R. Kenyon and Ms. Laila Hanninen.)

the basal area of the acinar and ductal cells. Myoepithelial cells contain
smooth muscle actin in numerous long filaments and are thus thought to be
contractile. In the salivary and mammary glands, there is evidence to suggest
that myoepithelial cells contract the acinar cells to force fluid out of the
secretory tubules. However, there is no evidence for this hypothesis in the
lacrimal gland. Some investigators have proposed that myoepithelial cells
serve as an exoskeleton for acini (Satoh et al., 1994). Receptors for the
parasympathetic neurotransmitters, acetylcholine and VIP, have been found
on myoepithelial cells (Lemullois et al., 1996; Hodges et al., 1997). This
evidence supports a functional role for these cells, though the role has not
been determined.

Other cell types present in the lacrimal gland include lymphocytes
(containing IgA, 1gG, IgM, IgE, and IgD), plasma cells, helper and suppres-
sor T cells, B cells, dendritic cells, macrophages, bone marrow-derived
monocytes, and mast cells. Lymphocytes are located between acinar and
ductal cells, scattered throughout interstitial regions among the secretory
tubules, or located within small, periductular, lymphoid aggregates
(Sullivan, 1999). In humans, more than 50% of mononuclear cells in the
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lacrimal gland are plasma cells (Wieczorek et al., 1988). The vast majority of
these plasma cells are IgA-positive. These cells synthesize and secrete IgA,
which then is transported into acinar and ductal cells and secreted by these
epithelial cells as secretory IgA (SIgA), an important component of the
mucosal immune system of the eye.

Regulation of Secretion

The primary function of the lacrimal gland is to secrete proteins, electrolytes,
and water onto the ocular surface. Since both the amount and the composi-
tion of lacrimal gland fluid are critical in maintaining a healthy ocular
surface, it is critical that they be tightly regulated. Hormones and nerves
play integral roles in the regulation of lacrimal gland secretion. Hormones
are primarily responsible for stimulating constitutive protein secretion
(secretion controlled by synthesis) while nerves are primarily responsible
for stimulating regulated protein secretion (secretion controlled by release).
Hormones from the hypothalamic—pituitary—gonadal axis, such as o-
melanocyte stimulating hormone (¢-MSH), adrenocorticotropic hormone
(ACTH), prolactin, androgens, estrogens, and progestins have been shown
to exert a significant influence on the lacrimal gland (Sullivan et al., 1998).
Androgens are potent hormones that stimulate the secretion of SIgA and
cystatin-related protein, and its action accounts for many of the gender-
related differences seen in the lacrimal gland (Sullivan et al., 1998). If the
hypothalamic—pituitary—gonadal axis is disrupted, (e.g., by hypophysectomy
or anterior pituitary ablation) glandular atrophy results. It has also been
shown that prolactin is synthesized in acinar cells and that vasopressin and
ACTH may be produced by, or possibly accumulated within, lacrimal
epithelial and myoepithelial cells, respectively (Frey et al., 1986; Mircheft,
1993; Djeridane, 1994; Markoff et al., 1995). In addition, glucocorticoids,
retinoic acid, insulin, and glucagon are also known to affect various aspects
of the lacrimal gland (Sullivan et al., 1998). These hormones interact with
specific receptors through which their actions are mediated. The receptors
for a-MSH, prolactin, androgens, estrogens, progestins, glucocorticoids,
retinoic acid, and insulin are either transcribed and/or translated in lacrimal
tissue.

Parasympathetic, sympathetic, and sensory nerves innervate the lacrimal
gland. Parasympathetic innervation provides the primary input. A network of
nerve fibers surrounds most acini (Ichikawa and Nakajima, 1962). While each
individual acinar cell is not innervated, gap junctions electrically and chemi-
cally connect cells within an acinus so that even noninnervated cells can be
neurally activated. Parasympathetic nerves are also located adjacent to duct
cells and blood vessels. In the lacrimal gland, these nerves contain the neuro-
transmitters acetylcholine, a muscarinic, cholinergic agonist, and VIP. With
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stimulation, both neurotransmitters are released. Some VIP-containing
nerves also hold another member of the VIP family of peptides, pituitary
adenylate cyclase activating peptide (PACAP) (Elsas et al., 1996). While fewer
than parasympathetic nerves, sympathetic nerves also innervate acinar, duc-
tal, and vascular cells (blood vessels), but their importance is not known.
Using antibodies to the enzymes that synthesize dopamine, norepinephrine,
and epinephrine, it has been determined that the neurotransmitter released by
sympathetic nerves is norepinephrine. These nerves also contain the peptide
neurotransmitter NPY. Unlike the meibomian glands, NPY containing
nerves have the same distribution as norepinephrine-containing nerves in
the lacrimal gland, suggesting that sympathetic nerves contain both neuro-
transmitters. Sensory nerves are sparse in the lacrimal gland, but are adjacent
to acinar cells. These nerves have been identified using antibodies to Sub P and
calcitonin gene-related peptide (CGRP). Nerves containing galanin, usually
found in sensory nerves, have also been detected (Adeghate and Singh, 1994).
In addition, nerve fibers containing proenkephalin A-derived peptides (in-
cluding met- and leu-enkephalin) have been demonstrated in the lacrimal
gland (Lehtosalo et al., 1989). These fibers are numerous and surround acini
and ducts, but not blood vessels. This distribution of nerve fibers along with
the fact that sympathetic dennervation had no effect on these fibers suggests
that they are of parasympathetic origin (Lehtosalo et al., 1989).

Neural reflexes are initiated by afferent sensory nerves in the cornea,
conjunctiva, and nasal mucosa responding to mechanical, thermal, or
chemical stimulation or by the optic nerve responding to light. These acti-
vate the efferent parasympathetic and sympathetic nerves of the lacrimal
gland, which release their neurotransmitters. The neurotransmitters interact
with specific receptors on the basolateral membranes of acinar and duct
cells. This interaction activates a receptor specific to each neurotransmitter,
which then initiates a cascade of intracellular events, known as signal trans-
duction pathways. Activation of these signal transduction pathways induces
fusion of the preformed secretory granules with the apical membrane to
release secretory proteins into the lumen (regulated protein secretion). It
also induces activation of ion channels and pumps in the apical and baso-
lateral membranes to cause electrolyte and water secretion into the lumen.
Peptide hormones released by activation of the hypothalamic—pituitary
axis can also activate these same signal transduction pathways to cause
regulated protein secretion. Steroid hormones, on the other hand, typically
enter the acinar cells and interact with specific receptors in the nucleus. This
interaction may increase the rate of synthesis of specific proteins. Once
synthesized these proteins are packaged into secretory granules that, unlike
granules containing regulated proteins, immediately fuse with the apical
membrane and release secretory proteins into the lumen (constitutive protein
secretion).
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Signal Transduction Pathways Activated by Neurotransmitters and
Peptide Hormones

In general, neurotransmitters and hormones are not cell permeant. Thus, the
cells express protein receptors on their plasma membranes, which selectively
interact with the extracellular stimuli (ligand). Signal transduction proceeds
in three steps: initiation of the signal by interaction of the ligand with the
receptor; amplification of the signal through the interaction of the receptor—
G protein—effector enzyme, leading to the generation of second messenger
molecules; and termination of the signal through the action of protein
phosphatases and membrane pumps to bring the amount of phosphorylated
proteins and ions, respectively, back to resting levels (Figure 6). The recep-
tors can be subdivided into three classes based on their coupling system or
mode of action: G protein-coupled receptors, tyrosine kinase coupled recep-
tors, and intracellular receptors. G protein-coupled and tyrosine kinase
coupled receptors will be described first. Intracellular receptors will be
described in relation to steroid hormones.

G Protein-Coupled Receptors: G protein-coupled receptors are the largest
family of receptors and include more than 1000 cloned receptors (Gutkind,
1998). In the lacrimal gland, as well as other tissues, the receptors for acetyl-
choline, VIP, norepinephrine, CGRP, a-MSH, and ACTH, are G protein-
coupled receptors. These receptors are part of the seven transmembrane
G protein-coupled receptor family (Morris and Malbon, 1999).

G Proteins: G proteins are made up of three polypeptides—an o subunit
(molecular weight 39-46 kDa) that binds and hydrolyzes GTP, a B subunit (36
kDa), and a y subunit (6-9 kDa). When GDP is bound, the o subunit
associates with the By subunit to form an inactive heterotrimer that binds to
the receptor. When an agonist binds to the receptor, the receptor undergoes a
conformational change. This, in turn, causes a conformational change of the o
subunit that decreases its affinity for GDP so that GDP comes off the active
site. Because the cellular concentration of GTP is much higher than that of
GDP, the GDP is replaced with GTP. This activates the o subunit, and it
dissociates from both the receptor and the By subunit. The GTP is hydrolyzed
to GDP by the intrinsic GTPase activity of the o subunit. Once GTP is
hydrolyzed to GDP, the o and By subunits reassociate, become inactive, and
reassociate with the receptor (Hamm and Gilchrist, 1996).

Molecular cloning has identified over 16 different G protein o subunits in
mammalian cells. These can be divided into four major classes based on
sequence similarity: o, o, o2, and oy (Gutkind, 1998). Their amino acid
sequences are from 45 to 80% identical (Hamm and Gilchrist, 1996) with
each group of the o subunits regulating a different set of target effectors.
There are 5 known mammalian [ subunits, and 11 y subunits that are
more heterogeneous than the o or the B subunits (Gutkind, 1998). It is
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Figure 6. Schematic drawing showing the signal transduction pathways activated
by neurotransmitters and peptide hormones. Typically, signal transduction proceeds
in three steps: (1) initiation of the signal by interaction of the ligand (L) with the
receptor (R); (2) amplification of the signal through interaction of the activated
receptor with the G protein (G) and effector enzyme (Eff.) leading to the generation
of second messengers which activate protein kinases and ion channels (IC)
and; (3) termination of the signal through activation of protein phosphatases and
inhibition of ion channels.

now well established that o and Py subunits can both positively and
negatively regulate target effectors (Sunahara et al., 1996).

Target Effectors: These can be divided into three classes—phospholi-
pases, adenylyl and guanylyl cyclases, and ion channels.

PHOSPHOLIPASES: Three types of phospholipases (phospholipase A,, C,
and D) have been described in mammals and are classified according to
position on the phospholipid substrate they cleave (Figure 7). Phospholipase
A, specifically hydrolyzes the fatty acid from the sn-2 position to generate a
lysophospholipid and a free fatty acid. Phospholipase C (PLC) hydrolyzes
the bond between phosphoric acid and glycerol to generate diacylglycerol
(DAG). Phospholipase D (PLD) removes the X-group (alcohol component
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Figure 7. Schematic drawing showing the location at which phospholipase A,
(PLA,), phospholipase C (PLC), and phospholipase D (PLD) cleave phospholipid
substrates.

of the phospholipid) to generate phosphatidic acid (PA). As the role of
phospholipase A, in the lacrimal gland has not yet been determined, we will
focus on phospholipases C and D.

In mammals, there are two types of PLC: a phosphatidylcholine-specific
PLC (PC-PLC) and a phosphoinositide-specific PLC (PI-PLC). PI-PLC is
well characterized and will be referred to as PLC and will be discussed
further. Molecular cloning has revealed that there are three families of PLCs:
B, 8, and y with molecular weights ranging from 85 to 154 kDa. Within each
family, there are several cloned subtypes designated by adding Arabic nu-
merals after the Greek letters (Cockroft, 1992). All three types of PLC
catalyze the hydrolysis of the three common inositol-containing phospholi-
pids: phosphatidylinositol (PI), phosphatidyl 4-monophosphate (PIP), and
phosphatidyl 4,5-bisphosphate (PIP,), with PIP and PIP, the preferred
substrates. Members of the B PLC family are activated by G protein-coupled
receptors whereas activation of the y PLC family members occurs through
tyrosine phosphorylation by tyrosine kinase coupled receptors, such as those
activated by growth factors. Neither the receptors nor the transducers that
are coupled to any of the 8 PLC members are known (Berridge, 1993;
Tsunoda, 1993). Hydrolysis of PIP, generates two-second messenger mole-
cules: inositol 1,4,5-trisphosphate (IP3;) and DAG. IP; acts by raising the
intracellular concentration of Ca>* and DAG by activating protein kinase C
(PKC) (Berridge, 1993).

IP;, a water-soluble molecule, diffuses to the endoplasmic reticulum
where Ca®" is stored in an inactive, bound form. IP; interacts with specific
receptors on the endoplasmic reticulum to release Ca>" into the cytosol
(Berridge, 1993). The receptors, to which IP; binds, initially identified by
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structure—activity and radioligand-binding studies, have been purified and
functionally reconstituted into lipid vesicles from which single channel
events have been resolved. The IP; receptor is a homotetramer (four identi-
cal subunits) of ~310 kDa each and constitutes one of the largest of all
known ion channels. Binding sites for IP; are located within the N-terminal
domain, whereas the C-terminal regions form the intrinsic Ca’®" channel.
Multiple isoforms of IP; receptor have been cloned. They share significant
similarity to each other and are encoded by at least four genes. Regulation of
the IP3 receptor is complex in that it binds multiple IP; molecules, is
desensitized by IP; itself, is phosphorylated by protein kinase A, and has
biphasic sensitivity to cytoplasmic Ca*" levels (Berridge, 1993).

Nishizuka et al. first reported the purification of PKC and showed that it
is the target of DAG, establishing DAG as a second messenger molecule
(Kishimoto et al., 1977; Nishizuka, 1984). Protein kinase C was also shown
to be the cellular receptor for phorbol esters, a class of tumor promoters
(Nishizuka, 1984). Molecular cloning and biochemical techniques have
shown that PKC is a family of closely related enzymes consisting of at least
11 different isozymes. The PKC family has been divided into three categories
based on structural and functional criteria (Figure 8) (Jaken, 1996). A first
group, termed classical or conventional PKCs (cPKC), including PKCa, -BI,
-BII and -y isoforms, have a Ca’" and DAG-dependent kinase activity.

Regulatory Domain Catalytic Domain

Vi ¢l V2 2 V3 ©3 V4 c4 V5 g

1
s W A v e Bl Classical PKCs

N/ !

Pseudosubstrate\ / .Ca}cium. ATP and Protein Substrate
Binding Site Binding Sites
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Diacylglycerol
Binding Site

New PKCs

ol B RN 7]

6 . Atypical PKCs

Figure 8. Schematic drawing showing the different structural domains of protein
kinase C (PKC) and the individual PKC isoforms that comprise the three families
of PKC isoforms. C1-4, constant regions, V1-5, variable regions. Reprinted from
Advanced Experimental Biology, Vol. 438, Dartt, D.A., Hodges, R.R., Zoukhri,
Signal transduction pathways activated by cholinergic and oq-adrenergic agonists
in the lacrinal gland, pp.113-121., 1998, with permission from Springer-Verlag.
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A second group, termed new or novel PKCs (nPKC), including PKC-9, -€, -6,
and -1, isoforms, are Ca®'-independent and DAG-stimulated kinases.
A third group termed atypical PKCs (aPKC), including PKCZ, and -1/A iso-
forms, are Ca’" and DAG-independent kinases. Protein kinase C isoforms
have a molecular weight ranging from 74 to 115 kDa. The brain is the only
known tissue to contain all isoforms of PKC, whereas peripheral tissues
usually express between three and eight isoforms.

Structurally, PKC can be divided into two domains: a regulatory domain
in the amino terminal half and a catalytic domain in the carboxyl terminal
half (Figure 8). The regulatory domain of cPKC contains two conserved
regions C1 and C2. The C1 region contains two tandem repeats of a cysteine-
rich motif responsible for DAG and phorbol ester binding. The aPKC
isoforms, unlike cPKC and nPKC isoforms, contain only one cysteine-rich
motif and hence do not bind DAG/phorbol esters. The C2 region, called
CalB, interacts with phospholipids in a Ca®"-dependent manner and is
implicated in translocation to membranes and activation of cPKC isoforms.
The C2 region in nPKC lacks critical aspartate residues necessary for Ca>"
binding and thus is Ca®" independent. Atypical PKC isoforms lack the C2
region entirely and also do not need Ca®" for their enzymatic activity
(Newton, 1997). In addition, all PKC isoforms have a pseudosubstrate
sequence in their N-terminal part, which interacts with the catalytic domain
to keep the enzyme inactive in resting cells. The catalytic domain of PKC
contains two additional conserved regions, C3 and C4 responsible for ATP
and protein substrate binding, respectively.

Activation of PKC modulates a plethora of cellular processes including
secretion and exocytosis, cell proliferation and differentiation, and modula-
tion of ion conductance. PKC isoforms do not show selectivity towards
protein substrates in vitro. There is evidence, however, indicates that selec-
tivity of action of PKC isoforms is dictated, in part, by their cellular locali-
zation. Intracellular proteins, such as RACKs (receptors for activated
C-kinase) or proteins interacting with C-kinase (PICKs) target selective
isoforms of PKC to different loci (Aderem, 1992; Mochly-Rosen et al.,
1998). Such compartmentalization will limit the accessibility/availability of
substrates to a given isoform of PKC.

Phospholipase D has been partially purified from many sources and has
been cloned from yeast, bacteria, plant, and mammalian sources. The first
reported mammalian PLD (PLD1) has 1072 amino acids and a molecular
mass of 124 kDa (Meier et al., 1999). A second PLD (PLD2) which has 932
amino acids and 51% sequence identity to PLD1 has been cloned from a
mouse embryonic library (Colley et al., 1997). The subcellular distribution
and the mechanism of activation of PLD1 and PLD?2 are different. PLD2
localizes predominantly in the plasma membrane, whereas PLDI1 is peri-
nuclear (i.e., in endoplasmic reticulum, Golgi, and late endosomes) (Colley
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et al., 1997). Protein kinase C, ARF, RhoA, and PIP2 regulate PLDI,
whereas PLD2 is stimulated by PIP,, but not PKC, ARF, or RhoA (Houle
and Bourgoin, 1999).

Phospholipase D catalyzes the hydrolysis of phospholipids producing PA
and the free polar head group (Billah and Anthes, 1990). Phosphatidic acid
by itself or after its conversion to DAG by a PA phosphohydrolase is an
important second messenger molecule. In the presence of a primary alcohol,
PLD possesses the unique ability to catalyze a transphosphatidylation reac-
tion in which the phosphatidyl moiety of the phospholipid substrate is
transferred to the primary alcohol producing the corresponding phosphati-
dylalcohol (Dawson, 1967). Accumulation of such unique transphosphati-
dylation products has been used to detect PLD activity unambiguously in
diverse cell types. Receptor-mediated activation of PLD has been demon-
strated in many cell types. The mechanism by which receptors couple to
PLD is poorly understood but evidence suggests that diverse mechanisms
might be involved. Receptor activation of PLD appears to occur through
mechanisms involving PKC activity, Ca®", G proteins, or receptor-linked
tyrosine kinases. Phospholipase D is activated by phorbol esters, suggesting
a major role for PKC in regulating PLD (Nishizuka, 1992). Agents mobiliz-
ing Ca’", such as Ca®>" ionophores, also activate of PLD (Exton, 1988).
Since PKC activation and Ca®" mobilization are downstream to PLC stim-
ulation, it has been suggested that PLD activation may be secondary to
receptor activation of PLC. However, a direct coupling of PLD to receptor
activation, via a G-protein, has also been shown (Cockroft, 1992). Phospho-
lipase D can also be activated by growth-factors binding to receptor tyrosine
kinases, such as EGF receptor, or by pharmacological agents that enhance
the accumulation of tyrosine-phosphorylated proteins, suggesting that
tyrosine phosphorylation may represent an alternative pathway to PLD
activation (Bourgoin and Grinstein, 1992).

Adenylyl and guanylyl cyclases: Adenylyl cyclase cleaves ATP to generate
cyclic AMP (cAMP), whereas guanylyl cyclase generates cyclic GMP (cGMP)
from GTP. cAMP and cGMP interact with and activate protein kinase A and
G, respectively, leading to the cellular response. Adenylyl cyclase is by far the
best-characterized mammalian cyclase and will be discussed further. Readers
can find a review on guanylyl cyclase by Foster et al. (1999).

Molecular cloning has identified several isoforms of mammalian adenylyl
cyclases forming a family of at least 10 enzymes (I through X) (Sunahara
et al., 1996). Adenylyl cyclases have a molecular mass of ~120 kDa, ranging
from 1064 to 1248 amino acid residues with a complex topology within the
membrane. A short cytoplasmic amino terminus is followed by six trans-
membrane spanning regions and a large cytoplasmic domain (=40 kDa).
The motif is then repeated (Taussig and Gilman, 1995). The overall amino
acid sequence similarity among the different isoforms of adenylyl cyclase is
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Table 1. Regulation of Adenylyl Cyclases

Regulator AC Subtype Effect
Forskolin All Stimulation
Gso All Stimulation
Gio ACI, V, VI Inhibition
Gzo ACI, V Inhibition
Goa ACI Inhibition
GBy ACI Inhibition
ACII, IV Stimulation
Ca?*/Calmodulin ACI, 111, VIII Stimulation
Ca’** ACV, VI Inhibition
PKC ACII, V Stimulation
PKA ACV, VI Inhibition

Sunahara, R., Dessauer, C. and Gilman, A. (1996). Complexity and diversity of mammalian adenylyl
cyclases. Ann. Rev. Pharmacol. Toxicol. 36, 461-480.

roughly 60% (Sunahara et al., 1996). All isoforms of adenylyl cyclase
appear to be expressed in the brain, apparently in region-specific patterns,
whereas there are substantial differences in patterns of expression in
peripheral tissues.

Regulation of adenylyl cyclase enzymatic activity is complex and isoform
specific. All adenylyl cyclase isoforms are activated by Gsa (Sunahara et al.,
1996). The By subunit complex of Gs has been shown to exert an inhibitory
effect on type I adenylyl cyclase and stimulatory effects on types II and IV.
The effects of o subunits of the G proteins Gi, Go, and Gz, as well as that of
Ca’", PKC, and protein kinase A (PKA), on adenylyl cyclase isoforms are
summarized in Table 1 (Sunahara et al., 1996).

Most of the biological effects of cAMP are mediated through PKA.
Protein kinase A is a ubiquitous serine and threonine protein kinase. When
inactive, PKA consists of a complex of two catalytic (C) subunits and two
regulatory (R) subunits. Binding of cAMP to the R subunit alleviates an
autoinhibitory contact that releases the active C subunit. The active kinase is
then free to phosphorylate-specific protein substrates. Mammalian cells
contain three C subunit isoforms, o, B, and y, with Ca and CB being
predominant, and two R subunits, RI and RII (Dell’Acqua and Scott, 1997).

As discussed for PKC, PKA can phosphorylate a plethora of protein
substrates. To confer specificity to the external signal, both the levels of
cAMP and the activation states of PKA must be tightly controlled. Total
cAMP levels are determined by a balance of cellular adenylyl cyclase to
produce cAMP and phosphodiesterase activities to breakdown cAMP.
There are also signal-terminating mechanisms, such as desensitization of
adenylyl cyclase. In addition, mammalian cells contain a protein kinase
inhibitor (PKI) which sequesters free C subunits and mediates the movement
of the subunit to the nucleus, which is free of R subunits. Evidence showed
that differences in subcellular targeting of PKA isoforms are additional
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factors contributing to specificity in cellular responses. Several proteins
ranging in size from 15 to 300 kDa have been detected in a variety of
tissues and shown to associate with PKA. These proteins have been named
A-kinase anchoring proteins (AKAP) and shown to target different PKA
isoforms to different loci in the cell (Dell’Acqua and Scott, 1997).

Tyrosine Kinase Coupled Receptors: All known receptor tyrosine kinases
phosphorylate themselves on tyrosine residues (autophosphorylation) in re-
sponse to agonist binding. This autophosphorylation plays a critical role in
mediating the actions of growth factors (Sternberg and Alberola-Ila, 1998).
The phosphotyrosine residues appear to serve as highly selective binding sites
to which cytoplasmic signaling molecules bind. These signaling molecules
mediate the pleiotropic responses of cells to growth factors. The best-studied
receptors are the platelet-derived growth factor receptor (PDGFR) and the
EGF receptor (EGFR). These studies showed that upon ligand binding, the
intracellular region of the PDGFR or the tail region of the EGFR binds
several signaling molecules, including phosphatidylinositol 3-kinase (PI3-K),
PLCy, GTPase-activating factor (GAP), and c-Src with each molecule binding
to specific phosphotyrosine residues on the receptor (Malarkey et al., 1995).

Activation of the growth factor receptor also induces the tyrosine phos-
phorylation of the adaptor protein, Shc and the consequent formation of a
Shc-GRB2 complex (Figure 9). This interaction causes the recruitment of
SOS, which is a guanosine nucleotide exchange factor for Ras. SOS facil-
itates an exchange of GTP for GDP on Ras, which activates Ras. Ras, in
turn, activates a cascade of kinases including MAPKKK, also known as
cRafl, and MAPKK, also known as MEK1 and MEK2 (Davis, 1993;
Sternberg and Alberola-Ila, 1998). Ultimately mitogen-activated protein
kinase (MAPK), also known as extracellularly regulated kinase (ERK), is
activated. There are two types of MAPK-p44 (ERK1) and p42 (ERK2).
When phosphorylated on both serine and threonine residues, MAPK
becomes active. Activated MAPK phosphorylates key enzymes and also
translocates to the cell nucleus where it regulates the expression of genes
that cause proliferation, differentiation, and other cell functions (Treisman,
1996; Robinson and Cobb, 1997).

Recent investigations have found that G protein-linked receptors can
activate the growth factor receptor stimulated pathway and hence activate
growth, cell proliferation, and other cell functions controlled by the nucleus
(Gutkind, 1998).

Signal Transduction Pathways in the Lacrimal Gland
In the lacrimal gland, acetylcholine and VIP, the parasympathetic neuro-

transmitters, are potent stimuli of regulated protein and electrolyte/
water secretion. Norepinephrine, the sympathetic neurotransmitter, is also
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Figure 9. Schematic drawing of a growth receptor-activated signaling pathway.
Epidermal growth factor (EGF) is used as the example. Epidermal growth factor binds
to its receptor, a tyrosine kinase (TK), which dimerizes and autophosphorylates (P).
The phosphorylation attracts the adapter proteins Shc, Grb2, and SOS. SOS is a
guanine nucleotide exchange factor that activates Ras. Ras activates a cascade of
kinases Raf, MEK, and mitogen-activated protein kinase (MAPK). MAPK translocates
to the nucleus where it activates genes to cause protein synthesis, gene expression,
proliferation, and protein secretion.

a potent stimulus of regulated protein secretion, but a weak stimulus of
electrolyte/water secretion. Neuropeptide Y, the sympathetic neurotransmit-
ter, and CGRP, the sensory neurotransmitter, are weak stimuli of protein
secretion. Substance P, the sensory neurotransmitter, does not appear to
stimulate either protein or electrolyte/water secretion while o-MSH and
ACTH are potent, effective stimuli of protein secretion, but their effect on
electrolyte and water secretion is unknown (Dartt, 1994). The signaling
pathways activated by these agonists in the lacrimal gland will be discussed.

Cholinergic Agonist-Activated Signal Transduction Pathway

Acetylcholine, released from parasympathetic nerves, activates muscarinic
receptors on the basolateral membrane of lacrimal gland cells (Figure 10). Of
the five receptor subtypes (M;_s) identified, only the M3 or glandular sub-
type is present in the lacrimal gland (Mauduit et al., 1993). These receptors
are coupled to the Gyq/11 subtype of G protein, which is, in turn, coupled to
PLC (Mauduit et al., 1993; Meneray et al., 1997). As previously discussed
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1,4,5-1P3 and DAG are produced from the hydrolysis of PIP, by PLC. 1,4,5-
IP; interacts with its receptors on the endoplasmic reticulum to open chan-
nels to release Ca®" into the cytoplasm. Depletion of these Ca" stores leads
to an increase in the influx of extracellular Ca*" across the plasma mem-
brane. Ca®", either alone or through Ca”"/calmodulin-dependent protein
kinases to phosphorylate-specific substrates, stimulates secretion.

The DAG formed from the hydrolysis of PIP, activates PKC (Figure 10).
Five isoforms of PKC are expressed in the rat lacrimal gland: one cPKC,
PKCa; two nPKCs, PKCS and -€; and one aPKC, PKC-1/A. Using immuno-
fluorescence techniques, these isoforms were shown to have a differential
localization (Zoukhri et al., 1997a). This is of great interest because part of
the selectivity of action of PKC isoforms is dictated by their localization (i.e.,
accessibility to their substrates). Cell fractionation techniques combined
with western blotting showed that cholinergic agonists caused a differential
translocation of PKC isoforms. PKCe translocated from the cytosol to the
plasma membrane 30 s after cholinergic stimulation and stayed associated
with the membrane at 10 min. In contrast, PKCd transiently translocated
to the membrane reaching a maximum by 1 min and returning to the cytosol
by 5 min, whereas we could not detect a significant translocation of PKCa.
PKC-vA, as expected for aPKC isoforms, did not translocate in response to
cholinergic agonists (Zoukhri et al., 1997a). In an attempt to define the role
that individual PKC isoforms might play in regulating lacrimal gland func-
tions in response to cholinergic stimulation, we have synthesized isoform-
specific peptide inhibitors of PKC. These peptides were derived from the
unique pseudosubstrate sequences of PKCa, -8, and -€ and were myristoy-
lated at their N-terminus to make them cell permeant. Using this strategy we
showed that cholinergic agonists activate PKCa and -e to a larger extent
than PKCS to induce protein secretion (Zoukhri et al., 1997b). In contrast,
Ca’" elevation stimulated by cholinergic agonists was negatively modulated
by PKC5 and to a lesser extent by PKCe, but not by PKCa (Zoukhri et al.,
2000).

Activation of Phospholipase D: Taking advantage of the transphosphati-
dyl reaction catalyzed by PLD to produce a phosphatidylalcohol we showed

Figure 10. Schematic drawing of signal transduction pathway activated by cholin-
ergic agonists in lacrimal gland acinar cells to stimulate protein and electrolyte/water
secretion. M3, subtype 3 of muscarinic receptors; G,q11, /11 subtype of a-subunit
of a guanine nucleotide-binding protein; InsPs3, inositol trisphosphate; protein-P,
phosphorylated protein; ER, endoplasmic reticulum. Reprinted from Advanced
Experimental Biology, Vol. 438, Dartt, D.A., Hodges, R.R., Zoukhri, Signal transduc-
tion pathways activated by cholinergic and o;-adrenergic agonists in the lacrinal
gland, pp.113-121., 1998, with permission from Springer-Verlag.
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that the lacrimal gland contains a PLD activity. Cholinergic agonists,
through the muscarinic receptor, stimulate both the hydrolytic activity of
PLD to produce PA, and the transphosphatidyl reaction. However, if either
Ca”" is mobilized or PKC is activated only the transphosphatidyl reaction
is stimulated. This finding has two fundamental implications. First, cholin-
ergic agonist activation of PLD in the lacrimal gland is not secondary to the
activation of PLC by these agonists. Second, lacrimal gland may contain two
isoforms of PLD, one regulated through receptor activation, and the second
regulated through Ca>" and PKC. Another finding, unique to the lacrimal
gland, is that oq-adrenergic agonists failed to activate both properties of
PLD (Zoukhri and Dartt, 1995).

Ca’*, Ca®"/calmodulin-dependent protein kinases, and PKC phosphory-
late-specific substrates that cause lacrimal gland protein and electrolyte and
water secretion. The phosphorylation targets are not known. The second
messengers also stimulate water and electrolyte secretion by activating ion
channels and ion pumps in the basolateral and apical membranes to cause
ions, followed by water, to move into the lumen.

a-Adrenergic Agonist-Activated Signal Transduction Pathway

Norepinephrine, released from sympathetic nerves, binds to o;- and -
adrenergic receptors on lacrimal gland cells. B-Adrenergic receptors are
coupled to AC to activate a cAMP-dependent signal transduction pathway,
as is VIP and will be discussed subsequently. Molecular cloning has shown
that there are three subtypes of o;-adrenergic receptors named o-5/p, %-1p,
and a-;c and the subtype of o -adrenergic receptor present in the lacrimal
gland has been identified as o-;p (unpublished observations) (Figure 11).
Neither the subtype of G protein nor the effector enzyme is known. In most
exocrine tissues, o -adrenergic agonists activate the same pathway as cholin-
ergic agonists (i.e., activation of PLC and PLD). However, in the lacrimal
gland ao-adrenergic agonists do not activate PLC or PLD (Hodges et al.,
1992; Zoukhri and Dartt, 1995). Activation of the a;-adrenergic receptors in
the lacrimal gland does lead to a slight increase in [Ca"], which has been
proposed to occur through generation of cyclic ADP ribose and activation
of ryanodine receptors that release Ca®" into the cytosol (Gromada et al.,

Figure 11. Schematic drawing of signal transduction pathway activated by oy-
adrenergic agonists in lacrimal gland acinar cell to stimulate protein and electrolyte/
water secretion. G, guanine nucleotide-binding protein; ADP, adenosine diphosphate;
protein-P, phosphorylated protein; ER, endoplasmic reticulum; Calmodulin. Reprinted
from Advanced Experimental Biology, Vol. 438, Dartt, D.A., Hodges, R.R., and Zoukhri,
Signal transduction pathways activated by cholinergic and «;-adrenergic agonists in the
lacrinal gland, pp.113-121., 1998, with permission from Springer-Verlag.
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1995). However, it appears that the major mechanism by which o,-adrener-
gic agonists stimulate secretion is by activating specific isozymes of PKC.
Using the myristoylated pseudosubstrate-derived peptides discussed previ-
ously, we found that oq-adrenergic agonists activate PKCe to stimulate
protein secretion. Surprisingly, inhibition of PKCa and -6 isoforms led to
increased protein secretion suggesting that these two isoforms inhibit protein
secretion triggered by oj-adrenergic agonists (Zoukhri et al., 1997b). This is
in contrast to the stimulatory effect that PKCa and -6 isoforms have on
protein secretion when activated by cholinergic agonists or phorbol esters.
This implies that the effect (inhibitory or stimulatory) of a given isoform of
PKC is stimulus-dependent and might in part depend on the cellular locali-
zation of this isoform. Interestingly, oj-adrenergic agonists did not promote
the translocation of PKC again contrasting with the effect of cholinergic
agonists further supporting the role of PKC location in dictating its action
(Hodges et al., 1992).

As with cholinergic agonists, the PKC activated by o;-adrenergic agonists
stimulates secretion by phosphorylating and activating a specific set of
protein substrates. This leads to activation of ion channels and pumps to
induce protein and electrolyte/water secretion.

VIP-Activated Signal Transduction Pathway

Vasoactive intestinal peptides released from parasympathetic nerves, nor-
epinephrine released from sympathetic nerves using f-adrenergic receptors,
and the peptide hormones o-MSH and ACTH from the bloodstream
each activate cAMP-dependent signal transduction pathways (Dartt, 1994)
(Figure 12). The VIP-dependent pathway will be described. Vasoactive
intestinal peptides interact with specific VIP receptors located on the baso-
lateral membranes of lacrimal gland cells. Two types of VIP receptors have
been identified, VIPRI and VIPRII, both of which are present in the lacrimal
gland (Hodges et al., 1997). VIPRI is the predominate receptor. VIPRI is
located in acinar and duct cells, whereas VIPRII is located in the myoepithe-
lial cells that surround the acini. Activation of the VIP receptors stimulates
the G, subtype of G proteins (Meneray et al., 1997). The effector enzyme
activated by VIP is adenylyl cyclase, which produces cAMP from ATP.
There are at least three isoforms of AC present in the lacrimal gland: ACII
was present only on myoepithelial cells; ACIII was present in occasional
ducts, blood vessels, and myoepithelial cells; and ACIV was present on all
acinar cells in a subcellular structure that appeared to be Golgi apparatus or
perhaps endoplasmic reticulum (Hodges et al., 1997). The subcellular loca-
tion of ACIV appeared to be in the Golgi or ER, which was unusual, as one
would expect to find it on the basolateral membrane in the same location as
the VIP receptors. It is possible that ACIV might be recruited from the
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Figure 12. Schematic drawing of vasoactive intestinal peptide (VIP)- or norepi-
nephrine-activated signal transduction pathway used by lacrimal gland acinar cells
to stimulate protein and electrolyte/water secretion. Gg,, B, and y subunits of a
guanine nucleotide binding protein; GDP, guanine diphosphate; ATP, adenosine
triphosphate; cAMP, cyclic adenosine monophosphate; 5-AMP, 5"-analog of aden-
osine monophosphate; protein-P, phosphorylated (activated protein). (Modified from
Dartt, D.A. (1994). Regulation of tear secretion. Adv. Exp. Med. Biol. 350, 5.)

intracellular membranes upon stimulation with VIP. Alternatively, other
isoforms of adenylyl cyclase might be present on acinar basolateral mem-
branes and used for VIP stimulation. It is notable that myoepithelial cells
contain VIP receptors and adenylyl cyclase, suggesting that VIP also acti-
vates them, and they could play a role in secretion or in another cellular
process activated by VIP.

The increase in the cellular level of cAMP by AC activates PKA, which
phosphorylates a specific set of protein substrates. This in turn activates of
ion channels and pumps to induce protein and electrolyte/water secretion.
The cAMP signal is terminated by the enzyme cAMP phosphodiesterase,
which converts cAMP to the inactive 5-AMP. cAMP levels can be increased
experimentally by forskolin, which directly activates adenylyl cyclase, and
by cAMP phosphodiesterase inhibitors, such as isobutylmethylxanthine
(IBMX), pentoxifylline, theophylline, and papaverine, that prevent break-
down of cAMP.
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In addition to VIP, B-adrenergic agonists, «-MSH, and ACTH each
activate the cCAMP pathway. There are differences in secretion stimulated
by each agonist. VIP is a potent stimulus of protein and electrolyte/water
secretion whereas B-adrenergic agonists are weak stimuli of protein and
electrolyte/water secretion. o-MSH and ACTH are potent stimuli of protein
secretion, but their effects on electrolyte/water secretion are unknown. This
suggests that there is differential coupling of cAMP-dependent receptors to
G, and adenylyl cyclase.

In the lacrimal gland three different signal transduction pathways exist for
stimulating lacrimal gland secretion: cholinergic agonist-, a;-adrenergic ago-
nist-, and VIP-activated. Since the nerves innervating the lacrimal gland
contain at least two different neurotransmitters, stimulation of one type of
nerve can release two or more agonists and, using separate signal transduction
pathways activate secretion. Thus, the lacrimal gland is designed to secrete
with several backup mechanisms to ensure that scretion can occur. In spite
of this design, lacrimal gland secretion can be compromised, resulting in a
spectrum of diseases classified as dry eye syndromes or keratoconjunctivitis
sicca. In particular aqueous deficient, as opposed to evaporative, dry eye
does occur.

EGF-Activated Signal Transduction Pathway

The lacrimal gland contains EGF receptors, which can activate the MAPK
pathway in the lacrimal gland (Marechal et al., 1996) (Figure 9). Epidermal
growth factor binds to its receptor in the lacrimal gland and dimerizes
causing tyrosine phosphorylation of each subunit. This attracts Shc,
GRB2, and SOS. SOS activates Ras and ultimately the MAPK cascade to
phosphorylate p44 and p42 MAPK (Ota et al., 2003).

The activation of G protein-coupled receptors by cholinergic and o;-
adrenergic agonists activates MAPK through different mechanisms (Ota
et al., 2003). a-Adrenergic agonists transactivate the EGF receptor either
directly or by activating nonreceptor tyrosine kinases. This causes activation
of Shc, GRB2, and SOS. SOS activates Ras, which then activates the MAPK
cascade to activate p44 and p42 MAPK. In contrast, cholinergic agonists do
not activate the EGF receptor or activate Shc, GRB2, or SOS. They do
activate p44 and p42 MAPK probably by activating PKC. The step at which
cholinergic agonists act is probably distal in the pathway to Ras and is
perhaps at MAPKKK. Activation of MAPK by EGF or by cholinergic
and o;-adrenergic agonists negatively modulates lacrimal gland protein
secretion (Ota et al., 2003).

Inhibitor-Activated Signal Transduction Pathway: Inhibitors of secretion
are also present in the lacrimal gland. To date one family of inhibitors, the
enkephalins, has been identified. Four different enkephalin sequences
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contained in preproenkephalin A, including met- and leu-enkephalin,
have been identified in nerves surrounding acinar and ductal cells (Walcott,
1990). Enkephalins bind to & opioid receptors, which activate the G;
subtype of G proteins. This interaction prevents the activation of AC by
G, by VIP, B-adrenergic agonists, a-MSH, or ACTH, preventing an in-
crease in electrolyte, water, and protein secretion by these agonists (Cripps
and Bennett, 1994).

Signal Transduction Pathways Activated by Steroid Hormones

The steroid hormones, androgens, are a major regulator of constitutively
secreted proteins from the lacrimal gland. However, unlike neural and pep-
tide hormone stimulation in which secretion occurs in seconds or minutes,
androgens typically provide long-term regulation taking hours or days to be
effective. Thus, steroids use a very different signal transduction pathway
(Sullivan, 1999a).

One constitutively secreted protein whose secretion is controlled by an-
drogens is secretory IgA (SIgA), the predominant immunoglobulin in tears
and the primary mediator of the secretory immune system of the eye. It
consists of polymeric IgA (pIgA) coupled to J chain and secretory compo-
nent. IgA and J chain are produced by plasma cells, whereas the acinar and
ductal cells synthesize secretory component (SC). Secretory component is
synthesized as a precursor molecule called the polymeric immunoglobulin
(plg) receptor. This receptor is incorporated into the basolateral membrane
of acinar cells and functions as an IgA receptor. The plg receptor is com-
posed of extracellular, membrane-spanning, and intracellular (cytoplasmic)
domains. The plg receptor binds to pIgA, which is coupled to J chain, and
the receptor-ligand complex is endocytosed into distinct vesicles within the
acinar cell (Figure 13). These vesicles are sorted directly to the apical
membrane bypassing the lysosomal compartment. Within the vesicular
component, the membrane spanning and cytoplasmic domains are cleaved
from the extracellular domain of the plg receptor to form SIgA. Once the
vesicles reach the apical membrane, they immediately fuse with the apical
membrane releasing SIgA into the glandular lumen to mix with the other
secreted proteins, electrolytes, and water.

The classical pathway for androgens to control secretion is by controlling
protein synthesis. Androgens diffuse into the nucleus and bind to specific,
high-affinity receptors (Figure 13). These receptors are members of the
steroid/thyroid hormone/retinoic acid family of ligand-activated transcrip-
tion factors. The androgen-receptor complex then associates with a response
element in the regulatory region of the SC target gene and dimerizes with
another sex steroid-bound complex. In combination with appropriate coac-
tivators and promoter elements, this increases SC gene transcription and
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Figure 13. Schematic drawing of lacrimal gland acinar cell showing the classic
mechanism for androgen (indicated here by testosterone) regulation of secretory
immunoglobulin A (secretory IgA) secretion. ER, endoplasmic reticulum, Ts, sup-
pressor T cell; Ty, helper T cell. (From Dartt, D.A. and Sullivan, D.A. (2000). Wetting
of the ocular surface. In: Principles and Practice of Ophthalmology. (Albert, D. and
Jakobiec, F., Eds.), 2nd edn., p. 970. W.B. Saunders Co., Philadelphia.)

eventually SC synthesis. This pathway is the most likely mechanism by
which androgens control SC in the lacrimal gland as high-affinity
androgen-specific receptors, which adhere to DNA, have been identified in
acinar epithelial cells. Also, androgens enhance SC mRNA Ievels and an-
drogen receptor, transcription or translation antagonists inhibit androgen-
induced SC production (Sullivan, 1999a).

It is possible that androgens may also affect the secretion of other
proteins or electrolytes/water through nonclassic pathways. These pathways
are fast, occurring in seconds or minutes, and involve alteration of mem-
brane fluidity, control of neurotransmitter receptors, and interaction with
specific plasma membrane receptors (Brann et al., 1995). Androgens may
also work by another recently discovered, nonclassic pathway. Lewin et al.
hypothesized that androgens bind to the sex-hormone binding globulin,
which interacts with its receptor located on the plasma membrane (Lewin,
1996). This activates AC to produce cAMP and activate PKA. Protein
kinase A in turn activates cCAMP response element binding protein (CREB).
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CREB enters the nucleus, forms a dimer with itself, binds to, and activates a
cAMP response element (CRE) on a gene. This stimulates transcription of
the gene, which leads ultimately to translation. In addition, neurotransmit-
ters and peptide hormones that stimulate the production of cAMP (e.g.,
VIP, B-adrenergic agonists, ¥MSH, and ACTH) could also stimulate CREB
thereby affecting long-term lacrimal gland function.

The androgen-induced synthesis and secretion of SC by lacrimal gland
acinar cells may also be influenced by neurotransmitters, cytokines, and
secretagogues. VIP, B-adrenergic agonists, cCAMP analogs (e.g., §-bromoa-
denosine 3’: 5'-cyclic monophosphate), and other agents which stimulate the
cAMP signaling pathway enhance androgen-induced SC secretion. This
effect on SC is also observed with the cytokines IL-1a, IL-18, TNF o, and
prostaglandin E, (PGE,). In contrast, androgen-induced secretion of SC is
decreased by cholinergic agonists. In addition to these agents, insulin, extra-
cellular calcium, high-density lipoprotein, and factors from the thyroid and
adrenal glands may also modify androgen action on SC synthesis and
secretion by lacrimal tissue (Sullivan, 1999a). Thus, the interactions between
the neural, hormonal, and immune pathways for regulation of lacrimal
gland secretion are complex and need to be investigated further.

Secretory Product

Water and Electrolyte Secretion: Electrolyte and water secretion occurs by
very different mechanisms than protein secretion and has been studied in
detail for the main lacrimal gland. It is important to note that it is not valid
to sample tears when studying lacrimal gland electrolyte and water secretion,
but rather it is necessary to analyze pure lacrimal gland fluid collected
directly from the excretory duct. The electrolyte composition of the lacrimal
gland fluid is different from interstitial fluid. The Na™ and K" concentra-
tions are greater in lacrimal gland fluid than in interstitial fluid and the C1™
concentration is lower. However, the electrolyte composition of the lacrimal
gland fluid changes with flow rate, and fluid secretion can vary 130-fold from
basal to maximal stimulation (Gilbard and Dartt, 1982). In rat exorbital
lacrimal gland fluid, the Na™ concentration increases while the K concen-
tration decreases with increasing secretory rate (Alexander et al., 1972). In
rabbit lacrimal gland fluid, the concentrations of Na®, Cl~, and Ca**
decrease as the rate of secretion increases (Botelho et al., 1976). Thus,
lacrimal gland fluid osmolarity in the rabbit also changes with secretory rate
decreasing as flow rate increases (Gilbard and Dartt, 1982).

Lacrimal gland fluid is produced in two stages accounting for the varia-
tion of electrolyte composition with secretory rate. The first stage is the
production of primary fluid by the acinar cells and secretion of the fluid into
the acinar lumina. This fluid is predominantly NaCl and has plasma-like
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Figure 14. Schematic drawing of lacrimal gland acinar cell showing the mecha-
nism of electrolyte and water secretion. Possible roles of Ca** and PKA (protein
kinase A) in activating ion movements are also indicated. ~, Na®, K™-ATPase;
dashed arrows, passive ionic movements; solid arrows, active ionic movements.
(From Dartt, D.A. (1992). Physiology of tear production. In: The Dry Eye. (Lemp,
M.A. and Marquardt, R., Eds.), p. 65. Springer-Verlag, Berlin.)

electrolyte concentrations. The second stage is the modification of primary
fluid by duct cell secretion. The duct cells secrete a KCl rich solution so that
the final secreted fluid is rich in K™. It has been estimated that as much as
30% of the volume of the final lacrimal gland fluid is secreted by the duct
cells (Mircheff, 1994).

Acinar cell NaCl secretion is driven by the sodium pump or Na*, K*-
ATPase located on the basolateral membranes that use ATP to transport Na ™
out and K into the cells (Figure 14). Na* enters the cell from the interstitium
across the basolateral membrane using a favorable electrochemical gradient
maintained by the Na*, K*-ATPase. CI~ also enters the cell using the same
transporters as Na™ against its electrochemical gradient. K leaves the cells
through a passive permeability channel in the basolateral membrane, which
completes the cycle necessary for the activity of the Na®, K*-ATPase. Cl,
following a favorable electrochemical gradient, leaves the cells through pas-
sive CI™ permeability channels in the apical membrane and into the lumen.
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Na ™ enters the secreted fluid using a paracellular pathway, which favors the
movement of Na™ into the lumen. There are two possible sets of transporters
that could be responsible for the transport of Na™ and CI~ across the baso-
lateral membranes (Mircheff, 1994). The first set is the NaCl and Na-K-2Cl
cotransporters, and the second set is the Na/H and CI/HCO; exchangers.
Experimental evidence indicates that the Na/H and CI/HCO; exchangers
are activated in lacrimal gland acinar cell secretion though a role for the NaCl
and Na—K-2Cl cotransporters cannot be completely ruled out.

Secretion of KCI from duct cells has not been well characterized but
probably uses mechanisms similar to those used by acinar cells. It has been
hypothesized that Na™, K*-ATPase in the basolateral membrane pumps K™
into the cell and Na™ out. The KV exits the cell through the apical mem-
brane via K' permeability channels, down a favorable electrochemical
gradient. Secretion of Cl™ could occur using the same passive permeability
mechanisms as in the acinar cells (Mircheff, 1994).

The last component of lacrimal gland fluid is water. Movement of water is
driven by hydrostatic and osmotic gradients with water passively following
electrolyte movement. Thus, water follows Na™ and moves into the lumen.
Passive water permeability channels, aquaporin 4 and 5 have been identified
in the lacrimal gland (Raina et al., 1995; Ishida et al., 1996). Lacrimal gland
fluid is isotonic at high secretory rates, but becomes hypertonic at low
secretory rates suggesting that water is reabsorbed by the duct system if
the fluid remains in it long enough. This could occur if a hormone, similar to
antidiuretic hormone, which regulates water permeability in the kidney,
could regulate the water permeability of the ducts. There is no evidence to
support or refute this hypothesis.

The ion transporters (the pumps and permeability channels) are activated
through the signal transduction pathways and result in electrolyte and water
secretion. Ca®" and PKA are known to activate the passive K™ and CI~
permeability channels (ion channels), which are among the first transport
processes altered to induce secretion. In other epithelia these protein kinases
are also known to phosphorylate and thus activate the Nat/HCO;~ and Na/
H exchanger and to alter the activity of the Na™, K"-ATPase. Thus, protein
kinases stimulate electrolyte and water secretion by phosphorylating
and activating ion channels and pumps. The details of this activation and
the sequence of events initiated by stimulation are not understood in the
lacrimal gland.

Mechanism of Protein Secretion: Protein secretion occurs when the secre-
tory granule membranes fuse with the apical membrane. For constitutive
protein secretion, such as SIgA, the granules are not stored and fusion
occurs readily. Due to the transient nature of these granules, the mechanism
of this fusion has not been studied. For regulated protein secretion, used by
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most proteins secreted by the lacrimal gland, granules are stored and are
visible in light or electron micrographs. Fusion is controlled and does not
occur until appropriately stimulated. While the mechanism for controlling
regulated secretory granule fusion in the lacrimal gland has not been studied,
granule fusion for intracellular vesicle transport and neurotransmitter
secretion from nerves has been well studied.

In nerves, a network of proteins on both the secretory granule and apical
membranes necessary for granule fusion to occur. On its cytoplasmic sur-
face the secretory granules contain a RAB-GTP complex and v-SNARE
(Rothman and Wieland, 1996; Rothman and Sollner, 1997). RAB proteins
are a family of guanine triphosphatase proteins while SNAREs are a family
of proteins crucial for vesicle docking at the intended area. v-SNAREs are
the “pilot” proteins, which direct the granules to the correct destination
while t-SNARE:s are the receptors on the target membranes, which capture
the granules. v- and t-SNAREs interact with one another through «-helical
coils on their cytoplasmic sides.

After a secretory granule buds from the trans-Golgi network, the
secretory granule moves to the receptor membrane (Rothman and Wieland,
1996; Rothman and Sollner, 1997). RAB-GTP displaces Sec-1, which allows
v-SNARE to interact with t-SNARE. Membrane fusion occurs when N-
ethylmaleimide-sensitive fusion protein (NSF) and soluble NSF attachment
protein (SNAP) hydrolyze ATP to ADP. The released energy disrupts the
SNARE complex allowing membrane fusion to occur releasing granule
contents into the acinar lumen. While little is known about the roles of
PKC and PKA in membrane fusion, it is known that Ca®>" regulates fusion.
To date, SNAP and SNARE proteins have not been identified in the lacrimal
gland, though they are present in other exocrine tissues.

Proteins Secreted by the Lacrimal Gland: The main lacrimal gland secretes
only some of the proteins present in tears. Tear proteins also originate from
several sources, including the main and accessory lacrimal glands, the ocular
surface epithelium, and the conjunctival blood vessels. To identify which
proteins the main lacrimal gland secretes, it is again necessary to analyze
pure lacrimal gland fluid. Thus far, this has only been accomplished in
animal models, so not all the proteins secreted by the human lacrimal gland
have been identified. Recently another approach has been employed that
involves analysis of the lacrimal gland itself for the mRNA of secreted
proteins. Table 2 is a list of proteins identified as being synthesized and
secreted by the lacrimal gland. In addition, proteins that are transcribed
and/or translated in the lacrimal gland, which may be secreted by this
tissue, are also listed in Table 2. Basic fibroblast growth factor and plasmin-
ogen activator are present in tears and may originate in the lacrimal gland
(Sullivan, 1999). Many more proteins are likely to be identified using
molecular techniques.
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Table 2. Proteins Secreted by the Lacrimal Gland

Apolipoprotein D Basic fibroblast growth factor B-Amyloid protein
precursor
Convertase Cystatin-related protein Cystatin
decay-accelerating factor
Endothelin-1 Granulocyte-monocyte Epidermal growth factor
colony-stimulating factor
Lacritin
Group Il phospholipase A, Immunoglobulin G Hepatocyte growth factor
Immunoglobulin M Interlukin-18 Interlukin-To
Lactoferrin Monomeric immunoglobulin A Lysozyme
Peroxidase Polymeric immunoglobulin A Plasminogen activator
Prolactin Secretory component Retinoic acid
Secretory immunoglobulin A Transforming growth factor-o Tear lipocalins
Transforming growth factor-B1  Tumor necrosis factor-o Transforming growth

factor-p2

B. Accessory Lacrimal Glands

The accessory lacrimal glands are mini-lacrimal glands weighing about 10% of
the main lacrimal gland and located within the conjunctival epithelium (Seifert
et al., 1994). The number of accessory lacrimal glands varies from 4 to 42 in
the upper conjunctiva of humans, with 6 or fewer in the lower conjunctiva
(Allansmith et al., 1976). Despite their size, they contribute significantly to the
aqueous layer of the tear film by secreting proteins, electrolytes, and water.

Functional Anatomy

Each accessory lacrimal gland consists of a single excretory duct composed of
one to two cell layers. The excretory duct divides into smaller intralobular
ducts which either terminate blindly or form secretory tubules. The secretory
tubules branch off laterally in large numbers, terminating in secretory end
pieces. Unlike the main lacrimal gland, the accessory lacrimal gland does not
contain acini (Seifert et al., 1994). Instead, it is the epithelial cells of the
secretory tubules that are similar to the acini of the main lacrimal gland. These
are polar cells with a basally located nucleus and bordering a centrally located
endoplasmic reticulum and Golgi apparatus. Moreover, secretory granules are
present in these cells—sparsely in some and abundantly in others. Secretory
granules have varying diameters and degrees of electron translucence.

Regulation of Secretion
The accessory lacrimal glands’ secretion was originally believed to contrib-

ute to basal, but not stimulated, tear secretion. This implied that their
secretion was not regulated. However, Seifert and Spitznas showed that
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nerves are present in accessory lacrimal glands surrounding glandular epi-
thelial, myoepithelial, vascular endothelial, plasma cells, and fibroblasts
(Seifert and Spitznas, 1993). Like the main lacrimal gland, the accessory
lacrimal gland has a dense neural plexus as identified by antibodies to two
different neuronal marker proteins, PGP and S-100 (Seifert et al., 1997).
Because many of the nerve endings contain small clear vesicles and a few
large, dense core vesicles, it has been suggested that these nerves are para-
sympathetic and thus would contain the neurotransmitters acetylcholine and
VIP. Only a single nerve fiber was found that was structurally consistent
with sympathetic nerves. Sensory nerves were also identified in the accessory
gland tissue because a few nerves containing the sensory neurotransmitters
Sub P and CGRP were identified by immunohistochemistry in association
with acini, blood vessels, and ducts (Seifert et al., 1997). While definitive
identification of the major types of nerves present requires additional re-
search, the conclusion may be reached that accessory lacrimal glands are
innervated.

Neural innervation of the accessory lacrimal glands suggests that their
protein, electrolyte, and water secretion can be regulated. In a dry eye rabbit
model in which the orbital glands, the Harderian and nictitans glands, have
been removed and the lacrimal gland excretory duct sealed off, the accessory
lacrimal glands are believed to be the major contributors to the aqueous
layer of the tear film. Using this model, Gilbard et al. showed that accessory
lacrimal glands are functionally innervated by topical application of pilocar-
pine, a cholinergic, muscarinic agonist, to the ocular surface (Gilbard
et al., 1990). However, this stimulated fluid secretion was not blocked by
the muscarinic antagonist, atropine. This indicates that the secretion was
not mediated by the cholinergic neurotransmitter (Gilbard et al., 1990). The
pilocarpine-induced secretion was inhibited by the administration of a local
anesthetic, suggesting that a neural reflex, probably via afferent sensory
nerves in the cornea and efferent parasympathetic or sympathetic nerves
in the conjunctiva, mediated fluid secretion. In contrast, topical application
of VIP also stimulated secretion, but this effect was rot blocked by local
anesthetic. This is consistent with acetylcholine and VIP release by parasym-
pathetic nerves; however, VIP alone stimulates accessory lacrimal gland
secretion. This model did not test sympathetic neurotransmitters.

The dry eye rabbit model was also used to determine the effect of the
peptide hormones, a-, B-, y-MSH, and glucagon. Each stimulated fluid
secretion, suggesting that regulation of accessory lacrimal gland secretion
may have a hormonal component.

In the main lacrimal gland, VIP, a-, B-, and y-MSH, and glucagon
stimulate secretion through the cAMP-dependent signal transduction path-
way. These compounds were also tested in the dry eye rabbit model. Topical
application of compounds known to increase cellular cAMP levels also
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stimulated fluid secretion. For example, forskolin, an activator of adenylyl
cyclase, 8-bromo cAMP, a membrane-permeable cAMP analog, and IBMX,
an inhibitor of cAMP-dependent phosphodiesterase, all stimulated fluid
secretion. It is not clear if VIP, a-, B-, and y-MSH, and glucagon use the
cAMP-dependent signal transduction pathway in accessory lacrimal glands,
although it is reasonable to suggest that they do. Experiments have not
been undertaken to determine whether activation of other signal transduc-
tion pathways also stimulates accessory lacrimal gland secretion. Based
on evidence to date, it may be suggested that parasympathetic nerve stimu-
lation to release VIP activates a cAMP-dependent pathway to stimulate
accessory lacrimal gland fluid secretion, and that peptide hormones in the
blood-stream may also activate this pathway.

Secretory Product

Several of the proteins secreted by the accessory lacrimal glands have been
identified by histochemical and immunohistochemical techniques. Proteins,
such as lysozyme, lactoferrin, SC, and IgA are secreted by both the accessory
lacrimal and main lacrimal glands (Gillete et al., 1980, 1981).

Despite the small volume of electrolytes, water, and protein secreted by
the accessory lacrimal glands, they appear to be able to provide a stable tear
film under nondiseased conditions. Maitchouk et al. (1998) showed that, in
monkeys in which the main lacrimal glands were surgically removed, tear
production by accessory lacrimal glands was sufficient to maintain a stable
tear layer. In addition, the protein profile in tears from the experimental
animals was essentially identical to that of normal tears.

C. Corneal Epithelium

Corneal epithelia can also secrete water and electrolytes into tears and are a
possible source for these components in tears, although the magnitude of
this secretion is probably minor compared with that of the main lacrimal
gland. Since the cornea is the primary refractive element of the eye, mainte-
nance of corneal transparency is essential to vision. To stay transparent, the
cornea must be relatively dehydrated. Excess water can enter the cornea
when the metabolism of the cornea changes. This can occur during contact
lens wear as carbon dioxide accumulates behind the lens, acidifying the
cornea and causing it to swell and lose transparency. In corneal endothelia,
Na™, Cl~, and water are transported primarily by Na®, K*-ATPase. How-
ever, the corneal epithelia also contains Na*, K™-ATPase and is thus able to
transport Na®, Cl~, and water as well. In addition, the cornea acts as a
protective barrier between the external environment and the remainder of
the eye and as such prevents pathogen entrance and fluid loss. Since corneal
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epithelium ““is tight” and relatively impermeable, the cornea must be able to
transport electrolytes and water while maintaining the integrity (tightness) of
its intercellular junctions (Rich et al., 1997).

Functional Anatomy

The cornea consists of an outer nonkeratinized, multilayered epithelium, a
middle connective tissue stroma, and an inner layer of cells—the endotheli-
um-that border the anterior chamber. The cornea is transparent because it
does not contain blood vessels, and the cells within its layers are very regular
and precisely arranged.

The corneal epithelium is five to seven cell layers thick (Gipson, 1994).
The apical layers contain three to four layers of flattened stratified squamous
cells. Under these cells are one to three layers of midepithelial cells. The
bottom layer consists of one layer of columnar basal cells. The epithelium
is attached to the underlying basement membrane and stroma via well-
developed adhesion complexes known as hemidesmosomes.

Regulation of Secretion

The cornea, one of the most densely innervated tissues in the body, has
extensive sensory innervation and modest sympathetic innervation (Marfurt,
1999). Sensory nerves contain the peptide neurotransmitters Sub P, CGRP,
and gallanin. Substance P and CGRP are not only present in the same nerves
but also in the same secretory vesicles. Sympathetic nerves contain the
neurotransmitters norepinephrine, serotonin, and NPY. In a few species,
sparse numbers of parasympathetic nerves containing the neurotransmitter
VIP are present. While there is a high concentration of the parasympathetic
neurotransmitter acetylcholine in the cornea, most of it is associated with
epithelial cells, not with parasympathetic nerves.

Corneal nerves function by modulating epithelial cell proliferation and
mitosis, modulating cell migration during wound healing, and interacting
with sensory fibers to exert trophic influences on the cornea. Loss of neural
function is particularly devastating to the corneal epithelium, since a failure
of reflex tearing and blinking results in exposure keratopathy and can
progress to frank corneal ulcers.

By releasing norepinephrine, which activates p-adrenergic receptors,
sympathetic nerves are the primary regulators of electrolyte and water
secretion from the cornea into tears (Figure 15) (Klyce and Crosson,
1985). Stimulation of electrolyte and water secretion also occurs through
norepinephrine activation of o;-adrenergic receptors, although this is a
minor pathway (Akhtar, 1987). Serotonin and dopamine released from
sympathetic nerves also stimulate corneal tear secretion, although they act
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Figure 15. Schematic drawing of corneal epithelial cell showing the signal trans-
duction pathway activated by B-adrenergic agonists to stimulate electrolyte and
water secretion into tears. ~, Na*, K*-ATPase; dashed arrows, passive ionic move-
ments; solid arrows, active ionic movements. (Modified from Dartt, D.A. (1992).
Physiology of tear production. In: The Dry Eye. (Lemp, M.A. and Marquardt, R., Eds.),
p. 65. Springer-Verlag, Berlin.)

through a presynaptic mechanism, facilitating the release of norepinephrine
from sympathetic nerves. Finally, there are muscarinic cholinergic receptors
on corneal epithelial cells, but their function is unknown, as corneal acetyl-
choline is not of neural origin. The function of acetylcholine is also not
known (Edelhauser et al. (1994). The Cornea; Smolin and Thoft).

Stimulation of Electrolyte and Water Secretion into Tears through
Signal Transduction Pathways

B-Adrenergic agonists regulate Na™, Cl~, and water secretion by the corneal
epithelium. In contrast to lacrimal gland and conjunctival stratified squa-
mous cell receptors, which are located on the basolateral membranes, corne-
al epithelial cell receptors are found on both the basolateral and apical
membranes. Binding of B-adrenergic agonists to their receptors activates
the cAMP-dependent pathway (as previously described in the lacrimal
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gland) to activate adenylyl cyclase (Figure 15), increasing cAMP levels
that activate PKA. Activated PKA then phosphorylates-specific protein
substrates that directly or indirectly mediate fluid secretion. Forskolin,
permeable cAMP analogs, and cAMP phosphodiesterase inhibitors can also
stimulate corneal epithelial fluid secretion.

The mechanism of Na™, C1~, and water secretion in the cornea is similar
to that in the acinar cells of the lacrimal gland. CI™ enters the corneal
epithelial cells across the basolateral membrane through a Na™/K*/2CI~
cotransporter and leaves the cell by Cl™ channels in the apical membrane.
Maintenance of the Na™ gradient by the Na™, K*-ATPase in the basolateral
membrane provides the energy for Cl™ to enter the cell across the basolateral
membrane—against its electrochemical equilibrium. This raises the intracel-
Iular CI™ to a high enough level that it can passively exit the cell across the
apical membrane into the tears. Na™ and water then enter the tears by a
paracellular pathway (Rich et al., 1997). K* channels in the basolateral
membrane provide an exit for K* to balance the Na' entering the cell
(Rae and Farrugia, 1992).

Elevating the intracellular cAMP level has been shown to increase Na™
and CI~ currents, while muscarinic agonists (which are Ca®>" and protein
kinase C dependent) and cGMP activate the K* current (Farrugia, and Rae,
1992). Crosson et al. (1986) found that activation of PKC by addition of
phorbol esters stimulated Cl~ secretion. In addition, immunohistochemical
and western blotting techniques have shown that all of the 11 PKC isoforms
are present in the corneal epithelium (unpublished observations). One or
more of these isoforms could play a role in muscarinic agonist-stimulated
fluid secretion. Additional experiments are necessary to clarify the role of
muscarinic agonists in stimulating corneal epithelial fluid secretion and to
identify the specific components of the signaling pathway used.

B-Adrenergic agonists stimulate fluid secretion by activating PKA to
phosphorylate-specific protein substrates. The protein substrates in the cor-
neal epithelium, as in the lacrimal gland, are unknown. It is likely that
similar ion permeability channels and transport proteins in the corneal
epithelium are activated as in the lacrimal gland. For example, the same
water transporter, aquaporin 5 (AQPS), has been identified in the corneal
epithelium, as in the lacrimal gland (King and Agre, 1996). Aquaporin 5 is
present only in the corneal epithelium, and not in the corneal stroma or
endothelium. This suggests a specific role for water transport, probably as a
component of fluid secretion, in both corneal epithelium and the lacrimal
gland. Interestingly, AQPS5 has a consensus site for phosphorylation by
PKA. Thus, activation of this kinase by B-adrenergic agonists in the cornea
could activate AQPS. Other possible substrates for PKA are the Na™, K*-
ATPase and the Na™/K*/2Cl~ cotransporter, both of which also contain
consensus sequences for phosphorylation by PKA.
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Thus, the corneal epithelium, while a minor source, is an important one
for the electrolytes and water secreted into tears. Since the secretion of
electrolytes and water is not the main purpose of the cornea, it must be
accomplished without alteration of the transparency and barrier function,
the cornea’s major functions. In aqueous deficiency dry eye diseases in
which the major sources of the tears have been affected, the cornea could
secrete enough fluid to prevent the worst sequelae of this disease, namely
corneal ulcers.

D. Conjunctival Epithelium

The conjunctiva covers the inner surface of the upper and lower eyelids and
extends to the edge of the cornea (the limbus). Unlike the cornea, the
conjunctiva is not transparent, so its hydration does not need to be precisely
regulated. Moreover, it is not as regularly organized at the cellular or tissue
level as the cornea and it contains blood vessels, whereas, the cornea does
not. The conjunctiva performs several important functions. First, it protects
the ocular surface from bacterial and viral infection by synthesizing and
secreting antibacterial proteins and mucus and by recruiting the cellular
components of the immune system. Second, the conjunctiva is another
source of electrolytes and water for the aqueous layer of the tear film. Since
the human conjunctiva occupies 17 times more surface area than the cornea,
it probably contributes a larger proportion of electrolytes and water to the
tear film, and is potentially a significant source of these compounds (Watsky
et al., 1988).

There are two possible ways by which the conjunctiva could contribute
to the aqueous layer of the tear film. (1) Its stratified squamous cells
could secrete electrolytes and water. (2) Conjunctival blood vessel perme-
ability could increase allowing plasma to leak; this would probably only
occur under pathological conditions (e.g., inflammation) or with topical
application of compounds that increase conjunctival blood vessel permeabil-
ity. (Although this latter mechanism can produce a large volume of fluid,
it will not be discussed here.) The conjunctiva also absorbs electrolytes
and water, thereby, modifying the tear film through absorption as well as
secretion.

Functional Anatomy

The conjunctiva is composed of a surface epithelium and an underlying
vascularized stroma that contains nerves and lymphoid tissue. Stratified
squamous cells are the major cell type of the conjunctival epithelium and,
according to various reports, are organized into 2-3, 5-7, or 10-12 cell layers
(Gipson, 1994). The bottom cell layer is attached to a basement membrane
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and underlying stroma by the same type of adhesion complexes that
are found in the cornea. All layers of the stratified squamous cells have
numerous small clear vesicles in their cytoplasm. These vesicles appear to
contain mucus and could function as the second mucus system of the eye,
which will be discussed in a subsequent section. Unlike those in other
stratified squamous epithelia, conjunctival goblet cells are intercalated be-
tween stratified squamous cells. The goblet cells are major contributors to
the mucous layer of the tear film and will be discussed subsequently.

Regulation of Secretion

Sensory, sympathetic, and parasympathetic nerves innervate the con-
junctiva, although the innervation is less dense than that in the cornea
(Ruskell, 1985; Elsas et al., 1994). These nerves are unmyelinated and branch
frequently as they enter the stroma and basal epithelial cell layer. Both
a subepithelial plexus, which often terminates on blood vessels, and an
intraepithelial plexus, which abuts the base of epithelial cells, are formed
by the nerve endings. Sensory nerves, which contain the neurotransmitters
Sub P and CGRP, are plentiful (Luhtala and Uusitalo, 1991). Sympathetic
nerves contain the neurotransmitters norepinephrine and NPY, while
parasympathetic nerves contain acetylcholine and VIP (Dartt et al., 1995).
Both sympathetic and parasympathetic nerves innervate conjunctival
stromal blood vessels and epithelial cells, with sympathetic innervation
predominating.

Stimulation of Electrolyte and Water Secretion by the Conjunctival
Epithelium through Signal Transduction Pathways

Stimulation that induces conjunctival electrolyte and water secretion has
only recently been investigated; thus, information about it is limited. Be-
cause the application of epinephrine to the basolateral side of the tissue
stimulates CI™ secretion into tears, it appears that sympathetic nerves are
one conjunctival stimulus (Shi and Candia, 1995). This secretion is probably
mediated by B-adrenergic receptors activating the cAMP-dependent signal
transduction pathway. Forskolin, an activator of adenylyl cyclase, was
found to mimic the effect of epinephrine; whereas, isoproternol, a selective
B-adrenergic agonist, increased cellular cAMP levels in cultured conjunctival
epithelial cells (Shi and Candia, 1995). Unlike the B-adrenergic receptors in
the corneal epithelium, which are located on the apical side of the epitheli-
um, those in the conjunctiva appear to be on the basolateral side, similar to
their location in the lacrimal gland.

Several different receptors are present in cultured conjunctival epithelial
cells and could function in secretion. In these cells, the parasympathetic
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neurotransmitter VIP and the sympathetic agonists dopamine and serotonin
increased the cellular cAMP level in cultured conjunctival epithelial cells
(Sharif et al., 1997). No neurotransmitters tested (Substance P or NPY)
increased cellular inositol phosphate production, although bradykinin,
platelet activating factor, and histamine did. Thus, a role for cAMP-
dependent agonists in stimulating conjunctival electrolyte and water secre-
tion is likely. The role of inositol phosphate/Ca*-dependent agonists needs
further investigation.

Electrolyte and Water Secretion

A model for conjunctival Na™, Cl~, and water secretion similar to that in
lacrimal gland acinar cells (Figure 12) and corneal epithelial cells has been
proposed by Kompella et al. (1993) and Shi and Candia (1995). CI™ is
secreted across the apical membrane following its electrochemical gradient.
Na™ enters tears via a paracellular pathway between conjunctival cells, and
water follows passively. Coupled Nat/K*/2C1~ or Na*Cl~ cotransporters
appear to be the CI~ entry mechanism on the basolateral side. Furthermore,
it appears that a Na*/H" exchanger is not operative in these cells. The
Na™K"-ATPase located on the basolateral side of the cell provides the
energy for the cotransporters. Approximately 60-75% of the conjunctiva’s
active ion transport is Cl~ secretion into tears. Na™-glucose absorption from
the tears accounts for the remaining percentage. Thus, the conjunctival
epithelium is able both to secrete Na®, Cl~, and water into the tears
and to reabsorb Na® and glucose from the tears, although their relative
contributions to the final composition and amount of tears is unknown.
However, the amount of ions secreted by the conjunctiva was fourfold
greater than that of the cornea (Kompella et al., 1993). The higher transport
rate and larger surface area of the conjunctiva than those of the cornea
suggest that the conjunctiva may play a more prominent role than the cornea
in electrolyte and water secretion into the tear film.

E. Function of the Aqueous Layer of the Tear Film

Tear proteins and electrolytes/water serve various functions for the ocular
surface. The main and accessory lacrimal glands secrete proteins, such as
SIgA, and to some extent IgG and IgM, which are a part of the secretory
immune system of the eye and protect the ocular surface from microbial
agents and toxic compounds. Furthermore, these proteins inhibit bacterial
adhesion and colonization, interfere with viral attachment and internaliza-
tion, decrease parasitic invasion, and prevent toxin-induced damage in
mucosal epithelial cells (Childers et al., 1989; Sullivan, 1999). The eye’s
susceptibility to infectious and allergic diseases may be significantly limited
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by the ocular secretory immune system, which may also help maintain both
corneal and conjunctival integrity and visual function (Sullivan, 1999).

Other lacrimal proteins that are known or thought to be secreted from the
main and accessory lacrimal glands have diverse effects on the ocular sur-
face. (1) The major tear components lysozyme and lactoferrin possess anti-
bacterial activity. Furthermore, lactoferrin may suppress activation of the
classical complement pathway through inhibition of C3 convertase, modu-
late ocular inflammatory reactions, and lessen ultraviolet B radiation-
induced peroxide formation in corneal epithelial cells. (2) Secretory PLA,,
a group II phospholipase A,, is a lipolytic enzyme that catalyzes the hydro-
lysis of the acyl ester bond of phosphoglycerides. This enzyme may synergize
with lysozyme to degrade bacteria and act independently as an antibacterial
agent. (3) Peroxidase may have bactericidal, virucidal, and fungicidal ac-
tions. (4) Tear lipocalins (formerly known as specific tear prealbumin) may
have antibacterial effects. (5) Apolipoprotein D, a glycoprotein that has the
ability to bind phospholipids and cholesterol, may contribute to the surface
spreading of meibomian gland lipids, or function as a clearance factor,
thereby protecting the cornea from harmful lipophilic molecules. (6)
Convertase decay-accelerating factor protects against autologous comple-
ment activation. (7) Plasminogen activator, a serine protease, is chemotactic
for leukocytes and also catalyzes the conversion of plasminogen to the active
proteolytic enzyme, plasmin. (8) B-Amyloid protein precursor and cystatin,
which inhibit serine and cysteine proteases, may aid in corneal wound
healing. (9) HGF, TGF-a, TGF-1, TGF-B2, IL-1a, IL-13, TNF-0, GM-
CSF, endothelin-1, bFGF, and EGF are growth factors and cytokines and
may play an important role in the proliferation, motility and/or differentia-
tion of corneal and conjunctival epithelial cells, and/or in the wound healing
of the ocular surface. Some of these cytokines also appear to have receptors
on corneal, limbal and/or conjunctival epithelial cells, stromal keratocytes
(fibroblasts) and may control the expression of IL-6, IL-8, HGF, keratocyte
growth factor (KGF), EGF receptor, platelet-derived growth factor
receptor-beta, bFGF, TGF-B1, monocyte-CSF, and GM-CSF in these cells
(Sullivan, 1999).

In response to trauma or irritation of the ocular surface, various lacrimal
gland proteins, such as cytokines and growth factors, may be synthesized and/
or secreted. These proteins, in turn, may act within the tissue or serve to heal
and/or protect the ocular surface. For example, a stimulus, such as wounding
that activates sensory nerves in the cornea enhances the production of TNF-o
mRNA in acinar epithelial cells of the lacrimal gland (Thompson et al., 1994).
Similarly, cholinergic agonists appear to stimulate human lacrimal gland
secretion of EGF and TGF-B1 (Yoshino et al., 1996a,b).

The ocular secretory immune system is also modulated by parasympa-
thetic nerves. In birds, carbachol increases IgG output from the Harderian
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gland by binding to muscarinic acetylcholine receptors on IgG plasma cells
(Brink et al., 1994; Cameron, 1995). In contrast, carbamyl choline acutely
(i.e., within hours) enhances, but chronically (i.e., within days) decreases,
basal-, cholera toxin- and androgen-induced SC production by rat lacrimal
gland acinar epithelial cells (Sullivan, 1999). The mechanisms behind the
long-term inhibitory action of carbachol, possibly preventable by atropine,
are unknown, but may involve suppression of cAMP or alteration of gene
activity (Sullivan, 1999). The parasympathetic neurotransmitter VIP and
the B-adrenergic agent isoproterenol also increase basal- and androgen-
stimulated SC production by rat acinar epithelial cells, and cAMP appears
to increase SIgA output by human main and accessory lacrimal glands
in vitro (Hunt et al., 1996; Sullivan, 1999).

Experimental animal data suggest that the secretory immune system of
the eye may also be regulated by cytokines. For example, IL-1a, IL-1p, and
TNF-a have been shown to stimulate the acinar cell synthesis and secretion
of SC (Kelleher et al., 1991); both IL-6 and IL-5 have been shown to
stimulate IgA synthesis in lacrimal tissue explants (Pockley and Montgom-
ery, 1990-1991), and TGF-p has been shown to enhance IgA output from
rat lacrimal tissue, whether alone or in combination with IL-2, IL-5, IL-6, or
IL-5 plus IL-6 (Rafferty and Montgomery, 1993). In summary, complex
interaction between the ocular surface and the lacrimal gland regulates
protein synthesis and secretion that in turn affects the ocular surface.

Tears have a unique electrolyte composition that is different from plasma.
Maintenance of the specific electrolyte concentration and osmolarity of
tears is important to the health of the ocular surface; relatively small changes
that occur in aqueous deficient dry eye can cause serious changes in the
ocular surface.

VI. SECRETION OF THE TEAR FILM MUCOUS LAYER

A. Goblet Cells

Goblet cells are interspersed among the conjunctival stratified squamous
cells and are one of the most important sources of mucins in the mucous
layer of the tear film. Corneal and conjunctival stratified squamous cells also
secrete mucins into tears and will be discussed after the goblet cells.

Functional Anatomy
Goblet cells are present throughout the conjunctiva epithelium either as

single cells or in clusters of cells (Figure 16). In humans, goblet cell clusters
have been identified as mucous crypts (Kessing, 1968). Goblet cells are
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Figure 16. Electron micrograph of a cluster of goblet cells located between strati-
fied squamous cells in the rat conjuntiva. Goblet cells extend from the basement
membrane to the tear film and contain numerous electro-lucent secretory granules
on the tear-film side.

highly polarized cells that extend to the conjunctival basement membrane in
rats and mice, but not in humans. At the apical surface of the conjunctiva,
tight junctions separate the goblet cell basolateral membrane from its apical
membrane that abuts the tear film. Furthermore, goblet cells contain the
synthetic enzymes for the synthesis and secretion of mucins. Their basal
regions contain the nucleus, rough endoplasmic reticulum, and an especially
well-developed Golgi apparatus. The apical portions of the goblet cells
contain a large volume of secretory granules, which store the synthesized
mucins and are each enclosed with a membrane. Mucin secretion occurs
when secretory granule membranes fuse with each other and then with the
apical membrane. Once a goblet cell has been stimulated to secrete, its entire
granule content is released; this is known as apocrine secretion. It is hy-
pothesized that the goblet cell body remains intact to resynthesize mucins
and secrete again.

Because of the importance of goblet cells and the fact that various ocular
surface diseases present with an increase or decrease in mucin levels, at-
tempts have been made to correlate changes in goblet cell number with the
degree of ocular pathology (Norn, 1992), a correlation that might have
significant diagnostic potential. However, the analysis of alterations in gob-
let cell density has proven difficult. For example, histochemical techniques,
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such as Alcian blue and periodic acid/Schiff’s reagent (AB/PAS) have typi-
cally identified conjunctival goblet cells. These procedures stain mucins in
the secretory granules, but not in the rest of the cell. Furthermore, these
techniques have not identified goblet cells that have secreted, because they
secrete their entire content of secretory granules. Consequently, the use of
AB/PAS or similar methods to determine goblet cell numbers present in
different diseases only identify goblet cells that have not secreted, not those
that have recently secreted and are in the process of resynthesizing mucins.
Techniques, such as the use of an antibody to keratin 7, which bind to the
goblet cell body, will allow identification of goblet cells despite the absence
of secretory product (Krenzer and Freddo, 1997). Another complication in
the analysis of goblet cells is the finding that in all species their number per
unit area varies over the surface of the conjunctiva. It is, therefore, crucial to
take samples from the same area of the conjunctiva and to include several
controls, including the contralateral eye, if possible, or a large number of
concurrent normal samples. Thus, the changes in goblet cell number and
their role in ocular surface diseases need further clarification.

Regulation of Secretion

Early studies suggested that unlike the conjunctiva, which is innervated by
sensory, sympathetic, and parasympathetic nerves, goblet cells were not
innervated (Figure 17) (Ruskell, 1985). However, studies using antibodies
to specific neurotransmitters demonstrated that parasympathetic and sym-
pathetic nerves surround the basolateral membranes of a large population of
goblet cells in the rat (Dartt et al., 1995). Sensory nerves, on the other hand,
do not surround the goblet cells, but are found around neighboring stratified
squamous cells. Nerves also appear to stimulate goblet cell mucin secretion.
A sensory (neural) stimulus to the cornea induced goblet cell secretion in the
conjunctiva (Kessler et al., 1995). Since this secretion was blocked by local
anesthetic, nerves were implicated in the process. This secretion could occur
either by via efferent parasympathetic and sympathetic nerves in the con-
junctiva or via antidromic stimulation of sensory nerves in the conjunctiva
(Figure 17). In vitro use of the parasympathomimetic agonist carbachol or
the parasympathetic neurotransmitter VIP also stimulated goblet cell secre-
tion in the rat (Dartt et al., 1996; Rios-Garcia et al., 1997). Goblet cell
secretion was not stimulated by topical application of sympathetic agonists.
The sensory neurotransmitter Sub P did not stimulate goblet cell secretion;
however, the other sensory neurotransmitters CGRP and gallanin have not
been tested. Thus, parasympathetic nerve stimulation appears to induce
goblet cell mucin secretion.
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Figure 17. Schematic drawing of corneal and conjunctival epithelium showing the
location of peripheral nerves in relation to conjunctival goblet cells, as well as
possible mechanisms of neural stimulation. Stimuli to the cornea or conjunctiva
activate sensory nerves that by a reflex mechanism activate parasympathetic or
sympathetic nerves surrounding the goblet cells. Stimuli may also cause antidromic
activation of conjunctival sensory nerves or of corneal sensory nerves that have
collaterals to the conjunctiva. Although sensory nerves do not surround goblet cells,
antidromic stimulation of sensory nerves causes the release of sensory neuropeptides
that could diffuse to goblet cells. (© 1995 from Localization of nerves adjacent to
goblet cells iun rat conjunctiva by Dartt, D.A., McCarthy D.M., Mercer, H.J., et al.
(1995). Curr. Eye Res. 14, 993. Reproduced by permission of Taylor & Francis, Inc.,
http://www taylor and francis.com.)

Signal Transduction Pathways that Stimulate Goblet Cell
Mucous Secretion

The signal transduction pathways activated by parasympathetic and sympa-
thetic agonists have recently begun to be investigated and characterized.
Parasympathetic nerves release the neurotransmitters acetylcholine and
VIP, both of which stimulate goblet cell mucin secretion. Acetylcholine
interacts with muscarinic receptors located on goblet cells. Two subtypes of
muscarinic receptors, M, and Mj, are present on goblet cell membranes.
Activation of either of these receptors stimulates secretion. The next step
presumably is activation of Gg/;, G protein, and PLC, although this has not
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been shown in goblet cells. Phospholipase C activation usually causes the
production of IP; and DAG. IP; causes a release of intracellular Ca”". Increas-
ing the intracellular [Ca®"] using the Ca®" ionophore ionomycin stimulates
goblet cell mucin secretion (Rios et al., 1999). Either Ca®>" alone or Ca*'/
calmodulin-dependent protein kinases can stimulate secretion. Inhibitors of
Ca”*/calmodulin-dependent protein kinases did not specifically block cholin-
ergic agonist-induced goblet cell secretion. Thus, cholinergic agonists do not
use Ca”"/calmodulin-dependent protein kinases to induce goblet cell secretion
but do use Ca**.

Diacylglycerol may be involved since phorbol esters (which activate
PKC), stimulate goblet cell secretion. There are 7 of the known PKC iso-
forms present in goblet cells. It is not clear, however, if cholinergic agonists
activate PKC to stimulate secretion in goblet cells, because PKC inhibitors
alone appear to stimulate mucin secretion.

The second parasympathetic neurotransmitter, VIP, also stimulates gob-
let cell mucin secretion. VIP type 11, but not type I, receptors are located on
the basolateral membrane of goblet cells (Dartt et al., 1996). The remainder
of the signaling pathway activated by VIP is not known. VIP can either
elevate intracellular Ca®"or increase cellular cAMP levels. Either of these
two signaling pathways could be present in goblet cells.

Sympathetic nerves in the conjunctiva contain norepinephrine and NPY.
Norepinephrine can interact with both o- and B-adrenergic receptors. B-
Adrenergic receptors, in particular f;-adrenergic receptors, have been
detected on goblet cells. oj-Adrenergic receptors have not yet been investi-
gated. It is not known if norepinephrine or NPY stimulates goblet cell mucin
secretion.

An additional pathway, a purinergic pathway, has been identified in goblet
cells. Activation of the P2Y?2 subtype of purinergic receptor stimulates goblet
cell secretion (Jumblatt and Jumblatt, 1998). The nucleotides ATP and UTP
mediated this secretion. ATP and UTP can be released from several sources
including nerves, goblet cells, other epithelial cells, and many other cell types.
This could be a neurally mediated pathway, functioning with parasympathetic
and sympathetic neurotransmitters, or a paracrine or autocrine pathway.

The accumulated evidence suggests a major role for nerves, especially
parasympathetic nerves, in regulating goblet cell secretion. The role of
inhibitors, as well as peptide and steroid hormones, in controlling goblet
cell secretion has not yet been investigated.

Goblet Cell Mucin Secretion
Mucins are a heterogeneous collection of high-molecular weight glycopro-

teins in which carbohydrates represent a substantial proportion of the mass
(Gipson and Inatomi, 1997). Mucins consist of a polypeptide backbone rich
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in serines and threonines and containing a variable number of tandem
repeats. The protein backbone is highly glycosylated with carbohydrate
chains of varying length and composition that are linked to the amino acids
serine and threonine by O-glycosidic bonds. Human genes that synthesize
the peptide backbone of mucins have recently been cloned and divided into
nine types, designated MUCs 1-9 (Gipson and Inatomi, 1997). MUCSAC
has been found in conjunctival goblet cells but not in corneal or conjunctival
stratified squamous cells. MUC4 has been found in the conjunctiva in both
goblet cells and stratified squamous cells (Inatomi et al., 1996). It is difficult
to characterize the mucins synthesized and secreted by the goblet cells,
because of the heterogeneous glycosylation of the peptide backbone. How-
ever, it is known that the mucin’s protein core is synthesized in the endo-
plasmic reticulum, and the carbohydrate side chains are added in the Golgi
apparatus. The synthesized mucins are stored in secretory granules until
appropriate stimulation occurs. The processes by which secretory granules
fuse with each other and with the apical cell membrane are unknown. It is
likely, however, that they are similar to those in other exocytotic processes
(e.g., neurotransmitter release and lacrimal gland protein secretion). In
contrast to nerves and lacrimal glands where only a small percentage of
secretory granules are released, in goblet cells all the secretory granules are
released simultaneously.

B. Corneal and Conjunctival Stratified Squamous Cells

A second source of mucus in tears is corneal and conjunctival stratified
squamous cells. The outer cell layer of the corneal epithelium and conjuncti-
val epithelium contains numerous small, electron-lucent secretory vesicles.
Initially these vesicles were shown to contain carbohydrates that were sub-
sequently identified as mucins. Corneal epithelium expresses the MUCI
gene, a transmembrane mucin (Gipson and Inatomi, 1997). Conjunctival
stratified squamous cells express MUCI and MUC4 (Inatomi et al., 1996).
However, MUCSAC expression is found only in goblet cells.

Despite the fact that both the cornea and conjunctiva are innervated, the
role of nerves in regulating mucin secretion by their stratified squamous cells
has not been investigated. In fact, no regulation, neural or hormonal, has
been determined to date.

The goblet cell mucins’ contribution to tear film mucous layer relative to
that of the stratified squamous cells is not known. Possibly goblet cell and
stratified squamous cell mucin secretions are differentially regulated and
could respond to different stimuli, thus ensuring protection of the ocular
surface in response to a wide variety of stimuli. Another possibility is that
the different mucins have distinct roles in the ocular surface. Gipson and
Inatomi (1997) have suggested that the membrane-spanning mucin MUCI
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produced by stratified squamous cells extends from the apical membrane of
these cells into the glycocalyx (Gipson and Inatomi, 1997). The gel-forming
mucin MUCS5AC, on the other hand, is secreted by goblet cells and forms
the mucous layer of the tears. MUC4’s role has not yet been identified.
Further research is needed to determine the regulation of stratified squa-
mous cell mucin secretion and the relative roles of stratified squamous cell
and goblet cell mucin secretions.

C. Function of the Tear Film Mucous Layer

The mucous layer of the tear film has two major functions. First, it stabilizes
the tear film (prevents tear breakup) and aids in tear spread. Second, it plays
a major role in protecting the ocular surface from the environment (i.e.,
preventing microbial invasion, physical and chemical trauma, and desicca-
tion of the ocular surface).

VIl. ROLE OF TEAR SECRETION IN MAINTAINING THE
OCULAR SURFACE

A healthy ocular surface is dependent upon the amount and composition
of the tear film. Our knowledge to date, although incomplete, suggests
that the amount and composition of the tear film is tightly controlled by
regulation of the orbital gland and ocular surface epithelial secretions that
produce the tear film. Regulation of secretion from these glands and epithe-
lia is complex, requiring coordination of secretion from several sources to
produce the multilayered tear film. An alteration in the tear film caused by
change in the amount or type of secretion from any of the glands and
epithelia can lead to ocular surface disruption and eventually to surface
disease. Given that numerous tissues secrete tears and that their various
secretions are regulated in diverse ways, it is not surprising that ocular
surface diseases encompass a variety of tear-deficient disorders known as
dry eye syndromes.
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INTRODUCTION

The cornea is the anterior, transparent part of the collagenous wall of the
eyeball. It is the window of the eye to the outer world. Its properties allow for
the formation of an optical image on the light-sensitive retina in the back of the
eye. This requires transparency and regularity, but it also demands that the
gross dimensions of the eye be kept constant. A regulated hydrostatic pressure
within a relatively stiff eyeball accomplishes this.

The aim of this chapter is to describe the human cornea. Regarding dimen-
sions, there are of course large species variations. Functional aspects have
often been studied in animal corneas and usually extended to all other species.
Unless otherwise stated the text applies to the “standard human cornea”.

I. GROSS ANATOMY

In the human eye, the cornea forms a dome-like projection from the spherical
shape of the eyeball (Figure 1). The change in curvature is abrupt enough to
form a groove just posterior to or outside the corneal periphery. This is also
the transition from opaque sclera to clear cornea. The diameter of the adult
cornea is about 11 mm, slightly larger horizontally than vertically. The central
curvature of the surface is 7.8 mm (44 diopters), slightly larger in the horizon-
tal than in the vertical direction (meridian), corresponding to a toricity of
0.5 diopters axis horizontal. The thickness of the central human cornea is 0.52
mm and increases toward the periphery. In contrast, many animal corneas
have the same thickness over a considerable area. The surface area of the
human cornea is about 1.3 cm?, corresponding to 15% of the total surface of
the eyeball. In some animals, the proportion is higher (e.g., 25% in rabbit and
almost 50% in rat and mouse). The relative size of the cornea varies among
animal species living under different conditions, being generally large in
night-living animals and small in those active in daylight. A short review on
ocular dimensions of some commonly studied animals is given in Table 1.
The cornea is a highly specialized tissue with a multilayered structure.
Usually five layers are distinguished from outside: epithelium, Bowman’s
membrane, stroma, Descemet’s membrane, and endothelium (Figure 2). The



The Cornea 85

]
[
1
1
1
1
1
[
1
[
1
[

Figure 1. Diagram of the eyeball with protruding cornea. The pericorneal sulcus is
created by the dome-like protrusion of the cornea. Reprinted from Histology of the
Human Eye, Hogan, Alvarado and Weddell, p. 92, 1971, with permission from
Saunders.

Table 1. Average Dimensions of the Cornea of Some Species

Diameter
Eyeball Cornea Curvature Cornea
Species mm mm mm Thickness
Man 24 11 7.9 0.52
Cynomolgus 18 9 7 0.4
Rabbit 17 12 8.0 0.4
Rat 6 5.5 3 0.2
Mouse 3.5 3 1.75 0.15
Pig 20 15 10 0.7
Ox 35 20 17.5 0.8

Data collected from various sources and own measurements.

cornea may also be divided into a central part and a peripheral or limbal
zone.

This chapter describes the structure of the anterior epithelium and stroma
separately. The biochemistry is also considered separately, while the physi-
ology is discussed for epithelium and stroma together, because they exert
their functions in common. Three physiological aspects will be discussed: (1)
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Figure 2. Histological section of the central cornea showing the 5 layers: epitheli-
um, Bowman’s membrane, stroma, Descemet’s membrane, and endothelium. Rep-
rinted from Ophthalmic Pathology, Hogan and Zimmermann, pg. 278, 1962, with
permission from Saunders.

The maintenance of the epithelium as a protective barrier to external nox-
ious influences, (3) the biomechanics, which ensures the shape and the
stability of the cornea (and the eye), and is the requirement for an image
formation on the retina, and finally (2) the transmission of light through the
cornea.

Before describing in detail the structure and function of these parts a
summary of the embryology may be relevant. For a detailed description of
the embryonal and fetal development of the cornea, textbooks in anatomy
should be consulted (e.g., Barishak, 2001).

Il. EMBRYOLOGY

The cornea can be identified at an early stage of development (6th week)
(Figure 3). Waves of cells migrate into the space between the ectoderm and
lens vesicle. The cells come in three waves: the first in the 7th week, forming
the corneal endothelium; the cells of the second wave migrate between the
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Figure 3. Top: Invasion of neural crest cells to form endothelium and keratocytes at
6th week. Bottom: Fusion of lids in front of the eye, isolating the cornea-conjunctival
cavity from 3rd month until shortly before term. (From Forrester, J.D., Dick, A.D.,
McMenamin, P. and Lee, W.R. (1996). The Eye, Basic Sciences in Practice. Saunders,
London.)

ectoderm, now called the primitive epithelium, and the endothelium; and
gives rise to the keratocytes, the cells of the corneal stroma. The third wave
of migrating cells enters between endothelium and lens and forms the
iris stroma. The endothelial and the stromal cells are believed to be of neural
crest origin and to differentiate into mesenchymal cells (Hayashi et al.,
1986). Keratan sulphate proteoglycan can be demonstrated in the corneal
stroma soon after arrival of these cells, and at the 8th week it is present in the
keratocytes and the endothelial cells but not in the epithelial cells (Azuma
et al., 1994). The density of keratocytes and endothelial cells is high at birth
and decreases steadily during life. Cell division is rare for both cell types.
For a certain period of the intrauterine life (3rd to 6th month), the eyelids
fuse in front of the eye isolating the corneal epithelium from the amniotic
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fluid and possible inductive effects. The specific effect of this arrangement,
which is universal among mammals, is still not clear.

At birth the cornea is relatively large compared to the eyeball. The
diameter is 10 mm, the curvature similar to the adult, the thickness slightly
higher but reduces to adult value within months.

lHl. STRUCTURE AND COMPOSITION OF EPITHELIUM

The corneal epithelium is a stratified, squamous, nonkeratinized epithelium
(Figure 4). Its thickness in man is about 50 pm, corresponding to 10% of the
corneal thickness. The cells are arranged in three parts. The innermost or
deepest part is formed by the basal cells, which are columnar and closely
packed, about 15 pm in diameter. The middle part is made up of 2-3 layers
of wing- or goblet-cells, called so because of their shape, becoming increas-
ingly flatter towards the surface. The outermost 2-3 layers of flattened,
squamous cells form the superficial part. The total number of cell layers in
the human epithelium is therefore 5-7. Mitoses are found almost exclusively
in the basal layer.

Smaller mammals have fewer layers, but always a distinguishable basal
layer and a superficial flat-cell layer. Large mammals (ox, horse, elephant,
whale, etc.) can have 10-20 layers of cells.

The basal cells have a distinct smooth and nonundulating basement
membrane, to which the cells are attached by hemidesmosomes. The thick-
ness of the basement membrane is 40-60 nm. It is similar in structure and
composition to basement membranes of other squamous epithelia. It con-
tains collagen type IV, but also type VII and XII. Laminin, fibronectin,
fibrin, and the proteoglycan perlecan, has also been demonstrated. The
primary proteins of the hemidesmosomes are bullous pemphigoid antigen
and integrin heterodimer (a laminin receptor). The intracellular part of the
hemidesmosomes is linked to keratin filaments. In the basement membrane
the hemidesmosomes are linked to anchoring fibrils made of type VII
collagen passing through the superficial stroma (Bowman’s layer) to a depth
of 2 um, and ending in anchoring plaques composed of laminin. A firm
fixation of the cells to the underlying smooth surface is thus secured.

The cells of all the layers of the epithelium interdigitate and are separated
by a 10-20 nm intercellular space. The cells of the corneal epithelium have
four types of intercellular junctions. The cells are attached to each other by
desmosomes and communicate through gap junctions, which allow for
passage of small molecules. The superficial cells in addition are connected
by adherent junctions and tight junctions (zonulae occludens) establishing a
diffusion barrier in the surface of the epithelium. Other molecules along the
cell membrane also function in the cell to cell adhesion (e.g., cadherins and
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Figure 4. Block diagram of epithelium with penetration of nerves through Bowman'’s
membrane. Reprinted from Histology of the Human Eye, Hogan, Alvarado and
Weddell, pg. 113, 1971, with permission from Saunders.

integrins). Thus much is done to keep the cells together as a layer, in good
accordance with its function as a protective barrier.

The cytoplasm of the cells appears rather uniform with tonofibrils, which
in the more superficial cells run parallel to the surface. Of the three cyto-
plasmic filament types found within all cells, keratin filaments are the
major type within the corneal epithelium. The keratins either type I (acidic)
or class II (neutral and basic) belong to a group of about 30 proteins. The
keratin filaments are formed by two polypeptide chains, one from each
group (Gipson and Joyce, 2000). As the basal cells differentiate into more
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superficial cells, two keratin pairs are expressed in sequence. K5 and K14 are
found in the basal cells, while suprabasal cells express K3 and K12. K12 is
believed to be cornea specific (Schermer et al., 1986). The role of the keratin
filaments is to form a cytoskeleton anchoring the cells to each other and to
the stroma through desmosomes and hemidesmosomes. Of the other types of
cytoskeletal filaments, the actin filaments are prevalent as a network along
the apical cell membrane, where they extend into the microplicae. At the
junction of lateral cell membranes they are associated with junctions of
adherens and tight type. The actin filaments are important in providing the
cytoskeletal connection of adhesion molecules, such as integrins and cadher-
ins. The third cytoskeletal filament, the microtubules are involved in the
spindles of mitotic basal cells, where they provide the framework for chro-
mosomal segregation.

The cytoplasm is poor in organelles, which almost disappear as the cells
move to the surface. In the basal cells the Golgi apparatus is relatively well
developed while the mitochondria are small. The cell membrane of the
outermost cells show projections resembling microvilli, or in flat prepara-
tions microcristae. These microexcrescences possibly have a role in main-
taining the structure of the tear film. The outer surface of the superficial cells
in addition is covered by a glycocalyx. The nuclei are round in the basal cells
and become more and more indented and folded with clumped chromatin as
the cells move towards the surface.

The corneal epithelium has cellular functions common to other epithelia,
so-called housekeeping functions, maintaining the basal cellular functions in
renewal and the overall barrier function against the outside. For these
functions, the cells have the machinery with nucleus, protein expression,
energy production, and transport processes. The cells, in particular the basal
cells normally contain large amounts of glycogen.

A. The Tear Film

The tear film covers the surface of the epithelium. This thin layer of fluid
maintains the optical quality of the cornea. It is in itself a layered structure.
The air-fluid interface is composed of hydrophobic lipids from the Meibo-
mian glands. Polar lipids (a.o. phospholipids) reduce the interfacial tension
at the lipid—water border. The fluid layer is composed of an aqueous phase
of tears. The transition to the surface cell is again stabilized, by polar
molecules, the glycocalyx of the cell membrane, or a thicker mucoid layer.
The possibility of species variations is not resolved, in particular considering
the large differences in anatomy of eyelids and glands among different
species. The exact thickness of the mucoid layer and of the entire precorneal
tear film is still a matter of investigation. The usually given value for tear film
thickness is 7-10 microns.
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The tear film is renewed at every blink and upon opening the eye its
structure is immediately rebuilt. Until the next blink there is a drain of
aqueous tears by gravity and by capillary attraction exerted by the curvature
of the meniscus along the lid margins.

B. Light and Dark Cells

In the basal layer, a marked difference in staining characteristics of the cells
may be evident. Many studies have been dedicated to this difference between
light and dark cells. The most likely explanation seems to be that these are
cells in different stages of development. When studied by scanning electron-
microscopy the outer surface also reveals light and dark cells. It is believed
that the light cells are those recently exposed to the surface (i.e., the differ-
ence here also indicate a process of maturation). However, the implications
of light and dark cells in the basal and in the superficial layer are not clear.

C. Langerhans Cells

Langerhans cells are wandering cells of macrophage nature that are found
as stellate cells between the epithelial cells, mainly in the periphery but
occasionally central and in the stroma.

D. Innervation

The cornea is one of the most densely innervated tissues in the body
(Figure 5). A review was recently published by Miiller et al. (2003). Most
corneal nerves are sensory branches from the trigeminal nerve. It is estimated
that there are approximately 7000 nocireceptors/mm? in the human cornea.
The density of nerve endings is 3-400 times that of epidermis. All mammalian
corneas receive sympathetic innervations from the superior cervical ganglion.
In the human cornea sympathetic fibers are assumed to be very rare. Para-
sympathetic innervation has been described in certain animals but it is
unclear if the human cornea receives parasympathetic nerves.

When the nerve bundles enter the cornea in the periphery, they soon
loose their myelin sheaths to become clinically almost invisible. The nerves
are located in the anterior third of the stroma. Keratocytes are often located
in close contact with nerve fibers. To reach the epithelium, the nerves turn
abruptly 90° and penetrate the Bowman’s layer. After penetrating this
membrane they turn once again abruptly 90° to continue parallel to the
corneal surface. Finally, the nerves turn for a third time now to pass
upwards between the epithelial cells. Different types of epithelial nerve
fibers and endings can be distinguished morphologically. Epithelial cell
membranes come in close contact with nerve terminals. The function of
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Figure 5. Distribution of nerves within the cornea. Reprinted from Corneal Nerves:
Structure, Contents and Function, Vol. 76, Midiller et al., Exp. Eye. Res., 521-542,
2003, with the permission from Elsevier.

these epithelial specializations remains unclear. Their appearance suggests a
release to or takes up from cells, or extracellullar substances.

The sensory nerves of the cornea express a variety of biologically active
substances. Many of the nerves contain substance P (SP) and/or calcitonin
gene-related peptide (CGRP) in addition to pituitary adenylate cyclase-
activating peptide (PACAP). Also excitatory amino acids, such as glutamate
and aspartate, are expressed. The corneal sensory nerves are thought to exert a
trophic function on the epithelium. It remains to be determined if the neuro-
chemical substance of a corneal nerve correlates with its electrophysiological
or trophic functions.

E. Limbal Structure

The corneo—scleral junction or limbus is a transitional zone, where the clear
cornea continues into the opaque sclera, corresponding to the corneo—scleral
sulcus at the outer eye (Figure 6). Its anterior border can be defined histo-
logically as a line connecting the ends of Bowman’s and Descemet’s mem-
branes. The posterior border of the limbus is the line, where the tissue
changes from transparent to opaque. At the end of Bowman’s membrane
the character of the epithelium changes towards more cell layers and less
regularity although the cell junctions remain the same. There are more
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Figure 6. Overview of limbal region. Reprinted from Histology of the Human Eye,
Hogan, Alvarado and Weddell, p. 84, 1971, with permission from Saunders.

organelles in the cytoplasm; and the basement membrane assumes a wavy
course due to radial folding.

The basal layer of the limbal epithelium contains the stem cells of the
epithelium, from which regeneration takes place. Basal cells and stem cells
can be distinguished by their expression of Keratins 12 and 3, the latter being
a specific marker for differentiation (Edelhauser and Ubels, 2002). A loose
subepithelial stromal tissue appears overlying the compact corneal stroma.
This tissue is supplied by blood vessels arranged in a superficial and a deep
network. The radially oriented crests of tissue are termed the palisades of
Vogt. This arrangement increases substantially the basal cell area, a fact that
may be of importance for the nutrition and for exchange of metabolites.

At the limbus, the collagen fibrils of the corneal stroma turn and run
circumferentially forming an annulus that maintains the curvature of the
cornea and the cornea—scleral sulcus.
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IV. STRUCTURE AND COMPOSITION OF STROMA

The stroma makes up about 90% of the corneal thickness. It is a dense tissue
consisting of sheets of collagenous material each composed of highly ordered
collagen fibrils with interspersed cells, the keratocytes (Figure 7). The matrix
between the collagen fibrils contains proteoglycans and other proteins
(Table 2). Blood vessels are absent except for the extreme periphery (see
limbal structure).

The basic structural unit of the fibrillar collagens is tropocollagen, an
asymmetric molecule about 300 nm long and 1.5 nm in diameter. Fibrillar
collagens are composed of three amino acid chains coiled in a triple helix.
These molecules polymerize to form elongated collagen fibrils with a diame-
ter of 25-30 nm and interspaces about 40-45 nm. Several types of collagen
are known. The stroma is composed of collagen fibrils, mainly type I with
lesser amounts of collagen V, VI, and XII. Collagen type V is located in the
centre of the fibril and type I on the fibril surface. The fibril diameter is
regulated by the ratio between type I and type V collagen. The more the type
V, the smaller the diameter. The interfibrillar distance is probably regulated
by collagen type XII, which form lateral bridges between the fibrils. Collagen
type VI forms microfibril networks.

The extrafibrillar matrix contains proteoglycans composed of a core
protein molecule, to which glycosaminoglycan sidechains are covalently
linked. The proteoglycans bind to the exterior surface of the collagen fibril
(Scott and Haigh, 1988). Glycosaminoglycans (old name: mucopolysacchar-
ides) are long carbohydrate molecules composed of repeating disaccharide
units. They occur in four main forms: chondroitin sulphate, dermatan
sulfate, heparan sulfate, and keratan sulfate. Keratan sulphate proteoglycan
and dermatan sulphate proteoglycans are the predominant proteoglycans in
the corneal stroma. The proteoglycans of the corneal stroma belong to the
family of small leucine-rich repeat proteoglycans. The core proteins of these
molecules have a high homogeneity and contain 7-10 leucine-rich motifs
with the sequences L-X-X-L-X-L-X-X-N-X-L, where X is any amino acid.
The corneal proteoglycans were originally named according to their carbo-
hydrate side chains and are known as chondroitin sulphate/dermatan sul-
phate (CS/DS) proteoglycans and keratan sulphate (KS) proteoglycans. The
genes coding for the core protein of the proteoglycans have now been cloned,
and the molecules are now named for their core protein, with lumican,
keratocan, mimican, and decorin, having been identified in the cornea.

The cornea contains three closely related keratan sulphate proteoglycans,
which are more abundant in the posterior stroma. Lumican is the core protein
of keratan sulphate proteoglycan. Lumican is a protein with 342 amino acids
and 11 leucine-rich repeats, with a single keratan sulphate side chain.
Lumican is abundant in the cornea and is essential to the maintenance of
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Figure 7. Block-diagram of cornea illustrating stromal lamellae and flat keratocytes.

transparency. Keratocan is the second keratan sulfate proteoglycan in the
cornea. It has 10 leucine-rich repeats and carries 3 KS side chains. It exists
almost exclusively in the cornea. The third keratan sulfate proteoglycan is
mimican. It has five leucine-rich repeats and carries only one keratan sulphate
chain. Lumican, keratocan, and mimican are also found in other tissues, but
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Table 2. Composition of Stroma

Substance %
Water 78
Collagen 15
Other proteins 5
Keratan sulphates 0.7
Chondroitin sulphate 0.3
Salts 1

they are present only in the cornea in a highly sulphated form. The sulphation
of the sidechains in the cornea increases the water-binding properties.

Decorin is a CS/DS proteoglycan with nine leucine-rich motifs and a
single CD/DS side chain. Decorin is the core protein of dermatan
sulphate proteoglycan. It is more abundant in the anterior stroma than in
the posterior, and is the only CS/DS proteoglycan in the cornea.

The turn-over time for the proteoglycans appears to be several months
and for collagen even longer. Lesions in the stromal collagen and in
Bowman’s layer never regain their original structure.

The collagen fibrils are packed in bundles extending from limbus to
limbus, the bundles again being arranged in lamellae. This structure is seen
clearly in polarized light. The bundles in the posterior region of the stroma
cross in right angles, whereas those in the anterior stroma cross at oblique
angles. This simple structure model applies well to lower vertebrates. In
mammals and in particular in the human and primate cornea the adjacent
lamellae are of different thickness, make various angles with one another,
and are limited in width. In the meridional section the bundles in the
posterior stroma run in parallel, in the anterior stroma they cross.

The thickness of the lamellae is said to be 1.5-2.5 microns, which would
mean 200-250 lamellae in the human cornea. The width of the single lamella
is reported in the literature as about 1 mm. In the anterior quarter of the
human cornea, the lamellac become much narrower and appear to inter-
weave in an irregular manner. The most anterior portion forms the
Bowman’s zone in man and primates.

The anterior part of the stroma is acellular and by light microscopy it
appears homogeneous. It is known as Bowman’s membrane. It is prominent
in human and primate corneas, but less so in many animal species. It is a
10-micron zone of randomly orientated collagen fibrils without cells. Its
constituents are probably synthesized by both the basal epithelial cells and
the superficial keratocytes. It contains several collagen types (I, V, and VII),
and proteoglycans. The fibrils in Bowman’s membrane are thinner (20 nm)
than those of the stroma, and accordingly shows a higher type V to type I
collagen ratio. Type VII collagen is found in anchoring fibrils connecting the
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epithelial hemidesmosomes to plaques located 1-2 microns into the anterior
portion of Bowman’s membrane.

These anchoring fibrils intertwine with type I fibrillar collagen forming
a network that stabilizes the connection between the epithelium and the
stroma.

In some lower animals fibers run perpendicular to the surface across
the entire thickness of the stroma. They are known as sutural fibers of
Ranvier.

The matrix of the stroma is produced and maintained by the stromal cells,
the keratocytes. The cells are flattened and arranged between the collagen
bundles in the human cornea between and within the lamellae (Figure 8).
They are found in all levels of the stroma except Bowman’s zone. The cells
are rather poorly supplied with organelles, but contain rough endoplasmic
reticulum and Golgi apparatus reflecting an active protein synthesizing
function. The keratocytes have slender cytoplasmic processes and form
gap junctions with neighbouring cells. The activity of the cells is coordinated
via these communications. The cells apparently form a syncytium as injected
dye can spread from cell to cell. The density of cells have been estimated to
be about 5 x 10* cell/mm?®, corresponding to a total of about 2.5 million
keratocytes in a cornea (Mgller-Pedersen et al., 1994, 1995), and make up
almost 10% of the stromal volume. The density decreased with age. The
mRNA for lumican, keratocan, and mimican have been identified in kera-
tocytes. Proteoglycans and collagen is produced by the cells, while the final
orientation of the molecules takes place extracellularly.

The cells may be activated by damage. Some cells may then differentiate
into myofibroblasts

V. ASPECTS OF PHYSIOLOGY

Three main issues will be discussed, (1) Functions of the epithelium as a
barrier, (2) image transmission through the cornea, and (3) mechanical
stability of the cornea.

A. Function of the Epithelium as a Barrier

The corneal epithelium is the barrier of the cornea to the exterior. Primarily
this means to establish the regular surface, upon which the tear film can form
the optically perfect refracting surface, secondarily it is to be a barrier to
passage of nutrients, solvents, and other substances. The cells in the surface
are closely joined. The repeated washing of the surface also supports this
barrier because blinking movements wash material off the surface and help
to smooth irregularities.
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Figure 8. Top: Keratocyte syncytium in frontal view. Bottom: Lamellar structure of
the stroma. Reprinted from Histology of the Human Eye, Hogan, Alvarado and
Weddell, p. 61, 1971, with permission from Saunders.

VI. EPITHELIAL PERMEABILITY AND
ELECTROPHYSIOLOGY

The corneal epithelium is a tight epithelium with a relatively low-ionic conduc-
tance. If the cornea is mounted between two fluid chambers it will generate a
transepithelial potential (stromal side positive). The potentials are maintained
by an epithelial transport of sodium inwards and a transport of chloride
outwards. The sodium enters the surface cells through channels in the cell
surface and is extruded into the intercellular space by an ouabain sensitive
Na/K" ATP ase. The cell interior is maintained at a negative potential
of a magnitude of 25-40 mV (Figure 9). The transepithelial resistance about
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Figure 9. Intraepithelial negative potentials. The potential of the intracellular
spaces at the level of the stromal side (Rabbit cornea).

10-20 -~ cm?is due to the tight junctions between the superficial cells. When a
transepithelial potential is maintained the intercellular spaces are equipotential
with the stroma.

The chloride transport in the epithelium results in osmotic transport of
water out of the cornea. In vivo the importance of the transport for main-
taining corneal thickness and transparency is minimal and it is probably
primarily involved in epithelial homeostasis. Aquaporins 5 and 3 have been
identified in epithelium (Hamann et al., 1998). The role of these water
channels in the physiology of the cornea and its epithelium is not yet clear.

The electrophysiological experiments were performed on animal corneas,
notably rabbit and cat. Very little specific information exists regarding ion
transport in the primate and human cornea, and a universal model for
corneal epithelial ion transport has not yet been presented. It seems likely
that these transporters are homeostatic and maintain conditions in the
epithelium of significance for cell division, migration, and differentiation
with the purpose of maintaining the epithelial barrier to the outside world.

VIl. NUTRITION AND METABOLIC SUPPLY

The living and reproducing cells of the cornea are metabolically active. The
basic metabolites are oxygen and glucose, but vitamins and proteins are
important too. The breakdown products to be removed are carbon dioxide,
lactic acid, and other waste products.

There are three exchange routes for metabolites and accumulated break-
down products: the anterior epithelial surface, the posterior endothelial
surface, and the peripheral limbus. One particular condition distinguishes
the corneal metabolism from that of many tissues and organs (i.e., the wide
range of temperature, over which the cornea must function). The average
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temperature of the corneal surface in the open eye is below body tempera-
ture. Values of 32-34 °C are given. In the closed eye, the temperature rises to
body temperature, while under extreme conditions (e.g., skiing), ice crystals
may be formed.

Of the three possible routes of exchange, the peripheral limbal are of the
least importance. Early experiments interfering with this route of nutrition
by cuts around the periphery, or coagulation of the peripheral vascular
blood supply result in no changes in the cornea. By contrast, isolating the
anterior surface of the cornea (with a tight and gas-impermeable contact
lens) results in oedema of the epithelium and stroma due to interference with
the oxygen supply. It is agreed that the cornea gets its oxygen directly from
the air by diffusion (partial pressure in the atmosphere 140 mmHg, in venous
blood 55 mmHg). The oxygen consumption for the intact isolated cornea is
of the order of 0.7 ul/h/mg dry weight, for the isolated stroma the oxygen
consumption is lower, around 0.2 pl/h/mg dry weight. Due to lipid solubility
of the oxygen molecule, the diffusion across the cornea is sufficient to supply
the stromal needs. Glucose enters through the endothelial barrier. Glucose
must come from the aqueous, as the concentration in tears combined with
the volume in the tear film simply does not allow for enough glucose to be
supplied.

Within the stroma, movements take place by diffusion driven by concen-
tration gradients. Molecules move in the stroma in accordance with their
molecular weight. Large molecules are restricted in their movement by the
limited interfibrillar space. A so-called bulk-flow of water is met with very
high resistance. There are no channels or pipelines between the collagen
lamellae, as suggested in older literature.

VII. METABOLIC PATHWAYS IN THE CORNEA

The enzymes for the glycolytic pathway, the citric acid or tricarboxylic-acid
cycle and the hexose monophosphate shunt are present in the cellular layers
of the cornea. Glycolysis and the hexose monophosphate shunt are both
purely cytosolic enzyme pathways. Glycolysis is an important pathway for
glucose utilization and produces lactic acid under anaerobic conditions. In
accordance with the relative paucity of mitochondria the greater part of
glucose oxidation in the epithelium is by way of the hexose monophosphate
shunt and only about one-third enters the tricarboxylic-acid cycle (which
requires mitochondria). The sorbitol pathway, which converts glucose to the
alcohol sorbitol, has also been identified in the corneal epithelium. In the
keratocytes the oxidation is entirely through the tricarboxylic-acid cycle, as
6-phosphogluconate dehydrogenase is not found.
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IX. RENEWAL OF EPITHELIUM AND STROMA

The epithelial cells are constantly being renewed by mitotic activity in the basal
layers. Usually one cell was assumed to start moving up in the epithelium
while the other daughter cell remained basal. Newer observations (Beebe and
Masters, 1996) indicate that the two resultant cells of a single division move
together toward the apical surface, leaving a need for new cells to divide and
mature. Animal experiments with tritium labeled thymidine showed a turn-
over time of about 1 week in the rabbit. It is often assumed that the human
epithelium needs a similar time span for a cell to move from the basal layer to
the very surface, where it is desquamated. Clinical observations of human
epithelial pathology, however, suggest a much slower process of turn-over.

The cells in the epithelium are believed to interact in maintaining the
homeostasis of the cell layer barrier. Many of these interactions are mediated
by cytokines, growth factors, and chemokines. An epithelium to keratocyte
interaction also exists. Attention has been paid to different growth factor
systems including the EGF system, which has been shown to be up regulated
upon injury leading to proliferation.

Regeneration after abrasion involves an initial sliding of surrounding cells
to cover the denuded area with a monolayer before the structural regenera-
tion of the multilayered epithelium begins. It has been reported that several
months may pass before full ultrastructural integrity is restored.

The limbal epithelium is assumed to be the ultimate reservoir for renewal
from its basal stem cells. How the whole physiological process from stem
cell to mature superficial epithelial cell occurs, considering also the mito-
tic activity in the basal cells of the central cornea is not entirely clear.
Recent observations on whole corneas in organ culture showed that the
limbus-proximal epithelium did not take part in the primary wound closure
(Hardarson et al., 2004). This surprising observation may explain the stellate
wound shape and pattern of closure lines often observed clinically when
epithelium heals after an abrasion.

Compared to epithelium the stroma is a bradytrophic tissue. The cells
stay for a long time. Mitoses are not seen. Early experiments with radioac-
tive markers estimated a turn-over for the sulphated polysaccharides of 2-3
months and for collagen even longer turn-over times.

A. Image Transmission Through the Cornea

The interaction between light and matter depends upon nature of the medium,
its molecules, and the existence of particles or objects of certain sizes. Dissolved
molecules may interact with light energy by absorption at specific wavelengths.
The electrons in the chemical bond have a resonance frequency with a kinetic
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energy corresponding to the quantum energy of the specific wavelength. By
removing certain wavelengths the solution becomes colored. By contrast,
large particles or objects may be described as having a surface at which light
is reflected or refracted. For intermediate-sized particles, the order of the
magnitude of the wavelength of light is diffracted. This is explained through
the wave nature of light. The particles can be considered as new secondary
light sources, from which the propagated light may be in phase leading to
amplification, or out of phase leading to a decrease in light intensity.

The main function of the cornea is to allow the formation of an image on
the retina. To do this, it must have a regular surface to avoid light scatter,
and a curvature that sufficiently refracts light to focus on the retina. In
addition, the media and interfaces between them (epithelium, stroma,
endothelium, aqueous) must not scatter or reflect light appreciably.

X. THE OPTICAL QUALITY OF THE SURFACE

When light strikes a surface perpendicularly, a fraction of the light is
reflected, the specific amount depends on the change in refractive index
according to the Fresnel formula:

Reflected fraction I,/I; = (ny — ny)*/(ny + ny)*

I, being intensity of reflected light, /; intensity of incident light, n; being
the refractive index of the first medium, and n, the refractive index of the
second medium.

For light falling perpendicular to the cornea with its surface lipid layer with
a thickness of about 40 nm (Olsen, 1985) and refractive index of 1.5 about 4%
will be reflected. The remaining 96% are refracted according to Snell’s law:

Sin a;,/Sin @y, = ny/n,.

This formula is used for calculation of image formation in large pupil
systems, today using computerized ray tracing programmes (e.g., Zee-max).
With a small pupil only the paraxial rays are considered and the formula for
image formation in the eye becomes:

l/f = l/fcornea + l/fiens —d- l/fcornea : 1/ficn5a

where fis the focal length and d the optical distance between cornea and lens.

XI.  TRANSPARENCY OF CORNEAL TISSUE

As mentioned above, efficient propagation of light through the cornea
requires that the tissues remain transparent and the interfaces do not scatter
light. Traditionally the main interest has been directed toward explaining the
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transparency of the thick collagenous stroma but actually all layers deserve
an explanation regarding transparency. Factors of relevance are summarized
in Table 3.

No reflections take place at the epithelial basement membrane, at
Bowman’s membrane, or at Descemet’s membrane because the change in
refractive index is negligible. At the endothelium, however, a specular reflec-
tion may occur. This is used to obtain an image of the endothelial cell
pattern. The reflection takes place at the transition from cell to aqueous
humor, because of a change in refractive index (Olsen, 1982a) (Figure 10).

When a narrow slit of light passes through the cornea it reveals the
layered structure. The boundary layers, epithelium, and endothelium lights
up due to scatter while the stroma is optically almost empty. It is likely that
the scatter from the cells occurs from the organelles (i.e., by a diffraction
phenomenon caused by differences in refractive index between organelle and
cytoplasm). A certain amount of reflection at intracellular membranes
cannot be ruled out. The importance of cytoplasmic crystallins in the kera-
tocytes for reducing their visibility was stressed by Jester et al. (1999). Under
controlled geometric conditions the width of the optical section can be used
to calculate the thickness of the tissue (Ehlers and Hjortdal, 2004).

Table 3. Explaining Transparency of the Corneal Layers

Tear film Extreme molecular regularity of lipid layer in surface soluble,
colorless molecules in lipid film and in water phase

Epithelium homogenous refractive index, small cytoplasmic organelles

Bowman’s membrane homogenous refractive index, colorless molecules

Stroma fibril regularity, thin and with regulated distance, homogenous
refractive index

Descemet’s membrane homogenous, colorless

Endothelium homogenous refractive index, colorless molecules

Slit Light

Reflex

Figure 10. Stromal reflection at transition from endothelial cell to aqueous humour.
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XIll. STROMAL TRANSPARENCY

The classical discussion on corneal transparency assumes equal refractive
index, or a gradual change in index from fiber to ground substance
(Caspersson and Engstrom, 1945). Most old theories did not account for
the different anatomical parts of the cornea but in fact referred only to the
stroma. In early physiologic—optical studies, the refractive index was given
much attention (Aurell and Holmgren, 1945). It was noted that the overall
refractive index of 1.376 could be calculated from the refractive index of
collagen and the interfibrillar substance using the law of Gladstone and Dale
for an optically composite system:

Ncornea = Heollagen dco]lagen + Mflid dﬂuid

with the refractive index for collagen (1.49) and fluid (1.33), and d the
tissue volume fraction of fibrils (28%) and fluid (72%). The calculation gives
n = 1.375 in good agreement with the usually accepted refractive index
of corneal stroma. This accordance was considered an argument for a
two-compartment theory explaining corneal transparency.

On certain assumptions Maurice (1957) calculated that more than 90% of
500 nm green light would be scattered by the stroma, and stressed that the
primary need was to explain the transparency of the normal cornea, and not
why a diseased cornea became opaque. The classical Uniform Refractive
Index Theory would require that the electron-microscopic picture of the
stroma with fibrils and interfibril substance was an artefact not present
in vivo. The collagen fibrils should be swollen and their refractive index
reduced to 1.376, the index of the cornea and interfibrillar fluid should be
concentrated to reach the same refractive index. With this model it is difficult
to explain the opacification of the corneal stroma upon swelling observed
also in the in vivo cornea (Olsen, 1982b). Maurice (1957) therefore presented
his Interference Theory. According to the interference theory each collagen
fiber scatters light independently of the other fibers (Figure 11). Light waves
that meet will destroy, or reinforce each other according to their relative
phase. When waves from a number of evenly spaced sources interfere,
the combined radiation may be restricted to sharply defined directions at
definite angles to the original one. One direction in which recombination
takes place irrespective of the fiber spacing is the zero-order direction, the
direction of the incoming light. When the spacing is decreased to the wave-
length of the light a point is reached when the first-order image is deviated by
90°. With this and closer spacing only the zero-order image remains and
radiation in all other directions are completely suppressed by destructive
interference and all light energy goes into the constructive interference in the
forward direction (Meek et al., 2003). Apart from any loss by reflection and
absorption the light will be transmitted unchanged by the grating.
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Figure 11. Interference theory for explaining stromal transparency. a. In normal
regular stroma destructive interference reduce lateral scatter and promotes forward
propagation. b. With an irregular pattern energy is lost by lateral scatter, and the
cornea appears opaque. (From Maurice, D.M. (1969). The cornea and sclera. In: The
Eye. (Davson, H., Ed.), Vol. 1, Chap. 7, pp. 489-600. Academic Press, London.)

This explanation requires that all collagen fibrils are of equal diameter
and are equidistant. Quantitative electron microscopic studies have ques-
tioned this regularity but still found evidence for some ordered structure.
The small diameter of the corneal collagen fibrils also leads to reduced
amount of scatter. Proteoglycans bound to the collagen fibrils maintain the
regular fibril pattern. Lumican-deficient mice develop corneal opacification
and a disturbed arrangement of the collagen fibrils (Chakravarti et al., 2000).
Decorin-deficient mice, in contrast have clear corneas [EK1].

The stromal transparency is now usually explained on the basis of light
scatter from the semicrystal lattice arrangement of the collagen fibrils in the
lamellae. Each bundle of fibrils will act as a diffraction grating with a spacing
less than a wavelength of light and destructive interference will suppress the
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diffuse scattering of light. A recent review of stromal transparency was
published by Meek et al. (2003). It was stressed that all current theories
explaining stromal transparency agree upon three points: (1) each stromal
fibril is a scatterer, (2) destructive interference must occur, and (3) the cornea
is thin.

A. Mechanical Stability of the Cornea

The corneal outer surface supports the shape of the tear film, in which most
of the optical refraction of the eye takes place due to the abrupt change in
refractive index from air to tissue. Fortunately, the structure of the corneal
tissue results in a remarkably stable surface shape, which provides a stable
refracting surface (Hjortdal, 1998).

XHl. CORNEAL SHAPE AND TISSUE MECHANICS

The intraocular pressure of the eye sets up the wall tension in the cornea
tissue (and in the sclera), and in response to the stress, the stroma strains and
elongates (Figure 12). The highly ordered organization of collagen fibrils
within the corneal stroma makes the tissue very inextensible. The elongation
of the corneal surface arc length is less than 0.5% within physiological and
pathological intraocular pressure variations, and intraocular pressure
changes, therefore, does not affect the curvature and the corresponding
refractive power of the cornea to any significant extent.

In vitro studies of the human cornea have shown that the extensibility of
the tissue is very dependent on the level of hydration: a swollen cornea is
more extensible than a normally hydrated cornea. This can be understood if
the corneal stroma is mechanically treated as a fiber-reinforced material with
the collagen fibrils taking up the fibril part, and the ground substance with
water forming the “cement”. If the hydration is increased, the fibrils at the
posterior of the cornea will become wavy, thereby not taking any significant
part in strengthening the tissue (Hjortdal, 1998).

While the collagen fibrils normally are responsible for giving corneal
tissue strength and stiffness, the ground substance between the fibrils
plays a major role for the compressive and the shearing physical properties
of the tissue.

XIV. STROMAL SWELLING

The corneal stroma swells when placed in water or aqueous solutions. The
expansion takes place perpendicular to the surface, only accompanied by a
slight contraction in the plane of the surface. The maximal swelling differs
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Figure 12. Eyeball with arrows indicating the directions and relative size of mechan-
ical stresses within the ocular tunics (Maurice, D.M. (1969). The cornea and sclera. In:
The Eye. (Davson, H., Ed.), Vol. 1, Chap. 7, pp. 489-600. Academic Press, London.)

among animal species, being smallest in man and primates with about 2-2.5
times increase in thickness, compared to about 12 times in the horse.

The stromal swelling, which is accompanied by an opacification, is caused
by electrostatic repulsion between negatively charged groups, sulphate and
carboxyl in the polysaccharides of the proteoglycan molecules. In accor-
dance with this the swelling is minimal at pH 4, the pK of the carboxyl
groups. At neutral pH, the collagen fibrils do not swell. The limitation of the
swelling in solutes of different ionic strength is in accordance with this
assumption. This expansive force of the stroma can be measured in vitro as
the swelling pressure. The swelling pressure increases considerably with less
corneal thickness, and amounts to approximately 60 mmHg at the normal
thickness of 0.52 mm (Olsen and Sperling, 1987) (Figure 13). In vivo, a
negative intrastromal pressure can even be measured with a cannula (imbi-
bition pressure).

An exception to the swelling is found among certain fishes, the explanation
here being the existence of sutural fibers of Ranvier running perpendicular to
the surface and thus keeping the anterior and posterior surface together.

In the living eye, the relation between intraocular pressure and corneal
thickness is influenced by the permeability of the limiting corneal cell layers
and the endothelial fluid pump. Positive as well as negative relations between
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Figure 13. Stromal swelling pressure of human corneal stroma as a function of
thickness. At normal thickness 0.5 mm the swelling pressure is 80 mmHg (Olsen, T.
and Sperling, S. (1987). The swelling pressure of the human corneal stroma as
determined by a new method. Exp. Eye Res. 44, 481-490).

intraocular pressure and corneal thickness have been described. The limiting
cell layers are necessary for opposing the expansive force (measured as the
swelling pressure) of the corneal stroma, which would otherwise suck water
(measured as the imbibition pressure). Thus, even under zero load from the
intraocular pressure, the corneal stroma is under a compressive load gener-
ated by the endothelial fluid pump. The imbibition pressure decreases from
the centre of the cornea to the corneal periphery, possibly reflecting the
pumping capacity of the corneal endothelium, the stroma’s resistance to
water movement, and the local concentration of corneal proteoglycans.
The intraocular pressure, the stress distribution between the corneal fibrils,
the swelling pressure of the ground substance determined by the local
concentration of proteoglycans, the barrier and pumping functions of the
limiting cell layers, and the magnitude of and resistance to water flow
determine the local corneal hydrostatic pressure. Water, the predominant
component of the stroma, will move from regions of high pressure to regions
of low pressure, thus leveling out any pressure differences. How this
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distribution of water determines the shape of the cornea and thereby the
refractive properties of the cornea remains to be determined in detail.

The cornea has little resistance to compressing forces along the direction
of the collagen fibrils. The tissue will therefore fairly easily bend if an
applanating lens is pressed against the surface of the cornea. Some force is,
however, needed and this force has been found to increase with corneal
thickness. The reading of applanation-based and many other types of
tonometers are dependent on corneal thickness (Whitacre and Stein, 1993).

XV. FINAL REMARKS

With the given limitations it has been necessary to omit several fields of
importance for corneal homeostasis. However, it has been the aim still to
present the structure, composition, and function of the cornea in an open-
minded way and to point to the many still unanswered questions and
hopefully to stimulate further studies of this simple and still fascinating
structure. It was decided to leave out immunological and pharmacological
aspects and also to limit the discussion on pathophysiology and pathology,
even if this often gives clues to understanding the normal cornea. For
information about these subjects the reader is referred to modern textbooks
and for a deeper penetration into any problem; the necessity of reading the
original publications cannot be overstressed.
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I. INTRODUCTION

The corneal endothelium, also called corneal posterior epithelium, is a
comparatively thin (~4.5 um height), innermost layer of the cornea. The
name of “endothelium” arose from its histological similarity to the arterial
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endothelium and similarly thin layers, which cover the walls of body cavities.
This name is perhaps not what one would choose for it nowadays, as
by now we know that functionally it is not a passive endothelial layer
but instead a typical fluid transporting epithelium with characteristic leaky
tight junctions between the cells. Still, no international convention has
rectified this yet. As a result, when writing or talking about the cor-
neal endothelium to audiences outside the eye field, it is always advisable
to point out the correct function of the layer.

Il. THE ENDOTHELIUM; CORNEAL TRANSPARENCY

In spite of its small thickness, the endothelial cell layer is extraordinarily
important, in that its fluid-transporting function is what keeps the cornea
transparent. As the outer coat of the eye, the cornea has to be mechanically
very sturdy to resist impacts and blows. It is also in the visual pathway, so it
has to be transparent. Hence, it is understandable that the corneal stroma
has evolved into a relatively thick organ made up of multiple collagen
layers, which give it great mechanical resistance. However, for this organ
to be transparent, the collagen fibrils that make the layers have to be
precisely arranged in space. The collagen is therefore embedded in a ground
substance with plenty of molecules that act as spacers; these molecules
are mucopolysaccharides. Essential as they are, they also create a com-
plication: correct spacing can only be achieved if these mucopolysaccharides
are kept somewhat dehydrated. If left to their own resources, the mu-
copolysaccharides would imbibe water, and the cornea would become
first hazy and ultimately opaque, or barely translucent as comparable
pieces of connective tissue such as tendons. In fact, that is precisely what
happens in the terminal stages of corneal diseases, states termed corneal
decompensation or corneal edema, which result in eventual blindness of
corneal origin.

The endothelium is what keeps the ground substance spacers relatively
dehydrated. A balance is achieved, at which point fluid leaks slowly from
the anterior chamber of the eye into the corneal stroma. As fluid leaks in,
the endothelium pumps it out. One might ask “Why does fluid leak in?”
“Would it be simpler if evolution had dictated that the endothelial cell layer
would be relatively water impermeable?” As repeated below, there are at
least two explanations for this: (1) that nutrients have to come from the
aqueous into the stroma, and that may be happening at least in part across
permeable intercellular junctions; and (2) the layer has to transport fluid,
which of lately is being argued to be ferried precisely across these permeable
junctions.
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I1l. CELL NUMBER PROGRESSION

In humans, the endothelial cells are precious because they largely do not divide.
As people age, they gradually lose corneal endothelial cells. Most people have
enough reserve of them to last a lifetime. However, some people have a disease
called Fuch’s dystrophy, in which, for unknown reasons, corneal endothelial
cells die off faster, eventually falling below a critical cell density needed to
prevent corneal edema. Likewise, endothelial cells can be lost in other condi-
tions. In general, anything that damages endothelial cells, such as inflammation
in the eye (as in uveitis), very high-intraocular pressure (as in acute glaucoma),
or trauma from intraocular surgery, can accelerate the loss of endothelial cells.
Concerning this last, during cataract removal surgery, small bits of cataract
fragments may hit the endothelium, which along with irritating fluid circulating
inside the eye can damage the endothelial layer. The end result is the same:
when too many corneal endothelial cells have disappeared, corneal edema
develops. This edema may reach a point, at which the corneal epithelium
forms blisters that rupture intermittently, causing sharp pain (a condition
termed “bullous keratopathy’’). Eventually, blindness ensues. The only current
therapy for this is corneal transplantation, which fortunately under the right
conditions tends to work rather well. Still, as transplantation is not a perfect
solution, there have been for some time efforts to develop artificial corneas,
which have accelerated in recent years.

Why a decline in endothelial cell numbers (called cell count, usually in
cells mm—2) leads to loss of transport function has not been clarified as yet.
As an interesting observation, declines to comparatively low numbers
(perhaps below 500 cells mm ~?), sometimes do not have as drastic an effect
on function as might be expected. Hence, it is conceivable that a parameter
other than cell count might be more informative. In this connection, some
calculations of possible use are as follows:

Given a number of cells per unit area (say nca), the area of a cell would be
the inverse:

Ac = 1/nca.

The endothelial cells resemble a six-sided polygon and from tables, the side
(cs) of an n-sided polygon is:

2 05

cs=—- [n - Ac - tan(ﬁﬂ

n n
The cell perimeter (cp) is: ¢cp = n - cs, and the total perimeter of cells (tp) is
_ cp - nca
==
where the division by 2 corrects for the fact that each cell would be counted
twice otherwise. From this, the total perimeter can be verified to be:

tp
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n 7 0.5
tp = nca - {— .tan(—) ],
nca n
and for the endothelial hexagons, tp = 1.861 - nca®>.

The square-root dependence of the perimeter means that its decrease as
the number of cells decrease will be somewhat gradual, with a precipitous
fall taking place only at very low counts. This would be relevant for both
models considered below for the endothelial fluid transport.

IV.  SHAPE, FUNCTION, AND TRANSPARENCY OF
ENDOTHELIAL CELLS

The corneal endothelium is placed directly in the visual pathway. Therefore,
a prime imperative is that this layer be transparent. However, as anticipated
above, there are other requirements for it as well. The cornea is one of the
very few organs in the body without blood vessels (at least in a healthy eye).
Hence, nutrients for the stromal cells (keratocytes) have to come across the
endothelium from the aqueous humor in the anterior chamber. Last but not
least, as mentioned above, the endothelium has to pump fluid from the
stroma to the aqueous. These several requirements have dictated the micro-
scopic anatomy and the physiology of the layer. An exploration of how
evolution has solved this quandary provides a fascinating view of epithelial
biology.

The corneal endothelium transports fluid at a significant rate similar to that
of other epithelia, of the order of 45 pm hr !, that is 4.5 pl hr ' cm 2. For this
transport to take place, the layer has to be metabolically very active, which
explains the abundance of endothelial intracellular organelles. As another
characteristic of tissues engaged in fluid transport, the endothelium is rich in
mitochondria. An excellent description of endothelial histology is given in a
classical textbook (Alvarado, Hogan, and Weddell), from which an illustra-
tive cross-sectional scheme of the endothelium has been redrawn (Figure 1).
The fact that the layer has to be transparent might perhaps explain its very
small thickness (about 4.5 um) (Figure 2), as a thicker cell with the density of
light-scattering structures the endothelium might interfere with light trans-
mission. However, there is one more element that appears to be in place to
ensure a suitable optical medium inside these cells. The corneal endothelium
shares with other ocular epithelia a remarkable feature: the intracellular
presence of large amounts of water-soluble proteins, in this case the enzymes
transketolase and aldehyde dehydrogenase class 1. These proteins do not
conceivably function in this case as the enzymes that they are but have instead
been seemingly expressed because their water solubility results in a cellular
content, which appears homogeneous to light, and hence results in relatively
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Figure 1. Corneal endothelial layer viewed from the apical side. The characteristic
hexagonal pattern of the apical ends of the cells is very well apparent. Figure
reproduced from Hogan, Alvarado, and Weddell.

Figure 2. Cross section of a corneal endothelial cell layer. At the bottom, the cells
are attached to Descemet’s membrane (not shown). A convoluted intercellular space
is visible in all its length. The cells have a dense population of organelles. At the
apical surface (top), the cells show projections. Scheme redrawn from Hogan,
Alvarado, and Weddell.
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little light loss. This is similar to the well-known characteristic of lens fibers,
which express large amounts of water-soluble crystallins for the same reason,
namely, to diminish light scattering by the cytoplasm.

At the apical border, the endothelial cells form a characteristic regular
array of hexagons (Figure 1). They are one of the few cells in the body that
can be seen quite well in the living condition, as these cells are clearly visible
with optical instruments such as the slit lamp and specular microscopes.
Aside from this curiosity, their number and shape can be recorded and
analyzed, which are useful in clinical settings to evaluate the endothelial
condition, to follow the impact of surgeries, and to try to predict future
function.

At the basolateral border, the endothelial cells are very different. The
lateral membrane increases in size progressively from the apex to the base.
As a result, to fit in a given volume, the side of the cell has to assume the
form of a heavily pleated skirt. As a result, the cross section of the intercel-
lular spaces at the level of the base of the cell has the form seen in Figure 3.

AL

Figure 3. At the basal end, a cross section of the endothelial cells shows a pattern
very different to the regular hexagons at the apical end. Each cell lateral surface has
acquired the shape of a pleated skirt, and the imprint of the intercellular spaces forms
a peculiar puzzle, in which neighboring cells can be about 1um close to each other.
Reprinted from Experimental Eye Research, Vol. 25, Hirsch et al., pp. 281., 1977,
with permission from Elsevier.
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Measurements taken from electron micrographs indicate that at the cell base
the perimeter is 6.6 times longer than that at the apex.

An explanation for this is perhaps that the lateral membrane is the place,
where the Na™ pump molecules are located. As there need to be a large
number of them per cell, the membrane area needs to be large enough
to accommodate them. The number in the literature for Na* pumps per cell
is 3 x 10° (in rabbit endothelium). This seems consistent: given a net
transendothelial Na™ flux of 0.53 pEquiv h™' cm ™2, one cycle of the pump
would require 30 ms, which is in line with the relatively slow rates of
turnover of complex transporters such as the present example. Moreover,
other representative numbers are also in line: for a cell with an apical side of
the hexagon measuring 11.2 um, the apical perimeter would be 67.2 um, the
basal perimeter 450 pum, the lateral area 3.1 x 10* um?, and hence each Na™
pump would occupy in the average a square of 32 nm to the side. Consider-
ing there are other transporters in that same membrane, this space seems
adequate for Nat pump complexes that are perhaps 5-10 nm wide, but this
would of course not apply for a much smaller lateral area. The lateral
membrane infoldings appear thus necessary if the cell, given its small
volume, is to transport as much as it does.

V. ELECTROLYTE TRANSPORT BY THE ENDOTHELIUM

As shown in Figure 4, the endothelium is polarized in such way that some
crucial transporters are restricted to one of the sides of the cell. The Na™
pump is one good example of it; it is restricted to the lateral membrane.
Although it is common to infer that epithelial cells transport “salt,” a closer
examination shows that these cells transport a good deal of HCO3 from
stroma to aqueous but no matching cation, at least not through the cell
membrane. In fact, the transcellular movement of Na* takes place in the
opposite direction. In initial estimates, the amount of Na™ leaking back into
the cell via apical epithelial Na® channels is as much as 50-70% of that
transported by the Na™ pumps. The rest of the Na™ inflow would take place
via the cotransporters and exchangers indicated in Figure 4, and also via
carriers of amino acids and other nutrients that cotransport substrates
together with Na™. These Na* pathways are diagrammed in Figure 5.

VI. ELECTRICAL PHENOMENA IN AND AROUND
THE ENDOTHELIUM

Of course, electroneutrality cannot be breached. If the movement of HCO3
would proceed all by itself, the resulting separation of charges would create
an impossibly high electrical potential difference. In practice, the separation
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Figure 4. Tangential section across idealized corneal endothelial cells. This
illustration lists all the transporters (cotransporters =; exchangers <) and channels
known to contribute to either cell homeostasis or translayer transport. Most locations
are known; a few are presumed. The electrolytes transported in each case are given.
Standard arrows are for transporters, thicker arrows are for the channels. All electro-
lyte flows shown take place across cell plasma membranes, except for the arrow
across the junction, which signifies that Na™ moves along the paracellular pathway
driven by the electrical field created by the cell. The junction is lined predominantly
with negative charges that discriminate against anion movements.

of charges occurs up to a point but results in a potential that produces flow
of Na* ions across the paracellular pathway. The intercellular junctions of
the endothelium, although they form a generic tight junction zonula all
around the apical cell borders (as in a beer six pack), share with all other
fluid transporting epithelia a key characteristic: they are leaky. Hence, the
somewhat confusing but otherwise adequate name they receive, namely,
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Figure 5. A schematic illustration of Na* pathways in corneal endothelial cells. At
the top, the apical side, with epithelial Na* channels, for which the acronym is EnaC;
phenamil is a specific inhibitor for them. On the lateral cell membranes, the sodium
pump, or Na*-K*-ATPase. Other Na* pathways insensitive to phenamil are shown
located on both apical and basolateral sides.

“leaky tight junctions”. Estimates obtained from fluid flow driven across
them by hydrostatic pressure differences place the junctional width at
35-40 A, or 3.5-4 nm. From this, one would estimate that compounds with
molecular weights as large as 10—15 kD might traverse them. Curiously, there
is evidence that a molecule as large as bovine serum albumin (MW 66,430;
estimated diameter ~70 A) traverses the endothelium, albeit very slowly.
Whether such migration takes place across the cell body (say, via vesicles),
or the junction is unclear; in the last case, junctions may have a mosaic of
pores of different sizes, either constantly or in a time-dependent fashion.
The leakiness of the junction translates into a specific electrical resistance
of 20-60 ohm cm®" for the endothelial layer. By comparison, cell mem-
branes in general including that of the endothelial cell display specific resis-
tances of about 1 Kohm cm?. Hence, given an electrical potential across the
endothelium,” the resulting electrical current will circulate practically
all through the junctions. Of course, the spontaneous standing current re-
sulting from endothelial activity returns via the endothelial cell membranes,
high resistance, and all. The selectivity and numbers of the transporters/

' The units are correct as stated, ohm cm?. This can be seen considering the more
intuitively clear inverse units, Siemens/cm?, in which a conductance is normalized by
the area considered.

2 Whether induced by the endothelium itself or by an external voltage source.
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channels involved, and the electrochemical gradients that drive them join in a
harmonious ensemble.

These cells may not be efficient at transporting salt as such, but they
produce a hefty local electrical current. They generate a potential difference
of about 700 uV, which when put across a 20 ohm cm? resistance translates
into a local current of 35 pAmp cm 2. This may not appear much, but as it is
all funneled into the junctions, the local current density is 91 milliamps
cm 2, a more impressive number.

VIl. WATER PATHWAYS

Aside from passage of water across the permeable junctions driven by
hydrostatic pressure differences, water can traverse the endothelial cell
membranes. Due to the abundance of aquaporin 1 water channel proteins
all around the cell membrane, endothelial cells are reasonably permeable to
osmotic flows. Their osmotic permeability (abbreviated Py, for permeability
to filtration) is some 90 um s~ '. For comparison, a cell membrane made of a
lipid bilayer and devoid of all proteins would exhibit a P;of some 5 pm s~ ',
and the most permeable cell membrane reliably characterized so far, the red
blood cell, has a P, of ~250 um s—L

What is the functional significance of this cell membrane P, Could it
account for fluid transport, for instance? We know that this layer can
transport fluid at a rate (abbreviated J,, for volume flow in the Katchalsky
nomenclature) of about 45 um hr™', in units popular in the corneal research
field, or 4.5 uL h™' ecm™? in the more usual units found in the general
physiological literature. Incidentally, these units are very practical for com-
munication purposes, but do not conform to the Systéme Internationale.
For the purists, the politically correct rate of transport would be 12.5
nm s '. To return to the question of fluid transport, given the endothelial
cell Pyand the J, noted, one uses the following formulation:

LP-R- T
Jv=Lp -An=Lp- R -T-AC= (T>~VW-C:Pf~VW-AC,
Jv
JAC = ———
C Pf-Vw

Here, Lp is the hydraulic permeability, An the osmotic gradient, R the gas
constant, T the absolute temperature, AC the concentration gradient, Vw
the water molar volume, and P,the osmotic permeability mentioned above. It
follows that the concentration gradient required is ~8 milliOsmol 17'. More-
over, these gradients would be separately required across both the basolateral
and the apical membranes that the flow would have to traverse in series.
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VIHI. THE MECHANISM UNDERLYING
FLUID TRANSPORT: LOCAL
OSMOSIS VS. ELECTROOSMOSIS

The mechanism by which fluid would be osmotically transported by way of
small local osmotic gradients is known as local osmosis. It is a popular
explanation, in fact the predominant one, frequently found in textbooks.
However, an in-depth examination of the consequences of such mechanism
for the corneal endothelial layer finds problems with it.

The transmembrane gradient of 8 mOsm mentioned immediately above is
uncomfortably large. Compared to the osmolarity of the extracellular medi-
um, ~300 mOsm, it represents an anisotonicity of 2.6%. It is doubtful whether
it can be maintained in the steady state, as gradients as small as 1% can trigger
a volume regulatory cellular response, whereby the cell interior changes its
osmolarity to the ambient one. So there is a priori at least an almost threefold
discrepancy regarding the mere possibility of such steady-state gradients. A
second problem is that they have never been actually detected. Third but not
least, aquaporin 1 null mice have their cell membrane P, cut about in half but
transport fluid about as well as their wild type counterparts, which makes the
discrepancy above approximately fivefold. Of course, arguments can be made
that perhaps P, values are difficult to measure and may be underestimated,
but it seems doubtful whether small adjustments may bridge that wide gap.

Not surprisingly, explanations other than steady-state local osmosis are
being sought for fluid transport. One possibility is that the gradients may be
transient, and consequently fluid secretion may be cyclical. Another one is
that the driving force for the flow would arise from electroosmotic coupling
at the leaky tight junctions. Local osmosis and electroosmosis are compared
in the schemes of Figure 6.

With reference to that figure, for a steady-state local osmosis mechanism to
operate, the cell would have to be 8 mOsm hypotonic. The gradient between
the intercellular spaces and the cell inside could be less than that, since the
lateral membrane is ~4.5 larger than the apical one, which would cut that
gradient down to 1.8 mOsm. Still, this means the intercellular spaces would be
hypotonic by ~10 mOsm to the external medium. Whether this can be main-
tained while solute diffuses via the wide-open basal ends is doubtful. In
addition, a hypotonic cell would transfer fluid across the basal membrane to
the stromal side, in a direction opposite to that of fluid transport.

By contrast, the elements for electroosmotic coupling appear to fall in
place without those inconsistencies above. Net HCO3 and Na™ fluxes have
been detected across the layer; there is an important distinction, namely,
when the electrical field across the endothelium is nulled in the short-circuit
condition, the HCO5 flux persists, but the Na™ flux disappears, which is
consistent with its being passive and traversing a leak pathway, in this case
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Figure 6. Two competing views of the mechanism of fluid transport across corneal
endothelium. In the top diagram, fluid transport across the layer results from local
osmotic gradients across basolateral and apical cell membranes. In this view, elec-
trolyte transport across these membranes would result in the two separate osmotic
gradients, with consequent separate osmotic flows adding up in series across each of
the cell sides. The bottom diagram depicts instead the hypothesis of electroosmotic
origin for fluid transport. In this view, cell transport of bicarbonate from the stroma to
the aqueous side plus the activity of the Na* pump carrying Na* from the cell to the
lateral space contribute to create an electrical potential difference (aqueous side
negative). This gives rise to the local circulating electrical current shown at the right,
from aqueous to stroma across the cell, and from stroma to aqueous across the
paracellular pathway including the intercellular spaces and the intercellular junc-
tions. This current is carried by Na* ions across negatively charged intercellular
junctions; electroosmotic coupling between these Na* ions and water in the restrict-
ed space inside the junctions would create the driving force for the fluid pump.

the intercellular junction. To help carry the local current, much of the Na™ flux
carried by the Na™ pump recirculates back into the cell via apical Na™ channels.
Electrical fields imposed across the endothelium result in fluid movements, and
such coupling depends on the integrity of the intercellular junctions.

IX. CONCLUSIONS

Historically, the endothelium was thought to be rather unimportant until
perhaps the 1940s. The realization that it had a central function came
gradually during 1950s and 1960s. The discoveries of its fluid transport
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and its electrical activity came in the early 1970s. After that, much study went
into the membrane proteins that transport electrolytes and into the biochem-
istry of the cell. Thanks to all the accumulated information, in-depth study of
the mechanism underlying fluid transport has become now possible and may
reveal that fundamental cell question. Other important areas, such as the
regulation of layer development, cell reproduction and their connection with
the primary transport function of the endothelium and with the other ele-
ments of the cornea, and the eye vicinity, are now coming into focus. The next
decades promise to be as full of enterprising and revealing research as the past
ones, and with each passing one, the goal of understanding and controlling
endothelial function will be tantalizingly closer.
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The surface of ciliary body is elaborated into a series of ridges named ciliary
processes. Each ciliary process contains a complicated network of blood vessels
that appear leaky to plasma constituents. The ciliary processes are covered by a
specialized epithelium bilayer that comprises two distinct epithelial cell types,
pigmented ciliary epithelium (PE) and nonpigmented ciliary epithelium (NPE).
The ciliary epithelium bilayer constitutes a diffusion barrier between the blood
and the aqueous humor in the interior of the eye. Barrier function depends on
tight junctions between adjacent NPE cells. The ciliary body is responsible for
the production of aqueous humor, a task that requires the polarized cellular
distribution and coordinated function of Na, K-ATPase, Na/K/2Cl cotranspor-
ter, Na-H exchanger chloride channels and aquaporins in the NPE and PE.
There is evidence suggesting an important role for gap junctions between the
NPE and PE layers. The rate of aqueous humor secretion can be modified by ion
transport inhibitors, by agents that modify gap junction permeability and by
maneuvers that change blood flow in the ciliary processes.

Two striking features of the eyeball are first that it is more or less spherical and
second that some parts of it are transparent. If you examine the eye of a cat,
for example, it is possible to see how the transparent cornea is an inverted
dome positioned above the iris and pupil. The shape and transparency of this
“window’” onto the visual system are both extremely important. Although
there is a lens inside the eye, hidden behind the pupil, it turns out that refraction
of light crossing the curved cornea plays a dominant role in the focusing of
incoming light onto the retina at the back of the globe. The lens acts only as a
fine focus mechanism because its shape can be changed, and this alters the
effective focal length of the optical system in order for us to switch our gaze
between near and distant objects without losing sharpness of the image. Look-
ing again at the cat’s eye, one can see that the cornea resembles an optical lens of
the type normally made from glass. Now elementary physics tells us that the
curvature of the cornea dictates its optical characteristics. How does the cornea
come to have its unique shape? Although many different factors are involved,
one of the governing issues is the existence of a hydrostatic pressure within the
eye. It is this hydrostatic pressure that keeps the eyeball in a roughly spherical
shape and keeps the walls of the eyeball taut.

The pressure is approximately 15 mmHg higher inside the human eye than
outside. The globe is pressurized with fluid in much the same way as a basket-
ball is pressurized with air. In the eye, the pressure is called the intraocular
pressure (IOP). The pressure is the direct result of a continual secretion of fluid
into the interior cavity of the eyeball. The fluid is watery and transparent—it is
aqueous humor. The aqueous humor is produced by the ciliary body.

I. STRUCTURE OF THE CILIARY BODY

Because the ciliary body is hidden behind the iris, it is impossible to see it no
matter how deeply you gaze into someone’s eyes. It is a ring of tissue on the
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inner wall of the eyeball, positioned just behind the rear-facing (posterior)
surface of the iris. The base of the ciliary body is home to the ciliary muscle,
the contraction of which causes the lens to assume a more rounded shape.
This is because the lens is suspended by fine ligaments, called zonules that
attach to the ciliary body. When the ciliary muscle contracts, the anchoring
point of the zonules moves slightly inward, relaxing tension on the zonules,
and the natural elasticity of the lens causes it to take on a more spherical
shape. This is how our focus shifts. It is the process of accommodation
(Kaufman, 1992). When the ciliary muscle relaxes, there is a slight outward
motion that tightens the zonules and flattens the lens.

The surface of the ciliary body is elaborated into a series of ridges named
ciliary processes. These ridges on the surface of the ciliary body look rather
similar to the fins on a motorcycle engine, and in a way they serve a similar
purpose—to increase surface area. On a motorcycle engine, the ridges pro-
vide a large surface area to dissipate heat. On the ciliary body, the purpose is
to increase the surface area available for fluid secretion.

The ciliary processes have a radial orientation, each ridge pointing toward
the pupil (Figure 1). In some species, the ridges extend part way across the
posterior surface of the iris. Ciliary body anatomy has been described in great
detail by Tamm and Lutjen-Drecoll (1996). The entire surface of the ciliary
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Figure 1. Topography of dog ciliary processes. Shown in this scanning electro-
micrograph, the ciliary processes resemble fins that are arranged radially at the root
of the iris on its posterior surface. Ir, iris. Bar = 0.5 mm. Taken from Morrison et al.
(1987). Invest. Opthalmol. Vis. Sci. 28, 1325-1340, J.B. Lippincott Company, used
with permission.
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body, the ridges as well as the valleys in between, is covered with a specialized
epithelium—ciliary epithelium (Figure 2a and b). What is unique, and not very
well understood, is the fact that this covering is a bilayer made of two different
epithelial cell types. Other epithelial cell barriers in the body are either mono-
layers, such as lung airway epithelium, or have multiple layers made up of a single
cell type such as corneal epithelium. In the ciliary epithelium bilayer, the two cell
layers have different developmental origins. The cell layer farthest from the
interior of the eyeball is developmentally related to the retinal pigment epitheli-
um. True to their origin, these cells contain black pigment granules, and not very
creatively, this half of the ciliary epithelium bilayer has been termed the pigmented
celllayer. The other half of the bilayer, the nonpigmented layer, is developmentally
related to the neural retina. The pigmented and nonpigmented ciliary epithelial
cells (PE and NPE) have numerous differences other than the presence or absence
of pigment. Nonpigmented cells are much larger. Nonpigmented cells also contain
many more mitochondria than pigmented cells, and this probably signifies a higher
degree of metabolic activity in the nonpigmented cell layer. One remarkable
feature of the nonpigmented ciliary epithelial cells is the high degree infolding on
that part of their surface, which faces aqueous humor. This invagination of what is
the basolateral membrane of the nonpigmented ciliary epithelium, appears to be
another anatomical feature providing the ciliary body with an enormous surface
area available for fluid secretion: not only are there the foldings of the tissue into
the ridges and valleys of the ciliary processes, but there are also tiny invaginations
on the surface of each nonpigmented ciliary epithelial cell.

Il. BLOOD CAPILLARIES IN THE CILIARY PROCESSES

The interior of each ciliary process is filled with a complicated pipe work of
blood vessels (Figure 2). From one standpoint, it could be said that the
elaboration of the ciliary body into the ridges of the ciliary processes might
be a strategy to pack more capillaries into the tissue. Why would this be
advantageous? Well, as we shall see in a later section, the ciliary epithelium
requires the constituents of blood plasma in order to produce aqueous
humor. Also, it is probably fair to assume that in order to fuel their secretory
machinery, the ciliary epithelial cells themselves have a high demand for
nutrients, which must be delivered by the blood. Thinking along these lines,
one can easily see that if the rate of blood flow to the ciliary body were to be
reduced sufficiently, then the rate of aqueous humor secretion will be slowed.
Importantly, the body itself is very well equipped to regulate blood flow.
In many parts of the body, factors such as norepinephrine and some
prostaglandins, constrict blood vessels, while other factors, such as nitric
oxide, cause relaxation. At any one moment, blood vessel diameter in a
tissue is governed by an equilibrium between endogenous relaxing factors
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Figure 2a. Light photomicrograph showing the edge of a ciliary process from an
albino rabbit. The bilayer of epithelial cells (indicated by an arrow) can be seen
covering the blood capillaries within the ciliary process.

Figure 2b. Scanning electronmicrograph of arterioles (A) and veins (V) entering and
exiting the goat ciliary process. These blood vessels serve the very elaborate capillary
bed (C). Bar = 0.15 mm. From Morrison et al. (1987). Invest. Opthalmol. Vis. Sci. 28,
1325-1340, ).B. Lippincott Company, used with permission.
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and constricting factors. Almost certainly, the body is able to control what
goes on in the ciliary process (i.e., the rate of aqueous humor secretion) by
controlling the delivery of blood to the ciliary process. Can drugs be applied
to the eye to do the same thing? Probably so. Using an ingenious micro-
casting technique, investigators have been able to make plastic replicas of the
ciliary body vasculature. When blood vessel replicas from the ciliary
processes of normal eyes are compared with replicas from eyes treated with
catecholamines, such as epinephrine, there is clear evidence of vasoconstric-
tion (Funk and Rohen, 1987).

I1l.  BARRIER FUNCTION OF THE CILIARY EPITHELIUM

For the most part, epithelial cells separate different compartments in the
body. In the eye, the ciliary epithelium bilayer forms a barrier between a part
of the body that is one of the most densely vascularized and a part of the body
that has no blood vessels at all. One of the unique features of the eyeball is the
absence of blood in the optical pathway. Neither of the cornea, anterior
chamber, or lens, nor vitreous body contain blood. This makes sense. Blood
is very messy stuff and not at all transparent. Hold a test tube filled with blood
up to the light and simply nothing shines through. The situation is improved if
the blood cells are removed, for example, by placing the test tube in a
centrifuge and spinning the cells to the bottom to leave just the blood plasma
on top. However, the optical transparency through the tube of blood plasma
is still poor. Blood plasma contains such a high concentration of large protein
molecules that it scatters light. Such an optical disturbance is known as
Rayleigh scatter, an effect demonstrated very nicely by shining a flashlight
across a smoke-filled room. In these health conscious days when smoke-filled
rooms are hard to find, a room with dusty air will do! The more you can see the
glow of the light beam as it crosses the air in the room, the greater is the
fraction of light being scattered offhyphen;track by the suspended particles
instead of continuing in a straight path to shine on the opposite wall. A similar
kind of light scatter would interfere with our vision if blood plasma macro-
molecules were permitted to get into the aqueous humor of the eye. What
stops blood proteins from getting into the eye? The barrier seems to be the
nonpigmented ciliary epithelium of the ciliary body.

In the tangled network of blood vessels inside each ciliary process, the
sheath of vascular endothelium surrounding each capillary is rather leaky.
Although blood cells are generally constrained inside the capillaries, plasma
constituents leak out. This has been shown very nicely by electron micro-
scopic studies in which a chemical marker, such as horseradish peroxidase
(HRP, an enzyme), introduced into the systemic blood supply soon was
found to appear in the stroma of the ciliary processes, outside the blood
vessels (Raviola, 1977). Since HRP is a protein with a rather high molecular
weight (approximately 44 kDa), we are comfortable in assuming it is unable
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to cross the plasma membrane to get inside a cell. Therefore, one can
conclude that in the ciliary process, this large molecule is able to pass easily
between the endothelial cells on the capillary walls. Now, what is important
is the fact that Raviola observed HRP did not pass into the interior of the
eye. It did penetrate between the pigmented ciliary epithelial cells. It also
filled up the space between the pigmented cell layer and the nonpigmented
cell layer. However, it did not penetrate between the nonpigmented ciliary
epithelial cells. This is an important clue—it tells us the site of the diffusion
barrier between blood and aqueous humor.

Physiologists coined the term ‘“‘blood-aqueous barrier’” to describe the
group of structures that separate the two fluids. The nonpigmented ciliary
epithelium layer is one part of this system; the other part of the blood—
aqueous barrier is the tight endothelium layer surrounding the blood capil-
laries in the iris. The tightness of these cell layers effectively isolates the
anterior of the eyeball from the blood circulation, leaving easy access only
for very small molecules that are highly diffusible. From one standpoint, the
system can be said to behave like a molecular sieve. To examine this feature
experimentally, a researcher would typically introduce a tracer solute into
the bloodstream, generally a molecule “labeled” with a radioactive isotope,
then measure its rate of appearance in samples of aqueous humor taken
from the eye. Size is a big factor; ions and small solutes, such as sucrose,
penetrate into the eye quite quickly, while large molecules and proteins
hardly penetrate at all (Davson, 1990). It is important to note that lipid
soluble substances do not conform to this pattern. They penetrate much
more rapidly than one might predict from their molecular weight. The
reason for this is simple; their lipophilic nature enables them to pass through
cellular barriers. The phospholipid composition of the cell membrane pro-
vides little in the way of a diffusion obstacle to a lipophilic molecule. The
characteristics of the blood—aqueous barrier are particularly important when
it comes to the development of pharmacological agents. If one’s goal is to
create an oral anti-inflammatory agent to cure intraocular inflammation,
one of the big hurdles is finding a compound that gets into the eye in an
effective concentration. It is difficult to establish therapeutic levels of many
drugs inside the eye simply because the compounds do not readily cross the
blood-aqueous barrier.

The absence of blood in the interior of the eye means that a good deal of
generally useful things is missing, like components of the immune system.
The result is a situation where the interior of the eye has rather unusual
immunological characteristics. However, this can be changed—in response
to injury, the blood—aqueous barrier “breaks down,” and plasma constitu-
ents are allowed to flood into the aqueous humor. Thus, the appearance of
protein in aqueous humor is one of the aftermaths of ocular injury and also a
telltale sign of ocular inflammation. Such protein entry is detected as “flare,”
or light scatter (Rayleigh scatter), when a focused beam of light is shone
through the aqueous humor compartment. It is easy to see how temporarily
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sacrificing visual acuity is well worth the advantage of getting clotting
factors inside the eye to seal a penetrating corneal wound and the benefits
of permitting the entry of immune factors and leukocytes to deal with
invading microorganisms. But how does breakdown of the blood—aqueous
barrier occur? The molecular mechanism remains slightly mysterious, but
the site of breakdown seems to lie within the nonpigmented ciliary
epithelium cell layer. It appears that the cell-cell junctions in this layer, the
junctions that constitute the diffusion barrier, can be “broken” in response
to external stimuli.

IV. TIGHT JUNCTIONS BETWEEN NONPIGMENTED
CILIARY EPITHELIUM CELLS

Adjacent cells in the nonpigmented ciliary epithelium layer are joined by
protein structures called tight junctions (Figure 3). In a typical tight junc-
tion, each cell expresses an assembly of several different protein molecules,
including ZO-1 and occludin. Part of the tight junction protrudes from the
plasma membrane, and the junctional proteins form a bridge to similar
molecules protruding from the neighboring cell. Inside the cell, the tight
junction assembly is connected to the actin cytoskeleton. Viewed by scan-
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Figure 3. Diagram showing the location of cell-cell junctions in the ciliary epithe-
lium. The pigmented ciliary epithelium is shown at the top with the nonpigmented
ciliary epithelium beneath. Note that tight junctions are located in the nonpigmented
ciliary epithelium cell layer, the layer which faces the posterior chamber of the eye
From Raviola (1977), used with permission.
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ning electron microscopy, the tight junction is a tangled web of protein
fibrils, which forms a band or collar that wraps around one part of the
lateral surface of each cell. To one side of this boundary is the cell’s apical
surface; to the other side is the basolateral surface. Importantly, the junc-
tional complex prevents the diffusion of large molecules in the extracellular
space between the cells. The collar of occludin protein threads acts as a seal
that large molecules in the extracellular fluid are unable to cross. Thus, it is
the tight junctions between cells of the nonpigmented ciliary epithelium,
which constitute the barrier to the passage of plasma proteins from the
stroma of the ciliary process into the aqueous humor. Importantly, cell
biologists have found that the architecture of the tight junction can change
very quickly (Schneeberger and Lynch, 1992). In some tissues, there is good
evidence that certain stimuli cause the occludin threads to untangle suffi-
ciently for diffusion pathways to open up between the cells. Most probably,
this is what takes place in the nonpigmented ciliary epithelium cell layer
when the blood-aqueous barrier breaks down.

V. POLARIZED DISTRIBUTION OF ION TRANSPORTERS

In addition to restricting solute diffusion in the extracellular space between
adjacent nonpigmented ciliary epithelium cells, the tight junction complexes
constitute a line of demarcation between two very different parts of the
nonpigmented ciliary epithelium cell surface. To the one side of the tight
junction is the basolateral surface, which as described in an earlier section, is
the highly invaginated part of the cell that faces the interior of the eye. To
the other side of the tight junction is the apical surface, which faces the apical
surface of cells in the pigmented ciliary epithelium layer. In most types of
epithelial cells, the ion transport mechanisms (ion channels, pumps, trans-
porters, and exchangers) are not distributed evenly across the cell surface.
Instead, some ion transporters are located on the apical surface but not the
basolateral surface and vice versa. The molecules are said to be distributed in
a polarized fashion. In simple terms, this polarized distribution of ion
transport molecules permits the cell to preferentially import certain solutes
across one surface and then export them across the other. In this way,
epithelial sheets are able to support a net flux of solute across the cell layer.
Often, this is accompanied by a flux of water, which due to osmotic forces, is
obliged to follow the solute flux. Is this how the ciliary epithelium produces
aqueous humor? Probably so, but the situation is likely to be more compli-
cated. Other factors, such as hydrostatic pressure, might also contribute to
fluid flow via a process of ultrafiltration across the ciliary epithelium along a
paracellular (between the cells) pathway. Some aspects of the process re-
main somewhat mysterious because in the ciliary body the epithelial sheet
comprises two distinct cell layers.
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VI. NONPIGMENTED CILIARY EPITHELIUM

Focusing first on the nonpigmented ciliary epithelium, immunocytochemical
studies have shown very clearly that Na, K-ATPase, the active sodium—
potassium transport mechanism, is expressed much more densely on the
basolateral surface of the cell than the apical surface (Figure 4). Here,

Figure 4. Distribution of Na, K-ATPase in the ciliary epithelium of the chick. The
confocal microscopic image shows the result of an immunolocalization study carried
out using an antibody directed against the beta-1 subunit of Na, K-ATPase. As judged
by fluorescence intensity, Na, K-ATPase beta-1 polypeptide is abundant in the
nonpigmented ciliary epithelium layer, particularly at the basal and lateral surfaces
(the NPE layer points upward in this photograph). The Na, K-ATPase beta-1 signal is
much more faint in the pigmented cell layer (downward-facing cells in this picture),
where it is seen at the basal surface. Taken from an unpublished collaborative study
by the authors, Amy E. Moseley (University of Cincinnati, Cincinnati, OH), and
Steven Bassnett (Washington University, St. Louis, MO).
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the cells express several different isoforms (molecular variants) of Na,
K-ATPase, a feature, which suggests the cells are specialized for active
sodium—potassium transport (Coca-Prados and Sanchez-Torres, 1998). As
in all other cells, the Na, K-ATPase hydrolyzes ATP to produce ADP and
uses the energy from each ATP molecule to go through a series of confor-
mational shifts that permit the molecule to translocate three sodium ions
outward and two potassium ions inward. Among other things, this active
sodium—potassium transport mechanism makes for a relatively low concen-
tration of sodium (<15 mM) in the cytoplasm of the nonpigmented ciliary
epithelium. For comparison, the concentration of sodium in the extracellular
fluid (blood plasma on one side, aqueous humor on the other side) is
approximately 145 mM. As a result, there is a driving force that en-
courages sodium in the extracellular fluid to cross the plasma membrane
and enter the nonpigmented epithelium cell. It seems quite possible that
sodium entry could occur across the apical cell surface (the side opposite
the Na, K-ATPase), possibly via ion exchange mechanisms, such as Na-H
exchange, possibly via cotransporter mechanisms, such as Na/K/2Cl cotran-
sporter, and importantly via gap junctions, which form a conduit to the PE
cell (see below). In this way, sodium effectively goes into the NPE cell on one
side and out the other. Chloride also crosses the cell, entering apically via
gap junctions, and possibly also by an apically located chloride-bicarbonate
exchanger or Na/K/2Cl cotransporter that uses the inward sodium gradient
as a driving force, and leaving via chloride channels that have been proposed
to be polarized, like Na, K-ATPase, on the basolateral membrane. Transe-
pithelial ion movement might be expected to set up a small electrical voltage
across the nonpigmented ciliary epithelium layer, and this would tend to
energize the movement of additional sodium and chloride ions through the
extracellular space between the cells. Because of their size, diffusion of
sodium and chloride ions is not likely to be hindered by the tight junctions.

If a model along the lines described above (but perhaps more complex) is
true to life, the net transepithelial shift of ions across the nonpigmented
ciliary epithelium could feasibly drive the movement of water. Specialized
water channels, termed aquaporins, may facilitate the passage of water
through the plasma membrane of the cell (Verkman, 2003). Water move-
ment may also be made more efficient by the invaginations on the basolat-
eral surface of the nonpigmented ciliary epithelium. Because these clefts are
long and narrow, sodium and chloride ions shifted into the extracellular fluid
at the closed end of the invaginations could create localized “pockets” of
hyperosmotic solution. Water would tend to move out of the nonpigmented
ciliary epithelium cytoplasm to progressively dilute the hyperosmotic solu-
tion in the cleft, so promoting the bulk movement of near-isosmotic fluid out
of the open end of the invagination. (For a theoretical explanation of this
process, see Reuss, 1977). This begins to give insight into the way the ciliary



138 NICHOLAS A. DELAMERE

epithelium forms aqueous humor. Recent studies indicate cultured nonpig-
mented ciliary epithelium monolayers are indeed capable of transporting
fluid in an apical to basal direction, and that ouabain, an Na, K-ATPase
inhibitor, abolishes the process (Patil et al., 2001). However, the nonpigmen-
ted cells represent just half the ciliary epithelium bilayer. There is the role of
the pigmented cell layer to be considered.

VIl. COOPERATION BETWEEN PIGMENTED AND
NONPIGMENTED CELL LAYERS

It seems likely that the two cell types in the ciliary epithelium bilayer work
together as something of a functional syncitium. The basis for thinking there
could be such a cooperative arrangement was the discovery of gap junctions
between adjacent nonpigmented and pigmented ciliary epithelium cells
(Raviola and Raviola, 1978). Gap junctions are a type of cell-cell contact
that forms a conduit from one cell to the other, often allowing the exchange
of fairly large molecules. Gap junctions have a very characteristic appear-
ance when tissues are studied by electron microscopy. The molecular struc-
ture of a gap junction is fairly well understood. Membrane-spanning
proteins, called connexins, are expressed on the cell surface and connexins
from one cell reach out across the extracellular space to link with connexins
on the neighboring cell. This protein bridge seems to form a cell-cell path-
way that in some respects resembles a giant ion channel (for a detailed
review, see Saez et al., 2003). Because charged ions penetrate the connexin
channel rather easily, the electrical resistance of the pathway is low and cells
joined by gap junctions are electrically coupled. Some researchers have taken
advantage of this electrical coupling to study gap junction characteristics by
measuring electrical resistance; the resistance between noncoupled cells is
large, whereas it is remarkably low when the cells are coupled via gap
junctions. Electrophysiological studies on the ciliary epithelium have con-
firmed gap junction-mediated coupling of the nonpigmented and pigmented
ciliary epithelium. Importantly, electrophysiological studies have also led to
the demonstration that, as in other tissues, the gap junctions between the
nonpigmented and pigmented ciliary epithelium can switch from an “open”
to a “closed” conformation (Shi et al., 1996). Adjacent cells might be able to
choose whether or not to open their gap junctions and cooperate with their
neighbors. Another useful way for researchers to study gap junctions is to
use microinjection techniques to deposit fluorescent dye into one cell then
record the movement of the dye to adjacent cells as it passes through gap
junctions (Oh et al., 1994). The rate of diffusion can be quite rapid.

Gap junctions seem to constitute a quick route for solutes to pass between
cells. By means of gap junctions, it is possible to see how the nonpigmented
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and pigmented ciliary epithelium cells may share cytoplasmic signaling mol-
ecules to coordinate cell function. Activation of receptors on the surface of
the pigmented ciliary epithelium could potentially cause an increase of cyto-
plasmic cAMP or cytoplasmic calcium, which diffuses to the nonpigmented
cells to modulate the activity of ion transport mechanisms on the opposite side
of the ciliary epithelium bilayer. However, bearing in mind that the ciliary
epithelium bilayer is essentially a secretory epithelium, it is possible that gap
junctions between the nonpigmented and pigmented ciliary epithelium serve a
more fundamental purpose. Sodium and chloride ions are probably able to
enter the ciliary epithelium bilayer across the basolateral surface of the
pigmented epithelium, then diffuse via apically located gap junctions to the
nonpigmented epithelium in order to exit through the Na, K-ATPase, ion
channels, and cotransporters on the nonpigmented cell’s basolateral surface.

VIIl. BILAYER MODEL OF ION TRANSPORT

Today, most researchers have adopted the idea that ion (and water) trans-
port across the ciliary epithelium adheres to some sort of syncitial, or
cooperative, scheme that involves coupling of the nonpigmented and pig-
mented cell layers (Jacob and Civan, 1996). This type of model, generally
depicts an arrangement of some ion transporters at the basolateral surface of
the nonpigmented cells and other ion transporters at the basolateral surface
of the pigmented cells (Figure 5). In some respects, the pigmented ciliary
epithelium is acting rather like the ““apical’ side of the nonpigmented cell.

In most schemes, entry of sodium and chloride ions is proposed to occur
via Na—H exchange, chloride-bicarbonate exchange, and Na/K/2ClI cotran-
sport at the basolateral surface of the pigmented cell layer. Na, K-ATPase
and chloride channels on the basolateral side of the nonpigmented cell shift
the sodium and chloride across the opposite side of the bilayer. Potassium
channels on the basolateral surface of the nonpigmented cell permit recircu-
lation of potassium ions brought into the cell by the Na, K-ATPase. Recent
analysis of ion concentrations in the two cells of the bilayer using an electron
microscopic X-ray microanalysis technique suggests that chloride and po-
tassium concentrations within the cytoplasm of the nonpigmented ciliary
epithelium might also be sufficient to drive outward ion flow via a Na/K/2Cl
exchanger (McLaughlin et al., 2001).

What biological advantage the bilayer arrangement has over a system based
on transport across a simple single layer of nonpigmented ciliary epithelium
(with apical solute entry) is open to debate. There are puzzling questions still to
be answered regarding the role of the two ciliary epithelium cell layers. We do
know that the ciliary body shifts some solutes (prostaglandins for example)
outward from the eye. Possibly the pigmented cell layer enables solute transport
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Figure 5. A theoretical model depicting the principal ion transport mechanisms
thought to underlie the secretion of aqueous humor by the ciliary epithelium. Non-
pigmented cells (NPE) and pigmented cells (PE) communicate via gap junctions.
Densely shaded areas between NPE cells represent tight junctions. The model shows
sodium, potassium, and chloride entering the PE via a Na/K/2Cl cotransporter and
passing via gap junctions to the NPE. There, sodium is exported via Na, K-ATPase
(the sodium pump). In the NPE, potassium imported by Na, K-ATPase is recycled
out of the cell via potassium channels. Chloride exits the NPE via chloride
channels. Taken from Coca-Prados et al., 1995, Am. ). Physiol. 268, C572-C579,
The American Physiological Society, used with permission.

to occur in this reverse direction. It is also possible that an important purpose of
the pigmented ciliary epithelium is not for solute transport but to absorb stray
light—the interior surface of a good optical device is almost always coated with
a matte black finish. It needs to be stressed, that theoretical models of ion
transport by the ciliary epithelium bilayer are just that—theoretical models.
They are “best guesses” based on the data in hand, but there is no certainty that
they are correct. In actuality, it turns out to be very difficult to prove how the
ciliary epithelium works because it is a tricky tissue on which to do definitive
experiments.

IX. DIVIDED CHAMBER STUDIES

If physiologists had their way, the ciliary epithelium bilayer would be a flat
sheet that could be placed with ease and precision in an Ussing chamber.
This device, named after the Danish physiologist, H.H. Ussing, is a divided
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chamber, in which an epithelium is arranged between two separate fluid
baths. In a typical Ussing chamber experiment, electrodes in each bath are
used to measure transepithelial resistance, voltage, and current. Under short
circuit conditions, the current is a measure of the rate of net ion transport
across the epithelium. Using the same apparatus, actual ion fluxes can be
measured by depositing radioisotopes of sodium, chloride, or potassium in
the fluid bath on one side of the epithelium and recording the rate of
appearance of the isotope in the fluid bath on the opposite side of the cell
sheet. To make experiments more informative still, transport inhibitors (e.g.,
ouabain, amiloride, or bumetanide) or ion channel blockers can be added to
one side or the other in order to track down the location of specific transport
mechanisms to a particular face of the epithelium.

Unfortunately, the ciliary epithelium is not an ideal flat sheet. Until
recently, the most common experimental approach has been to mount the
entire iris and ciliary body in a divided chamber, using a plastic disc to
occlude the iris and pupil. Because the ciliary body is elaborated into ridges
(the ciliary processes) it is hard to know the precise value for the surface area
of ciliary epithelium interposed between the two fluid baths. Without a
measurement of actual surface area, it is difficult to calculate with certainty
the specific electrical resistance of the epithelium. Too, the tissues that
remain on the stromal side of the preparation could influence the way the
epithelium bilayer works in vitro. In spite of these hindrances to interpreta-
tion, the iris—ciliary body Ussing chamber preparation has been used with
considerable success. The tissue does indeed generate a short circuit current
that is sensitive to transport inhibitors like ouabain (Krupin et al., 1984).
Under certain conditions, a net flux of *C-labeled ascorbic acid can be
demonstrated in blood-to-aqueous direction (Chu and Candia, 1988). This
correlates nicely with the long known fact that the ascorbic acid concentra-
tion in aqueous humor is some 20 times higher than the concentration in
blood plasma. The ciliary epithelium actively transports ascorbic acid into
the aqueous humor and the mechanism still works well in the divided
chamber preparation. Other studies with the iris—ciliary body Ussing cham-
ber preparation illustrate the presence of bicarbonate exchange mechanisms
in the ciliary epithelium, and this fits with the well-documented slowing in
the rate of aqueous humor production elicited by carbonic anhydrase
inhibitors (To et al., 2001). Carbonic anhydrase inhibitors are sulfonamide
compounds, which reduce the supply of cytoplasmic bicarbonate by inhibit-
ing the reversible, enzyme-catalyzed reaction that generates bicarbonate
from carbon dioxide that diffuses into the cell.

In an effort to improve the Ussing chamber preparation, some investiga-
tors have successfully developed a way to use enzymic digestion to gently
free the ciliary epithelium from the ciliary body (for details on the technique,
see Chen and Sears, 1997). The cell bilayer, which appears to remain viable for
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sometime, can be mounted in a divided chamber and used for studies of
transepithelial ion transport. Promising results have been obtained. However,
in spite of the advances that have been made, there are still some important
questions yet to be answered. One rather fundamental issue is the relatively
small magnitude of the short circuit current measured across either the iris—
ciliary body or the ciliary epithelium bilayer Ussing chamber preparation.
The short circuit current tallies with only a modest net transepithelial ion flow,
and this would be a bit too small to provide the osmotic drag needed to
account for the rate of fluid secretion that we know takes place in vivo. There
are many possible explanations for this. For example, it would not be
surprising if some cellular functions simply do not survive the dissection of
the tissue. Some cellular functions may not work when the blood supply
ceases (as it does when the iris—ciliary body is isolated and placed in the
divided chamber). It is also fair to say that in vivo, the production of aqueous
humor may not be linked entirely to active solute transport. Another mecha-
nism, such as ultrafiltration, might contribute.

X. HYDROSTATIC PRESSURE AND ONCOTIC PRESSURE

Blood capillaries are pressurized. It has been estimated that in vivo, there is a
capillary hydrostatic pressure gradient across the ciliary epithelium bilayer;
the pressure is generally estimated at >15 mmHg higher on the ciliary
process stromal side. Undoubtedly, this pressure would tend to force fluid
between the nonpigmented ciliary epithelium cells. As described in an earlier
section, tight junctions between adjacent cells restrict the passage of large
molecules, so what emerges on the other side of the epithelium should be a
solution lacking macromolecules, but with an ionic composition rather
similar to that of plasma. Put simply, the epithelial barrier could act rather
like a filter through which fluid is pushed by the force of a pressure gradient.
This process of fluid formation is termed ultrafiltration. In actuality, it has
been something of a challenge to sort out the extent to which ultrafiltration
might contribute to the overall process of aqueous humor production. As
yet, there is no clear answer. A third and still different factor to be consid-
ered is the oncotic pressure gradient across the ciliary epithelium. There is a
tendency for water to move across a semipermeable barrier (in this case, the
ciliary epithelium) from a fluid compartment, which has a low concentration
of dissolved macromolecules (such as the aqueous humor) to a fluid com-
partment, which has a high concentration of dissolved macromolecules
(blood plasma). It is important to note that the oncotic pressure gradient
(estimated at ~14 mmHg) and hydrostatic pressure gradient are in opposite
directions. The oncotic pressure gradient will tend to cause absorption of
water from aqueous humor back into the ciliary process stroma, more or less
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balancing out the inwardly directed flow of fluid caused by the hydrostatic
pressure gradient.

The argument for the contribution of active ion secretion as a driving
force for aqueous humor production originates from compositional studies
of aqueous humor. Chemical analysis of newly formed aqueous humor
revealed that the concentration of some solutes, such as sodium and bicar-
bonate, is slightly but significantly different from that expected in an ultra-
filtrate of blood plasma (Davson, 1990). In addition, physiologists confirmed
the need for active sodium transport by demonstrating that it is possible to
slow the rate of aqueous humor production in anesthetized animals by
introducing ouabain (a specific inhibitor of Na, K-ATPase) either into the
blood or into the interior cavity of the eyeball (see Davson, 1990).

Xl. VOLUME REGULATION AND WATER MOVEMENT

In the human eye, aqueous humor is produced at a rate of 1-2 pul/min. At
first glance, this rate seems rather slow. However, it has been calculated that
with this rate of flow, the throughput of fluid for each nonpigmented ciliary
epithelium cell is equivalent to changing the cell’s own volume every three
minutes. It is easy to see how small mismatches of water entry and exit could
cause swelling or shrinkage. To survive, the ciliary epithelial cells must be
good at volume regulation.

The mechanisms that cells use to regulate their volume have been studied
in a number of tissues. First, we should understand that eukaryotic cells are
at the mercy of osmotic forces since they have little in the way of solid
architecture to prevent shape changes. Cells shrink if subjected to a hyper-
osmotic external solution and swell if subjected to hypoosmotic external
solution. The rate at which this occurs is a function of the permeability of the
cell membrane to water molecules. Some cells are more water permeable
than others, and recently researchers have come up with an explanation of
why this might be so. Some cells express water channels. Termed aquapor-
ins, water channels are plasma membrane-spanning proteins that seem to
provide a conduit for water molecules to enter or exit the cell. Other
membrane proteins, such as glucose transporters, also are capable of con-
ducting the passage of water across the plasma membrane but with a much
slower throughput (for review, see Fischbarg and Vera, 1995). As might be
expected from its role in shifting water, the nonpigmented ciliary epithelium
cell layer expresses aquaporin molecules (see Verkman, 2003). The cells are
probably highly permeable to water. Consistent with this notion, microscopic
studies with intact, living, ciliary processes have shown the NPE responds with
rapid volume changes when external osmolarity is changed (Farahbakhsh and
Fain, 1987). Now cells tend to dislike volume changes—in many tissues
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swelling or shrinkage triggers a volume recovery response, during which the
cells attempt to return to their original size. There is still debate as to how a
cell senses its own volume; perhaps it is able to detect a change in the
concentration of cytoplasmic macromolecules or possibly it is able to sense
changes in the cytoskeleton caused by swelling or shrinkage. In any case, cell
shrinkage often causes a compensatory episode of swelling driven by the
activation of solute entry mechanisms, such as the import of sodium chloride
via the coupled action of a Na-H exchanger and chloride-bicarbonate
exchanger; this response is called a regulatory volume increase (RVI).
Cell swelling causes a different response, generally a compensatory
episode of shrinkage, driven by the loss of solute via ion channels that are
allowed to open; this response is termed a regulatory volume decrease
(RVD).

Several researchers have directed their attention to the study of volume
regulatory responses to seek answers to questions regarding the function of
ion channel and ion exchange mechanisms in nonpigmented and pigmented
ciliary epithelial cells. When responses in the two different cell types were
compared, something rather interesting became apparent. Pigmented ciliary
epithelium cells appear to have a good RVI response but weak RVD
response—they seem to be adapted for solute and water uptake (Edelman
et al., 1994). Just the opposite, nonpigmented ciliary epithelium cells seem
better at RVD than RVI—they appear to be adapted for solute and water
loss. These characteristics matchup nicely with the bilayer cooperativity
models of ion transport across the ciliary epithelium, which in simple terms,
are based on solute and water entry through the pigmented cell layer, exit via
the nonpigmented cell layer.

XIl. CONTROLLING THE RATE OF AQUEOUS
HUMOR FORMATION

The human ciliary body continually produces 1-2 pl of fluid every minute,
day in, day out, as long as we live. Is the rate of aqueous humor production
always the same? The answer is no. This explains why textbooks generally
quote the rate as a range instead of a single value (e.g., 1.5 pl/min). It turns
out that human aqueous humor formation rate follows a circadian rhythm,
higher in the daytime hours and lower during the nighttime. Certain species,
like the rabbit, have the opposite pattern—the rate of production is highest
at nighttime. The existence of a circadian rhythm tells us that there are
endogenous pathways that control the rate of aqueous humor production.
How does this occur? Well, the ciliary body receives both sympathetic and
parasympathetic innervation, and there is evidence that aqueous humor
production rate is subject to neural control. It has been shown, for example,
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that the circadian pattern of aqueous humor flow is changed considerably in
experimental animals that have been subjected to ganglionectomy (removal
of the cervical ganglion) (Gregory et al., 1985). Some mechanistic questions
regarding circadian control of aqueous humor flow are still unanswered.
While we know that the rate of aqueous humor production can be 40% lower
at night in humans, it has proved tricky to define what aspect of ciliary body
function is actually responsible slowing fluid production during the dark
hours. Aqueous humor formation could be slowed as a consequence of
reducing blood flow in the ciliary process capillaries. But equally, the rate
of formation could be altered as a result of changes in the function in the ion
transport machinery (ion channels, cotransporters, or the Na, K-ATPase) in
the ciliary epithelium bilayer or even by opening or closure of gap junctions
between the pigmented and nonpigmented cells. Some responses are difficult
to interpret because it turns out that peptides, such as endothelin-1, and
neurotransmitters, such as norepinephrine, probably elicit changes in both
ciliary epithelium function as well as in blood flow to the ciliary processes
(Pang and Yorio, 1997). Moreover, the ciliary body itself appears capable
of synthesizing then releasing regulatory peptides and neuropeptides that
may act in an autocrine manner to alter aqueous humor production
(Coca-Prados et al., 1999).

Working on the rationale that most neurotransmitters, neuropeptides,
and hormones work via cell surface receptors, researchers have sought to
identify the types of receptors expressed in the ciliary body. There is good
evidence that adrenergic alpha and beta receptors, dopamine receptors,
prostaglandin receptors as well as peptide receptors are localized on the
ciliary epithelium. Since most cell surface receptors bring about changes
inside the cell by causing the generation of cytoplasmic second messengers,
some research groups have sought to determine how the appearance of
second messengers, such as cAMP, tally with changes in aqueous humor
formation. It turns out that cAMP levels in the ciliary body and aqueous
humor change with a circadian rhythm (Yoshitomi et al., 1991). Moreover,
the rate of aqueous humor production can be lowered dramatically by
cholera toxin and forskolin, two compounds, which cause elevation of
cAMP in the ciliary body (see Sears, 1984). On the surface, this suggests
that the machinery of aqueous humor formation is controlled by receptors
that elevate cCAMP in the ciliary epithelium. This could be so, but the system
is tantalizingly complex. While some agents that elevate ciliary body cAMP
slow aqueous humor production, one of the most widely used clinical
strategies to reduce aqueous humor flow in humans is to use beta-adrenergic
antagonists (Zimmerman, 1997) and these are drugs that tend to decrease
cAMP in the ciliary body. It turns out that the rate of aqueous humor
production can be reduced both by beta-adrenergic agonists and alpha-
adrenergic agonists, and this goes against the normal situation, where
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activation of alpha and beta receptors triggers opposing physiological re-
sponses. There are other pharmacological agents that slow aqueous inflow
(for review, see Zimmerman, 1996). A well-known class of compounds used
clinically to reduce aqueous humor production is the carbonic anhydrase
inhibitor family of drugs. These compounds are thought to reduce the
availability of cytoplasmic bicarbonate ions in the ciliary epithelium bilayer
with the result that bicarbonate-dependent ion transport mechanisms are
inhibited (To et al., 2001). Still in the experimental stage, researchers are
considering whether aqueous humor formation can be suppressed using
drugs that inhibit specific ion transport mechanisms such as the Na-H
exchanger (Avila et al., 2002). Some clinically proven drugs, like pilocarpine
and latanoprost, act on the ciliary body but target the ciliary muscle, the
contraction of which can cause mechanical changes that increase the ability
of aqueous humor to exit the eye. These compounds lower IOP even though
they do not slow the rate of aqueous humor formation.

Why is there a need for pharmacological tools to slow aqueous humor
production? Such agents can be used in the therapy of glaucoma. Glaucoma
is a blinding disease, which causes vision loss as the result of premature
death of ganglion cells in the retina. Persons with glaucoma often have high
IOP. There is plenty of evidence to suggest that in many (but perhaps not all)
instances, retinal ganglion cell death could be the result of tissue damage
caused at the optic nerve head by abnormally high pressure within the eye.
Lowering IOP by slowing the production of aqueous humor is often an
effective means of retarding progression of the disease. The quest for new
and improved glaucoma therapies creates a pressing need for more research
to explain how the various different cells in the ciliary body do their job and
to determine how we might target the development of new drugs that trick
the ciliary body into changing the rate of aqueous humor secretion.
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I. INTRODUCTION

The principal function of the lens and the cornea is to focus light on the
retina, thus allowing the central nervous system to receive complex repre-
sentations of the outside world. In all vertebrate lenses, this function is
achieved by highly elongated cells called ‘““fibers” grouped together in a
mass, which is transparent, deformable, and capable of maintaining homeo-
stasis for the life of the animal. To meet these stringent requirements, nature
developed ingenious evolutionary adaptations to increase the cytoplasms’
refraction index and to transport ions and nutrients to fibers within the lens
interior.

To attain transparency, the lens must accomplish apparently contradicto-
ry functions. First, it must increase the refractive index in the cytoplasm by
expressing high concentrations of soluble proteins, called crystallins (>90%
of the total protein mass). Crystallins are surprisingly diverse proteins that
are actually no more transparent than other soluble proteins per se. In fact,
many crystallins are enzymes or stress proteins that are used in tissues for
nonrefractive purposes (Piatigorsky, 1998). Transparency results from the
high concentration and long-range order that they attain in the cytoplasm of
lens fibers. Some crystallins are present in all vertebrate lenses (alpha, beta,
gamma), while a growing number of others are found only in selected species
(taxon-specific). Several excellent reviews have been published about crystal-
lins that function as chaperones (Jaenicke and Slingsby, 2002; Narberhaus,
2002; Horwitz, 2003) and heat shock proteins (Arrigo and Muller, 2002).

Transparency also requires the elimination of light-scattering elements,
such as capillaries, and the reduction of the number of cytoplasmic organ-
elles responsible for normal cell functions. The elimination of capillaries is
particularly taxing because nutrients, such as glucose, remain within a
narrow range of concentration in the interstitial fluid. If organs were to rely
exclusively on diffusion, a layer with few cells would consume all available
nutrients and force organs to be small (~50 um in radius) (Fischbarg et al.,
1999). Yet the lens radius reaches thousands of micrometers and instead of a
central cavity, it contains a mass of the highly elongated fibers that somehow
are able to maintain homeostasis for the life of the animal. A current
hypothesis proposes that the lens creates an “internal circulatory system”
that links the transport of ions and water to the movement of nutrients and
waste products (the “circulating fluxes” hypothesis, Mathias et al., 1997).
These fluxes balance the conflicting requirements of attaining a large spheri-
cal shape, transparency, and maintaining homeostasis of fibers placed far
from their blood supply. Another hypothesis (Fischbarg et al., 1999) pro-
poses that the lens epithelium generates a fluid transport from the aqueous
humor into and through the lens, which contributes to nutrient transport
and waste removal.
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Il. THE CELLULAR ARCHITECTURE
OF THE LENS EPITHELIUM

A. Polarity: The Developmental Viewpoint

A brief review of the development of the lens facilitates an understanding
of the structural and functional properties needed to attain homeostasis
and transparency. The lens develops from a thickening of the ectoderm
covering the optic vesicle (the plate or placode), which contains a depression
called the lens pit. This pit widens to form the lens vesicle, which is composed
of a single-cell layer surrounding a liquid-filled central cavity (Coulombre
and Coulombre, 1963). The cell layer comprising the vesicle is polarized with
the apical surface facing the vesicle’s lumen, the basal surface attached to the
basal lamina and the lateral surfaces facing each other. This peculiar orien-
tation of the apical, basal, and lateral surfaces is maintained in the mature
lens. To secure transparency, however, the lumen of the original vesicle must
be replaced with a medium of high index of refraction.

The elimination of the vesicle’s lumen starts with the elongation of the
cells in the posterior pole (the “primary fibers”) and continues throughout
life with the differentiation of the “secondary fibers” at the equator
(Coulombre and Coulombre, 1963; Kuwabara, 1975). The cells at the ante-
rior pole of the original vesicle remain undifferentiated and are called the
“anterior epithelium”. The continuous differentiation of secondary fibers at
the equator (the “bow region’) creates a geometrical problem because the
surface of a sphere increases with the square—but its volume with the
cube—of its radius. Formation of the lens “nucleus” neatly solves this
problem but places fibers in the interior far from the aqueous and vitreous
humors. An important question is: how does the lens maintain the homeo-
stasis of the fibers located in the interior. To answer this question, it is
necessary to characterize the pathways followed by nutrients and waste
products throughout the lens.

B. The Paracellular and Transcellular Pathways

The lens relies on “paracellular” and “transcellular’” pathways to maintain
homeostasis of the nuclear fibers. The paracellular pathway embodies the
narrow (10- to 20-nm wide) intercellular spaces between neighboring epithe-
lial cells and fibers and is regulated principally by tight junctions. In the lens,
the transepithelial resistance (i.e., the measurement of the transport through
the pathway) is ~60 ohms/cm?. This low resistance indicates that epithelial
cells and fibers either lack tight junctions altogether or are connected by
“leaky” tight junctions. In either case, the low resistance of the paracellular
pathway along the anterior—posterior axis indicates that ions and nutrients
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in the humors can move readily within the lens interior. On the other hand,
to enter the transcellular pathway, nutrients and ions must first cross the
barrier represented by the phospholipid bilayer of the plasma membrane
through a variety of proteins that function as channels and transporters.
Important research venues involve the identification of the proteins mediat-
ing the transport of ions, small molecules, and water in the different regions
of the lens.

C. The Cellular Architecture of the Lens

The cellular architecture of the lens is easy to understand when considered
from the vantage point of epithelial polarity (i.e., the location of the apical,
basal, and lateral surfaces of the cells and fibers comprising the lens). From
the polarity vantage point, the lens is divided into the ‘“‘cortex” and the
“nucleus”. The cortex is composed of the anterior epithelial cells and super-
ficial fibers with their basal surface attached to the capsule. A critical
characteristic is that cortical cells and fibers are bathed by the aqueous and
vitreous humors. The nucleus, on the other hand, is composed of fibers in the
interior that have lost their connection to the humors. While it is possible to
describe the morphology of cells and fibers in greater detail, this simple
classification underscores the crucial problem of how to maintain the ho-
meostasis of the nuclear fibers. The next sections contrast the structure of the
apical, lateral, and basal surfaces of the cortex and nucleus.

D. The Cortex

While all cortical cells share the common property of being bathed by the
humors, they differ in the degree of elongation along the apical-basal axis. At
the anterior pole, the epithelial cells (orange, Figure 1) have a short apical—-
basal axis (dotted lines, Figure 2A and B), while at the equator, the anterior
epithelial cells elongate into the aforementioned ‘““fibers” (yellow region,
Figure 1; and dotted lines Figures 5 and 6). At the posterior pole, the fibers
achieve the longest apical-basal axis, extending all the way from the posterior
capsule to the anterior pole (blue fibers, Figure 1; opposed triangles, Figures
2,4, and 5).

One problem created by this peculiar organization of the cortex is that of
studying the paracellular pathway. Labeling the intercellular space with
electron dense deposits, such as lanthanum, delineated the pathway and
allowed the identification of the tight junctions. These specialized junctions
appear as points of intimate plasma membrane contact between adjacent cells
(arrow, Figure 2C). In the lens, tight junctions are found among some cells in
the anterior epithelium (Figures 2C and 3), but are absent in the cortical and
nuclear fibers (Zampighi et al., 2000). Therefore, the paracellular pathway is
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Figure 1. The lens is depicted as a simple folded epithelium. The apical-basal axis
of the cells elongates along the anterior—posterior direction. At the anterior pole, the
cells exhibit a cuboidal shape and are called the “anterior epithelium’’ (orange). At
the equator (yellow), the cells elongate to form “fibers”. At the posterior pole, the
fibers are fully developed and extend to the anterior pole (blue). The lens ““cortex’” is
composed of the cells and fibers with their basal surface attached to the capsule and
their apical surface forming the “apical interface’”” and the “‘modiolus’’. The apical
interface is formed by the interaction of epithelial cells (orange) with the posterior
cortical fibers (blue). The modiolus is formed by the apical ends of the equatorial
fibers (yellow) only. The lens ‘“nucleus’ (gray) is composed of fibers with their apical
and basal surfaces forming the anterior and posterior suture lines. The arrows
indicate the direction followed by the fluxes carrying nutrients into the nucleus.
Reprinted from Experimental Eye Research, Vol. 75, Micro-domains of AQPO in lens,
Zampighi et al., pp. 505-579., 2002, with permission from Elsevier.
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Figure 2. Thin sectioning electron microscopy of anterior epithelial cells (A) and
(B). The anterior epithelial cells have the shortest apical-basal axis (dotted lines). The
basal surface is attached to the capsule (open arrowheads), and the apical surface
forms the apical interface through association with the posterior fibers (opposed filled
arrowheads). The extracellular spaces of Type 0 Cell (arrow) are wide (ES), while
those separating Type 1 Cells are narrower. (C) Lanthanum precipitates (dark
lines) reveal plasma membrane folds in the basal and lateral surfaces and tight
junctions in Type 1 Cell (arrow). Scale bars: (A) and (B), 2.6 pm; (C), 1.3 pm (from
Zampighi et al., 2000).

represented principally by the long and tortuous intercellular spaces separat-
ing cells and fibers. Tight junctions appear restricted to a few cells in the
anterior epithelium only.

To gain access to the transcellular pathway, ions and nutrients in the
humors must first cross the plasma membrane of the cells and fibers in the
lens cortex using a variety of specialized channels and transporter proteins.
Once in the cytoplasm, these ions and nutrients move from the cytoplasm of
one cell to that of a neighboring cell through a network of specialized gap
junction channels constructed from proteins of the connexin family. The
ability of gap junction channels to promote direct communication with the
cytoplasm of cortical cells and fibers is supported by electrical and dye
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Figure 3. Freeze-fracture electron microscopy of anterior epithelial cells. P and E
indicate the protoplasmic and external fracture faces of the plasma membrane.
(A) Low magnification view of the junctional complex composed of tight and gap
junctions. The dotted ellipse encircles a gap junction between an anterior epithelial
cell and a posterior cortical fiber. (B) Higher magnification view of the region
enclosed in the rectangle. Tight junctions (T)) are composed of strands of particles
in the P face (white arrow inside TJ dotted square) and complementary furrows in
the E face (black arrows). Gap junctions (areas inside dotted rectangles) appear as
plaques of particles in the P face (area inside the GJ dotted rectangles) and comple-
mentary pits in the E face (area inside the dotted circle). Scale bars: (A), 0.6 pm;
(B), 0.2 pm (from Zampighi et al., 2000).
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Figure 4. The network of gap junctions at the anterior pole. The gap junctions
appear as dark bands (brackets) formed by the close apposition of neighboring
plasma membranes. Gap junctions allow communication among the anterior epi-
thelial cells (A) and between them and posterior cortical fibers (B). In addition, gap
junctions allow communication among the posterior cortical fibers (C). The red
arrows indicate a possible direction of the fluxes. Scale bar: 0.26 pm (from Zampighi
et al., 2000).

coupling experiments (Rae et al., 1990; Miller et al., 1992; Mathias et al.,
1997; Baldo et al., 2001).

Immunofluorescence and electron microscopy observations have
provided information about the location and density of gap junctions as
well as the connexin isoforms constructing the channels. In the cortex, gap
junctions are present in three regions: (a) at the anterior pole (Figures 1, 3,
and 4); (b) at the equator (Figures 5-7.); and (c) at the extensive lateral
surfaces (Figure 14) (Zampighi et al., 2000, 2002). Gap junctions at the
anterior pole allow the posterior cortical cells to communicate with the
anterior epithelial cells. Gap junctions at the lateral surfaces allow the fibers
in the same layer to communicate with each other and with fibers in the
layers immediately above and below (Figure 14). The highest density of gap
junction channels couple fibers at the lens equator (Figure 7). This distribu-
tion of gap junction channels is consistent with the electrical coupling
measured using electrophysiological methods (Mathias and Rae 1985).
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Figure 5. Thin sectioning of fibers at the lens equator (yellow, Figure 1). The dotted
lines indicate the location of the plasma membrane. The orientation of the apical—
basal axis changes from being almost perpendicular to the capsule (Type 2 Cell) to a
steeper angle (Type 3 Cell) with increasing elongation. The basal surface is in contact
with the lens capsule (open arrowheads). The apical surface associates with the
posterior fibers (double fill arrowheads, Type 4 Cell). Scale bar: 4.0 pm (from
Zampighi et al., 2000).

In conclusion, the cortex is well suited to move ions and nutrients
from the aqueous and vitreous humors into the lens interior. The paracel-
lular pathway is open and appears regulated by “leaky” tight junctions in
only a limited region of the anterior epithelium. The extensive network of
gap junction channels creates a direct cell-to-cell pathway into the lens
interior.

E. The Nucleus

The nucleus is composed of a group of omega-shaped fibers located in the
lens interior. In contrast to fibers forming the cortex, nuclear fibers arrange
the apical and basal surfaces in novel structures called “suture lines” that
appear as dense demarcations of precise shape to the naked eye. Apical-to-
apical associations in the anterior pole and basal-to-basal associations in the
posterior pole form the suture lines (Figure 8). The sutures establish complex
linear patterns that change with age and are characteristics of the animal
specie under study (Kuszak, 1995). For the purpose of this presentation,
however, suture lines are considered important components of the transcel-
lular and paracellular pathways of the lens nucleus.

Morphologically, the suture lines are characterized by elaborate folding
of the plasma membrane, the presence of cellular organelles, including
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Figure 6. The lens equator. The dotted lines indicate the plasma membrane of two
fibers (Type 3 Cell) and several cortical fibers (Type 4 Cell). The equatorial fibers
comprising the modiolus exhibit highly folded plasma membranes (area inside
rectangle). The inset shows the area inside the rectangle at higher magnification to
demonstrate organelles, such as annular gap junctions (asterisk). N, nucleus. Scale
bars: 2.6 um; inset 1.2 um (from Zampighi et al., 2000).

vesicles and mitochondria, and a wide (~20 nm) extracellular space that
allows lanthanum to move readily deep into the nucleus (Zampighi et al.,
1992). Curiously, lanthanum precipitates remain in the extracellular space at
the suture lines and they do not permeate into the intercellular spaces
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Figure 7. Gap junctions at the equator are larger in diameter and present at a higher
density than gap junctions in coupling anterior epithelial cells (Figure 3). The dotted
line indicates the boundary of a plaque. Scale bar: 0.66 pm (from Zampighi et al.,
2000).

separating the lateral surfaces of nuclear fibers. This compartmentalization
of the space probably results from the presence of “tongue-and-groove”
junctions.

The elaborate plasma membrane folding and the presence of cellular
organelles in suture lines are puzzling. Cells rely on folds to increase the
area of the plasma membrane in an effort to accommodate a higher density
of transporter proteins, such as the Na,K-ATPase, for example. The
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Figure 8. Morphological characteristics of the posterior suture line. (A) The suture
line close to the capsule is composed of fibers with a rectangular shape, few plasma
membrane folds and cellular organelles. (B) The suture line deeper inside the nucleus
has elaborated plasma membrane folds (dotted lines) and the cytoplasm also
contains some mitochondria, flattened cisternae, and vesicles with clear lumen
(arrowheads). Scale bars: (A) and (B), 1.2 um (from Zampighi et al., 2000).

presence of cellular organelles, such as mitochondria, appears to support the
hypothesis of active metabolism at the suture lines. Yet one question not
resolved by morphological observations is whether suture lines contain
active Na,K-ATPase transporters and functional organelles deep into the
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nucleus. This question can only be resolved through further experimentation
using immunocytochemistry and biochemical approaches.

Morphological studies have limited success in the identification of the gap
junctions in the nucleus due to the progressive proteolysis that connexins
undergo with aging (Lin et al., 1998). Information about the critical func-
tional role of the gap junction network in the nucleus has been unveiled by
mouse genetic experiments (Baldo et al., 2001; White et al., 2001; Chang
et al., 2002). These studies show that the ablation of connexins expressed
in fibers induces cataract formation or alters lens development (see in
later sections). Yet, the mechanisms responsible for the pathological and
developmental changes in the eye remain undetermined.

In summary, the lens must be transparent and possess a large spherical
shape to focus images on the retina. These requirements lead to the creation
of a tissue that cannot be sustained metabolically solely by diffusion from
the aqueous and vitreous humors. Therefore, pathways must be established
to move ions and nutrients into the interior. The next section deals with the
channels and transporter proteins comprising the machinery responsible for
transport into the lens.

Ill. THE MOLECULAR MACHINERY

A. Channels

Channels are integral proteins that enclose small water-filled cavities for the
movement of ions and water across the plasma membrane. Channels move
large numbers (10%/sec) of ions along their electrochemical gradients with
great fidelity. For example, K" channels select K* over Na™ with a precision
of 1 in 10* and water channels select water over ions and even protons. The
aquaporin and the gap junction connexin channels are the best understood
protein-forming channels in the lens. The proteins mediating the Na™ and
CI” conductance are undetermined (Mathias et al., 1997).

B. Aquaporins

Since water is the principal constituent of bodily fluid and tissues (55 M), the
characterization of its transport in cells and tissues is crucial to the under-
standing of the normal and pathological conditions of the lens. For many
years, it was assumed that water moved within and out of cells through the
lipid bilayer of the plasma membrane. This view changed by the identifica-
tion of a 28-kDa molecular weight integral protein (originally called
CHIP-28) found in tissues exhibiting high-water permeability such as
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kidney and red cells. When expressed in Xenopus oocytes, CHIP-28 induced
swelling in hypotonic buffers. Surprisingly, the large capacity for water
transport induced by CHIP-28 is not concomitant with a large capacity for
the transport of any other charge ion, including protons. This special selec-
tivity for water suggested the name “aquaporin,” and the original CHIP-28
become aquaporin-1 (AQP1). The family contains more than 150 proteins
that have a strict selectivity for water (the aquaporins), or are permeable to
water and neutral solutes, such as glycerol (the aquaglyceroporins) (see Agre
et al., 2002, for recent review).

Understanding of the mechanisms of water transport through aquaporins
started with the identification of two tandem repeats in the 28-kDa mono-
mer, each formed by three transmembrane alpha helices with two highly
conserved loops containing the signature motif, asparagine, proline, alanine
(NPA). A large body of information led to the hypothesis that each AQPI
subunit contains an aqueous pore shaped as an ‘“hourglass,” a structure
formed by the NPA boxes reentering the channel from opposite sides of the
membrane (Jung et al., 1994). This hypothesis was confirmed and refined
with the determination of the atomic structure of AQP1 (Sui et al., 2001) and
of the aquaglyceroprorin from E. coli named the glycerol facilitator (Fu
et al., 2000). The atomic structure of these channels demonstrates that each
28-kDa monomer is composed of six transmembrane alpha helices and two
half-spanning helices containing the NPA box. In cells, four channels are
assembled in a single particle (Figure 10C).

A pore at the center of the monomer (Figure 10A) is composed of
vestibules at the external and cytoplasmic surfaces connected by a narrow
section of 2.8 A in diameter close to the middle of the lipid bilayer (blue
region, Figure 10A). Charged residues at the vestibules exclude ions from the
pore. At the narrowest part, the pore arranges the carboxyl oxygen of the
polypeptide chain to resemble the contacts that a water molecule makes with
other water molecules while in solution. In a sense, the pore’s walls look like
water and trick the molecules to interact with the walls of the pore and
move across the membrane in accordance with the direction of the osmotic
gradient: a solution that is as simple as it is beautiful.

Lens Aquaporins. The lens expresses AQP1 in the anterior epithelium and
aquaporin-0 (AQPO) in cortical and nuclear fibers (Stamer et al., 1994).
Aquaporin-1 is expressed in many epithelia and thus it is not unexpected
that the undifferentiated anterior epithelium also expresses this water chan-
nel. On the other hand, cortical and nuclear fibers express AQPO (the former
MIP), a channel that represents ~50% of the integral protein of the plasma
membrane. The importance of the AQPO water channel in lens physiology is
underscored by the demonstration that mutations in the gene are linked to
genetic cataract in mice and humans. Four mouse AQP0O mutations includ-
ing point mutation at amino acid 51 (A51P), replacement of the last 61
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amino acids (203-263) at the carboxyl terminus by a transposon sequence
(CatFr), deletion of the AQPO amino acids 121-175 (Hfi) and deletion of
amino acids 46-49 (CatTohm) resulted in autosomal dominant cataracts
(Shields and Bassnett, 1996; Sidjanin et al., 2001; Okamura et al., 2003). In
humans, genetic linkage studies in two families identified mutations, such as
Glu-138-Gly that induce lamellar opacities throughout the lens and an
ensuing loss in vision. The atomic structure of AQP1 indicates that these
point mutations reside in important structural areas of the channel. There-
fore, the water permeability function of AQPO appears to be critical to lens
transparency.

Expression in heterogeneous systems has contributed to our understand-
ing of the water permeability function of lens AQP0O and AQP1 (Mulders
et al., 1995; Zampighi et al., 1995). Expression in Xenopus laevis oocytes is
particularly convenient because the water permeability of the cell (P;) and
the number of AQP0O and AQP1 channels are measured in the same oocyte.
These studies demonstrated that while AQP1 and AQPO increase the water
permeability of oocytes (Py), the permeability of the single AQP1 channel (py)
was ~40, larger than the permeability of the AQPO channel (Zampighi et al.,
1995; Chandy et al., 1997). Such a difference in single-channel water perme-
ability raises the question of why AQPO and AQP1 are expressed in different
regions of the lens.

A partial answer to the question was obtained by studying the distri-
bution, density, and state of aggregation of the AQPO channels in the
native fiber plasma membrane (Zampighi et al., 2002). The studies used
freeze-fracture-immuno-labeling (FRIL), a method based on the observation
that frozen biological membranes fracture down the middle of the phospho-
lipid bilayer-producing complementary protoplasmic (P) and external (E)
fracture faces (Figures 9 and 10). Proteins spanning the lipid bilayer, such as
AQPO, appear as intramembrane particles on the P fracture face, a fact that
allows labeling with immuno-gold complexes (Fujimoto, 1995; Rash and
Yasumura, 1999; Zampighi et al., 2002). In this manner, the distribution,
density, and arrangement of the AQPO channels can be deduced from the
patterns established by the immuno-gold complexes on the fracture faces.

Studies using FRIL unveiled an elaborated microdomain of AQPO distribu-
tion in the plasma membrane of equatorial fibers. In one microdomain, the
AQPO channels were seen intermingled with the endogenous complement of
integral proteins in the plasma membrane (red and dense dots, Figure 11). This
microdomain is consistent with AQPO’s function in water permeability because
the channels are exposed to wide (~20 nm) extracellular spaces. The density of
AQPO tetramers (~720 um ), as well as the single channel permeability (5 x
107'% cm3/sec) estimated in oocytes predict that the AQPO comprising this
microdomain increases the water permeability of the fiber over the water
permeability of the phospholipid bilayer (Zampighi et al., 2002).
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Figure 9. Distribution of AQPO tetramers (dark particles) and gap junctions (reddish
areas) in the protoplasmic (P) and external (E) fracture faces of the plasma membrane
of equatorial fibers (yellow, Figure 1). (A) Low magnification view showing 18 gap
junction plaques surrounded by AQPO tetramers (dark particles). The gap junction
plaques varied from small (8-10 channels) to large (~5000 channels). (B) and (C)
Higher magnification views of the regions inside the squares in panel A. In this
region, the AQPO tetramers (dark particles) are located outside the gap junction
plaques. Scale bars: (A), 1.0 um; (B) and (C), 400 nm. Reprinted from Experimental
Eye Research, Vol. 75, Zampighi et al., Micro-domains of AQPO in lens, pp.
505-579., 2002, with permission from Elsevier.

The AQPO channels also infiltrate the gap junction plaques (Figure 9)
indicating that AQPO and gap junction channels colocalize in the same
plaque (Figures 12 and 13). Such colocalization of both types of channels
raises the possibility that AQPO has a secondary function in cell-to-cell
communication. Finally, the AQPO channels also form specialized “fiber
junctions” composed of square arrays abutted against a protein-free plasma



91

Cytoplasrﬁic

Figure 10. Atomic structure of the AQP1 water channel. (A) The pore that passes water (blue) is composed of vestibules at the
extracellular and cytoplasmic surfaces and a narrow pore with a constriction close to the middle of the bilayer. (B) Six transmembrane
helices form a right-handed bundle across the lipid bilayer. The long helix 1 in front (red) has the amino terminus and helix 6 (magenta)
the carboxyl-terminus. (C) In cells, four monomers (24 transmembrane alpha helices) form a particle (the tetramer). Each monomer is
colored differently, and one is represented with a space filled model (from Sui et al., 2002).
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Figure 11.  Immunolocalization of Cx50 (dark particles) at the lens equator. The red
particles in the vicinity of the immuno-gold particles in the P face represent potential
intramembrane particles corresponding to Cx50 hemichannels. H and C indicate the
equilibrium of hemichannels and channels in the plasma membrane of equatorial
fibers. Scale bar: 200 nm (from, Zampighi, 2003).

membrane, which are arranged in long ribbons (yellow regions, Figure 14;
Zampighi et al., 2002). Such a particular arrangement of fiber junctions is
thought to function in fiber adhesion.

In conclusion, the water channel AQPO is the most abundant integral
protein in lens plasma membrane of cortical and nuclear fibers. Genetic
linkage indicates that mutations in AQPO result in cataracts and loss of vision.
While there is no doubt that a significant amount (~50%) of AQPO function as
water channels, some AQPO appear to play a role in fiber adhesion and
perhaps also in communication through association with the gap junction
channels. How these novel functions of AQPO impact lens homeostasis and
cataract formation, however, remains a topic for further investigation.
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Figure 12. Distribution of AQPO (dark particles) in equatorial fibers. The red
particles represent the integral proteins of the fiber plasma membrane. The AQPO
channels in this region of the plasma membrane are thought to function in
water permeability. Scale bar: 500 nm. Reprinted from Experimental Eye Research,
Vol. 75, Zampighi et al., Micro-domains of AQPO in lens, pp. 505-579., 2002, with
permission from Elsevier.
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Figure 13. Colocalization of AQPO (dark particles) and gap junctions (red areas).
(A) Five gap junction plaques (red regions) are labeled with immuno-gold particles
representing the AQPO water channel. (B) Higher magnification views of a P face of a
large gap junction. (C) Higher magnification of the E face of the gap junction plaque
composed of complementary pits. Scale bars: (A), (B), and (C), 400 nm. Reprinted
from Experimental Eye Research, Vol. 75, Zampighi et al., Micro-domains of AQPO
in lens, pp. 505-579., 2002, with permission from Elsevier.

C. Connexins

The connexin family encompasses 21 proteins that function as cell-to-cell
channels (dodecamers) and as hemichannels (hexamers). Connexin channels
span the plasma membranes of adjacent cells, bridge the intervening extra-
cellular space, and aggregate to form the aforementioned “gap junctions”.
Each channel encircles a large water-filled pore of ~2 nm diameter at the
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Figure 14. Overall distribution of connexins and AQPO channels in the plasma
membrane of equatorial fibers. Low magnification view (~28 pm?) shows the
arrangement of AQPO channels in the P face of the nonjunctional plasma membrane
(dark particles) and the distribution of “fiber junctions’”” (yellow areas) composed of
gap junction channels intermingled with AQPO. Model of an equatorial fiber with the
approximate distribution of AQPO and gap junctions along their apical-basal axis.
The apical end (the modiolus) contains the gap junction plaques (red areas) and the
diffuse AQPO water channels (green dots). The green band indicates the distribution
of mixed junctions composed of connexin and aquaporin channels. Scale bar: 1.5
pm. Reprinted from Experimental Eye Research, Vol. 75, Zampighi et al., Micro-
domains of AQPO in lens, pp. 505-579., 2002, with permission from Elsevier.

geometrical center (Unwin and Zampighi, 1980). A pore of such dimensions
should allow the passage of ions and, at least in principle, of most second
messenger molecules between the cytoplasm of adjacent cells. Consequently,
the functions attributed to the gap junction channels are diverse. In excitable
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tissues, they synchronize smooth and cardiac muscle contraction and the
fight-or-flight reflexes in arthropods and fish. In nonexcitable tissues, such as
the lens, gap junctions are thought to set the resting voltage and to provide a
pathway for nutrients and second messenger molecules to move within the
lens interior (Mathias et al., 1997). They are also thought to control fiber
maturation and lens size (White et al., 2001).

In contrast, connexin hemichannels span a single plasma membrane,
which give them a possible role in cell permeability. In fact, when expressed
in oocytes, Cx50 hemichannels function as nonselective with high conduc-
tance and their activity is dependent on the extracellular calcium concentra-
tion and intracellular pH (Zampighi et al., 1999). While the contribution of
hemichannels to the permeability of single cells would certainly be physio-
logically significant, no experimental data directly supports such a role in the
lens or any other tissue in the body.

Lens Connexins. The lens is an extremely well-coupled tissue. Electro-
physiological experiments indicate that the cortex of the lenses of control
mice exhibits a specific conductance per unit area of plasma membrane (G;)
of ~1 S/cm?. Although lower than the cortex, the specific conductance in the
nucleus is also sizable (0.4 S/cm?) (Baldo et al., 2001). Three connexin iso-
forms, which are encoded by different genes, construct the channels that
mediate this coupling. The anterior epithelium expresses connexin43 (Cx43),
while the cortical and nuclear fibers express connexind6 (Cx46) and con-
nexin50 (Cx50). The functional properties of these connexins are actively
investigated using expression systems and biophysical methods.

Mouse genetics has contributed to the characterization of the gap junc-
tion network in the lens cortex and nucleus (Baldo et al., 2001). The knock-
out approach used in these experiments involves the systematic ablation of
selective connexins and the study of the lenses by a variety of methods,
including electrophysiology, morphology, and biochemistry. The ablation
can be complete (7/~, homozygote) or partial (7', heterozygote). Since
fibers express Cx46 and Cx50 in equimolar amounts (Koenig and Zampighi,
1995), one would have expected that the ablation of one isoform should have
decreased the gap junction conductance, G;, by one-half in both the cortex
and nucleus. Measurement of G; in lenses with complete ablation of Cx46
(7/7) revealed, however, that the coupling in equatorial fibers remained at
~30%, while the coupling in nuclear fibers fell to 0%. Lenses with partial
ablation of Cx46 ('~ heterozygote) remained at ~70% of G; in equatorial
fibers and ~50% in the nuclear fibers. The partial ablation of Cx50 also
remained at ~70% of the coupling in the equatorial fibers but rose to 100%
in the nuclear fibers. In conclusion, Cx46 appears responsible for the entire
coupling in nuclear fibers and for most of the coupling in cortical fibers.
Unexpectedly, Cx50 plays a role in lens development rather than cou-
pling because its partial, or total ablation induces microphthalmia. Lenses
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exhibiting complete ablation of Cx50 (homozygotes) were difficult to study
because of their extreme fragility.

The changes resulting from the genetic ablation of Cx46 and Cx50 can be
understood by assuming that the gap junctions contain mixtures of homo-
meric (constructed of a single isoform) and heteromeric (constructed of two
or more isoforms) gap junction channels. Biochemical evidence supports the
existence of heteromeric channels composed of Cx46 and Cx50 in bovine
lenses, yet this hypothesis fails to explain why Cx46 is solely responsible for
coupling in the lens nucleus. Therefore, while the mouse genetics approach
underscores the importance of the gap junction network in lens homeostasis
and development, the mechanism, by which these channels establish their
action, remains undetermined.

A possible answer for explaining the need for multiple isoforms involves
determining the distribution of Cx46 and Cx50 in the surface of fibers.
Immunofluorescence experiments using antibodies against Cx46 and Cx50
indicate that these proteins are distributed along the entire length of the fiber
(Lo et al., 1996). Unfortunately, immunolocalization has limited spatial
resolution and cannot establish whether Cx46 and Cx50 are distributed in
gap junctions, arranged as hemichannels or associated with other proteins,
such as AQPO, in the plasma membrane.

To determine the arrangement as well as the oligomeric states (channels
or hemichannels) of these connexins, several investigators have used freeze-
fracture and FRIL methods. These studies have also indicated to an extensive
gap junction network in the lens. Gap junctions are present in the anterior
epithelium (Figure 3), and the apical interface connecting the anterior epithe-
lium with the posterior cortical fibers (Figure 6). More importantly, however,
these studies demonstrated that the lens equator exhibits the highest density of
gap junctions (Figures 7 and 13). The extensive lateral surface of cortical and
nuclear fibers contained ribbons of “fiber junctions” consisting of mixtures of
AQPO and gap junction channels (Figure 14). On the other hand, the distribu-
tion of connexin hemichannels is still undetermined. Preliminary observations
suggest that the density of Cx50 hemichannels is substantially lower than the
density of gap junction channels. Channels and hemichannels appear to be at
an equilibrium that can be altered by phosphorylation (Zampighi, 2003). In
summary, a single connexin isoform (Cx46) can explain coupling in lens
cortical and nuclear fibers. The contribution of Cx50 appears limited to the
equatorial fibers and the GATING induced by cytoplasmic acidification. An unex-
pected observation resulting from the partial and total ablation of Cx50 is its
critical involvement in lens development. The mechanisms responsible for these
changes remain undetermined.

Regulation of the connexin pathway. The ability of fibers to regulate Gi
under physiological stimulation is a key requirement for maintaining ho-
meostasis of nuclear fibers. One obvious advantage of regulation is the
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avoidance that damage to a single fiber can propagate to extensive regions of
the lens. Also, regulation of the gap junctional conductance might induce
subtle changes in the magnitude and direction of the fluxes of nutrients and
waste from the lens surface to the interior.

Different mechanisms can regulate the conductance of the gap junction
pathway. One mechanism involves triggering channel gating by changing the
transjunctional voltage, the intracellular calcium, or the hydrogen concen-
tration. In the lens, this mechanism is thought to prevent that the damage
resulting from the death of a single fiber spreads to its neighbors. Another
mechanism involves changing the total number of gap junction channels by
modifying protein synthesis, or by altering the rate of insertion, or retrieval
from the plasma membrane. The paucity of organelles, however, complicates
our understanding of how these fibers can regulate the intracellular calcium
concentration, control protein synthesis, or orchestrate the traffic of hemi-
channels into the plasma membrane. There is mounting experimental evi-
dence suggesting that the number of gap junction channels can be regulated
by their disassembly into individual hemichannels. According to this evi-
dence, hemichannels gather in microdomains of the plasma membrane called
“lipid rafts” instead of being retrieved into the cytoplasm. These rafts are
small (~70 nm diameter) patches—rich in cholesterol and sphingomyelin—
which assemble temporarily in the membrane (Simons and Toomre, 2000;
Razani et al., 2002). Since raft formation is reversible, hemichannels can be
recycled back into gap junction channels when influenced by cellular signals,
such as phosphorylation. The regulation of gap junctional conductance by
the cycling of hemichannels between gap junctions and lipid rafts is a
hypothesis that awaits further experimentation.

D. Potassium Conductance

Studies in the intact lens indicate that the K conductance appears asso-
ciated exclusively with cells in the lens surface, predominantly near the
anterior epithelium (Rae, 1994). K* channels contribute to the maintenance
of the fiber resting potential, as we know from experiments where blockers of
these channels produced small depolarization when applied to the whole
lens. The channels belong to at least three major types: inward rectifiers,
large-conductance calcium-activated channels, and delayed rectifiers (Rae
et al., 1990; Rae and Shepard, 2000). Inward rectifier channels allow large
inward currents at voltages negative to the K* equilibrium (E) and outward
currents over a limited range of voltage positive to E; but are blocked at
more positive voltages. The inward and delayed rectifiers are opened at —60,
—40, and —30 mV, respectively, and are thought to contribute to the lens
resting potential. The large-conductance calcium-activated channels (BK)
are closed at normal intracellular calcium concentration, but open if the
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concentration reaches the micromolar range. The BK channels might be
responsible for the increase in calcium observed in cataracts.

E. Sodium and Chloride Conductance

Epithelia express a special type of Na* channel (the “epithelial sodium
channel,” ENaC) that is characterized by its sensitivity to the drug amilor-
ide. This channel is thought to play a critical role in epithelial Na™ homeo-
stasis. Mutations that delete or disrupt a C-terminal motif increase renal
Na' absorption, causing a genetic form of hypertension. In spite of their
importance in epithelial physiology, however, ENaC channels have not
been identified in the lens. The particular protein responsible for this con-
ductance is not known and the inflow of Na™ is thought to occur through a
leak conductance present in each fiber (Mathias et al., 1985). Since the
number of fibers is very large, the magnitude of this conductance is also
large and represents one of the critical components of the circulating fluxes
model.

Several lines of experimental evidence, including the presence of CI™
channels in vesicles isolated from plasma membranes of internal fibers, as
well as ion substitution studies from isolated lenses, suggest that C1™ channels
might be present in inner cortical and nuclear fibers. This finding is important
because, in diabetes, the osmolyte sorbitol accumulates in the cytoplasm.
The osmotic insult can be compensated by Cl™ efflux from the cytoplasm.
In the cortical fibers, the membrane voltage favors efflux but in the deeper
fibers the membrane voltage favors a CI™ influx and further favors fiber
swelling. In this model, osmotic cataract might result from the inability of
deeper fibers to regulate their volume leading to their breakdown and precip-
itation of the crystallins (Donaldson et al., 2001). Yet, it is not clear whether
the C1™ influx into the deeper fibers is the sole cause of the fiber cataract or
whether other mechanism, such as Ca™ ™" entrance might also be involved in
the process.

F. Transporters

Transporters are present in all types of cells and occur in many forms. Each
transporter protein is designed to move a different class of compounds—
ions, sugars, and amino acids—into the cytoplasm. Some move a single
solute across the membrane (uniports). Others function as cotransporters,
in which the movement of one solute depends on the transfer of a second
one, either in the same direction (symport), or in the opposite direction
(antiport). While it is expected that the lens contain a variety of transporters,
only a few types have been identified by molecular biology and biochemical
methods. The following paragraphs discuss the Na,K-ATPase antiporter
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that uses ATP to translocate Na® and K" against their electrochemical
gradients, and the glucose facilitated uniporters of the GLUT family.

G. The Na,K-ATPase Antiporter

From early on, it was realized that lenses exhibit currents in their surface
resulting from the activity of the Na,K-ATPase transporter. Experiments
performed by placing isolated lenses in an Ussing type chamber revealed
currents that enter at the anterior pole exit at the posterior pole. The
direction of these currents indicated a large density of Na,K-ATPase
molecules in the anterior epithelium. When the currents were measured in
freestanding lenses using a vibrating probe, however, the direction of the
currents changed; they entered at the anterior and posterior poles and exited
at the equator (Robinson and Patterson, 1983; Candia and Zamudio, 2002).
The direction of the currents measured with the vibrating probe indicates the
presence of active Na,K-ATPase pumps at the equator. This observation has
revolutionized our understanding of the structure and function of the lens.

The catalytic properties of the Na,K-ATPase (3 Na® out, 2K in per
ATP) are provided by a 100-kDa polypeptide, called the alpha subunit. The
pumps also have an accessory ~40-kDa polypeptide, the beta subunit, the
function of which is not well understood. There are four alpha subunit
isoforms: alphal, alpha2, alpha3, and the testis-specific alpha4 (for review,
see Kaplan, 2002), but where they are found depends on the tissue under
study. In the frog lens epithelium, RNA protection assays show the presence
of alphal and alpha2, but not alpha3 isoforms (Gao et al., 2000). In the
ovine lens, immunofluorescence experiments indicate that all three isoforms
are present in the anterior epithelium and the equatorial fibers. In spite of the
presence of the Na,K-ATPase proteins, the activity of the enzyme (measured
in plasma membrane fractions isolated from different regions of the rabbit
lens) appears restricted to the lens cortex (Delamere and Dean, 1993). In the
deeper cortical and nuclear fibers, the alpha subunit is present, but the
activity of the pump is undetectable.

In summary, a series of experimental observations indicate that active Na,
K-ATPase pumps located in the lens cortex maintain the Na* and K*
homeostasis of the entire lens. These observations underscore the impor-
tance of polarization and the establishment of extensive pathways
allowing communication between the surface and the fibers occupying the
lens interior.

Glucose transporter. Sugars, such as D-glucose, D-fructose, and D-galac-
tose, are the principal sources of carbon and energy in cell metabolism. Due
to their large size, sugars require specialized transporters to cross the phos-
pholipid bilayer. In contrast to Na™,K*-ATPase transporter that requires
energy to translocate cations, sugars enter the cell passively, driven only by
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the concentration gradient. Of the five isoforms of the GLUT family of
proteins, GLUT1, GLUT3, and GLUT4 are relatively high-affinity glucose
transporters (20, 10, and 2 mM, respectively). GLUT2 has a much lower
affinity (~40 mM) and GLUTS does not transport glucose at all. The amino
acid sequence of the transporters predicts a secondary structure composed of
12 membrane-spanning alpha helices with the amino and carboxyl termini at
the cytoplasmic surface. The transport mechanism is not well understood,
but kinetic studies suggest the transporters possess outward- and inward-
facing sugar-binding sites. Reorientation of the transporter-sugar complex
requires a transition state, in which neither binding site is exposed. Sugar
translocation is thought to occur as the protein oscillates between the two
conformations.

In the lens, facilitated transport of glucose takes place at both the anterior
epithelium where GLUT]1 is expressed and at the fibers where GLUT?3 is
expressed (Merriman-Smith et al., 1999). There is no explanation of why the
anterior epithelium should express a different isoform than the fibers.
GLUT3 has a lower K, than GLUT1 (~10 mM vs. ~20 mM). This is
important because GLUT3 receptors appear to be upregulated in diabetes,
a condition known to induce osmotic cataract. Whether the upregulation of
glucose transporter is directly involved in cataract formation, however,
remains to be determined.

Na—nHCO;™ cotransporter. Wolosin et al. (1990), measuring the pH
regulation in the toad lens epithelium, concluded that lens epithelial cells
possess a DIDS-sensitive electrogenic Na—-HCOj3 cotransporter. The pres-
ence of such a cotransporter has now been confirmed immunohistochemi-
cally by Bok et al. (2001) using an antibody to the pancreatic form of the
Na-HCOj3 cotransporter (pNBC1). This transporter is expressed in baso-
lateral and apical membranes of the anterior and equatorial lens epithelium.

IV. THE CIRCULATING FLUXES MODEL

The circulating fluxes model is an attempt to integrate a large body of
information obtained from electrophysiological, morphological, and molec-
ular biology methods (Mathias et al., 1997). The model will suffer the
inevitable fate of being proven wrong in some or many details by advances
in cell and molecular biology. The hope is that nevertheless, it will stimulate
investigators who search for a synthesis of the diverse and sometimes
contradictory experimental observations obtained by studying the lens.
The circulating fluxes model is based on the observation made almost two
decades ago that freestanding lenses of several species exhibit currents
directed inward at the poles and outward at the equator (Robinson and
Patterson, 1983). The fundamental proposal of the model is that these
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currents represent fluxes of ions, small molecules, and water that circulate
throughout the lens and maintain the homeostasis of the nuclear fibers that
lack direct access to the aqueous and vitreous humors.

The fluxes originate with the influx of Na™, the principal extracellular
cation (~150 mM), through the paracellular pathway composed of the
intercellular spaces separating the cells and fibers at the anterior and poste-
rior poles. At the poles, the suture lines create an intercellular path into
the lens interior (Figure 7). When Na™ enters, CI~ follows to preserve
electroneutrality and water to relieve osmotic pressure.

Inside the lens, Na*, Cl~, and water cross the plasma membrane and
enter the cytoplasm of the fibers. The molecular basis of the Na™ influx is
undetermined and the circulating fluxes model proposes that it is mediated
by a leak conductance. The molecular basis of the CI~ conductance is also
poorly understood, although some evidence suggests that Cl~ channels
might be located in the cortical fibers. The influx of water can be explained
by the permeability of the phospholipid bilayer (~1 x 10~* cm/sec) and the
abundance of AQPO water channels in the plasma membrane (Figures 10
and 11). K™, the principal cytoplasmic cation, is thought to exit through K*
channels located in the cells of the anterior epithelium. In summary, the
inflow of Na™, ClI-, and water and the outflow of K are principally
responsible for the fluxes that move nutrients within the lens interior.

The balance of Na™ and K™ from fibers is returned to the original
conditions by the activity of the Na,K-ATPase, which is located preferen-
tially in the anterior epithelial cells and the equator. To reach the cells and
fibers containing active Na,K-ATPase, Na* relies on an extensive gap
junction pathway composed of Cx43, Cx46, and Cx50. The Cl™ efflux is
proposed to occur in the superficial cortical fibers due to their more negative
membrane voltage. The role of other important cations, such as Ca*™"
remains undetermined.

In conclusion, the principal components of the circulating fluxes model
are the asymmetric location of the Na,K-ATPase at the lens equator, the
extensive network of gap junction channels and the difference in resting
membrane potential between fibers in the lens interior and surface. The crux
of the model is that the movement of ions establishes a net flow of water that
allows nonelectrolytes, such as glucose, to circulate throughout the lens. This
primitive yet effective circulatory system permits the lens to grow many
times larger than would be allowed if nutrients had to reach the interior
strictly by diffusion from the aqueous and vitreous humors. In essence, the
circulating fluxes model is a modification of the more general phenomena of
transport through epithelia.

A second mechanism of fluid transport through the lens has been
described by Fischbarg et al. (1999). These authors observed that both
(a) cultured layers of lens epithelial cells, and (b) the in vitro rabbit lens
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epithelium moved fluid from aqueous side into and through the lens. In the
in vitro rabbit lens the fluid transport reported was of the order of 10 puL/
h-lens, which would be sufficient to exchange the extracellular fluid volume
of the lens in 1.5-2 h and in the process bringing in nutrients and removing
metabolites.
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I. INTRODUCTION

The vitreous body occupies a volume of about 4.5 ml and is the largest single
structure in the eye, making up approximately 80% of its total volume.
Anteriorly, the vitreous is delineated by, and adjoins the ciliary body, the
zonules and the lens; posteriorly, it adjoins the retina (Figure 1).
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Figure 1. Diagram of the anatomy of the human vitreous. The orientation of the
collagen fibrils and the attachment zone in the vitreous base (basal vitreous) is
shown, from Bishop (2000).

The vitreous body supports the retina, and is probably necessary for the
maintenance of the clarity of the lens (Harocopos et al., 2004). Via anomalous
posterior vitreous detachment (PVD) (Sebag, 2004) vitreoretinal pathology
can have devastating consequences for visual function, and removal of
pathological vitreous by vitrectomy is a common surgical procedure. In
the following paragraphs, we will discuss the anatomy, and molecular
organization of the vitreous, as well as its development and aging changes.

Il. GROSS ANATOMY

The mature vitreous body is a transparent gel, which consists of glycosami-
noglycans and collagen fibrils. In the adult, emmetropic eye, the mean axial
length of the vitreous is 16.5 mm (Luyckx-Bacus and Weekers, 1966). The
vitreous body occupies the vitreous cavity, and has an almost spherical
appearance, except for the anterior part, which is concave corresponding
to the presence of the crystalline lens. Anatomically, the vitreous can be
subdivided into a number of anatomical regions including the basal, central,
and cortical vitreous (Figure 1).

The main bulk of the vitreous is composed of the central vitreous, which
contains the canal of Cloquet. This structure is a remnant of the fetal hyaloid
vascular system, and it joins the optic disc and the posterior surface of the
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Figure 2. Dark field slit microscopy of the posterior and central vitreous of a
59-year-old male. The longitudinally oriented central fibrils around the canal
of Cloquet, as well as the condensed cortical vitreous are clearly visible, from
Sebag (2002).

lens. In individuals below 35 years of age, the canal of Cloquet, and through
it the anterior vitreous, is firmly attached to the posterior lens capsule. This
attachment is denoted the ligament of Wieger. In the central vitreous, the
collagen fibrils mainly course in anterior—posterior directions, parallel to
the canal of Cloquet (Figure 2).

The vitreous base is an annular zone that straddles the ora serrata (i.e., the
junction between the retina and pars plana of the ciliary body). The vitreous
base is a zone of very firm attachments between the vitreous, the retina, and
pars plana (Figure 3). It extends from 1.5-2 mm anterior to the ora serrata
to 0.5-2.5 mm posterior to it (Bishop, 2000; Wang et al., 2003).

The vitreous cortex is a 100- to 300-um thick layer that surrounds the
central vitreous. The density of collagen fibrils is higher than in the central
vitreous, and they course parallel to the surface of the vitreous. Posterior to
the vitreous base, the cortical vitreous is less firmly attached to the retinal
surface. However, focal points of more firm attachment exist around major
retinal vessels, at the fovea, and, most notably, around the optic disc.
Clinically, the term anterior and posterior hyaloid is used to denote the
anterior and posterior vitreous cortex. Sometimes the term hyaloid mem-
brane is used for the vitreous cortex, but this is a misnomer, since the
vitreous cortex is not a true membrane (Heegaard, 1997; Bishop, 2000).
The term ‘“hyaloid” should be avoided except to refer to the central
artery during vitreous embryogenesis. The vitreoretinal interface is an
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Figure 3. Dark field slit microscopy of the vitreous base region in a 58-year-old
female. L denotes the crystalline lens. Anteriorly fibers are seen to fan out prior to
insertion in the vitreous base (arrow), from Sebag (2002).

ultrastructurally defined region that includes the outer part of the vitreous
cortex and the inner part of the internal limiting lamina of the retina
(Heegaard, 1997). The molecules that are located between these structures
include laminin and fibronectin, as well as other typical components of an
extracellular matrix (Sebag, 1991).

A. Ultrastructure and Biochemistry

The vitreous is a gel that contains more than 99% water. The gel is stabilized
by collagen fibrils, glycosaminoglycans, and proteoglycans. The collagen
composition in the vitreous resembles that in cartilage. The main collagen
type is collagen II, which constitutes approximately 75% of the total vitreous
collagen. Smaller amounts of collagen type V, IX, and XI are also found
(Sebag, 1998a; Bishop, 2000; IThanamaéki et al., 2004). Collagens II, V, and
XTI are fibrillar collagens, whereas collagen IX is a so-called fibril-associated
collagen with interrupted triple helices, or FACIT collagen (Ihanamiki
et al.,, 2004). Collagen II exists in two forms due to posttranscriptional
splicing. Collagen IIA predominates in the vitreous, whereas collagen II1B
is more abundant in cartilage. Collagen IIB is a smaller molecule because it
lacks exon 2 due to alternative posttranslational splicing (Bishop et al., 1994;
Donoso et al., 2003).

All collagens incorporate the characteristic polypeptide a-chains, in which
every third amino acid is the small glycine residue. The a-chains are synthesized
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as preprocollagen, which, after some posttranslational modifications, are as-
sembled into the triple-helical procollagen molecule. The triple-helix of procol-
lagen is tightly twisted, with an almost rod-like structure. The tightness of
procollagen is made possible by the primary structure of collagen, where every
third amino acid is the small glycine residue, which fits into the narrow core of
the triple helix. Procollagen is the secreted entity. Once in the extracellular
space, specific proteases remove N- and C-terminal globular proteins, and
procollagen subsequently undergo self assembly into collagen fibrils. Procolla-
gen Il is a homotrimer, consisting of three identical a-chains that form the rod-
like triple helix, which is the building block of the collagen II fibrils. For the
other vitreous fibrillar collagen, type V-XI, the procollagen is a heterotrimer
that consists of a-chains both collagen V and collagen XI; the stoichiometry of
the two is unknown (Bishop et al., 1999; Thanamiki et al., 2004).

The major collagen fibrils in the vitreous are assembled from more
than one type of procollagen, and are thus heterotypical (Bishop, 2000;
Thanamaéki et al., 2004). The FACIT collagen IX molecules are regularly
aligned along the surface of the vitreal fibrils. Vitreal collagen IX is a
proteoglycan, which probably prevents aggregation, or fusion, of these
fibrils (Bishop et al., 2004).

Defects in the genes encoding the vitreal collagens have been shown to
result in vitreoretinal degenerations. Stickler syndrome is a disease charac-
terized by an optically “empty” vitreous and a high frequency of rhegmato-
genous retinal detachments. Extraocular manifestations in Stickler
syndrome include flattened facies, arthropathy, hearing loss, and cleft
palate. The systemic phenotype might vary considerably, but two main
vitreous phenotypes, membranous and beaded, have been described
(Snead and Yates, 1999; Richards et al., 2000; McLeod et al., 2002; Donoso
et al., 2003). Mutations in the type II collagen gene COL2A1 have been
shown to result in the membranous phenotype of Stickler syndrome. Inter-
estingly, mutations in exon 2 of COL2A, which is expressed in the eye, but
not in (adult) cartilage, result in the membranous vitreal phenotype, but only
in minimal or absent extraocular manifestations (Richards et al., 2000;
Donoso et al., 2003). Mutations in the type XI collagen gene COL11A1
have been linked to the beaded phenotype of Stickler syndrome (Donoso
et al., 2003).

The other main extracellular matrix component of the vitreous is
glycosaminoglycans or GAG’s. The major GAG of mammalian vitreous
is hyaluronan (formerly denoted as hyaluronic acid). Hyaluronan is a non-
sulphated GAG polyanion, which is capable of binding large amounts of
water. The volume of the unhydrated hyaluronan is 0.66 cm®/g, whereas the
volume of hydrated hyaluronan is 2000-3000 cm?/g (Sebag, 1998a). The
molecular weight of hyaluronan in human vitreous is probably in the order
of 3 million. The molecule coils and forms loose left handed helices in
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aqueous solution. In contrast to true gels, hyaluronan has viscoelastic prop-
erties which indicates that it does not form stable intermolecular associations
(Almond et al., 1998; Bishop, 2000). Chondroitin sulphate is a sulphated
GAG chain that forms part of two vitreous proteoglycans: type IX collagen
and versican. These molecules probably link the hyaluronan to the fibrillar
skeleton of the vitreous (Reardon et al., 1998; Bishop, 2000).

The structure of the vitreous is critically dependent on its collagen con-
stituents, and proteolytic enzymes are under investigation as adjunct to
vitrectomy, so-called Pharmacologic Vitreolysis (Sebag, 1998b; Tanaka
and Qui, 2000; Sebag, 2002a). Depolymerization of vitreal hyaluronan on
the other hand results in gel wet weight reduction, but not in gel destruction
(Bishop et al., 1999).

The vitreous contains few cells, the so-called vitreocytes or hyalocytes
(Figure 4). These cells have some monocyte markers, and are more numer-
ous in the anterior vitreous (Lazarus and Hageman, 1994; Haddad and
Andre, 1998).

B. Biophysical Aspects

The intact vitreous gel structure acts as a barrier against bulk movement of
solutes. High concentrations of antioxidants, such as ascorbic acid, can
therefore accumulate in the vitreous, and this might help to protect the
lens against oxidative damage (Takano et al., 1997). It is well known that

Figure 4. Scanning electron micrograph of the inner surface of the anterior retina
and ciliary body in a rabbit. A free cell, a presumptive vitreocyte, with a warty
surface is seen in the cortical vitreous close to the retina. The network of collagen
fibrils in the cortical vitreous is also clearly seen, from Haddad and André (1998),
with permission from Elsevier.
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lack of the vitreous gel, congenital or acquired, is associated with an
increased risk of cataract formation (Takano et al., 1997; Snead and Yates,
1999; Richards et al., 2000; Harocopos et al., 2004). The vitreous gel is also
hypothesized to act as a sink for potassium ions siphoned out of the Miiller
cell end-feet during light-induced changes in retinal metabolism (Newman
et al., 1984).

The ability of the vitreous to prevent bulk movement of solute depends on
the degree of liquefaction of the gel. Since the vitreous by design is invisible,
it is difficult to assess the degree of liquefaction by ophthalmic imaging
techniques (Sebag, 2002). However, diffusion within the vitreous of a tracer
substance, fluorescein, can be illustrated in vivo in humans by vitreous
fluorophotometry (Lund-Andersen et al., 1985). After intravenous injection
of fluorescein a small amount passes through the ocular barriers into the
anterior chamber and the vitreous body. In the vitreous, the fluorescein
concentration can be measured noninvasively by vitreous fluorophotometry,
and the distribution of this tracer within the vitreous can be followed over
time. Figure 5 shows measurements with vitreous fluorophotometry from
two individuals. The individual in panel A has an intact posterior vitreous,
whereas the individual in panel B has a posterior vitreous detachment with
mobile liquefied posterior vitreous that allows equalization of the fluorescein
concentration by convective fluid movements (Moldow et al., 1998).

C. Development

The development of the vitreous is classically described in three stages
(Duke-Elder and Cook, 1963). The primary vitreous constitutes the vascular
mesenchyme around the hyaloid vessels that invade the vitreous cavity
through the inferior fissure in the optic cup during the 5th-7th week of
development (Azuma et al., 1998). The secondary vitreous develops around
the primary vitreous, and compresses it to the axial vitreous cavity. Mean-
while, the hyaloid vessels continue to develop, and eventually form a rich
vascular network around the lens. However, from the 5th gestational month,
the hyaloid vascular system undergoes apoptotic regression, and at birth its
only remainder is the canal of Cloquet (see Figure 1) (Duke-Elder, 1963).
Incomplete regression of the primary vitreous causes a variety of ophthal-
mologic clinical entities, among them congenital cataracts, falciform retinal
detachments, and persistent hyperplastic primary vitreous (Goldberg, 1997,
Mullner-Eidenbock et al., 2004). The secondary vitreous extends into the
area of the future zonules and posterior chamber. From the 6th gestational
month, the zonular fibrils start to develop, and at the same time the anterior,
triangular part of the secondary vitreous regresses. Because the zonules, and
the posterior chamber, replaces a part of the secondary vitreous, these
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Figure 5. |Intravitreal fluorescein profiles as measured in vivo with vitreous
fluorophotometry 30 minutes after an intravenous injection of fluorescein. Panel
(A) shows the fluorescein concentration profile in an individual with an intact
vitreous, and the inward diffusion of fluorescein through the gel is reflected by the
decreasing concentration towards the center of the vitreous. Panel (B) shows the
fluorescein concentration profile in an individual with a complete posterior vitreous
detachment. Apart from the fluorescence peak derived from the retina, there is a
uniform distribution of fluorescein in the posterior vitreous, probably caused by
convective movements in the liquefied vitreous, data from Moldow et al. (1998).
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structures are classically denoted the tertiary vitreous (Duke-Elder and
Cook, 1963).

In all stages of development, hyaluronan is the major GAG in both
primary and secondary vitreous (Azuma et al., 1998). In very early develop-
ment, most vitreal collagen is type III; however, at the 8th gestational week,
vitreal type III collagen is replaced by type I, which subsequently predomi-
nates (Azuma et al., 1998). The vitreal extracellular matrix is synthesized by
cells in the retina, presumably Miiller cells, by the cells in the hyaloid
vascular system, and presumably also by cells in the ciliary body (Azuma
et al., 1998; Bishop et al., 2002).

I1l. AGING OF THE VITREOUS

In young individuals, the vitreous is optically homogenous when examined
in vivo with the slit lamp or, by dark-field microscopy, in enucleated eyes
(Sebag, 1989, 2002a). Aging results in structural changes in the vitreous
(Sebag, 1987), as well as characteristic alterations in the strength of vitreo-
retinal adhesion (Sebag, 1991) (Figure 6).

Figure 6. Human vitreous body of a 9-month-old child. The sclera, choroids, and
retina are dissected away from the posterior segment, although the retina is still
attached to the anterior vitreous. This young vitreous gel is firm, and retains its
shape despite the specimen being situated on a surgical towel in room air, from
Sebag (2002).
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After the first few decades of life, fine parallel fibers appear coursing in the
anterior—posterior directions, and mainly attached in the vitreous base and
optic nerve head regions. Other fibers occur in the vitreous cortical region
and take a circumferential course (Figures 2 and 3). The appearance of
visible fibers in aging vitreous is due to aggregation of the collagen fibrils
(Sebag, 1989). Collagen IX is present on the surface of vitreal collagen fibers,
and its chondroitin sulphate side chain is believed to prevent aggregation of
the fibrils, and perhaps thereby maintain the integrity of the gel itself
(Bishop, 2000; Bishop et al., 2004). It has recently been shown that aging
is associated with a progressive loss of collagen IX from the surface of the
vitreous fibrils, and at the same time with an increasing availability of
collagen II epitopes on the surface of these fibrils (Bishop et al., 2004). This
supports the hypothesis that the “sticky” collagen II is “painted” with
“slippery” collagen IX that prevents the collagen II from aggregating. Aging
results in the ‘“paint flaking off,” and the fibrils consequently sticking
together and forming aggregated, thicker, and visible fibers (Bishop, 2000).

Concurrent with the formation of visible fibrils in the vitreous, optically
empty spaces, or lacunae, start to evolve in the central vitreous (Figure 7).
Within these spaces, the vitreous gel is liquefied (Los et al., 2003). Eventual-
ly, the smaller lacunae of liquefied vitreous coalesce into larger cavities or
cisterns. In the central, and posterior vitreous a large cistern, named by Jan
Worst as the premacular bursa, may form (Worst, 1977; Sebag, 1998a). The
mechanisms of vitreous liquefaction remain poorly understood. It is not due
to selective loss of hyaluronan within the liquefied lacunae, since the con-
centration of hyaluronan is the same in liquid as in gel vitreous (Larsson and
Osterlin, 1985; Sebag, 1998a; Bishop, 2000). Breakdown of collagen fibrils
and loss of chondroitin sulphate proteoglycans have been found both within
and adjacent to areas of vitreal liquefaction. This suggests an enzymatic
rather than mechanical cause of the age-related vitreous liquefaction (Los
et al., 2003).

Aging also results in alterations in the strength of vitreoretinal adhesion
that characteristically are unevenly distributed across the vitreoretinal inter-
face. In the posterior part of the eye, there is a progressive weakening of the
vitreoretinal adhesion. In the anterior part of the eye, increasing age is
associated with remarkable changes in the vitreal base. There is a broadening
of the vitreal base, which is caused by a backward shift of its posterior border.
At the same time this border becomes more irregular. At 20 years of age, the
posterior border of the vitreous base extends only 0.5 mm posterior to the ora
serrata; however, beyond 60 years of age this border extends more than 1.5
mm further posteriorly (Bishop, 2000; Wang et al., 2003). Within the vitreous
base, the vitreoretinal adhesion increases in strength with age. However
immediately posterior to it, the vitreoretinal adhesion diminishes with age
(Wang et al., 2003). Thus in older eyes, the posterior border of the vitreous
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Figure 7. Age changes in the human vitreous. The diagram shows the progressive
liquefaction of the vitreous gel, which eventually results in a complete posterior
vitreous detachment. In a complete posterior vitreous detachment, the vitreous is
separated from the posterior retina including the optic disc. This usually evolves
during the sixth and seventh decade, from Bishop (2000).

base represents a marked discontinuity in the strength of vitreoretinal adhe-
sion, and it is therefore a predilection site for the development of retinal
breaks (Wang et al., 2003).

The age-related weakening of the posterior vitreoretinal adhesion eventu-
ally results in the detachment of posterior vitreous cortex from the retina. In
the posterior retina, the vitreoretinal adhesion is strongest at the optic disc.
Hence, clinically, the posterior vitreous detachment is not considered com-
plete before the vitreous is detached from the disc. This is very often visible
biomicroscopically because the “imprint” of the optic nerve head can be seen
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as an annular opacity, the so-called Weiss’ ring, in the detached posterior
cortical vitreous (Sebag, 1989, 1991; Akiba et al., 2001). The average age of
onset of complete posterior vitreous detachment has been found to be in the
seventh decade both in clinical and postmortem studies (Foos and Wheeler,
1982; Yonemoto et al., 1994). However, after the introduction of optical
coherence tomography, which enables high resolution studies of the vitreo-
retinal interface, it has become apparent that posterior vitreous detachment
starts already in the fourth decade with a vitreoretinal separation in a sector
of the parafoveal macula. Normally, this subtle separation then proceeds
slowly until the posterior vitreous is adherent only at the foveal center and at
the optic disc. Finally, in the sixth and seventh decade, the vitreoretinal
separation becomes complete as the vitreous is separated first from the
foveal center and then from the optic disc (Uchino et al., 2001). Clinically
this is referred to as PVD. An innocuous PVD requires concurrent vitreous
liquefaction and weakening of vitreoretinal adhesion.

When the degree of vitreous liquefaction exceeds the extent of weakening
at the vitreoretinal interface, anomalous PVD results (Sebag, 2004). Failure
of the vitreous to separate from the foveal center may cause visual loss due
to the formation of a macular hole, or due to distortion of the macula caused
by vitreomacular traction (Haouchine et al., 2001). Eventually, the posterior
vitreous detachment extends to the posterior border of vitreous base. Be-
cause of the sudden increase in vitreoretinal adhesion encountered in this
region, peripheral retinal tears may accompany a posterior vitreous detach-
ment, particularly in cases where it evolves quickly, and is symptomatic
(Tanner et al., 2000; van Overdam et al., 2001). Symptomatic, peripheral
retinal breaks represent an ophthalmologic emergency, because they may
cause a retinal detachment with ensuing visual loss (Tanner et al., 2000).
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I. OVERVIEW OF THE FUNCTIONAL ARCHITECTURE
OF THE RETINA

The retina is the light-sensitive part of the eye. It is a thin film of tissue
covering most of the inner wall of the eye (Figure 1), and is formed from
nerve cells and glial cells, most of which are of the so-called Miiller cell type.
The outermost part of the retina is a single layer of pigmented cuboidal
epithelial cells, the so-called retinal pigment epithelium (RPE). The functions
of the RPE and the retina are tightly coupled. Also developmentally, the
pigment epithelium is a part of the retina, as it is derived from the same optic
vesicle as the remaining retina. However, the pigment epithelium is in many
respects quite different from the rest of the retina, and it is of such impor-
tance that it is dealt with in a separate chapter in this book. The rest of the
retina, the so-called the neuroretina, is the subject of this presentation.

All vertebrate eyes have a retina, but its structure can vary immensely,
and there can be significant differences, even between animal species as
closely related as different primates. The emphasis is here on the human
retina. It must be understood that knowledge gained in mice, or cats, or even
monkeys cannot be assumed to show anything definitive about the human
retina. Nevertheless, much of what is known about the human retina has
first and most extensively been studied in experimental animals, and then
shown to be valid in the human retina also.

In postmortem eyes, the retina is gray with a yellow spot in the center, the so-
called macula lutea. In such eyes, the retina is often detached from the pigment
epithelium, lying like a grayish cobweb around the vitreous, and hence the term
retina (rete = net). Only after the invention of the ophthalmoscope by von
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Figure 1. The retina, consisting of photoreceptors, second-order cells, and ganglion
cells line the inside of the back of the eye. The axons of the third-order ganglion cells
run along the surface of the retina forming the optic nerve where they exit the eye.
Light enters the eye via the transparent cornea and is focused on the retina by the
lens. [After Dowling (1998).]

Helmholtz in 1851, it became possible to view the posterior part of the
living human retina (Figure 2), with its orange-red color, the optic nerve
head, and the major blood vessels clearly visible. In the living eye, the
macula lutea does not appear yellow, but rather more brownish and darker
than the surrounding retina. Although not apparent in vivo, the macula
does contain special yellow carotenoid pigments (lutein and zeaxanthin),
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Figure 2. The normal fundus of a healthy middle aged female. Note the optic disc
from which the central retinal arteries and veins emerge. Note also the slightly darker
macula in the center.

predominantly in the cone axons of the Henle fiber layer, but also further
inward in the retina. These pigments are thought to act as a short wave-
length light filter, and may also have antioxidant and other chemical
protective actions. The central 1 mm of the human retina is thinned,
forming the fovea centralis (Figure 3) with a central pit only a few hundred
microns in diameter, the foveola. Among mammals, only primates have a
fovea, but deep, pitted foveas can be found in certain other animal species,
such as predatory birds, which may have visual acuities upwards of five
times higher than humans. Some birds even have two foveas.

All vertebrate retinas are constructed according to the same general
scheme (Figures 1, 3, and 4). In invertebrates, the blueprint for the retina
is quite different, and will not be dealt with here. A nice review of eyes and
vision in the animal kingdom has recently appeared (Land and Nilsson,
2002). The major light-sensitive cells in the vertebrate retina, the photore-
ceptors, do not communicate directly with the brain. Instead, significant
signal processing occurs within the retina. Apart from the photoreceptors,
five major classes of neurons are found in the retina: horizontal cells, bipolar
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Foveola Optic nerve head

Figure 3. Section from the posterior part of the human eye, showing the macula
region (with its foveola) and the optic nerve head. Adapted from Eugene Wolff's
Anatomy of the Eye and Orbit (ed. R. J. Last), 6th ed. 1968, p. 141.

RPE

p u|l }l"n 'y

Figure 4. Phase contrast micrograph of the human retina about 1.25 mm from the
center of the fovea, demonstrating the different layers. RPE, retinal pigment epitheli-
um; Ph, photoreceptors (rods and cones); ONL, outer nuclear layer (the cell bodies of
the rods and cones); OPL, the outer plexiform layer; INL, the inner nuclear layer; IPL,
the inner plexiform layer; G, the ganglion cell layer; NF, the nerve fiber layer. Scale
bar 100 pm. From Adler’s Physiology of the Eye, 8th ed., p. 463.
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cells, amacrine cells, interplexiform cells, and ganglion cells. Special glial
cells, Miiller cells, separate the neurons.

Histologically, the retina is an extremely well-organized tissue in which 10
layers are classically recognized (Figure 4). The inner limiting membrane
(ILM) is a basement membrane, secreted by the Miiller cell endfeet pro-
cesses. It forms the boundary to the vitreous. The retinal nerve fiber layer is
just outside it and contains the ganglion cell axons en route to the optic nerve
head (NF in Figure 4). The ganglion cell layer (GCL in Figure 4) is next,
and contains the cell bodies of the ganglion cells. The inner plexiform layer
(IPL in Figure 4) consists of the synapses between amacrine cells, ganglion
cells, interplexiform cells, and bipolar cells. The inner nuclear layer (INL in
Figure 4) contains the nuclei of amacrine cells, bipolar cells, interplexiform
cells, and glial Miiller cells. The outer plexiform layer (OPL in Figure 4) is
composed of the synapses between the photoreceptor cells, horizontal cells,
bipolar cells, and interplexiform cells. Photoreceptor cell bodies form the
outer nuclear layer (ONL in Figure 4). The external limiting membrane is
not a real membrane, but an optical phenomenon caused by the junctions
between the photoreceptor inner segments and the Miiller cells. The photo-
receptor layer (Ph in Figure 4) consists of inner and outer segments of the
photoreceptors. The outermost layer of the retina is the retinal pigment
epithelium (RPE in Figure 4).

Most of our knowledge about the morphology of the different retinal cell
types and their synaptic connections has been gained from studies with metal
impregnations like the Golgi method. They give excellent information about
the morphology of individual neurons, but it was understood already in the
first studies more than 100 years ago that they do not give much information
on the prevalence of different cell types. Only in the last decade has it been
possible to get good estimates of the relative prevalences of the many
different neuron types in the inner part of the retina (MacNeil et al., 1999;
Marc and Jones, 2002).

The retina receives its photosensory input from its light-sensitive cells, the
photoreceptors. The retinal output is produced by the ganglion cells, which
send their axons to the brain via the optic nerve. The intercalated neurons
(bipolar cells, horizontal cells, amacrine cells, and interplexiform cells) me-
diate and modulate the flow of information between the photoreceptors and
the ganglion cells.

There are two major types of photoreceptor cells: rod cells and cone cells,
and the two are connected to the brain by different pathways. The cone
pathway is a three-neuron link. The rod pathway does not have ganglion
cells of its own. Instead, the rod cells connect to the ganglion cells
via specialized amacrine cells, making this pathway a four-neuron link
(Figure 5). The cells forming the pathway will be discussed in more detail
in connection with the inner nuclear and plexiform layers. Phylogenetically,
the cone pathway is currently believed to be the oldest, with the rod pathway
having been secondarily patched in.
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Figure 5. The pathway from rods to ganglion cells is complex, as shown, with the
special All glycinergic amacrine cell intercalated in the pathway. Cells that give
depolarizing responses to light are shown as white, while those that give ‘‘off”
responses and hyperpolarize are shaded. Rods connect to specialized rod bipolar
cells. When depolarized, such a cell excites an All rod amacrine cell. Through gap
junctions this produces excitation of the depolarizing cone bipolar cell shown on the
left, which influences the “ON’’ ganglion cell. At the same time the depolarization of
the rod (All) amacrine cells causes it to release inhibitory transmitter (glycine) onto
the “OFF”’-center ganglion cell. The glycinergic All amacrine cell thus relays rod
signals to both “ON’" and “OFF”" ganglion cells. Adapted from Daw et al. (1990).
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In the human retina, there are around 1 million nerve fibers in the
optic nerve, and around 100 million rod cells and 5 million cone cells
(Curcio et al., 1990b). From these numbers, it is obvious that both rod
and cone pathways involve convergence of cell contacts. The conver-
gence is dependent on retinal eccentricity, with the highest degree of con-
vergence in the periphery. In the human foveal center, the wiring is actually
divergent, since each cone is connected to three ganglion cells (Sjostrand
et al.,, 1999). This divergence at the center allows the visual system to
achieve the maximum spatial resolution allowed by the cone mosaic
itself (i.e., no loss of central resolution is incurred by the wiring, Sjostrand
et al., 1999). In mammalian species without a fovea, the wiring is also
convergent at the center, and the spatial resolution of the retina is less
than what could theoretically be achieved by the cone mosaic (Wissle and
Boycott, 1991).

The light-induced electrical responses from individual retinal neurons
have been studied with microelectrodes during the last five decades. It is
apparent that only the ganglion cells produce classical action potentials.
The other cell types produce graded potentials that spread electrotonically.
Both rod cells and cone cells hyperpolarize in response to light; cone cells
have the fastest response kinetics. Also the horizontal cells hyperpolarize
in response to light. For the bipolar cells, there is no universal response
to light stimulation; some hyperpolarize, others depolarize (Wissle and
Boycott, 1991). This dichotomy in the response of the bipolar cells is
transferred to the ganglion cells, some of which respond to light with an
increased frequency of action potentials, the ON center ganglion cells, while
others respond with a decreased firing rate, the OFF center ganglion cells
(Figure 6).

A key concept in visual physiology is the receptive field of a ganglion cell
or any other neuron in the visual system. The receptive field for a given cell is
defined as the area in the visual field, or the region of the retinal surface,
where light stimulation elicits a change in the electrical activity of the cell.
The sizes and shapes of receptive fields vary for retinal neurons. The smallest
receptive fields are found in the foveal center, where midget ganglion cells
have receptive fields of a few microns, whereas large parasol ganglion cells in
the periphery can have receptive fields of 1 mm or more (Sjostrand et al.,
1999).

For most retinal ganglion cells, the response to light stimulation is not
uniform throughout their receptive fields. ON center ganglion cells respond
with increased activity to illumination in the center of their receptive field,
whereas stimulation in the periphery of their receptive field results in
decreased activity. Uniform stimulation throughout the receptive field re-
sults in largely unchanged activity. For OFF center ganglion cells, the
response pattern is the opposite (i.e., light stimulation in the center results
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Figure 6. Schematic drawing of the electrical responses from cones, bipolar cells,
and ganglion cells to a light stimulus. The cones hyperpolarize in response to light,
but two different responses are apparent in the bipolar cells. This dichotomy at the
synapse between photoreceptors and bipolar cells is reflected in the existence of two
functional classes of ganglion cells. ON-ganglion cells respond to light with an
increased firing pattern. OFF-ganglion cells respond with a decreased firing pattern
during the light stimulus.

in decreased activity, Figure 7). These responses are caused by lateral inhi-
bition mediated by horizontal cells, whereby the periphery of the receptive
field inhibits the center and vice versa. This so-called center-surround inhi-
bition maximizes retinal contrast sensitivity throughout a wide operating
range of background illumination intensities.

In the following paragraphs, the individual cells and synaptic layers of the
retina will be described in more detail.

II. PHOTORECEPTOR CELLS

The photoreceptor cells are found in the outer part of the retina, external to
the OPL. Based on morphological and physiological criteria, two types can
be discerned: rod cells and cone cells. Both have a light-sensitive outer
segment, a modified cilium loaded with stacks of membranous discs that
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Receptive field

I T Light stimulation

Figure 7. Diagrammatic representation of the center-surround inhibition in the
receptive field of large ganglion cells. Panels (A)~(C) represent intracellular record-
ings from an ON-center retinal ganglion cell. To the right of each panel is shown an
illustration of the receptive field for the ganglion cell, and the localization of the
white light stimulus within it. In panel (A), the center of the receptive field is
stimulated, and the ganglion cell responds with an increased firing rate. In panel
(B), the periphery of the receptive field is stimulated, and the cell responds with a
decreased firing rate. In panel (C), the entire receptive field is stimulated, and only
little change in the firing pattern results.

incorporate the light-sensitive pigments, denoted photopigments (Figure 8).
The inner segments of the photoreceptors contain mitochondriae and
the machinery for protein synthesis. The outer and inner segments of the
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Figure 8. Schematic drawing of rod and cone photoreceptors. Note the difference
in the disc morphologies and in the synaptic terminals of rods and cones. Foveal
cones have longer slender outer and inner segments than shown here, and their
axons are more elongated, forming the so-called Henle fibers visible as oblique
structures in the OPL of Figure 4.

photoreceptors constitute the photoreceptor layer seen in histological sec-
tions of the retina (Ph in Figure 4). The photoreceptor nuclei form the ONL.
The photoreceptor inner fiber, or axon, connects the photoreceptor cell
body with the synaptic terminals that form parts of the OPL. The major
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morphological distinctions between rod cells and cone cells are the
differences in their synaptic terminals and their discs. Cone synaptic term-
inals, cone pedicles, are wider than the spherules of the rod cells (Ahnelt and
Kolb, 2000). Cone cell discs are continuous with the outer segment cell
membrane, whereas rod cell discs reside completely within the outer segment
cytoplasm, without continuity with the cell membrane. In both rod cells and
cone cells, the photopigments float relatively freely in the central flat part of
the disc membrane, but they are somehow excluded from the edges, or rims,
of the discs. The disc rims, as well as the confinement of photopigments to
the central part of the discs, are thought to be maintained by structural disc
rim associated proteins, such as the peripherin-ROM1 complex (Sears et al.,
2000).

Functionally, rod cells are specialized to yield high sensitivity. Cone cells
provide high temporal and spatial resolution, but are less sensitive than
rod cells. In nonmammalian retinas, there are several types of both rod cells
and cone cells. In the mammalian retina, there is only one type of rod cells,
and two major types of cone cells: short-wavelength sensitive S-cone cells
(or blue sensitive cone cells), and the medium- and long-wavelength sensitive
M-L-cone cells. These cone cells can be discerned structurally and im-
munohistochemically. Old-world monkeys enjoy trichromatic vision due to
the presence of two types of M—L-cone cells: medium wavelength, M-cone cells
(green sensitive cone cells), and long wavelength L-cone cells (red sensitive
cone cells). The visual pigments in M- and L-cone cells are closely related
with only a few amino acids difference in their structure. The genes for these
pigments are localized in tandem array on the X-chromosome. Apart from the
pigments, primate M- and L-cone cells are identical and cannot be discerned
ultrastructurally, or immunohistochemically (Ahnelt and Kolb, 2000).

A. Distribution of Photoreceptors

The photoreceptor mosaic varies tremendously between different species
because it reflects the environmental demands facing the animal. Nocturnal
animals have rod-dominated retinas, whereas diurnal animals have cone-
dominated retinas (Ahnelt and Kolb, 2000). Like most mammalian retinas,
the human retina is rod dominated. However, unlike other mammals, hu-
mans and other higher primates have a cone dominated fovea centralis, from
the center of which rod cells are excluded. In the human fovea, the diameter
of the central rod-free zone is 0.35 mm, and the peak cone density in the
central fovea is 199,000 cone cells/mm?; approximately the same density as
that of pixels in CCD chips used in current state-of-the-art digital photogra-
phy (fall 2003). This peak density is found at the bottom of the foveola, an
area less than 100 pm in diameter. Outside the foveola, the cone density
declines steeply and has fallen by one order of magnitude at an eccentricity
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of 1 mm (Figure 9). Among the cone cells, L- and M-cone cells are by far the
more numerous. S-cone cells (blue sensitive cone cells) represent only 5-10%
of the total cone population, and they are excluded from the central fovea
(Calkins, 2001). Outside the fovea, rod cells outnumber cone cells (Figure 9).
The peak density of rod cells is reached at an eccentricity of 3-6 mm, the
so-called rod ring (Curcio et al., 1990b).

B. Photoreceptor Electrophysiology

The primary function of the photoreceptors is to convert light into electrical
signals. This process is called phototransduction and is a cascade of events,
initiated by the absorption of photons by the photopigments in the photore-
ceptor outer segment disc membranes. The phototransduction cascade ends
with a hyperpolarization of the photoreceptor cell membrane potential. This
membrane potential is determined by a light-insensitive K™ conductance
and a light-sensitive unspecific cation conductance, which is carried by
cGMP-gated cation channels. In the dark, there is a high cytoplasmic cGMP
concentration in the outer segment that keeps the cGMP-gated cation chan-
nels open, allowing influx of a current carried by Na™ and Ca*" into the
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Figure 9. The photoreceptor cell distribution is not symmetrical across the retina, as
exemplified by the accumulation of cone cells in the fovea (except for S-cones which
are absent from its very center) and that of rods in the rod ring. After Osterberg (1935)
as modified in Rodieck (1998).
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outer segment. In rod cells, Ca>" carries 10-15% of this so-called dark-
current; in cone cells, this proportion is higher. The influx of sodium through
the cGMP-gated cation channels is balanced by sodium efflux through Na™*/
K™ pumps, located in the inner segment. The combined action of the Na*t
influx through the outer segment and the Na' extrusion via the inner
segment Na /K" pumps creates a current loop, carried by Na™, between
the inner and outer segment, the so-called dark current (Figure 10). The
phototransduction cascade interrupts this current loop by closing the outer
segment cGMP-gated cation channels. In the outer segment, there is a much
shorter current loop carried by Ca®", which flows into the outer segment
through the cGMP-gated cation channels, and is extruded via 4Na™/Ca*"/
K™ exchangers, localized in pairs in close proximity to the ¢cGMP-gated
cation channels (Burns and Baylor, 2001).

The electrical response to light has been measured in single photorecep-
tors sucked into small glass pipettes (Baylor, 1987). Figure 11 shows the
changes in the dark current in single mammalian photoreceptors. Rod cells
are more sensitive than cone cells, but have slower photoresponses (Panels A
and B in Figure 11).

C. Photopigments

The vertebrate photopigments consist of a membrane protein (the opsin)
and the chromophore, which in mammals is 11-cis-retinal. The opsin con-
sists of a single amino acid chain and contains seven membrane-spanning
helices. The chromophore is buried in a pocket deep within the opsin, and it
is covalently bound by means of a protonated Schiff-base linkage to the e-
amino group of a lysine residue in helix VII. The chromophore is oriented
approximately parallel to the disc membrane and interacts noncovalently
with a number of amino acid residues, including a glycine residue on helix
I11. The absorption spectrum of free 11-cis-retinal has a maximum at 380 nm
(i.e., in the ultraviolet range). Protonation of the Schiff-base linkage and the
interactions between the chromophore and the opsin shifts the absorption
maximum of the visual pigments toward longer wavelengths and endows
each photopigment with its unique absorption spectrum (Pepe, 2001).
Based on their amino acid composition, the vertebrate retinal photo-
pigments can be divided into five evolutionarily distinct clusters (Yokoyama,
2000). All five photopigment clusters are found in retinas from species of fish,
amphibians, reptiles, and birds. Mammals, on the other hand, probably
descend from nocturnal ancestors, and only three of the photopigment clus-
ters are preserved in mammalian retinas (Ahnelt and Kolb, 2000). Rhodopsin
in mammalian rod cells belongs to the rhodopsin 1 (RH1) cluster. Most
mammals are dichromats with only two cone pigments. One type of mamma-
lian cone cell, the short wavelength (blue) sensitive S-cone cell contains a
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Figure 10. The photoreceptor dark current runs between the outer and inner
segments of vertebrate photoreceptors. It is primarily carried by Na™.

short wavelength sensitive-1 (SWSI1) cluster pigment. The middle or long
wavelength (green or red) sensitive cone cells contain M-LWS pigments
(M-LWS = middle- and long-wavelength sensitive cluster). Some primate
ancestors duplicated their M—-LWS pigment, evolving the long wavelength
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Figure 11. Recording of photocurrent families from single rod and cone cells in a

monkey (Macaca fascicularis). Panel (A) shows the recording pipette into which the
outer segments are sucked. An electrical seal forms between the outer segment
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sensitive L-cone cells and middle wavelength sensitive M-cone cells of higher
primate retinas (Ebrey and Koutalos, 2001). As a general rule, a single type of
photoreceptor cell contains only one photopigment. However, there are
reports of photoreceptors that contain a second pigment (Ebrey et al.,
2001). Although rhodopsins are generally found in rod cells, and SWS and
LWS pigments are primarily found in cone cells; it appears that it is not the
visual pigment that defines whether a photoreceptor cell is a rod or a cone (Ma
et al., 2001).

The photopigments, particularly rhodopsin, have a remarkable thermal
stability. The noise derived from random thermal activation of rhodopsin can
therefore be kept to a minimum despite the packing of many rhodopsin
molecules into a single rod cell (Burns et al., 2001).

It is a characteristic property of the vertebrate photopigments that they
bleach upon illumination. Hence the color of these pigments can only be
appreciated in a brief moment after light onset. It took until 1878 before
their existence within the neuroretina was discovered (Marmor and Martin,
1978).

D. Activation of the Phototransduction Cascade

The phototransduction cascade is an example of a G-protein signaling
pathway (Arshavsky et al., 2002). G-proteins are heterotrimeric guanine
nucleotide-binding proteins which become activated when GTP is bound
to them. The G-protein in phototransduction is transducin, as described
below (Figure 12).

Phototransduction begins with the absorption of a photon by the chro-
mophore of a photopigment. Within less than a picosecond, this results in
the isomerization of 11-cis-retinal to all-trans retinal, and a destabilization of
the photopigment (Burns et al., 2001; Pepe, 2001). A series of conforma-
tional changes follows, and after a few milliseconds the activated, bleached,
photopigment is formed, which in rod cells is denoted metarhodopsin II or
R*. The photoactivated pigment, R*, activates the G protein, transducin,
which is a disc membrane associated protein that consists of three subunits:

membrane and the pipette that allows changes in the dark current to be measured in
responses to dim flashes of light that are projected through the pipette. Panel (B)
shows a family of photocurrents from a single rod. Flash strengths were increased by
a factor of two until saturation. The flashes were expected to cause between 2.9 and
860 photoisomerizations in the rod cell. Panel (C) shows similar photocurrents from
cone cells. The flashes used in panel (C) were expected to cause between 190 and
36.000 photoisomerizations in the cone cell. Modified from Figures 4 and 11 in
Baylor (1987).
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Figure 12. Diagram of the phototransduction cascade in a rod disc. R is rhodopsin,
R* is activated rhodopsin (metarhodopsin II). T is transducin; T* is activated transdu-
cin. PDE is phosphodiesterase; PDE* is activated phosphodiesterase. Also shown are
the rim proteins, ABCR, and the peripherin-ROM1 protein.

Ty, Tp, and T, with GDP bound to its To subunit. The activation involves
binding of the GDP-T,TT, complex to R*, a replacement of GDP with
GTP on the T, subunit, and a subsequent dissociation of the now acti-
vated GTP-T, subunit, and the TgT,-dimer, from the still active R*. For
simplicity, the activated transducin, GTP-T,, will be denoted T* (Burns
et al., 2001).

The next step in the cascade is the activation of the phosphodiesterase
enzyme (PDE), which is a tetrameric disc membrane associated protein
consisting of a catalytic PDE,g dimer, and two inhibitory PDE, subunits.
Activated transducin, T*, activates PDE by binding to the inhibitory PDE,
subunits and thereby displacing them from the catalytic PDE,g dimer that
remains active as long as T* is bound to the PDE, subunits. Each dimer has
two catalytic sites, and full activation requires binding of two T*, one for
each inhibitory PDEy subunit. The active PDEg dimer, denoted PDE*,
hydrolyzes the outer segment cytoplasmic second messenger, cGMP, to
5’GMP at a very high rate, and hence decreases the outer segment cGMP
concentration (Leskov et al., 2000).

The decease in outer segment cytoplasmic cGMP concentration closes the
c¢GMP-gated cation channels in the outer segment cell membrane, thereby
decreasing the unspecific cation conductance and hyperpolarizing the mem-
brane potential across this membrane (Burns et al., 2001; Pepe, 2001). The
c¢GMP-gated cation channels are voltage independent, unspecific cation
channels with a very low unit conductance around 0.1 pS (Burns et al.,
2001). Each channel incorporates four binding sites for cGMP, and three
of these binding sites have to be occupied before significant channel open-
ing occurs. The cGMP gated cation channels in the outer segment cell
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membrane ensure a steep, cubic dependence of the cell membrane cation
conductance on the free cytoplasmic cGMP concentration (Karpen et al.,
1988).

The remarkable sensitivity of rod cells is derived from two amplification
steps in the phototransduction cascade. The first amplification step is
the activation of transducin by R*, and the second is the hydrolysis of
cGMP by the active PDEaf enzyme. The activation of PDE by T* does
not amplify the signal (Arshavsky et al., 2002). In rod cells, the maximum
rate of transducin activation by one R* is 120 T* per second, and the rate
limiting factor is probably the diffusional encounter of R* and transducin at
the disc membrane. Each activated PDE dimer hydrolyzes cGMP at a rate of
2200 molecules per second (Leskov et al., 2000).

E. Inactivation

Activation and amplification in the transduction cascade are necessary for
sensing light. Timely inactivation, on the other hand, is essential for pre-
servation of the sensitivity and time resolution of the visual system. In-
activation of the outer segment photocurrents requires restoration of the
cytoplasmic cGMP concentration in the outer segment, and it involves
inactivation of R*, T*, and PDE*, as well as cGMP synthesis.

R* is inactivated by phosphorylation at multiple sites near its C terminus,
followed by the binding of the soluble protein, arrestin. R* phosphorylation
is catalyzed by pigment kinases, collectively denoted G-protein-coupled
receptor kinases, GRK’s. Of these kinases, GRK?7 is only expressed in cone
cells, whereas GRK1 is expressed in both cone cells and rod cells in at least
the primate retina. Sometimes, GRK1 is denoted rhodopsin kinase (RK)
(Maeda et al., 2003).

Activated transducin is inactivated by the intrinsic GTPase activity of T,
that hydrolyzes bound GTP to GDP. The resulting Ta-GDP can no longer
bind the inhibitory PDE, subunit, which is released to shut off the activity of
catalytic active sites on the active PDE,s dimer. The intrinsic GTPase
activity of T, is stimulated by the proteins RGS9 and by the PDE, subunit.
Experiments with RGS9 gene knock-out mice have shown that this protein is
essential for normal inactivation in both rod cells and cone cells (Arshavsky
et al., 2002).

The outer segment cGMP level is restored by the action of the guanylate
cyclases, GCs. GCl is present in both in rod cells and cone cells, whereas
CGQG2 is probably exclusive to rod cells (Koch et al., 2002). The activity of the
guanylate cyclases is controlled by the Ca®" binding guanylate cyclase
activating proteins (GCAPs). In primate photoreceptors, there are currently
three GCAPs known. When the cytoplasmic Ca>" concentration in the outer
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segment is high, the GCAPs bind to and inhibit the guanylate cyclase (Koch
et al., 2002).

F. Photoreceptor Adaptation

Fully dark-adapted rod cells are very sensitive and will produce highly
reproducible electrical responses to single photons with a probability, or
quantum-efficiency, of around 50% (Baylor et al., 1984). Despite this high
sensitivity, the photoreceptor mosaic will remain responsive to changes in
light energy through a dynamic range of 11 orders of magnitude (Fain et al.,
2001). This remarkably wide operating range of the retina is accomplished in
part by the duplicity of the retina, with rod cells responsible for the sensitivi-
ty at very low-energy levels and cone cells responsible for the preservation of
sensitivity at higher energy levels. However, the photoreceptor cells them-
selves also adapt to increasing levels of background illumination by a
reduction in sensitivity and a quickening of the photoresponses. Throughout
the entire operating range of the photoreceptors, their sensitivity decreases in
direct proportion to the level of the background illumination. This property,
denoted Weber’s law, is universal among biologic sensors (Pugh et al., 1999).

Adaptation in rod cells occurs at very low levels of illumination. In
mammalian rod cells, sensitivity is reduced by one-half by light intensities
that cause only 30-50 photoisomerizations per second per rod. Rod cells are
saturated at light intensities that bleach only 1% of their rhodopsin. Cone
cells can adapt to much higher levels of background illumination than rod
cells. They remain responsive at intensities that cause 1 million photoisome-
rizations per second per cone, and bleach all but a small fraction of the cone
pigments (Schnapf et al., 1990; Burkhardt, 1994).

Since adaptation affects the entire outer segment and is active at very low-
light intensities, a cytoplasmic second messenger must be involved. This
second messenger is now known to be Ca®" in both rod cells and cone cells
(Pugh et al., 1999; Fain et al., 2001). In constant light, activation of the
phototransduction cascade closes a significant fraction of the cGMP-gated
cation channels. Consequently, the rate of Ca>" influx through these chan-
nels decreases, as does the outer segment cytoplasmic Ca®" concentration.
When a dark-adapted rod is subjected to saturating light, the outer segment
Ca®" concentration decreases 10- to 20-fold. In cone cells, this decrease
is more pronounced, almost 100-fold (Pugh et al., 1999; Fain et al., 2001).
The lowered Ca®>" concentration activates guanylate cyclase through the
Ca’"-dependence of the GCAPs (Fain et al., 2001; Koch et al., 2002). The
combined effects of steady activation of the phototransduction cascade
and increased activity of the guanylate cyclase are an increased rate of
c¢GMP turnover (Burns and Baylor, 2001; Fain et al., 2001). This results in
decreased sensitivity and accelerated photoresponses (Fain et al., 2001).
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G. Regeneration of the Visual Pigments

Once the activated visual pigments have become inactivated by phosphory-
lation and arrestin binding, all-trans-retinal is released from the opsin. It
is not known to what extent the chromophore is released into the rod disc
lumen, but whatever all-trans-retinal that appears in the disc lumen is
apparently flipped back into the outer segment cytoplasm by the rod
disc rim protein, ABCR (Weng et al., 1999). Once in the cytoplasm, the
all-trans-retinal is reduced to all-trans-retinol by a NADPH dependent
process. Neither rod cells nor cone cells can efficiently reisomerize all-
trans-retinol back to the 11-cis-isomer. Instead, all-trans-retinol has to be
transported to other cell types that possess the enzymatic machinery neces-
sary for reisomerization (Figure 13). Finally, the 11-cis-chromophore must
be transported back to the photoreceptors and incorporated into the visual
pigments. This process is denoted the visual cycle, or the retinoid
cycle (McBee et al., 2001). Recently, it has become apparent that the visual
cycle might be different in rod cells and cone cells (Mata et al., 2002).
However, for both rod cells and cone cells, the visual cycle involves the
transport of retinoids through the subretinal space (i.e., the extracellular
space between the photoreceptors and the RPE). This transport might
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Figure 13. The rod and cone visual cycle. T1cRE = 11-cis-retinyl ester; atRE =
all-trans retinyl ester; 11cROL = 11-cis retinol; atROL = all-trans retinol; 11cRAL =
11-cis retinal; atRAL = all-trans retinal; NAD = nicotinamide adenine dinucleotide;
and NADP = nicotinamide adenine dinucleotide phosphate.
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involve the interphotoreceptor matrix retinoid binding protein (IRBP),
which is the most abundant extracellular protein in the subretinal space,
and which has retinoid binding properties. Possibly, this is valid only for
cone cells, since the rod visual cycle seems to proceed normally in mice that
lack the IRBP gene (McBee et al., 2001).

The visual cycle is well studied in rod cells, and in this case the reisome-
rization takes place in the RPE, where many of the involved enzymes have
been characterized. Within the RPE, retinoids are stored as retinyl esters,
which probably form the substrate for the isomerization enzyme. The energy
necessary for reisomerization is thought to be derived from the hydrolysis of
the ester bond. The yet elusive critical enzyme is therefore called an isomer-
ohydrolase (Saari, 2000). Rod cells need 11-cis-retinal to regenerate their
bleached rhodopsin, and the oxidation from 11-cis-retinol to 11-cis-retinal
takes place within the RPE with NAD™ as cofactor (McBee et al., 2001).

In cone cells, the visual pigment regeneration is less well understood, but
there are at least three important differences from the rod system (Mata
et al., 2002). First of all, contrary to rod cells, cone cells are not dependent
on the RPE for the regeneration of their bleached pigments. Secondly,
contrary to rod cells, cone cells can oxidize 11-cis-retinol to 11-cis-retinal
by an NADP" dependent process. They are therefore not dependent on
exogenous 11-cis-retinal, but can regenerate their pigments from 11-cis-
retinol. Finally, in order to maintain sensitivity during bright daylight, the
cone system needs the 11-cis-chromophore to be supplied at a high rate; each
individual cone might need 1 million molecules of 11-cis-chromophore per
second. The output of 11-cis-retinal from the RPE is limited and insufficient
to meet the demand of the cone system during bright daylight (Mata et al.,
2002).

Recently, Mata et al. (2002) proposed a scheme for a cone-specific visual
cycle. This scheme provides the cone cells with a private source of 11-cis
chromophore in the form of 11-cis-retinol, which the rod cells cannot utilize.
All-trans-retinol liberated from cone cells is transported to Miiller cells,
where it is reisomerized to 11-cis-retinol. It is then transported back to the
cone cells, where it is oxidized, and incorporated into the cone pigments
(see Figure 13). Mata’s cone-specific visual cycle is attractive because it
provides the cone system with a private supply of 11-cis-chromophore that
will meet its needs even during bright daylight. With the scheme proposed by
Mata, the limited capacity of the RPE for output of 11-cis-retinal makes
sense, because it will limit the amount of energy wasted on futile reisome-
rization of the rod chromophore at light intensities, where rods do not
contribute to vision, The key enzymes necessary in Mata’s cone-specific
visual cycle are yet uncharacterized, but it has been shown that the cone
dominated chick retina can produce 11-cis-retinol at (almost) sufficient rates
to regenerate cone pigments during daylight (Mata et al., 2002).
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Table 1. Photoreceptor Gene Defects and Retinal Disease
Protein Disease
Rhodopsin Dominant RP, recessive RP, dominant CSNB
SWS opsin Dominant tritanopia
MWS opsin Deuteranopia
LWS opsin Protanopia
Transducin Dominant CSNB, Nougaret type

Cone transducin
Phosphodiesterase

cGMP gated cation channel
Cone cGMP gated cation channel
Rhodopsin kinase

Arrestin

Guanylate cyclase

Guanylate cyclase activating protein (GCAP)
ABCR rim protein
IRBP

Peripherin (rds protein)

ROM1

Recessive achromatopsia
Dominant CSNB, recessive RP
Recessive RP
Recessive achromatopsia
Recessive CSNB, Oguchi type
CSNB Oguchi type, recessive RP
Leber’s congenital amaurosis,
dominant cone-rod dystrophy
Dominant cone dystrophy,
dominant cone-rod dystrophy
Recessive Stargardt’s disease.
Recessive cone-rod dystrophy
Retinal dystrophy in mice,
no human equivalent
Dominant RP, dominant macular
degeneration (several types),
digenic RP with ROM1
Dominant RP, digenic RP with peripherin

Note: The table lumps proteins together and does not distinguish between defects in different subunits. The
emphasis is on proteins involved in retinoid metabolism, but the table includes the outer segment rim
proteins, peripherin and ROM1, necessary for disc morphogenesis and for the stabilization and compaction
of outer segment disks, or for the maintenance of the curvature of the rim. References can be found on the
RETNET Web site (Daiger et al., 2003).

Abbreviations: RP, retinitis pigmentosa; CSNB, congenital stationary night blindness; GCAP, guanylate
cyclase activating protein; IRBP, interphotoreceptor matrix retinoid binding protein; ROM]1, retinal outer
segment membrane protein 1.

H. The Visual Cycle and Retinal Disease

The activation and inactivation of phototransduction as well as the regener-
ation of the visual pigments involve a number of specific proteins. In the last
decade, an increasing number of retinal diseases have been shown to be
caused by genetic defects in these proteins. Current information has been
summarized in Table 1, and more is likely to come in the future. The RetNet
internet site maintains updated tables (Daiger et al., 2003).

I1l. THE OUTER PLEXIFORM LAYER

This layer (OPL in Figure 4) is predominantly formed by the synapses
between the photoreceptor, bipolar, and horizontal cells. In the fovea and
parafovea, the long Henle fibers make the OPL thick (about 50 pum), but
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otherwise it is only a few microns thick, thinning toward the periphery.
The most external part of the OPL is predominantly formed by the
inner fibers axons of the photoreceptor cells. Their synaptic terminals
occupy the middle of the layer, and dendrites of bipolar and horizontal
cells together with Miiller cell processes form the innermost part. The
photoreceptor cell synapses involve at least two horizontal cells and
one bipolar cell, and are called triads (Figure 14). Rod spherules usually
feature one deeply invaginated triad; the cone pedicles contain several,
up to 25.

There are two types of synapses between cone cells and bipolar cells. One
belongs to the ON pathway and depolarizes the postsynaptic membrane
when the cone cell hyperpolarizes in response to light. Morphologically, this
“ON synapse” is a triad with an invaginated bipolar cell dendrite. The “OFF
synapse’ is a flat contact between a bipolar dendrite and the cone pedicle. In
both cases, the transmitter is glutamate, and the dichotomy in their electrical
responses is caused by different glutamate receptors in the postsynaptic
membrane (Wissle and Boycott, 1991).

Rod spherule Cone pedicle

Figure 14. The triads in the OPL constitute the synapses between photoreceptor,
bipolar, and horizontal cells. In rod cells, the synaptic terminal is called a spherule
(RS). The rod cell synapse has two deeply invaginated rod bipolar cell dendrites (B) at
its center, and two horizontal cell processes (H) in its periphery. The cone pedicle
has an invaginated bipolar dendrite (IB) at its center, flanked by two horizontal cell
dendrites. Also shown is the flat contact between the cone pedicle and flat bipolar
cells (FB). In both rod and cone cells, a synaptic ribbon is apparent opposite to the
invaginated bipolar cell dendrite.
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IV.  HORIZONTAL CELLS

Horizontal cells occupy the outermost few rows of cells in the INL. They
have long processes that arborize exclusively in the OPL. Their dendritic
fields increase with eccentricity, but the shapes of the fields remain the same.
The mammalian retina has two types of horizontal cells (Figure 15). The
HII-H2 subtype (in nonprimates called the A type) contacts exclusively cone
cells, predominantly S-cone cells (Ahnelt and Kolb, 1994). The other sub-
type, HI-H1, (in nonprimates called the B type) features a dendritic tree as
well as an axon with an arborizing terminal. The dendrites contact cone cells,
mostly M- and L-cone cells, and the axon contact rod cells.

-
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Figure 15. Colgi-stained horizontal cells in whole mounted cat retina, one with an
axon and one axonless. The axon-bearing H1 type cell (in nonprimates called the B
type) has a dendritic end which is cone connected, and an axon terminal portion
contacting rod cells. The axonless A type horizontal cells are believed to be cone
driven. From Fisher and Boycott (1974). The axon bearing type is found in all
mammalian retinas and has identical connectivity and function, regardless of whether
the animal has dichromatic or trichromatic vision. The axon in these cells arises from
a dendrite and is very thin at the origin (0.5 pum in diameter), but increases in thickness
as the axon branches out. The axon branches end with clusters of telodendrons,
which enter rod triad synapses (Boycott and Kolb, 1973). The dendrites of the HI
horizontal cells radiate in all directions, branch little and at their terminations give out
clusters of small processes with tiny end swellings, which form the lateral processes of
cone pedicle triads. (Scale bar: 20 um.)
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The narrow single axon of the horizontal cells does not transmit electrical
signals; and the two parts of the cell, the dendritic and axonal arborizations,
are electrically insulated from one another.

Neighboring horizontal cells are electrically connected with gap junctions,
with a pore size of around 16 A. These pores allow diffusion of ions, second-
messenger molecules, and peptides smaller than about 1 kDa. Gap junctions
are formed by proteins called connexins, and it has recently been shown that
connexin36 dominates in the retina (Mills et al., 2001).

Horizontal cells form inhibitory synapses with cone cells and may use
GABA as their neurotransmitter. The release mechanism is not the conven-
tional one with synaptic vesicles but some other form of facilitated transport.
Horizontal cells provide inhibitory feedback to photoreceptor cells and
inhibitory feed-forward to bipolar cells. The classical lateral- or center-
surround inhibition of ganglion cell receptive fields is caused by the lateral
spread of feed-back and feed-forward inhibition by horizontal cells (Mangel,
1991). In human retinas, conventional synaptic contacts from horizontal
cells onto rod cells and cone cells have been observed, but such structures
are lacking in other species (Linberg and Fisher, 1988).

V. BIPOLAR CELLS

Photoreceptor cells pass their signals to bipolar cells, which form the next
link in the chain of neurons leading to the brain. All bipolar cells share the
same general morphology: a single dendrite branching in the OPL contacting
one or more photoreceptor cells, a perikaryon in the middle of the INL, and
an axon, branching in the IPL, contacting amacrine cells or ganglion cells
there.

Bipolar cells contact exclusively either rod cells or cone cells, and the class
of bipolar cells can therefore be subdivided into rod and cone bipolar cells.
In the human retina, there is only one type of rod bipolar cell, but 9 or 10
different types of cone bipolar cells.

Electrophysiologically, cone bipolar cells can be classified as ON bipolar
cells that respond with a depolarization to light stimulation in the center of
their receptive fields, and OFF bipolar cells that respond to light with a
hyperpolarization. Rod bipolar cells are always of the ON type. As already
mentioned, there is a difference in the morphology of the synapse between
the photoreceptor cells and ON and OFF cone bipolar cells (Figure 14). The
dendrites of OFF bipolar cells form flat contacts with cone cells, whereas
ON bipolar cells form triads with a central invaginated bipolar cell dendrite
(Kolb et al., 2003). The distinction between ON and OFF bipolar cells is also
reflected in their contacts with amacrine cells and ganglion cells in the IPL.
Functionally, this layer is subdivided into the outer sublamina a, closest to
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the amacrine cells and the inner sublamina b, closest to the ganglion cells.
OFF bipolar cell axons terminate in sublamina a (the OFF sublayer in
Figure 5), whereas ON bipolar cells send their axons into sublamina b (the
ON sublayer in Figure 5).

All bipolar cell axons end in synaptic bulbs, which characteristically
contain ribbon synapses and contact a pair of processes, either two
from amacrine cells or one from a ganglion cell and one from an amacrine
cell. These bipolar cell synapses are called dyads, because there are two
postsynaptic parts.

A. Rod Bipolar Cells

In mammals, primates included, only one variety of rod bipolar cells is
known, and it is easily identified by its high content of the enzyme, protein
kinase Ca (PKCa) (Figure 16). Rod bipolar cell dendrites enter rod triad
synapses. In the parafoveal region, each cell may contact as many as 18-70
rod cells and have a dendritic field measuring 15-30 um. Their axons descend

Figure 16. Fluorescence micrograph of rod bipolar cells labeled with an antibody
against PKC, an enzyme which specifically occurs in these cells. Rabbit retina. ONL,
outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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without much branching into sublamina b (the ON sublayer) of the IPL,
where they give rise to small numbers of large synaptic terminals. These
characteristically contain ribbon synapses and contact a pair of cell process-
es in dyad synapses. Usually, one of the processes is from a glycinergic AIl
amacrine cell and the other from a type A17 amacrine cell. Only rarely do
rod bipolar cells contact ganglion cells (of the diffuse type), instead the AIl
amacrine cell links the rod bipolar cells to the ganglion cells (Wissle and
Boycott, 1991). The rod signal must therefore pass through a chain of at
least four neurons on its way to the brain (Figure 3).

B. Cone Bipolar Cells

Primate cone bipolar cells can morphologically be divided into 9 or 10
different types according to their dendritic branching pattern, the number
of cone cells contacted and the shape and stratification of their processes in
the IPL (Figure 17, Wissle, 1999; Kolb et al., 2003). Six or seven of the 10
cone bipolar cell types collect information from many cone cells and are
called diffuse bipolar cells (DB1-DB6 in Figure 17). They make basal con-
tacts or triad synapses with a number of cone cells, and the axons of ON cells
terminate in the IPL, in sublamina b, and the axons of OFF cells terminate
in sublamina a (Kolb et al., 2003). Otherwise, it is not well known what the
morphological differences mean in terms of function.

Giant bipolar cells make flat contacts with large numbers of cone cells
and their axons terminate in both sublaminae of the IPL (Mariani, 1984).

= Y -
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Figure 17. Summary diagram of the bipolar cells found in Macaque monkey retina
with Golgi staining. DB1-DB6 are diffuse bipolar cells contacting several neighbor-
ing cone pedicles. FMB and IMB cells are flat and invaginating midget bipolar cells
contacting a single cone pedicle. BB cells are S cone bipolar cells, and RB cells are
rod bipolar cells. OPL, the outer plexiform layer; INL, the inner nuclear layer; IPL, the
inner plexiform layer; GCL, the ganglion cell layer; NF, the nerve fiber layer.
Adapted from Wassle (1999).
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Midget bipolar cells (FMB and IMB in Figure 17) are at the other end of the
spectrum, being comparatively small and contacting only a few cone cells each.
In the fovea, midget bipolar cells contact only a single cone, and their axons
contact a single midget ganglion cell. This midget pathway is found in humans
and higher primates, and it ensures that each cone in the central fovea has a
“private” pathway to the brain, thus allowing the maximum spatial resolution
possible, given the cone mosaic and the optics of the eye (Kolb et al., 2003).
Each cone in the central fovea is connected to both an ON and an OFF midget
bipolar cell. Midget bipolar cells only contact M- and L-cone cells. S cone cells
have a separate pathway with bipolar cells that are immunoreactive to chole-
cystokinin. They form triad synapses with 1-3 S-cone cells and reach sublamina
b of the IPL, where they contact a nonmidget type of bistratified blue-yellow
responsive ganglion cell. The resolution of the pathway they form is less than
that of the midget cell system for L- and M-cone cells.

VI. AMACRINE CELLS

Most of the cells in the innermost cell rows of the INL are amacrine cells.
Many can also be found in the GCL, forming 20% or more of the neurons
seen there, and are then usually referred to as displaced amacrine cells. These
cells are not at all displaced, and the term is a misnomer, but it is so squarely
rooted that it will be used here too. Occasionally, amacrine cells can also
be found in the IPL, and are then called interstitial or A1 amacrine cells
(Figure 18).

Amacrine cells all modulate signals in the IPL and are quite diverse in
both morphology and neurochemistry (Kolb et al., 2003). There are at least
22 types in rabbits (MacNeil et al., 1999), and others have found as many as
40 (Dacey, 1999), but only few have been well enough characterized to be
described in this text. Amacrine cells typically do not have axons, which are
reflected in their name that Cajal coined in 1892; see Rodieck (1973), but
certain large-field amacrine cells of the vertebrate retina can have long axon-
like output processes, projecting exclusively within the retina. According
to the distribution of the dendrites in the IPL, amacrine cells can broadly
be classified as stratified or diffuse. They have also been classified according
to their dendritic field diameters as narrow-field (30-150 pm), small-field
(150-300 pm), medium-field (300-500 pm), or wide-field (300-500 pm) cells.

Amacrine cells all have in common that they form conventional chemical
synapses with presynaptic clusters of small (300-400 nm) synaptic vesicles at
a part of the cell membrane, which shows some increased electron density.
Gap junctions are also present.

Most neurotransmitters or neuromodulators described in the brain have
also been found in amacrine cells, with epinephrine and 5-hydroxytryptamine
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Figure 18. Drawings of morphologies of representative amacrine cells of the mam-
malian retina as seen with Golgi-type stainings. From Kolb et al. (2001).

as exceptions in mammalian retinas. The neurochemicals mediate both
classical fast neurotransmission and more remanent signal modulation.
Most amacrine cells contain an inhibitory neurotransmitter, either glycine
or GABA.

A. The All Amacrine Cell

This is a very well-characterized type, with a narrow receptive field and
characteristic lobular appendages (Figure 19). Its name derives from a
classification of amacrine cell types with Roman numerals, and should be
pronounced “A two.” This classification has been replaced by a system with
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Figure 19. An All amacrine cell at 3 mm eccentricity. The cell type is glycinergic
and relays rod bipolar cell signals into the cone pathways. It spreads its two kinds of
processes to two different parts of the IPL. Modified from Rodieck (1998).

Arabic digits, except for the AII cells. To increase confusion further, there is
an amacrine cell in the cone pathway, which is denoted A2, and which is
distinct from the AII cell described here. As already discussed, the AII
amacrine cells form an important part of the rod pathway, relaying signals
from rod cells to ON cone bipolar cells through gap junctions in sublamina
b, and to OFF cone bipolar cells through a glycinergic chemical synapse in
sublamina a (OFF in Figure 5). In the cone pathway, the dichotomy between
the ON and OFF channels begins in the postsynaptic membrane of cone
bipolar cells. In the rod pathway, this dichotomy arises in the AIl amacrine
cell with its excitatory gap junction synapse to ON ganglion cells and its
inhibitory chemical synapse to OFF ganglion cells (Figure 5).

In at least murine and rabbit retinas, the gap junctions at AlI cells contain
connexin 36 (Feigenspan et al., 2001). AII cells typically contain the calcium
binding protein, calretinin (Kolb et al., 2003), which is a good but not
exclusive immunohistochemical marker for them. In cats and rabbits, the
AII amacrine cells form about 10% of the total number of amacrine cells,
and each cell may receive input from as many as 30 rod bipolar cells. The
prevalence is likely to be similar in humans.
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B. The Starburst Amacrine Cells

These cells are the only neurons in the retina definitely known to be cho-
linergic. They have a characteristic wide-field morphology with radiating
dendrites resembling a starburst firework cracker (Figure 20). They are
found both in the INL and in the GCL (Masland, 1994). In humans
and in cats, there are more of these cells in the GCL than in the INL. The
cholinergic starburst amacrine cells form two distinct layers of branch-
ing processes in the IPL, one in sublamina a and one in b (Figure 21).
In addition to acetylcholine, cholinergic amacrine cells also contain and
release GABA, suggesting that they are both excitatory and inhibitory in
function. Starburst amacrine cells are involved in the motion direction
detection system of the retina, but their exact role in it remains to be
established.

Figure 20. A cholinergic starburst amacrine cell with its characteristically radiat-
ing and dichotomously dividing processes, injected with Lucifer Yellow. Confocal
micrograph, Zucker and Ehinger (1998).
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Figure 21. Two cholinergic amacrine cell bodies, one in the position of classic
amacrine cells in the inner nuclear layer (INL) and the other, a so-called dis-
placed amacrine cell, in the ganglion cell layer (G). The inner plexiform layer (IPL)
contains two narrow bands of cholinergic processes. Choline acetyl transferase
(ChAT) immunolabeling.

C. Dopaminergic Amacrine Cells

There are at least two distinct types of dopaminergic neurons. Both have
very long processes and can thus cover the entire retina, despite being
relatively few in number, approximately 8000. Type 1 cells synapse in sub-
layer b of the IPL on the AIl amacrine cells, which form the connecting link
between rod bipolar cells and ganglion cells. Type 1 cells thus seem to
modulate the flow of information about scotopic vision, perhaps by regulat-
ing the gap junctions of the AIl amacrine cells. Type 2 cells arborize in the
inner layers of the IPL (Figure 22).

D. DAPI-3 Amacrine Cells

The DAPI-3 amacrine cells were first described as a third type of cells identified
with the special nuclear dye DAPI in rabbit retina (Wright et al., 1997). They
are glycinergic, bistratified, medium-field cells, and are morphologically similar
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Figure 22. Dopaminergic amacrine cell and processes in the macaque retina,
demonstrated by tyrosine hydroxylase immunohistochemistry. Layers: Ph, photore-
ceptor cells; ONL, outer nuclear layer, OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer. After Marshak (2001).

to the type A8 amacrine cell (Figure 18). They form less than 2% of the
amacrine cells in rabbits, and appear to have synaptic associations with the
cholinergic starburst amacrine cells, thought to be involved in the motion
detection system of the retina (Figures 23 and 24).

E. Nitrergic Amacrine Cells

NADPH-diaphorase activity is found in amacrine cells that contain nitric
oxide synthase (NOS) immunoreactivity, or produce NO (Eldred, 2001).
They are therefore presumed to use NO as a neurotransmitter or neuro-
modulator. Two types of such cells have been identified, but the precise
functions of NO in retinal neurotransmission remain to be established.

VIl. INTERPLEXIFORM CELLS

These cells have their perikarya among the amacrine cells in the INL, and
they send their processes both to the OPLs and to the IPLs (Figure 25). In
the IPL, these processes are both pre- and postsynaptic to amacrine cells and
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Figure 23. Schematic drawing of the cell body and distribution of the processes of a
glycinergic DAPI-3 cell in the rabbit retina.

Figure 24. A DAPI-3 cell in a whole-mounted rabbit retina, injected with Lucifer
yellow, showing the characteristic distribution of its undulating and entangled
processes.
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Figure 25. Cartoon showing an interplexiform cell (IC) in fish retina, receiving input
from amacrine cells (AC) and transmitting information to cells in the OPL. RC, rod
cells; CC, cone cell; HC, horizontal cells; BC, bipolar cell; GC, ganglion cell.

presynaptic to both rod and cone bipolar cells (Figure 25). In the OPL, the
cells are presynaptic to rod or cone bipolar cells (Kolb et al., 2003). They use
GABA or dopamine as their neurotransmitter. The interplexiform cells carry
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feedback signals between the IPL and the OPL, but further details about
their physiology remain to be established.

VII. INNER PLEXIFORM LAYER

This layer (IPL in Figure 4) is the site of synapses between bipolar cells,
amacrine cells, interplexiform cells, and ganglion cells, and it is the layer
where the visual information is extensively processed so that the ganglion
cells can send appropriately coded signals to the brain. However, the code is
not known, and we have only begun to understand the most basic features of
the processing in the IPL. Detection of movement and of changes in bright-
ness, contrast, or hue take place in this layer, whereas static information is
predominantly handled in the OPL. However, there is no consensus on the
details of how these processes work in the IPL.

Morphologically, Cajal (1892) somewhat arbitrarily subdivided the IPL
into five sublayers, and this system is still in use (Kolb et al., 2003). From a
functional point of view, the IPL can be divided into two: the outer a
layer (corresponding to Cajal’s sublamina 1 and 2) and the inner b layer
(corresponding to Cajal’s sublamina 3, 4, and 5). OFF signals are processed
in the a layer, whereas ON signals are handled in the b layer, see Figure 28
and Kolb et al. (2003). Synapses between cone bipolar cells and ganglion
cells are essentially sign conserving, so that the OFF and ON center char-
acteristics of ganglion cells are usually determined by the type of bipolar cells
which dominate them. Bipolar cells and ganglion cells are in most cases
restricted to either the a (OFF) or the b (ON) layers, whereas amacrine cells
often form bridges between them.

In the electron microscope, three types of processes and synapses occur in
the IPL.

Bipolar cell processes are rounded and contain an abundance of neuro-
tubules, neurofilaments, and only few mitochondria. A synaptic ribbon
characterizes their synapses, and sometimes also an arcuate density similar
to the one seen in photoreceptor triad synapses. The synaptic ribbons are
smaller and are surrounded by denser synaptic vesicles than in photorecep-
tor triad synapses. No other synapses are known to contain ribbon synapses
in the IPL. The bipolar ribbon synapses usually have two postsynaptic
members, either two amacrine cell processes or one ganglion cell and one
amacrine cell process (Figure 26). These synapses are called dyads. Rod
bipolar cell terminals occur in sublamina b of the IPL, are comparatively
voluminous, and make many ribbon synapses. Occasionally, the amacrine
cell processes form reciprocal contacts back onto the bipolar cell terminals
within a few micrometers of its postsynaptic position, and this is particularly
common with the indole-amine accumulating A17 amacrine cells with a
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Figure 26. Drawing and electron micrograph of the characteristic synaptic ribbon
in a bipolar cell dyad (B) in the IPL of a frog retina. Both postsynaptic processes
belong to amacrine cells (A), and one is making a reciprocal synapse back onto the
bipolar cell process. Redrawn from Dowling (1987). (Scale bar: 0.2 pm.)

characteristic morphology in rabbits. Bipolar cells occasionally form
synapses with a single postsynaptic process, which by analogy is called a
monad. Occasionally, bipolar cell processes also make ribbon synapses on
amacrine cell somata.

Amacrine cell processes possess electron microscopic properties of both
axons and dendrites, but can nevertheless usually be distinguished from
bipolar cell axons. Synaptic vesicles aggregate at the site of synaptic con-
tacts, forming so-called conventional synapses (Figure 27). Amacrine cell
processes also frequently make synapses of the conventional type with
bipolar cell processes and their terminals as well as ganglion cell processes
or somata, and these synapses are similar to the ones found in most other
parts of the central nervous system.

Ganglion cell dendrites lack specific features and are therefore difficult to
identify.

IX. GANGLION CELLS

Ganglion cells occupy the innermost layer of cell bodies in the retina and
comprise two-thirds to three-quarters of the cells in this layer (Marc and
Jones, 2002), which is called the GCL. The term is slightly misleading, since
20% of the cell bodies in this layer are amacrine cells. Not all ganglion cell
bodies are located in the GCL. They can be found also among amacrine cells
in the INL, in the IPL, or, at least in rabbits, in a sparse layer of cells in the
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Figure 27. Two amacrine cell processes (A) in the IPL of a Cynomolgus monkey
retina, making synaptic contacts with each other (reciprocal synapses; arrows). The
synapses are of the conventional type, with an accumulation of synaptic vesicles and
membrane thickenings at the synaptic sites.

nerve fiber layer of the central retina (Ehinger and Zucker, 1996). Ganglion
cells have their dendrites in the IPL where they collect all visual information
processed in the retina. They collect this information and send it to the brain
by means of the retinal nerve fiber layer and the optic nerve, both of which
are composed of ganglion cell axons. Contrary to other retinal neurons,
ganglion cell axons readily produce action potentials, which are necessary to
forward information over distances longer than a millimeter. Like many
long axon cells in the CNS, the ganglion cells use glutamate for their
neurotransmission, but some of these cells also contain substance P (Kolb
et al., 2003).

Ganglion cells typically project to the lateral geniculate body, or its equiva-
lents in nonprimate vertebrates, but about 10% of the fibers in the optic nerve
project to supraoptic and subthalamic structures, participating in nonvisual
processes like the pupillary reflexes and circadian rhythm regulation.

In the human retina, the most common ganglion cell types are the midget
and the parasol ganglion cells (Figure 28). Midget ganglion cells are also
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Figure 28. Four types of ganglion cells and their synapses with bipolar cells in the
outer sublamina a (OFF layer), and the inner sublamina b (ON layer) of the inner
plexiform layer (IPL). After Rodieck (1998).

known as P cells because of their projection to the parvocellular layers of the
lateral geniculate nucleus. Parasol ganglion cells are also known as M cells
because of their projection to the magnocellular layers of the lateral genicu-
late nucleus. The midget ganglion cells are concentrated in the macular area,
and they constitute approximately 80% of the ganglion cells in the primate
retina; parasol cells constitute 10% and other types the remaining 10%
(Dacey and Petersen, 1992).

There are no ganglion cells in the foveola. The axons of the central cone
cells, the Henle fibers, project centrifugally toward the ganglion cells, which
reach their maximum densities of approximately 40.000 cells/mm? at the
upward slope of the fovea, at an eccentricity of 0.5 mm (Curcio and Allen,
1990a; Sjostrand et al., 1999). For any given eccentricity, the ganglion cell
density is highest in the superior and nasal retina (Curcio and Allen, 1990a).

A. Midget Ganglion Cells
These cells are small, and they send a single dendritic process to the IPL,

where they branch in either sublamina a or b. Through careful counting of
midget ganglion cells and examination of their connections, it has become
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apparent that each central cone has two “private” midget ganglion cells:
one ON and one OFF cell (Sjostrand et al., 1999). More peripherally, they
collect information from more cone cells, and in the midperipheral retina
their dendritic field may reach 100 um (Dacey and Petersen, 1992). Midget
ganglion cells probably carry information regarding form and color.

B. Parasol Ganglion Cells

These cells have a large cell body. One or more dendrites arise from them, and
form large horizontally spread arbors in either the proximal or distal parts of
the IPL (Rodieck, 1998). Their receptive fields are wide, approximately 50 pm,
centrally and up to several hundred microns in the periphery (Dacey and
Petersen, 1992). Physiologically, they comprise more than one type of cells.
Some of them probably selectively carry blue-yellow color information,
whereas others receive input from all chromatic types of cone cells. Their
comparatively wide dendritic fields allow them to cover a wide area of the
retina. This makes them able to respond to moving or changing stimuli, and
they are presumably responsible for carrying such information to the brain.

C. Light-Sensitive Ganglion Cells

A recently detected and very special population of ganglion cells contains a
photopigment, melanopsin, and the neuropeptide PACAP. They respond to
light with a characteristic sluggishness, send their axons to the supraoptic
nucleus, and drive the circadian rhythm of at least rodents (Hannibal et al.,
2002; Hattar et al., 2002; Provencio et al., 2002). The observation heralds
hitherto unsuspected retinal functions.

X. NERVE FIBER LAYER

Ganglion cell axons form the nerve fiber layer, converging from all parts of
the retina towards the optic disc and forming progressively thicker bundles
as they approach the optic nerve head, where the layer can be 20- to 30-um
thick. Peripherally, the layer becomes thinner, and at the very periphery it is
indistinguishable. Glial cell processes belonging to Miiller cells or astrocytes
surround the bundles. Fibers coming from the temporal side arch above or
below the fovea. Fibers coming from the fovea do not arch, but runs straight
to the optic disc forming the straight maculopapillar bundle. The axons are
normally not myelinated in mammals, but aberrant myelination is at times
seen in patches at the optic disc margins or in the central fundus.



236 MORTEN LA COUR and BERNDT EHINGER

Xl. CENTRIFUGAL FIBERS

Centrifugal fibers are nerve fibers in the retina whcih originate in cell somata
in the brain. They are well known in cold-blooded vertebrates and birds, but
they were not convincingly demonstrated in mammalian retinas. However, a
modest number of histamine containing centrifugal fibers were recently
described in macaque retinas. These fibers appear to originate in the poste-
rior hypothalamus and reach the innermost layers of the retina (Gastinger
et al., 1999).

XIl.  NEUROTRANSMITTERS IN THE RETINA

Basically, all neurosignalling systems found in the CNS have been found also
in the retina, epinephrine, and 5-hydroxytryptamine being exceptions in
mammals. Both conventional neurotransmitter or neuromodulatory release
from presynaptic vesicles onto specific chemical receptors, and ion channel
signaling through gap junctions are important in retinal neurotransmission;
the latter have only begun to be known in the last few years. Nonvesicular
facilitated neurotransmitter transport has also been postulated for at least
horizontal cells. Dopaminergic neurons are thought partly to act by para-
crine transmission. The cannabinoid synthesis-on-demand feedback system
has also been described in retinal neurons, as further discussed below.

One excitatory and two inhibitory neurotransmitters dominate among the
neurons of the mammalian retina: glutamate, GABA, and glycine. Gluta-
mate is the neurotransmitter of photoreceptor, bipolar, and ganglion cells,
and probably also some amacrine cells (Thoreson and Witkovsky, 1999).
The cone signals are thus sent from cone cells to the brain by three gluta-
matergic neurons: cone, bipolar, and ganglion cells. In the rod pathway, the
glycinergic AIl amacrine cell is intercalated between rod bipolar cells and the
final ganglion cells (Figure 6, see also Kolb et al., 2003). Glycine is a likely
neurotransmitter in perhaps 40% of the amacrine cells, and GABA in
another approximately 40% of the amacrine cells (Pourcho, 1996; Marc
and Liu, 2000).

Glutamate released from photoreceptor cells act upon their second-order
neurons in two different ways depending on the properties of the postsynap-
tic receptors (see Kolb et al., 2003). One type of receptor is the metabotropic
glutamate receptor that is found in ON-bipolar cells. Signalling through this
receptor involves cGMP as second messenger. Activation of the metabotro-
pic glutamate receptors in ON-bipolar cells causes a decrease in the intracel-
lular cGMP concentration, a closure of cGMP-gated cation channels in the
cell membrane, and consequently a hyperpolarization of the cell membrane
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potential. The other receptor type is the ionotropic glutamate receptor found
in OFF-bipolar cells and horizontal cells. This receptor incorporates an
unspecific cation channel, which is rapidly activated when glutamate is
bound to the receptor. Activation of the ionotropic glutamate receptor
causes influx of current, carried by Na*, and depolarization of the mem-
brane potential. There are several subtypes of both metabotropic and the
ionotropic glutamate receptors (see Kolb et al., 2003).

Acetylcholine is present in the starburst amacrine cells, as already
described. Other locations have been described but not verified.

In mammals, dopamine is the likely neurotransmitter in certain amacrine
cell types, including the A18 type. In the retinae of teleost fish and some New
World monkeys, but not in Old World monkeys and humans, interplexiform
cells also contain dopamine. Dopamine is known to affect gap junctions in
the retina (Weiler et al., 1999; Kolb et al., 2003).

Dopamine receptors have been described on sites well away from dopa-
minergic synapses and cell processes. It has been argued that in the CNS,
dopamine may act by paracrine transmission (i.e., extrasynaptic action by
diffusion over much longer distances than the synaptic cleft, and possibly,
this is then the case also in the retina).

Serotonin (5-hydroxytryptamine) is a likely neurotransmitter in some of
amacrine cells of cold-blooded vertebrates and birds, but it has not been found
in mammals. Nevertheless, some mammalian amacrine cells, called indolea-
mine accumulating cells (among them type A17 in rabbits) contain much of the
biochemical machinery needed to produce and handle serotonin. The indolea-
mine accumulating cells are likely to have GABA, and not serotonin, as their
neurotransmitter, so apparently the serotonin system of these cells has been
downregulated, but left in place for some reason (Fletcher and Wissle, 1999).
Humans and cynomolgus monkeys do not have any indoleamine accumulating
neurons in the retina (Ehinger and Floren, 1979).

Histamine has in Macaque monkeys recently been demonstrated in a set
of centrifugal fibers (Gastinger et al., 1999), reopening the old question of to
what extent such fibers exist in primates.

Nitric oxide is regarded as a neurotransmitter candidate in many ama-
crine cells (Perez et al., 1995; Eldred, 2001). However, its physiological roles
in the retina are largely unknown. It has been suggested that NO produced
by amacrine and ganglion cells is a paracrine modulator of cell death within
the retinal tissue (Guimaraes et al., 2001).

The effects of endogenous cannabinoids have been explored only recently
in the retina. They are not stored in neurons or other cells, but synthesized on
demand. Thus neurons using cannabinoids cannot be detected by their trans-
mitter content but only by localizing appropriate receptors and enzymes
involved. Cannabinoids appear mostly to act by presynaptic modulation of
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neurotransmitter release, and may well be active at many retinal synapses,
including those of rod cells and cone cells (Straiker et al., 1999; Yazulla et al.,
2000).

Numerous neuroactive small peptides have been described in retinal
neurons of experimental animals, for instance neurotensin, galanin, TRH,
LHRH, PHI, FMRFamid, NPY, MSH, substance P, other tachykinins,
glucagon, somatostatin, met- and leu-enkephalins, VIP, GRP, bombe-
sin, cholecystokinin (CCK), and PACAP. Most of them appear in small
populations of amacrine cells. They have so far always been found in
neurons that also are likely to have a conventional small molecule neuro-
transmission system, like the monoamine or amino acid systems. Some small
other molecules have also been suggested, for instance epinephrine, norepi-
nephrine, ATP, and adenosine, but, like with the small peptides, their
possible functions in the retina are unclear.

XIll. GLIAL CELLS

The retina contains four kinds of glial cells: Miiller cells, which are by far the
most numerous; astrocytes, which mainly appear in the innermost parts of
the retina; microglial cells, which are phagocytic, vary considerably in num-
ber, and appear whenever and wherever they are needed; and finally, oligo-
dendroglial cells, which surround ganglion cell axons when they are
myelinated. In primates, the ganglion cell axons are normally myelinated
only in the optic nerve.

The retinal Miiller cells have a unique and characteristic morphology,
extending through the whole thickness of the neural retina, and with their
perikarya in the INL (Figure 29). They issue many fine processes, ensheath-
ing all retinal neurons from the outer (or external) limiting membrane
(OLM) and inwards. In the plexiform layers, they cover the dendritic pro-
cesses of the neurons up to the synaptic clefts, insulating them both electri-
cally and chemically. In the nerve fiber layer the Miiller cell processes cover
most ganglion cell axons. Similarly, Miiller cells cover blood vessels within
the retina.

Retinal Miiller cells, astroglial cells, and oligodendroglial cells are exten-
sively coupled by gap junctions of different kinds (Zahs et al., 2003). The
biologic significance of these contacts remains to be established.

The Miiller cells form both the OLMs and ILMs of the retina. The OLM
is not a true membrane, but a series of junctional complexes of the zonulae
adherens type between Miiller cells and photoreceptor cells (Figure 30). In
nonprimate vertebrates, gap junctions can also be found at the OLM. Miiller
cells extend microvilli beyond the OLM, into the subretinal space. At the
inner surface of the retina, Miiller cells widen into coalescing endfeet. These
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Figure 29. A collection of Golgi-stained Midiller cells from lizard (3), chicken (4),
and ox (5 and 6). a: descending collateral branches, b: region of the nucleus. After
Ramén y Cajal (1972).

produce the 1- to 2-pm thick ILM, which is a regular basal lamina, covering
the entire inner surface of the retina.

Miiller cells not only provide a scaffold for retinal neurons, but also
perform many tasks, which in the CNS are handled by astrocytes, oligoden-
drocyte, or ependymal cells. They regulate the extracellular environment of
the retina by buffering the light-evoked variations of particularly the K"
concentrations in the extracellular space, and they remove glutamate from
the extracellular space by active uptake (Newman and Reichenbach, 1996;
Thoreson and Witkovsky, 1999).

Miiller cells can respond to injury in several different ways. For instance,
they can proliferate or express glial fibrillary acidic protein, heat shock
proteins, major histocompatability molecules, or intracellular adhesion mo-
lecules. The significance of these reactions is not known.

Star-shaped astrocytes occur sparsely in the GCL and the IPLs. Their
processes contact ganglion cells and capillary surfaces. Most of the astro-
cytes in the nerve fiber layer send out two types of processes: one around
nerve fibers and the other to blood vessel walls (Ramirez et al., 1996).
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Figure 30. Diagram of the subretinal space, showing the relationship between the
retinal pigment epithelium (RPE), the outer segment of the photoreceptors, the outer
limiting membrane (OLM), and the Miiller cells. The asterisk denotes the subretinal
space. The loose organization of the subretinal space with abundant space between
the cellular elements contrasts the tightly organized extracellular space in the inner
retina (i.e., internal to the outer limiting membrane), From Steinberg et al. (1983).

Reticuloendothelial microglial cells are normally only found in small
numbers in the nerve fiber layer. However, under pathologic conditions
these mobile phagocytic cells can be found anywhere in the retina.

Oligodendroglia is normally not present in primate retina, and usually
not in other mammals either. However, in rabbits, they abound in the
myelinated streak (Newman et al., 1996).

XIV. THE RETINAL EXTRACELLULAR SPACE

The OLM divides the retinal extracellular space into two different compart-
ments: the subretinal space and the inner retinal extracellular space. The
subretinal space is the extracellular space between the apical membrane of
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the RPE and the external limiting membrane. It is a loosely organized space
with several microns between the cells, and it contains glucosaminoglycans
and proteins, including IRBP (Adler and Martin, 1982). The apical mem-
brane of the RPE and the tight junctions between the epithelial cells is the
outer border of the subretinal space, and constitutes a diffusion barrier (a
part of the blood-retinal barrier) that hinders free diffusion of water soluble
substances between the blood and the subretinal space. The OLM is the
inner border of the subretinal space. The junctional complexes that form this
membrane allow free diffusion of small molecules. However, the pores in the
OLM retain molecules with a Stokes’ radius of more than 36 A. The outer
limiting membrane protects the extracellular proteins, such as IRBP, from
dilution by hindering their diffusion towards the vitreous (Bunt-Milam et al.,
1985). The extracellular space of the inner retina is a tight labyrinth of
narrow intercellular clefts, only a few nanometer wide. This extracellular
space resembles that of the brain (Figure 30).

The different anatomy of these two parts of the retinal extracellular space
is reflected in the morphology of pathologic extracellular fluid accumulation
in the retina. Subretinal fluid tends to cause serous detachment of the retina,
whereas inner retinal fluid tends to dissect pathologic extracellular spaces,
and form what is clinically known as cystic macular edema.

XV. RETINAL CIRCULATION AND METABOLISM

In most vertebrates, primates included, the retina is supplied from two
different vascular beds: the (inner) retinal circulation and the choroid. The
retinal circulation is supplied from the central retinal artery, and its capil-
laries branch in inner part of the retina from the nerve fiber layer to the OPL.
In some mammalian species, such as bats and rabbits, the retinal circulation
is rudimentary or missing. The capillaries of the retinal circulation are of the
same type as brain capillaries. Their endothelial cells are nonfenestrated
and bound together with tight junctions. The capillaries of the choroid, the
so-called choriocapillaries, are polarized towards Bruch’s membrane and
the RPE, and they are fenestrated, and leaky. The outer retina, where
the photoreceptors are located, is avascular. The capillary blood flow
in the retinal circulation is approximately 50 ml/min/100 g tissue, and re-
sembles that in the brain. In the choriocapillaries, the capillary blood flow is
among the highest measured in the body, approximately 2000 ml/min/100 g
tissue (Gioffi et al., 2003). The tight junctions in the retinal capillary
endothelial cells and the junctions between the retinal pigment epithelial
cells constitute the blood-retinal barrier, which hinders the free diffusion of
water soluble molecules between the blood and the extracellular space in
the retina. The extracellular environment in the retina is controlled via
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specialized transport systems in the endothelial cells and in the retinal
pigment epithelial cells (Tornquist et al., 1990).

The retina has high energy requirements and high-oxygen consumption.
The photoreceptors in particular are highly metabolically active cells, espe-
cially in darkness, where the dark current requires Na* to be pumped out of
the photoreceptor cells at a high rate. Since the outer retina is avascular,
the oxygen and glucose that fuel photoreceptor metabolism must diffuse
a hundred microns to reach the inner segments, where the photore-
ceptor mitochondriae are located. In darkness, the oxygen consumption by
the photoreceptors is so high that the oxygen tension in the vicinity of the
photoreceptor inner segments approaches zero. Thus, even under physiolog-
ical conditions, the photoreceptors operate under near ischemic conditions.
The retina has a high capacity for anaerobic glycolysis, and produces lactate,
even under normal physiological conditions (Picaud, 2003).

XVI. DEVELOPMENT

Photosensitive patches are known in the simplest unicellular organisms, and
it is therefore believed that light sensitivity is a very ancient property of living
organisms. From there, photoreceptor cells and eyes have developed along
many different lines, which nevertheless have all tended to give superficially
similar morphologies; vertebrate and cephalopod squid and octopus eyes
being points in this case. Both are spheroids with a cornea, lens, and retina,
but the human retina is inverted, with photoreceptor cells being on the
scleral side of the retina, close to the choriocapillary layer, whereas the
octopus retina is not; a consequence of differing but converging evolution
lines (Land and Nilsson, 2002). Vertebrate photoreceptor cells apparently
need the heat sink provided by the very fast choriocapillary blood flow, but
the octopus does not, living in deep waters with only little sunlight.

The ectodermal neural plate is the embryonic source of the entire nervous
system, including the retina. This plate is first rolled up in the midline of the
embryo to form the neural tube. In humans, the first signs of the developing
eyes appear as two pits in transverse neural folds. This occurs at the third
week of gestation (the 2.6-mm stage), when the brain is still in its three-
vesicle stage. Within a few days (the 3.2-mm stage), these pits develop into
optic vesicles, connected to the brain by the optic stalks (Figure 31).

The optic vesicles enlarge and start to invaginate their inferolateral
parts during the 4th-6th week (the 4-5-mm stage and 15-18-mm stage).
The concurrently developing lens is important for this, probably exerting
its effect through extracellular matrix components. The invaginating vesicle
forms a two-layered cup open laterally, and with a fissure appearing in its
lower nasal quadrant (Figure 31B and C). This fissure eventually closes, but
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Figure 31. Panel (A): Transverse section through the anterior part of the forebrain
and optic vesicles of a 4-mm human embryo. a, cavity of forebrain; b, surface
ectoderm; ¢, wall of the optic vesicle; d, cavity of the optic vesicle. Panel (B): Model
of optic the cup and lens thickening of a 5.5-mm human embryo showing the
invagination of the optic vesicle to form the optic cup, and the deepening of
the lens pit. Panel (C): Model of the optic cup of a 7.5-mm human embryo. The wall
of the cup has been cut away to show the two layers. The lens vesicle has been
opened to show the cavity and the narrow passage running from this through the lens
stalk. From Mann (1923).

not before it has provided a path for the developing hyaloid artery that
supplies the developing retina, vitreous, and lens. The retinal circulation
develops from the hyaloid artery, but in humans the peripheral retina
remains avascular until birth. If the optic fissure fails to close, an inferonasal
coloboma or an even more malformed eye is formed.

The invaginating portion lining the inner wall of the cup will give rise to
the neural retina along with most of its glial elements. The outer wall
develops into the RPE. The optic stalk gives rise to the glia of the optic
nerve.

By the time optic cup is formed (the 10-mm stage, around the 5th week),
retinal differentiation is already in progress. Cell division in the outer wall
of the optic cup occurs only in one plane, giving rise to the single layer of
RPE cells. In these, pigment granules begin to appear by the 4th week (the
5-6-mm stage), and are well formed by the 5th week (the 10-mm stage). By
the end of the 8th week (the 30-mm stage), a single-layered pigmented
epithelium can readily be identified. It continues to grow, but there are no
further significant changes in it. On the choroidal side, the RPE is firmly
attached to Bruch’s membrane. Both RPE and the choroid contribute to
elements of this membrane, which thus has both ectodermal and mesoder-
mal origins. It starts to develop by the 14-18-mm stage (the 6th week) and is
well demarcated by the 6th month.

By the 12-mm stage (about 5 weeks), two nuclear layers are established at
the posterior pole of the retina in the inner wall of the optic cup. They are
called the inner and the outer neuroblastic layers. A narrow acellular strip
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called the Chievitz’s transient fiber layer separates them (Figure 32). The
development spreads radially through the optic cup, and by the 26-mm
stage, the two neuroblastic layers are developed out to its equator. Prolifer-
ating cells synthesize DNA with their nuclei on the vitreal side of the
neuroblastic cell mass. The nucleus then move towards the sclera to divide.
If the daughter cells do not leave the mitotic cycle, the nucleus moves back to
the vitreal side to synthesize more DNA again. The movement is called
interkinetic nuclear migration (Linden et al., 1999). Cells that leave the
cell cycle migrate to locations determined by their birthday and start to
differentiate.

Only few of the factors that control the differentiation and proliferation
are understood, but they appear to be both stimulatory and inhibitory.
A number of transcription factors have been suggested to control the fate
of developing retinal cells (Figure 33). Retinoic acid is an important early
differentiation factor, followed by ath, BMP4, hedgehog, ephrin, Tbx5, and
other factors (Peters, 2002; Marquardt, 2003). The ephrin system appears to

Figure 32. The neuroblastic region of a retina from a 17-mm human embryo.
1, basement membrane; 2, outer neuroblastic layer; 3, Miiller fibers; 4, Chievitz’
layer; 5, inner neuroblastic layer; 6, nerve fiber layer; 7, internal limiting membrane.
Adapted from Mann (1923).
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Figure 33. Transcription factors currently believed to direct retinal progenitor cells
(RPCs) to different retinal cell fates. From Marquardt (2003).

be important for guiding ganglion cell axons into the optic nerve (Feldheim
et al., 2000). Transforming growth factor alpha, acidic and basic fibro-
blast growth factors, and epidermal growth factors are also among the
agents currently believed to be involved because they stimulate the prolifer-
ation of retinal progenitor cells (RPCs) in cultures, and they use intracellular
signaling cascades ultimately influencing the cell-cycle control system.

Proliferation eventually ceases, first in the central retina and subsequently
in more peripheral parts. The first cells to leave the cell cycle are ganglion
cells along with cone cells, horizontal cells, and certain amacrine cells.
Rod cells develop later and bipolar cells are the last (Figure 34). In humans,
the ganglion cells, horizontal cells, cone cells, and amacrine cells are present
already at birth. Some Miiller cells, and some peripheral rod cells, may
continue to be produced up to the 3rd postnatal month. The birthday
sequence of the retinal neurons is very similar in most vertebrates, suggesting
they have followed an important common line during the evolution.
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Figure 34. Birthday periods for different cell types in the mouse retina. Other
species develop similarly, although their time scales are different. After Young
(1985).

It is well established that in adult birds and cold-blooded vertebrates, new
retina cells can be formed by progenitor cells, mainly present at the ora
serrata. Mammalian retinas were not known to contain such cells, but very
recently, a small number of progenitor cells have been described in murine
ciliary processes. The observation has spurred hopes that these normally
deeply dormant cells can be activated to replace lost or damaged retinal cells
(Ahmad, 2001).

The development of the retinal layers as well as the differentiation of
various cell types begin in the central retina and spread peripherally. The
GCL and the IPL are the first to appear, starting in humans at 12th week,
and they are well established by the 5th month. The OPL forms at the
4 month, and cells located between the OPLs and the IPLs then form the
INL, erasing the Chievitz’s transient fiber layer, which leaves no identifiable
mark in the adult retina.

The cell distribution is not symmetrical across the retina, as exemplified
by the accumulation of cone cells in the fovea except for S-cone cells which
are absent from its very center and that of rod cells in the rod ring (Figure 6).
Already from before birth, the cone and ganglion cell densities are also
higher in the nasal than the temporal retina. This suggests the presence of
important positional information, both in the fetal and in the young devel-
oping retina, and details of differences along the dorsoventral and the
anteroposterior axes of the retina have recently been presented, but much
remains to be established (Ross et al., 2000; Peters, 2002).

Programmed cell death (apoptosis) is an important event during the
development of most tissues, retina included (Linden et al., 1999). Apoptosis
is likely to regulate the number of cells of the different types at different
locations. During the early development of the eye, it is responsible for the
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sculpting of the optic primodium and the formation of the optic fissure.
It may also be responsible for opening extracellular channels, thereby creat-
ing passages where the optic fibers could grow (Silver and Hughes, 1973).
The process appears most prominent in ganglion cells. Approximately 70%
of these die in a developing human retina, but different subclasses of gang-
lion cells die at different rates (O’Leary et al., 1986). Factors responsible
for the control of apoptosis include the availability of trophic factors
with different kinds of dendritic interactions, as well as intrinsic or induced
activity in the neurons. Most recently, it has been shown that gap junctions
can mediate apoptosis triggering signals, and there is evidence that they may
be directly involved in regulating apoptosis during development (Cusato
et al., 2003).

During development, the first sign of the human fovea is present already
at embryonic week 11-12 on the temporal side of the optic disc. In the
early stages, the macular region is actually elevated from the surface of
the retina due to the accumulation of ganglion cells there, with as many
as up to nine rows of ganglion cells in the macular region at the 6th month
of gestation. The region then starts thinning, with ganglion cells and other
cells of the inner retina becoming displaced centrifugally. The displacement
results in a depression in the center of the macula, the foveal pit, which
is fully formed at about 11-15 months postnatally. The cells maintain their
synaptic contacts made at an earlier stage (Hendrickson and Yuodelis,
1984).

There are no rod cells in the fovea, and S-cone cells are also lacking at its
very center. It is not clear how this is achieved. There is no evidence of
selective apoptosis in the fovea. It is possible that the progenitor cells
produce only L- and M-cone cells in this region.

At the time of birth, the cone density of the human fovea is only 20% of
the adult value, which it reaches only 4-5 years after birth, probably
by centripetal migration of cone cells. As the fovea matures, the cone cells
become thinner so that they are more compactly packed. Foveal cone
cells continue to change their shape and develop the outer segments well
into adulthood.
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ABSTRACT

The retinal pigment epithelium (RPE) is a monolayer of cuboidal epithelial
cells intercalated between the photoreceptors and the choriocapillaries. The
human RPE incorporates some 3.5 million epithelial cells arranged in a regular
hexagonal pattern. The density of RPE cells is relatively uniform throughout
the retina, approximately 4000 cells/mm?>. With age, the cell density decreases
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particularly in the periphery, where it is reduced to approximately 2000 cells/
mm? in individuals over 40 years. The peripheral RPE cells are larger and
more pleomorphic than central cells (Harman et al., 1997; del Priore et al.,
2002). In the primate retina, each RPE cell faces 30-40 photoreceptors,
a number that is rather constant throughout the retina, although perhaps
somewhat lower in the fovea (Robinson and Hendrickson, 1995). In fully
developed primate retinas, no mitoses are seen in the RPE, and the epithelium
is currently believed to consist of a stable, nondividing, pool of cells (Tso and
Friedman, 1967).

The retinal membrane of the RPE faces the subretinal space, which is
the extracellular space surrounding the photoreceptor outer segments
(Figure 1). Between the optic disc and the ora serrata, there are no anatomical
contacts between the photoreceptors and the RPE. The RPE forms numerous
long microvilli that interdigitate with the rod outer segments. In mammals,
the cone outer segments are ensheathed by multilamellar specializations of
the RPE, the so-called cone sheaths. The epithelial cells are bound together
by junctional complexes with tight junctions that separate the cells into
an apical half that faces the retina and a basal half that faces the choroid.
The nucleus and mitochondriae are located in the basal half of the cell.
Numerous pigment granules, located predominantly in the apical cytoplasm,
give the epithelium its macroscopic black appearance, from which it derives its
name.

The choroidal side of the RPE directly apposes Bruch’s membrane, a
pentalaminar, approximately 2 pm thick, elastic membrane. The inner-
most part of Bruch’s membrane is the basement membrane of the RPE.
The outer part of Bruch’s membrane is the basement membrane of the
choriocapillaries. In between are two collagenous layers and a central elastic
layer.

I. RPE FUNCTION

The retinal pigment epithelial cells act as supportive cells for the photore-
ceptors. The best studied of these functions are the participation of the RPE
in photoreceptor outer segment renewal, the storage and metabolism of
vitamin A, the production of cytokines necessary for retinal development
and survival, and the transport and barrier functions of the epithelium.
These four aspects of RPE physiology will be discussed in separate sections
later.

Other, less well-characterized functions of the RPE are the absorption
of stray light by the melanin pigment in the epithelium, the scavenging of
free radicals by the melanin pigment, and the drug detoxification by the
smooth endoplasmic reticulum cytochrome p-450 system (Shichi and Nebert,
1980).
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Figure 1. Diagram of the subretinal space, showing the relationship between the
retinal pigment epithelium (RPE), the outer segment of the photoreceptors, the outer
limiting membrane (OLM), and the Miller cells. The asterisk denotes the subretinal
space. (From Steinberg R.H., Linsenmeier R.A. and Griff E.R. (1983). Vision Res. 23,
1315.)

II. PHOTORECEPTOR OUTER SEGMENT TURNOVER

It has been known for more than 20 years that the outer segments of both
rod and cone photoreceptors undergo continuous renewal. New membrane
material is added at the base of the outer segments, and old membrane
material is removed from the tip of the outer segments by RPE phagocytosis
(Besharse and Defoe, 1998). In the Rhesus monkey, the renewal time for rod
outer segments is 13 days in the parafoveal region and 9 days in the
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peripheral retina. These estimates are based on the classical experiments by
Young, where he used pulse labeling of rod outer segment discs with radio-
active amino acids and subsequent autoradiography (Young, 1971). In
cones, a similar outer segment renewal process takes place. However, be-
cause of the continuity of the disc membranes with the outer segment cell
membrane, the rate of cone outer segment membrane renewal cannot be
assessed by pulse labeling. Count of phagosomes, containing outer segment
material, within the RPE cells suggests that the rate of outer segment
renewal is slower in cones than in rods (Anderson et al., 1980). The outer
segment discs are shed in a circadian rhythm. In rods there is a burst of disc
shedding and phagocytosis in the morning, immediately after light onset. In
cones, there seem to be some species variability in the pattern of disc
shedding (Besharse and Defoe, 1998). In rhesus monkeys there is a burst
of disc shedding associated with light onset, although discs are also shed
during the dark period in this species (Anderson et al., 1980).

Retinal pigment epithelium phagocytosis is important for photoreceptor
survival. This was first discovered in RCS rats, where a retinal dystrophy is
caused by defective RPE phagocytosis of outer segment material (Chaitin
and Hall, 1983). More recently, this dystrophy was linked to the MERKT
gene (D’Cruz et al., 2000). Transfer of the MERKT gene has been shown to
rescue photoreceptors in RCS rats (Vollrath et al., 2001). The MERKT gene
product is a receptor tyrosinase kinase, necessary for normal RPE phagocy-
tosis (Feng et al., 2002). MERKT gene defects have subsequently been
shown to cause retinitis pigmentosa in humans, and a murine retinal dystro-
phy, similar to the one seen in RCS rats (Gal et al., 2000; Duncan et al.,
2003). In Usher’s syndrome type 1b, a major deaf-blind disorder in humans,
RPE phagocytosis is affected; with the causative defect in the myosine 7A
gene (Gibbs et al., 2003).

The amount of membrane material ingested and degraded by the RPE
cells is impressive. Based on a quantitative study in the Rhesus monkey
(Young, 1971), it can be calculated that each extrafoveal RPE cell, every
day, must ingest and degrade a volume of rod outer segment material that
corresponds to 7% of the volume of the RPE cell itself. Since the RPE cells
do normally not divide, the burden of membrane material that these
cells must ingest and degrade in their lifetime, far exceeds that of any other
phagocytic cell. Probably as a consequence of this massive phagocytic load
on the RPE cells, lipofuscin granules accumulate with age in these cells, and
makes them autofluorescent (Nilsson et al., 2003). Exocytosis through the
RPE choroidal cell membrane of lipofuscin and other waste products from
phagocytosis may lead to the accumulation of hydrophobic material
in Bruch’s membrane, and reduced water permeability of this membrane
(Marshall et al., 1998). The major fluorophore in RPE lipofuscin is A2E,
which is a product of retinal and ethanolamine (Sakai et al., 1996). Early
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accumulation of lipofuscin is seen in Stargardt’s disease, which is a macular
dystrophy caused by a defective ABCR gene (Allikmets, 1997). The ABCR
gene product seems to be involved in the transfer of all-trans-retinal from the
disc lumen and into the cytosol of outer segments in rods (Weng et al., 1999).
Accumulation of A2E and other indigestible retinoid metabolites in the rods
might be cause of the excess RPE lipofuscin accumulation in Stargardt’s
disease and possibly in age-related macular degeneration as well (Mata et al.,
2001).

Il1l. RETINOID METABOLISM AND THE VISUAL CYCLE

The retinal pigment epithelium plays an important role in the uptake,
storage and metabolism of vitamin A and related compounds. It has been
known for more than 100 years that photoreception involves bleaching
of the visual pigments, and that the RPE is required for the regeneration
of these pigments, at least in rods (Marmor and Martin, 1978). The under-
lying mechanisms are now known in some detail (McBee et al., 2001). The
retinoid 11-cis-retinaldehyde is the chromophore of the visual pigments in
mammals. When light is absorbed by the visual pigment, the phototransduc-
tion cascade is initiated, and the visual pigment bleaches. During the bleach-
ing process, the chromophore is released from the visual pigment and
converted within the photoreceptor to all-trans-retinol, which is then re-
leased from the outer segment. Some of this all-trans-retinol finds its way
to the retinal pigment epithelium, where it is reisomerized to 11-cis-retinol,
oxidized to 1l1-cis-retinaldehyde, and subsequently transported back to
the photoreceptor outer segments. The light induced movement of retinoids
between the photoreceptors and the retinal pigment epithelium, and the
involved transformations between the different retinoids, is denoted
the visual cycle (Thompson and Gal, 2003).

Retinoids enter the RPE cell via three different mechanisms: Firstly, all-
trans-retinol is taken up from the blood through the choroidal membrane of
the RPE cells. All-trans-retinol circulates in the blood bound to a small,
21 kD, carrier protein, serum retinol binding protein, RBP, which is com-
plexed to another and larger, protein, transthyretin. Autoradiographic stud-
ies have demonstrated specific membrane binding sites for RBP on the RPR
choroidal membrane (Thompson and Gal, 2003, 1976). However, the recep-
tor has not been identified with certainty, and the retinol-uptake mechanism
in the RPE choroidal membrane remains to be elucidated (Chader et al.,
1998). Secondly, retinoid bound to the visual pigments enter the RPE cells
via the phagocytosis of outer segment material (see previous section). Finally,
retinoid is shuttled back and forth between the RPE and the outer segments as
a part of the visual cycle. The all-trans-retinol that is liberated from the outer
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segments is shuttled to the RPE through the subretinal space. The inter-
photoreceptor matrix retinoid-binding protein, IRBP, has been implicated
as a carrier protein in retinoid transport through the subretinal space,
since this protein is the most abundant protein in the subretinal space, and
capable of binding both retinol and retinal in their all-trans- as well as their
11-cis configurations (Chader et al., 1998). However, the role of IRBP as
the obligate carrier of retinoids in the subretinal space has been recently
been challenged. In mice with a targeted disruption of the IRBP gene
(IRBP-/- gene knockout mice), it was found that the kinetics of 11-cis-retinal
and rhodopsin recovery after a flash of light was only marginally slower in
IRBP-/- mice than in normal, wild-type, mice (Palczewski et al., 1999). IRBP
may play a role in retinoid transport between Miiller cells and cones, and it
may play a role in retinal development (Gonzalez-Fernandez, 2003).

The fate of retinol inside the RPE cell has recently been reviewed
(Thompson and Gal, 2003), and is illustrated in Figure 2. Once inside the
RPE cell, the retinol is bound to a small, 16 kDa, carrier protein, cellular
retinol-binding protein (CRBP), which is a relative ubiquitous protein, not
specific for the RPE. Retinol might then be esterified to a palmitate group
derived from the membrane phospholipids lecithin. This reaction is cata-
lyzed by lecithin-retinol acyltransferase (LRAT). The retinyl ester is a stable,
nontoxic form of the retinoid, and both the all-trans- and the 11-cis-isomer
of retinol is stored as retinyl esters within the RPE cell. The formation of
retinyl esters is an important step in the synthesis of the 11-cis-isomer, since
all-trans-retinyl ester is the substrate for the isomerohydrolase enzyme that
catalyzes the combined hydrolysis of the ester bond and isomerization of the
all-trans-retinol to 11-cis-retinol (Bernstein et al., 1987). Isomerization of all-
trans-retinol to the 11-cis-isomer is an endothermic reaction, and the energy
required is probably derived from the energy-rich ester bond in the retiny-
lester (Dreigner et al., 1989). The isomerohydrolase enzyme has not been
purified or cloned. Another RPE protein, RPE6S5, is necessary for the
isomerization. RPE65 is distinct from the isomerohydrolase, although it is
probably associated with it (Thompson and Gal, 2003). The 11-cis-retinol
that is the product of the isomerization is bound to cellular retinaldehyde
binding protein, CRALBP. This is a 36 kDa protein localized mainly in RPE
cells and Miiller cells. It binds retinol and retinal, but is specific to the 11-cis
isomer. CRALBP might facilitate the isomerization reaction by trapping the
11-cis product. The 11-cis-retinol can be reesterified by LRAT and stored in
the RPE cell as 11-cis-retinylester, or it can be oxidized to 11-cis-retinal by
11-cis-retinol dehydrogenase (11-cis-RDH). This reaction uses NAD™ as
cofactor. While bound to CRALBP, 11-cis-retinal travels to the retinal
membrane of the RPE cell where it is released. The mechanism for this is
not clear.
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Figure 2. Diagram of retinoid trafficking in and around the retinal pigment epithe-
lium (RPE) cell. ROS= rod outer segment; 11cis-ROL = 11—cis-retinol; 11cis-RAL =
11-cis-retinal; at-ROL = all-trans-retinol; at-RAL = all-trans-retinal; RGR = retinal
G-protein coupled receptor; RBP = serum retinol binding protein, CRBP = cellular
retinol binding protein, CRALBP = cellular retinal binding protein; RDH = all-trans-
retinol dehydrogenase; 11-cis-RDH = retinol dehydrogenase specific for 11-cis-
retinol; IRBP = interphotoreceptor matrix retinoid binding protein.

An alternative pathway for the isomerization of all-trans-retinol to 11-cis-
retinol within the RPE cell is light dependent and resembles the mechanism
used in eyes of cephalopods (e.g., octopus and squid). In this pathway the
substrate for the isomerization reaction is all-trans-retinal. All-trans-retinol
must therefore be oxidized to all-trans-retinal. This is accomplished by an
all-trans-retinol dehydrogenase (all-trans-RDH). The isomerization is cata-
lyzed by the enzyme retinal G-protein coupled receptor (RGR), which binds
all-trans-retinal covalently with a Schiff base linkage resembling the attach-
ment in rhodopsin. Illumination of the RGR-all-trans-retinal compound
results in the formation of 11-cis-retinal. The RGR protein corresponds to
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retinochrome found in the myeloid bodies of cephalopod retinula cells
(Thompson and Gal, 2003).

Proteins involved in retinoid metabolism seem to be important for pho-
toreceptor survival. Table 1 shows gene products, expressed in the RPE,
in which genetic defects have been shown to cause retinal disease.

IV.  PRODUCTION OF CYTOKINES

Both photoreceptors and the choriocapillaries depend on the RPE for their
survival. If the RPE is destroyed by chemical or mechanical means, the
photoreceptors and the choriocapillaries atrophy (Peyman and Bok, 1972).
As will be discussed further below, the RPE is necessary for the normal
development of both the neuroretina and choroid (Raymond and Jackson,
1995; Zhao and Overbeek, 2001).

The RPE cell has been shown to produce many growth factors, and the
roles of some of these have begun to be elucidated. Vascular endothelial
growth factor, VEGF or VEGF-A, is a potent angiogenic factor, which is
secreted by RPE cells in a polarized fashion, with 2-7 fold more being
secreted towards the choroidal side of the epithelium (Blaauwgeers et al.,
1999). The polarized secretion targets the vascular endothelium of the chor-
iocapillaries, which expresses two different VEGF receptors, VEGFR-1 and
VEGFR-2, preferentially towards its RPE facing side. During embryogene-
sis, a peak of VEGF production by the RPE is necessary for the develop-
ment of the fetal choroidal vasculature (Witmer et al., 2003). VEGF also
increases the permeability of vessel walls, and may contribute to the mainte-
nance of the fenestrated phenotype of the choriocapillaries (Blaauwgeers
et al., 1999). Ischemia, mechanical distortion, advanced glycation end pro-
ducts all upregulate VEGF production by RPE cells, and may result in

Table 1. RPE Gene Defects and Retinal Disease

Protein Disease

RPE65 Leber congenital amaurosis
LRAT Leber congenital amaurosis
RGR Retinitis pigmentosa

CRALBP Recessive retinitis pigmentosa
11-cis-RDH Fundus albipunctatus

IRBP Retinal dystrophy in mice

Proteins involved in retinoid metabolism in the retinal pigment epithelium (RPE),
where genetic defects cause retinal disease. LRAT = lechitin retinol acyl trans-
ferase; RGR= retinal G-protein coupled receptor; CRALBP = cellular retinaldehyde
binding protein; 11-cis-RDH = retinol dehydrogenase, specific for 11-cis-retinol;
IRBP = Interphotoreceptor matrix retinoid binding protein. References in (Gonzalez-
Fernandez, 2003; Thompson and Gal, 2003).



The Retinal Pigment Epithelium 261

choroidal and/or retinal neovascularization (Seko et al., 1999; Ohno-Matsui
et al., 2001; Uhlmann et al., 2002; Witmer et al., 2003). On the other hand,
blockage of VEGF signalling inhibits choroidal neovascularization in a mu-
rine model (Kwak et al., 2000).

The angiogenic stimulation by VEGF is balanced by an RPE-
derived antiangiogenic factor, pigment epithelium derived factor, PEDF
(Tombran and Barnstable, 2003). PEDF provides autocrine negative feed-
back of the angiogenic stimulation caused by VEGF, partly through upregu-
lation of PEDF expression though VEGFR-1 (Ohno-Matsui et al., 2003).
Apart from its antiangiogenic properties, PEDF has neurotropic and
neuroprotective properties (Tombran and Barnstable, 2003). The balance
between PEDF and VEGF has been proposed as a major mechanism
keeping the ocular vasculature patent and avoiding pathological angiogenesis
(Ohno-Matsui et al., 2001).

Several members of the FGF family are involved in autocrine and para-
crine control of RPE growth, resistance to apoptotic cell death, and wound
repair (Schweigerer et al., 1987; Bost et al., 1992; Yamamoto et al., 1996;
Mascarelli et al., 2001). FGF-2, previously named basic FGF, stimulates
RPE growth, but also has neurotrophic and angiogenic properties. Failure
of RPE to generate FGF signaling in transgenic mice results in disrupted
photoreceptors and thinned choroid (Rousseau et al., 2000).

The RPE cells have been shown to produce a number of other cytokines,
with less well-characterized roles (Campochiaro, 1998; Holtkamp et al.,
2001).

V. TRANSPORT

The outer retina is avascular, and the choriocapillaries are the main source of
oxygen and nutrients for the photoreceptors. The retinal pigment epithelium
is interposed between the choriocapillaries and the photoreceptors, and the
epithelial cells are bound together by tight junctions that effectively hinder
transfer of water soluble compounds in-between the cells (i.e., via the para-
cellular route). Hence, the RPE cells control the exchange of water-soluble
nutrients and metabolites between the choroid and the subretinal space.

In vitro experiments have shown that the retinal pigment epithelium has a
retina positive transepithelial potential between 2 and 15 mV. This potential
is responsible for the cornea positive standing potential of the eye, which can
be recorded by DC electroretinography (Gallemore et al., 1998). The trans-
epithelial electrical resistance across isolated RPE preparations has been
measured to be between 79 and 350 Qcm? (Hughes et al., 1998). The isolated
epithelium in vitro absorbs Na', C1 -, HCOj3, and K". The transepithelial
transport of these ions has been extensively studied in isolated preparations
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of frog and bovine RPE (Figure 3). In both preparations, a number of
transport mechanisms have been identified in the RPE membranes, and
models have been proposed that explain quantitatively the transepithelial
transport of the major ions in these species (la Cour, 1993; Hughes et al.,
1998). The retinal membrane of the RPE incorporates an electrogenic Na '/
K* pump that pumps Na™ out of the cell and K" into the cell at the
expenditure of metabolic energy. The Na*/K* pump lowers the intracellular
concentration of Na®, which is below the electrochemical equilibrium
for this ion. Secondary active transport systems use the energy invested
in the inwardly directed Na™ gradient to drive transport of other ions. The
retinal membrane incorporates three such secondary active transport sys-
tems: a Na™:K™:2Cl™~ cotransport system, a Na*/H" exchange mechanism,
and a Na":2HCOj3 cotransport system. These transport systems accumulate
Cl” and HCOj5 intracellularly above their electrochemical equilibrium.

Choroid
HCO; K Ccr cr Na'? H,0? H': Lac™
CFTR MCT3
RPE

Na"2HCO; Na"K":2CI" HCO; H':H,OLac Na" H,0
Kir7.1 MCT1 AQP1

3Na’ K or b
Retina

Figure 3. Model of mammalian RPE ion transport mechanisms. The retinal mem-
brane incorporates an active Na*/K* pump, an inward rectifying K* conductance of
the Kir7.1 type, a rheogenic Na™:2HCO3 cotransport system, a Na™:K*:2CI~
cotransport system, a CI~/HCO3 exchange mechanism, a Na™/H™ exchange mech-
anism, and a H™:water:lactate cotransport mechanism of the MCT1 type. The
choroidal membrane incorporates a K* conductance, a Cl~ conductance, part of
which is the CFTR channel, a CI/HCOj3 exchange mechanism, and a H*: lactate
transport system of the MCT3 type. There are yet uncharacterized efflux mechanisms
for Na*, and water across the choroidal membrane. The figure also shows the
aquaporin water channel AQP1 is located in the retinal membrane.
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The choroidal membrane incorporates a cAMP dependent C1™ conductance
that serves as exit mechanism for this ion (la Cour, 1992). Some of this cAMP
dependent chloride conductance stems from the cystic fibrosis transmem-
brane conductance regulator (CFTR), which has recently been identified in
human RPE choroidal membrane by reverse transcriptase PCR (Quinn et al.,
2001; Blaug et al., 2003). The choroidal membrane also incorporates a cAMP
independent Cl~ conductance, which is regulated by the intracellular Ca*"
concentration (Quinn et al., 2001). Bicarbonate exit is mediated by Cl7/
HCOj5 exchangers in the RPE choroidal membrane. Most of the potassium
that is pumped into RPE cells is recycled across the retinal membrane,
through an unusual inward rectifying K* conductance, the major com-
ponent of which is due to the Kir7.1 channel (la Cour et al., 1986; Segawa
and Hughes, 1994; Hughes and Takahira, 1996; Yang et al., 2003).
Some potassium exits the RPE cells via a smaller, yet uncharacterized K*
conductance in the choroidal membrane (la Cour et al., 1986).

The RPE cells incorporate transport systems for a number of organic
nutrients and metabolites. The GLUT1 transport protein, which mediates
facilitated transport of glucose across brain capillaries, is found in both the
retinal and choroidal membrane of the RPE (Sugasawa et al., 1994). In
photoreceptors, glycolysis is active even under aerobic conditions, and lac-
tate has to be cleared from the subretinal space (Wang et al., 1997). The RPE
incorporates the lactate transport systems MCT1 (MCT = mono carboxylic
acid transporter) in its retinal membrane and MCT3 in its choroidal mem-
brane (la Cour et al., 1994; Philp et al., 2003). Other transport mechanisms,
including transport systems for GABA, ascorbic acid, fluorescein, and ami-
no acids, have also been described in the retinal pigment epithelium (Hughes
et al., 1998).

Ion transport across the RPE has been shown to be influenced by
receptors in the retinal membrane of the epithelium. Both alpha- and beta
receptors, as well as a purine receptor P2Y, have been identified (Quinn
et al., 2001; Yang et al., 2003). Stimulation of these receptors results in
an increased chloride conductance in the choroidal membrane of the epithe-
lium. The intracellular second messenger that conveys the signal from the
retinal to the choroidal membrane is cAMP for the beta receptor, and Ca*"
for the P2Y, purine receptor (Quinn et al., 2001; Yang et al., 2003).

The retinal pigment epithelium from a number of species has been shown
to absorb water (Hughes et al., 1998). This is consistent with the clinical
observation that fluid under a rhegmatogenous retinal detachment absorbs
quickly once the holes in the neurosensory retina are surgically closed. The
rate of subretinal fluid resorption across the entire RPE in this setting has
been estimated to be 2 ml per 24 hours. This corresponds to more than 50%
of the aqueous secretion in that period (Marmor, 1998a). This high rate of
water transport is probably not present under physiological conditions, since
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the retina with its tight extracellular spaces has a very low-hydraulic conductiv-
ity (Tsuboi, 1987). Nevertheless, the retinal pigment epithelium has a large
reserve capacity for removal of excess fluid from the subretinal space (Marmor,
1998a). The RPE water transport may have a role in the maintenance of normal
retinal adhesion by exerting suction on the neurosensory retina. However,
other mechanisms also seem to contribute to retinal adhesion (Marmor,
1998b). Under the pathologic condition of retinal detachment, the RPE capac-
ity for fluid absorption is important for the surgical treatment of this condition.
The RPE fluid absorption can be enhanced by stimulation of the purinoceptor
P2Y, as well as by beta adrenergic stimulation (Edelman and Miller, 1991;
Peterson et al., 1997; Yang et al., 2003). Interestingly, the increased fluid
absorption has been shown to increase the rate of resolution of experimental
retinal detachments in rabbits (Yang et al., 2003).

The mechanisms underlying RPE water transport is poorly understood.
It is a clinical observation, confirmed in laboratory experiments, that sub-
retinal fluid can be absorbed despite a high-protein content (Marmor, 1998a).
Proteinaceous retinal exudates can eventually be dehydrated to the extent that
lipoprotein crystals precipitate in the retina as the so-called hard exudates.
Proposed mechanisms for RPE fluid transport must therefore be able to
account for the apparent ability of the RPE to transport fluid against an
osmotic gradient. It is known that the passive water permeability in the retinal
membrane is larger than that in the choroidal membrane (la Cour and
Zeuthen, 1993). This water permeability may be due to the water channel
aquaporin-1, AQP1, which recently was found to be expressed in the retinal
membrane of human RPE (Stamer et al., 2003). Aquaporins are thought to be
passive water channels. In order to explain vectorial water transport against
an osmotic gradient, active transport systems are needed that can transport
water against an electrochemical gradient (Stein and Zeuthen, 2002). The only
such transport system so far known in the RPE is a H': lactate: water
cotransport system in the retinal membrane of both frog and porcine RPE
(Zeuthen et al., 1996; Hamann et al., 2003). However, the physiological
significance of this transport system is unknown at the present time.

VI. THE RPE IN WOUND HEALING AND PROLIFERATIVE
VITREORETINAL DISEASE

The RPE is often considered a glial element in the retina (Bok, 1993).
Despite being a resting epithelium in adult individuals, the epithelium has
a high-proliferative capacity, and after retinal trauma or rhegmatogenous
retinal detachment, RPE cells can proliferate vigorously. The proliferating
cells liberated from the epithelium can be seen clinically as free pigmented
cells, so-called tobacco dust, in the vitreous (Fisher and Anderson, 1998;
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Hiscott et al., 1999). The free RPE cells settle on all available surfaces,
dedifferentiate, and acquire macrophage and fibroblast-like characteristics.
Eventually they may participate in the formation of contractile mem-
branes, a condition called proliferative vitreoretinopathy (PVR), which is a
feared complication of rhegmatogenous retinal detachment (Kirchhof and
Sorgente, 1989). Several factors may induce this dedifferentiation, including
vitreous, albumin, serum, activated macrophages, and several growth fac-
tors, including hepatocyte growth factor (HGF), and connective tissue
growth factor (CTGF) (Kirchhof and Sorgente, 1989; Hinton et al., 2002).
The dedifferentiation goes along with down-regulation of proteins associated
with the highly specialized functions and the cell shape of the RPE cells (Alge
et al., 2003). Proliferative vitreoretinopathy might be characterized as an
inappropriate and excessive wound-healing response of RPE, which results
in the distortion and tractional detachment of the neurosensory retina.

Despite the high-proliferative capacity of RPE cells, it is a clinical obser-
vation that the RPE monolayer has a limited capacity to heal acquired in situ
defects resulting from aging, inflammation, surgery, or trauma (Grierson
et al., 1994). Recent experimental studies of RPE wound healing have shown
that the RPE cells have the capacity to repopulate experimentally induced
defects in the RPE monolayer, but that concurrent damage to Bruch’s
membrane may prevent healing of RPE defects in situ (Tezel and del Priore,
1999a; Wang et al., 2003). Healing of RPE defects requires attachment of
RPE cells to Bruch’s membrane at the base of the defect. It has become
apparent that this attachment is critically dependent on age and on the
general status of this membrane. If the basal laminar layer of Bruch’s
membrane is intact, RPE cells can attach to and repopulate both young
and aged (>60 years) Bruch’s membrane, whereas they fail to attach and
survive on the deeper layers of aged human Bruch’s membrane (Tezel and
del Priore, 1999a). Age-related changes such as cross-linking and deposition
of long-spacing collagen, drusen formation, calcifications, cracks, or loss of
inner layers can make these areas uninhabitable for RPE. Such RPE defects
eventually lead to the development of progressive choriocapillaries and
photoreceptor atrophy, and eventually turn into areas of geographic atrophy
(del Priore et al., 1996).

RPE wound healing does not necessarily involve cell proliferation. RPE
cells are postmitotic and occasional cell loss does not stimulate cell pro-
liferation, but is compensated for by the flattening and migration of
the neighboring RPE cells (Grierson et al., 1994). This mechanism is an
important role for the repopulation of small involutional RPE defects espe-
cially in the macula. Changes in the topographical density of aging human
RPE suggest that there is a continuous proliferation and sliding of the
peripheral RPE to cover midperipheral and macular RPE defects (del Priore
et al., 2002). Mitosis, on the other hand, seems to be necessary to cover larger
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defects in the RPE monolayer (Hergott and Kalnins, 1991). Proliferating and
migrating RPE cells become flat, display prominent stress fibers, and acquire
the appearance of fibroblasts. This wound-healing process requires upregu-
lation of various adhesion molecules, cytokines, and signaling genes (Singh
et al., 2001). At later stages of wound healing, cultured RPE cells produce
extracellular matrix molecules and remodel their matrix (Kamei et al., 1998).

VIl. DEVELOPMENT

RPE develops from a layer of ciliated and pseudostratified neuroectodermal
precursor cells that form the outer layer of the optic cup. At the 4th week of
gestation, these cells start melanogenesis by the activation of the tyrosinase
promoter and form simple cuboidal epithelia (Oguni et al., 1991). They are
initially hexagonal in shape, and have short microvilli. A smooth RPE basal
lamina can be identified in as early as the 5th week of gestation (Fu and Li,
1989). RPE basal lamina, elastic layer, and choriocapillaries basal lamina
form the primordial Bruch’s membrane (Marmorstein et al., 1998). At
around the 11th week of gestation, the inner and outer collagen layers
appear flanking the central elastic layer, thus completing the pentalaminar
structure of the adult Bruch’s membrane (Fu and Li, 1989). Further develop-
ment of the embryonic RPE waits for the maturation of fetal photorecep-
tors. As photoreceptor’s outer segments start to develop into the subretinal
space, RPE extends long-apical microvilli to ensheath them. In order to
adapt to photoreceptors’ high need of nutrients, RPE cells develop basal
infoldings that increase their surface area for uptake and transport purposes
(Marmorstein et al., 1998). Maturation of photoreceptors also induce polar-
ization of certain proteins, such as apically polarized Na®™, K™-ATPase,
N-CAM, EMMPRIN, oV5 integrin, and basally polarized a6B1 integrin
(Marmorstein et al., 1998). Junctional complexes are observed as early as the
6th week of gestation (Oguni et al., 1991).

Survival and development of primordial RPE is controlled by a number
of transcription and growth factors, such as brain derived neurotrophic
factor, BDNF (Liu et al., 1997; Hackett et al., 1998). Interestingly, RPE
precursors can be induced to transdifferentiate into neural retinal tissue by
FGF stimulation (Galy et al., 2002).

Growth of RPE is required for the development of the choroid, neural
retina, and vitreous. Neural retina and vitreous fail to develop in trans-
genic mice lacking RPE due to expression of diphtheria toxin-A within the
developing epithelial cells (Raymond and Jackson, 1995). Similarly, choroid
fails to develop in transgenic mice where RPE is transdifferentiated into
neural retina, due to expression of FGF9 in the developing RPE (Zhao and
Overbeek, 2001).
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I. DEFINITION

The major vascular layer of the eye consists of the choroid, the iris, and the
ciliary body. This vascular layer is also called the uvea, because of its resem-
blance with the inside of a purple grape (uva means grape in Greek). The
Choroid is located in between sclera and retina (Duke-Elder and Wybar, 1961).
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Il. ANATOMY

External examination of the choroid reveals a rich vascularised tissue, which
resembles the outer chorion of the fetus. It is a thin (0.1-0.15 mm) sheath
located between retina and sclera. It is light to dark brown in color, depend-
ing on the pigmentation of the stroma. In albinos it is bluish. The choroid
continues anteriorly into the ciliary body and iris, and ends posteriorly at the
optic nerve. The consistency of the choroid is soft and spongy. The uvea is
fixed to the sclera anteriorly at the scleral spur, at the exit points of the
vortex veins, and posteriorly at the optic nerve (Figure 1). The choroid
can easily be removed from the sclera by blunt dissection. The choroid is
classically divided into four or five layers by light microscopy.

Figure 1. Dissected pig eye. (A) Shows the correlation between Sclera, which is
partly removed and choroid. (B) Sclera is completely removed and only the optic
nerve and choroid remains. Note the resemblance with the inside of a purple grape,
which lead early anatomists to give the vascular layer its name uvea (uva means
grape in Greek).
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The epichoroid, or suprachoroidal layer is the outermost part of the
choroid facing the sclera. This layer is possibly derived from both sclera
and choroid. Suprachoroidea is approx. 30 um thick. It consists of mem-
branes of thin elastic and collagen fibers, which forms a fine network with
several fibroblasts and melanocytes. Within the fibers and membranes of the
suprachoroidal layer is a potential space, the suprachoroidal space, in which
fluid can accumulate under pathological conditions forming a choroidal
detachment.

The Vessel layer is the thickest layer of the choroid. The essential constit-
uent of this layer is the blood vessels embedded in loose connective tissue
with collagen, elastic and reticular fibers, but almost no capillaries are found
in this layer. The vessel layer is also described as consisting of an outer
Haller’s layer, which consist of larger vessels, and inner Sattler’s layer, which
consist of smaller vessels. A distinct border between the two layers cannot be
distinguished, but the larger vessels are seen nearest the suprachoroid zone
and only small vessels are seen in the foveal region.

The choriocapillaris layer is a single layer of large, densely packed
capillaries consisting of single endothelial tubes arranged in small lobules.
Each lobule is supplied by a central arteriole (Hayreh, 1990) (Figure 2). The
lumen of the choriocapillaries is 20-50 pm, which is larger than the lumen of
the retinal capillaries (5 pm). Ultrastructurally, the choriocapillaris are of the
fenestrated type, similar to those found in the renal glomerulus and other
organs. The fenestrations are circular, and measure approximately 800 A in
diameter (Nagy and Ogden 1990) (Figure 4). In contrast to the renal glo-
merulus capillaries, the fenestrations in the choriocapillaris are covered by a
diaphragm. The choriocapillaries are polarized towards the retina with the
endothelial nuclei located externally, and the fenestrations located inter-
nally, towards Bruch’s membrane, and the retinal pigment epithelium. This
arrangement of capillaries is unique to the choriocapillaris and is believed
to enhance the metabolic exchange between the choroidal blood and the
retina.

The choriocapillaries lobules are drained by venoles situated in the pe-
riphery of the lobules (Hayreh, 1990) (Figure 2). These venoles unite into
small venous whorls, or vortices leading off into the choroidal veins, which
again combine into the larger vortex, or vorticose veins that penetrate the
sclera.

The innermost layer of the choroid is Bruch’s membrane. It consists of
five layers (Figure 5). A central elastic layer is sandwiched in between the
inner and outer collagenous layer. The outermost layer of Bruch’s mem-
brane is the basement membrane of the choriocapillaris; the innermost layer
is the basement membrane of the retinal pigment epithelium. Bruch’s mem-
brane varies in thickness from 4 pum near the optic disk disc to 1-2 pm in the
periphery, and its thickness increases with age (Hogan et al., 1971).
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Figure 2. Posterior pole choriocapillaris viewed from the retinal aspect. Remnants
of the inferior retinal vessel arcade and retinal capillaries are visible. Lobular appear-
ance is difficult to distinguish but can be identified. * = Choroidal arteriole opening.
Bar = 250 um (From Olver, J.M. (1990). Eye 4, 255-261).

Ill. THE CHOROIDAL CIRCULATION

In humans, the choroidal circulation is derived from the ophthalmic artery,
which branches into the central retinal artery and the main posterior ciliary
arteries and several anterior ciliary arteries. One to five main posterior
ciliary arteries usually supply the choroid. These main posterior ciliary
arteries run anteriorly along the optic nerve. Just before reaching sclera they
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Figure 3. Cross section of equatorial choroid showing flattened, wide-diameter
capillaries and draining venule (*) Bar = 60 pm (From Olver, J.M. (1990). Eye 4,
255-261).

Figure 4. Freeze-fracture electron micrograph of an endothelial cell of the chor-
iocapillaris. Fenestration (arrowheads) appear as papillae on the P face (P) or as
craters (open arrowheads) on the E face (E). Cytoplasmic vesicles. v. Capillary lumen
I. (x56280) (From Nagy, A.R. and Ogden, T.E. (1990). Eye 4, 290-302).
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Figure 5. Transmission electron micrograph of Bruch’s membrane from the domes-
tic pig. RPE = cytoplasm of a retinal pigment epithelial cell, CC = lumen of
choriocapillaris, 1 = basement membrane of the RPE, 2 = inner collagenous layer,
3 = lamina elastica, 4 = outer collagenous layer, 5 = basement membrane of the
choriocapillaris, arrow marks a fenestration of the endothelial cell.

divide into the short ciliary arteries, 15-20 branches, which then penetrate
sclera in a ring formation around the optic nerve (Amalric, 1983). The
interscleral course is straight and very short and perpendicular to the sclera.
Hereafter, the arteries branch extensively to supply the choriocapillaries.
Anteriorly the choroidal circulation form anastomoses with recurrent
branches from the long posterior ciliary arteries.

The long posterior ciliary arteries are normally two in number. They
penetrate sclera obliquely 3-4 disc-diameters medial and temporal from
the optic nerve, and have in contrast to the short ciliary arteries a long
interscleral course. The long posterior ciliary arteries supply the ciliary body,
iris, and the temporal and medial part of choroid.

Most of the choroidal vessels are venoles that drain the choriocapillaris.
Small venoles collect the blood from the choriocapillaris lobules, and
they join to form whorl-shaped systems in the outer part of the vascular
layer of the choroid (Haller’s layer). These venoles then join to form the
vortex veins. There are a total of four to seven vortex veins, or, one or two
for each quadrant of the eye. The vortex veins exit the globe at the equatorial
region in oblique channels, or emissaries, after forming ampullae near
the internal sclera (Figure 7, K). The vortex veins drains to the superior
and inferior orbital veins, which drains into the cavernous sinus and ptery-
goid plexus, respectively. In vivo fluorescein-angiographic studies have
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0.55 (0.33-0.68) mm

Figure 6. (A) Localization of the watershed between the medial and lateral main
arteries and their supply areas (From Hayreh, S.S. (1980). Trans. Ophthalmol. Soc.
UK. 100, 400-407). (B) The watersheds between the vortex veins. X = fovea, M =
macular region, D = disc (From Hayreh, S.S. (1974). Albrecht Von Graefes Arch.
Klin. Exp. Ophthalmol. 192, 181-196).

shown that the posterior ciliary arteries functionally works as end arteries
in a segmental fashion (De Laey, 1977; Hayreh, 1990), however, several
postmortem vascular cast studies have shown several anastomoses between
the posterior arteries (Duke-Elder and Wybar 1961; Hogan et al., 1971;
Olver, 1990).

Hayreh (1990) has described the presence of watershed zones (i.e., the
territory between choriocapillaris lobules supplied by two different
end arteries). These watershed zones are predilection sites for choroidal
ischemia (Figure 6).

IV. THE CIRCULATION OF THE OPTIC DISC

Blood flow to the optic disc is obtained from three sources, classically
described as supplying three distinct layers of optic nerve head tissue.
The immediate retrobulbar part of the optic nerve is supplied from the
central retinal artery. The major part of the optic disc is supplied from
the circle of Zinn-Haller (Figures 8 and 9) that receives blood from choroidal
arteries, from the short posterior ciliary arteries, and with a small contribu-
tion from pial arterial network (Hayreh, 2001). Small branches from the
central arterial artery, supply the superficial nerve fiber layer in the optic
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Figure 7. The Uveal Blood vessels. The blood supply of the eye is derived from the
ophthalmic artery. Except for the central retinal artery that supplies the inner retina,
almost the entire blood supply of the eye comes from the uveal vessels. There are two
long posterior ciliary arteries: one entering the uvea nasally and one temporally
along the horizontal meridian of the eye near the optic nerve (A). These two arteries
give off three to five branches (B) at the ora serrata that pass directly back to form the
anterior choriocapillaris. These capillaries nourish the retina from the equator for-
ward. The short posterior ciliary arteries enter the choroid around the optic nerve (C).
They divide rather rapidly to form the posterior choriocapillaris that nourishes the
retina as far as the equator (the choriocapillaris is not shown in this drawing). This
system of capillaries is continuous with those derived from the long posterior ciliary
arteries. The anterior ciliary arteries (D) pass forward with the rectus muscles, and
then pierce the sclera to enter the ciliary body. Before joining the major circle of the
iris they give off 8-12 branches (E) that pass back through the ciliary muscle to join
the anterior choriocapillaris. The major circle of the iris (F) lies in the corona ciliaris
and sends branches posteriorly into the ciliary body as well as forward into the iris
(G) and limbus (O). The circle of Zinn-Haller (H) is formed by pial branches (1) as
well as branches from the short posterior ciliary arteries. The circle lies in the sclera
and furnishes part of the blood supply to the optic nerve and disc. The vortex veins
exit from the eye through the posterior sclera (J) after forming an ampulla (K) near the
internal sclera. Venous branches that join the anterior and posterior part of the vortex
system are meridionally oriented and are fairly straight (L), while those joining the
vortices on their medial and lateral sides are oriented circularly about the eye (M).
The venous return from the iris and ciliary body is mainly posterior into the vortex
system, but some veins cross the anterior sclera and limbus (O) to enter the episcleral
system of veins. (From Hogan, et al. (1971). Histology of the Human Eye. Saunders.)
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disc. Experimental studies have shown that the blood supply to the
optic disk except for the most superficial part completely derives from
the choroid circulation. (Hayreh, 2001). At the capillary level, there are no
direct anastomoses between the choriocapillaries and the capillaries of the

optic disc.

Figure 8. Anastomoses between medial and lateral short posterior ciliary arteries
forming complete circle of Haller and Zinn. Note double supply temporally (solid
arrow), which forms an incomplete anastomosis from which pial vessels also arise.
(From a left eye). Bar = 400 pm (From Olver, J.M. (1990). Eye 4, 7-24).
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Figure 9. Zinn’s original woodcut of the blood supply of the eye based on dissec-
tions showing the position of the “circle’” of Haller and Zinn at (q) Made in 1755
(copied from Olver, J.M. (1990). Eye 4, 7-24).

V. INNERVATION OF THE CHOROID

The innervation of the choroid is mainly vasomotor. The choroid receives
several small branches from the short posterior ciliary nerves, mainly con-
taining sympathetic fibers, but parasympathetic and sensory fibers are also
found. Branches from the long ciliary nerve run in the suprachoroidal layer,
en route to the anterior uvea and cornea, which they innervate. Choroidal
axons are observed in the suprachoroid and vessel layer but absent from
the choriocapillary layer (Trivino et al., 2002). The axons form fine plexes
in the vascular layer, called vasomotor, and innervate primarily the large
vessels and their primary branches. Several ganglion cells are also found
in the choroid vascular layer. The concentration of nerve fibers is highest in
the posterior part of the human choroid, where they could be necessary to
maintain control of blood flow in this zone. These neurons could induce
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vasodilatation reflexes in the vessels controlling the entrance of blood into
the choroidal circulation.

VI. PHYSIOLOGY

The principal functions of the choroid are to nourish the outer retina and to
provide a pathway for vessels that supply the anterior part of the eye.
However, it also plays an important role in temperature regulation, mainte-
nance of intraocular pressure, and it provides a smooth internal surface for
the retina.

The choroid has some exceptional characteristics. The blood flow through
the choriocapillaries is extremely high even when compared with tissues such
as the kidney cortex (Figure 10).
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Figure 10. Blood flow through tissues of monkey eye. Flow through other tissues is
included for comparison. (From Cioffi, et al. (2003). Adlers Physiology.)
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Interestingly the oxygen extraction is low in the choroidal circulation. The
arterio-venous difference for blood oxygenation in choroid has been
measured in cats to be a mere 3% (Alm and Bill 1970). This difference is
much lower than what is found in almost all other vascular beds; in the
human retinal circulation it is approximately 38% (Cioffi et al., 2003). The
low-oxygen extraction is a consequence of the high-capillary flow in the
choriocapillaris, and it results in an extracellular oxygen tension at the level
of the retinal pigment epithelium that approaches the oxygen tension in the
arterial blood, approximately 100 mmHg (Figure 11). The outer retina is
avascular, and the oxygen supply of photoreceptors is derived from the
choriocapillaris. Since the mitochondria of the photoreceptors reside in the
inner segments, approximately 100 pm from the choriocapillaris, and the
oxygen has to be transported by diffusion over this distance, there is a steep
gradient in the retinal oxygen tension from the choriocapillaris to the level of
the photoreceptor inner segments (Figure 11). In darkness, where the pho-
toreceptor dark current requires energy and oxygen, the oxygen tension at
the level of the inner segments approaches zero, and the retina is in a
borderline ischemic state (Figure 11). It seems that the high-choroidal blood
flow and the steep oxygen gradient are needed to ensure sufficient diffusional
oxygen flux into the photoreceptor inner segments

The regulation of choroidal blood flow is incompletely understood. There
is ambiguity in the literature as to whether the choroidal circulation is auto-
regulated. By controlling the intraocular pressure, Alm changed the intraoc-
ular perfusion pressure in cats and monkeys, and found a linear correlation
between the choroidal blood flow and the perfusion pressure (Figure 12),
indicating that the choroidal blood flow is not autoregulated (Alm and Bill
1970). In contrast, Kiel manipulated the arterial blood pressure, and found
that the choroidal blood flow indeed is autoregulated in rabbits (Kiel, 1994,
1995). The discrepancies may be species dependent since the rabbit has a
nonvascular retina, whereas the cat (like humans) has a vascularised retina.
The nonvascularised retina may need some kind of autoregulation of the
oxygen supply to the retina.

The innervation of the choroidal circulation is mainly sympathetic
(Delaey et al., 2000), and local factors as nitric oxide and carbon dioxide
have been shown to play a role for the vascular tone in choroidal vessels
(Geiser et al., 2000; Schmetterer and Polak 2001). Choroidal blood flow in
pigeons is regulated by parasympathetic fibers derived from the medial part
of the nucleus of Edinger-Westphal (EW) via the ipsilateral ciliary ganglion
(Fitzgerald et al., 1990; Zagvazdin et al., 1996).

The high-choroidal blood flow act as a heat sink that drains away the heat
generated from light absorbed by melanin pigments. Thus the choroid serves
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Figure 12. When intraocular pressure (IOP) is increased, there is no decrease in
retinal blood flow and optic nerve head blood flow up to a certain level. Change
in flow in ciliary body is also small. In the choroid, even moderate increments in eye
pressure reduce blood flow. At high IOP, further increments in pressure reduce flow
in all intraocular tissues (from Cioffi, et al. (2003). Adler’s Physiology).
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Figure 13. Model of function of the retinochoroidal circulation in normal animals
and under conditions of thickened choroidal vessel walls. Left, focusing of light on the
macula by the eye’s optical system produces a local increase in tissue temperature.
The high-choroidal circulation, shown as a coil just behind the retina, absorbs the heat
and stabilizes local tissue temperature. The absorbed heat is dissipated by central body
mechanisms (body core). Right, thickening of the blood vessel walls in the choroid
decreases the efficiency of the choroidal vasculature in dissipating heat, allowing an
increase in tissue temperature. (From Parver, L.M. (1991). Eye 5, 181-185.)

as a temperature regulator, and stabilizes retinal temperature especially in
the foveal region, probably preventing heat damage to the photoreceptors
(Parver, 1991; Tamai et al., 1999) (Figure 13).

There is a close relationship between the retinal pigment epithelium
(RPE), and the choriocapillaris. It has been known for almost 20 years that
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the RPE somehow is necessary for the survival of the choriocapillaris.
Atraumatic RPE removal causes atrophy of the underlying choriocapillaris
(Korte et al., 1984; Del Priore et al., 1995; Nasir et al., 1997). On the other
hand, survival of the RPE cell layer, and the photoreceptors, is dependent on
intact choriocapillaris. If blood flow in choriocapillaris is obstructed experi-
mentally by raising the IOP to very high values, or clinically by thrombosis
of one the posterior ciliary arteries, the RPE layer is destroyed and RPE and
photoreceptor atrophy result in what clinically are known as Elschnigs spots
(Amalric, 1991).

VIl. CHOROIDAL BLOOD FLOW MEASUREMENTS

Direct clinical measurement of choroidal blood is currently not feasible.
Only indirect methods are available. These include Doppler measure-
ments of velocity of blood flow either by ultrasound in the ciliary arteries
(Quaranta et al., 1997), or diode-laser light in the submacular choroidal
vasculature (Riva et al., 1994). In both instances, lacking knowledge of
vascular caliber prohibits calculation of the absolute blood flow. There-
fore, only relative measurements can be performed and the influences
of physiologic or pharmacological perturbations are dependent upon
the assumption that the cross-sectional diameter of the vasculature is
unchanged.

Alternatively, it is possible to calculate the pulsatile ocular blood flow
(pOBF) from the intraocular pulse pressure. The average intraocular pres-
sure is proportional to the rate of aqueous humor production and the
outflow resistance (R) of the eye; R = 1.5 mmHg min/pl (Brubaker, 1982).
The time constant for this balance is CR = 1.5 minutes where C is the
compliance of the eye about 1 pl/mmHg (Friedenwald, 1957). Hence, a
perturbation in either determinant will cause the average pressure to settle
at its new value within 10-20 minutes. At a much shorter time-scale, the
intraocular pressure is pulsating synchronously with the heart beat due to
pulsatile systolic inflow of blood exceeding the average outflow. Knowing
the rigidity of the eye enables one to calculate pOBF (Krakau, 1995). The
inherent assumptions in this calculation are a steady venous outflow and
that the ocular elasticity in vivo is known. The pulsatile pressure in the ciliary
arteries is the driving force that increases the blood volume of the choroids
temporarily during systole, thereby changing axial length.

This can be measured by interferometry (Schmetterer et al., 1997). Both
methods, however, merely quantitate the pulsatile component of the choroi-
dal blood flow. Dye saturation curves obtained by indocyanine green angi-
ography show that there is a substantial accumulation of dye during diastole
(Figure 14).
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Indocyanine angiography

Intensity

Figure 14. Angiography of a choroidal artery in a normal person after injection of
indocyanine green intravenously. A laser scanning ophthalmoscope records succes-
sive frames that are digitized and aligned to extract the density in three windows. The
intensity curves obtained from each window are shown versus time in the left panel.
Pulsatile inflow with a substantial diastolic component is evident.

After the curves reach their maximum, the pulsatile component disap-
pears as a result of insignificant pulsations of the vascular calibers. Hence,
the optimal measurement of total choroidal blood flow would require mea-
surement of ocular rigidity and the intraocular pulse pressure combined with
an angiographic estimation of the ratio of systolic/diastolic inflow rates.

VII. DEVELOPMENT

The choriocapillaris starts to differentiate simultaneously with the deve-
lopment of the RPE during the 4th and 5th week (Sellheyer, 1990). Some
controversy exists regarding whether these developing capillaries are fenes-
trated or not before the 12th week (Mund et al., 1972; Sellheyer, 1990). The
basement membrane of choriocapillaris is starting to develop in the 7th
week, but a continuous membrane is first seen in the 9th week. Four different
layers in Bruch’s membrane can be distinguished at this time-point; only the
elastic layer of Bruch’s membrane is not fully developed until the 13th week
(Sellheyer, 1990).
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Arterioles and venous are first observed outside the choriocapillary layer
at week 15. Before this time-point, the only arterioles are at optic nerve
entrance in sclera; and rudimentary vortex veins are seen starting their
development in the 6th week (Hogan et al., 1971; Sellheyer, 1990). Arteries
and veins are first observed in the 22nd week. Pigmentation of the choroid
is first seen in the Sth month. It is believed that these pigmented cells
are derived from the neural crest during early embryonic life (Hogan
et al., 1971).
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I. INTRODUCTION

Vision is of fundamental importance for each individual to interact with and
to survive in the world. Therefore, a clear visual axis focusing the images
from the world outside on retina, as well as a proper function of retina itself,
is of paramount importance. In order to achieve this, clear media (cornea,
aqueous humor (AqH), lens, and vitreous body) for transmission and focus-
ing of the light is needed. The perception of precise images by the retina
requires maintaining the organization and structure of retina within narrow
limits.

This organization can be disrupted by a potent inflammatory response
that normally occurs in other sites in the body. Inflammation in the eye must
therefore be very strictly regulated to avoid collateral damage to delicate
structures lacking regenerative capacity.

It has for many years been known that the eye is an immune privileged
site (i.e., that allogeneic grafts placed in the anterior chamber or subretinally
can survive for an extended period of time without being rejected). Medawar
proposed immune privilege of the anterior chamber in the 1950s, observing
this phenomenon by placing allogeneic skin transplants in the anterior
chamber of the eye. He believed that the survival of the transplant was due
to immunologic ignorance based on “passive” mechanisms, such as the
blood:ocular barrier and the lack of lymphatics. This “dogma” prevailed
until investigations initiated by Kaplan and Streilein (1977, 1978) 20 years
later demonstrated that immunization via the anterior chamber created a
deviant immune response (i.e., that F1 cells or allogeneic cells placed in the
anterior chamber created a systemic immune response). This response was
deficient in cell-mediated immunity and devoid of complement fixing anti-
bodies. In the eye, the vitreous cavity and the subretinal space have also been
found to be immune privileged areas (Jiang and Streilein, 1991; Wenkel
et al., 1999). From the last decades of research it is now known that the
immune privilege of the eye relies not only on passive mechanisms, such as
the blood:ocular barrier and the lack of lymphatics, but also on active
processes involving a complex array of different mechanisms.

Other anatomic sites characterized as “immune privileged” include brain,
testis, ovary, pregnant uterus, and adrenal cortex, where histoincompatible
tissue grafts can be placed, and they survive for an extended or indefinite
period of time (Streilein, 2003b).

Tissues derived from immune privileged sites, such as the cornea, lens,
retina, or retinal pigment epithelium (RPE) from the eye or tissues from the
brain and spinal cord can, when placed at an immune competent site, survive
without rejection for a prolonged period in a histoincompatible individual—
a feature designating these tissues as “immune privileged tissues.” This
finding further indicates that the structural organization including blood:
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Table 1. Immune Privileged Tissues and Sites

Sites Tissues

Eye Cornea, lens, pigment epithelium, retina, anterior
chamber, vitreous, subretinal space

Brain Brain, spinal cord

Ovary Ovary

Testis Testis

Adrenal cortex Liver

Pregnant uterus Fetoplacental unit

Hair follicles

Tumors Tumors

Source: Adapted from Streilein (1999, 2003b).

ocular or blood:brain barriers of the “immune privileged sites” is not the full
explanation of this phenomenon.

Today the “immune privileged” status of the eye is believed to be based on
five different mechanisms including: (1) the blood:ocular barrier, (2) the
absence of lymphatic drainage from the eye, (3) soluble factors with immune
regulatory properties in ocular fluids, (4) the expression of immune regulatory
molecules on the epithelial cells lining the interior of the eye, and (5) tolerance-
inducing antigen presenting cells (APC). Some of these mechanisms will be
described in the following sections (Table 1).

Il. INNATE AND ADAPTIVE IMMUNITY

Apart from physical and chemical barriers to impede the invasion of patho-
gens, the immune system is capable of discriminating “self” from “nonself.”
This is done by two highly specified systems: the innate and adaptive immune
system. The adaptive immune system is highly specific, capable of recognizing
even subtle changes, and having the ability to generate specific antibodies and
specific cytotoxic effector cells against these changes. The innate immune
system recognizes and reacts to major structural differences by use of lacto-
ferrin, lysozyme, defensins, complement, mannose-binding lectin, or by the
use of Toll-like receptors and other receptors expressed on cell surfaces. The
cellular network of the innate immune system includes neutrophils, macro-
phages, as well as NK-cells and yd T cells. In contrast to the adaptive immune
system, the effector phase of the innate immune system is immediate (Table 2).

I1l. THE INNATE IMMUNE SYSTEM AND THE EYE

The innate immune system plays a central role in the immunity of the eye
as the first responder to foreign pathogens. The responses elicited are not
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Table 2. Differences Between the Innate and the Adaptive Immune Response

Innate Immunity Adaptive Immunity
Antigen-independent Antigen-dependent

Immediate maximal response (minutes) Delayed maximal response (days)
Not antigen-specific Antigen specific

No immunological memory Immunological memory

based on specific recognition of the individual pathogens, but on general
differences displayed by pathogens compared to the individual they invade.

IV. LACTOFERRIN, LYSOZYME, AND DEFENSINS

The iron-binding protein lactoferrin constitutes around 25% of the protein
content in tear fluid. The main biologic properties of lactoferrin can be
ascribed to its very strong binding of iron cations. It is suggested that
lactoferrin exerts its biologic activity by deprivation of iron from the ocular
surface and thereby limiting the availability of iron for microorganisms, thus
exerting firm control of the bacterial flora at these sites.

Lysozyme is found in tear fluid and account for about 40% of the protein
in tears. Lysozyme disrupts the cell wall of susceptible bacteria by hydrolysis
(McClellan, 1997).

Together lactoferrin, lysozyme, and a third group of antimicrobial pep-
tides, named defensins, form the nonspecific defense at the ocular surface.
Defensins are known to be of significance for the elimination of pathogens
such as bacteria, virus, and fungi (McClellan, 1997).

Defensins belong to the group of cationic antimicrobial peptides of less
than 100 amino acids long. They are found widely distributed in mammalian
epithelial cells and phagocytes, and they are present in high (up to milli-
molar) concentrations. There are two main subfamilies of defensins, «- and
B-defensin, based on structural differences (Ganz, 2003). Defensin-o 1, 2,
and 3 are produced by the lacrimal gland, they are present in tears and are
regarded as important for the initial defense together with lysozyme
and lactoferrin. Corneal epithelium has been shown to express § defensin
1 and 2 (Haynes et al., 1999). Intraocular expression of  defensin 1 and
inducible expression of § defensin 2 in freshly isolated ciliary body epitheli-
um (CBE) and RPE has been found by RT-PCR, but no expression of
B defensin 5 and 6 has been demonstrated (Haynes et al., 2000). However,
B defensin 1 is found in fluid from vitreous and AqH only in very low
subbacteriocidal concentrations (Haynes et al., 2000; Lehmann et al.,
2000). The low-intraocular expression of defensin may be advantageous



Innate and Adaptive Immunity of the Eye 295

since defensin has been demonstrated to cause cell proliferation and fibrin
formation (Higazi et al., 1995, 1996), which potentially are harmful to
vision.

V. COMPLEMENT

The complement system is known to be of great importance eliminating
pathogens such as bacteria, parasites, and viruses. Complement components
are known to form a terminal pore forming complex C5b-C9, named
membrane attack complex, destroying the target efficiently by lysis. This
process can be initiated by C1 complement (classical pathway), mannose-
binding lectin (lectin pathway), or by C3 (alternative pathway). Activation
of complement leads to the generation of bioactive fragments (C3a, C4a, and
C5a) and the formation of the membrane attack complex (C5b-C9). These
two components will in turn lead to inflammation. To avoid excessive
complement activation leading to an inflammatory response damaging
the intraocular structures, a strict control of complement activation in the
intraocular environment is needed. This control is achieved by inhibition of
complement activation at a variety of levels. A number of different mole-
cules have been identified in the AqH, among these, a low-molecular in-
hibitor of Clq, which is capable of inhibiting complement mediated lysis
(Goslings et al., 1998).

In the eye there is widespread expression of complement regula-
tory proteins: membrane cofactor protein (MCP, CD46), decay-acceleration
factor (DAF, CD55), and membrane inhibitor of reactive lysis (MIRL,
CD359) are present both soluble in AqH and as cell bound forms (Chandler
et al., 1974; Bora et al., 1993; Sohn et al., 2000a,b). CD46 and CDS55 inhib-
it all three pathways (classical, lectin, and alternative) by inhibiting
the formation of C3 convertase. CD59 binds to C5b678 and blocks the
binding of C9, and thereby inhibits formation of the terminal complex.
The cell surface regulator of complement, Crry (512 antigen) found to inhibit
activation of C3 in the mouse (Molina, 2002) has also been demonstrated
in the eye (Bardenstein et al., 1999; Sohn et al., 2000a). All three proteins are
found to be differentially expressed in the human eye. Antibodies to MCP
(CD46) show strong expression in the corneal epithelium and weak ex-
pression in the corneal keratocytes and photoreceptor cells of CD46. Anti-
DAF staining (CD55) is very strong in the corneal epithelium and the ciliary
body but moderate in the corneal stroma (keratocytes) and iris. In contrast,
anti-CD59 antibodies show strong expression in the corneal epithelium,
corneal stroma (keratocytes), iris, choroid, and all layers of the retina but
only moderate expression in the ciliary body of CD59 (Bora et al., 1993;
Sohn et al., 2000a,b).



296 MOGENS HOLST NISSEN and CARSTEN ROPKE

Table 3. Factors of Importance for the Immune Privileged of the Eye

Passive Active

Blood: ocular barrier Cell surface expression of: CD95
Ligand CD46 (MCP), CD55(DAF),
CD59 (MIRL), Crry

Deficient lymphatic drainage Soluble factors in AqH: TGF-, a-MSH,
VIP, CGRP, MIF, IL-1R o, soluble CD95
Ligand, thrombospondin

Intravenous drainage of AqH

Reduced intraocular expression

of MHC class | and MHC class I
Few APC

Source: Adapted from Streilein (1999, 2003b).

Antibodies are known to be of great importance for the activation of
complement, but not all isotypes of IgG antibodies are capable of initiating
complement activation. When a humoral response against intraocular anti-
gens is mounted, the antibody response is biased toward noncomplement
fixing antibodies, which will not activate the complement system by the
classical pathway (Wilbanks et al., 1990). This results in lower inflammatory
responses (Table 3).

VI. NEUTROPHILS, MACROPHAGES, AND NK CELLS

Degranulation of neutrophils releases a number of bioactive substances,
including lactoferrin, lysozyme, peroxidase, proteases, and collagenase,
which can cause significant damage to ocular tissues. Protection against
the actions of neutrophil granulocytes includes inhibition of their activation
by a-melanocyte stimulating hormone (a-MSH) (Catania et al., 1996) and
interleukin-1 receptor antagonist (IL-1Ra), present in AqH (Kennedy et al.,
1995). The activation of neutrophils by FasLigand (CD95L) expressed on
ocular epithelium are counteracted by soluble FasLigand (CD95L) and
transforming growth factor-B (TGF-f) present in AqH (Gregory et al.,
2002). Calcitonin gene-related peptide (CGRP) present in AqH inhibits the
production of nitric oxide (NO) by activated macrophages (Taylor et al.,
1998).

NK cells have the capability to detect absence of “self”” by lysis of cells
expressing low amounts of MHC class I on the cell surface. Corneal endo-
thelial cells have been shown to express low amounts of MHC class I, and
this renders these cells prone to lysis by NK cells. Counteracting the activity
of NK cells entering the anterior chamber is the presence of macrophage
migration inhibitory factor (MIF) in AqH. Migration inhibitory factor has
been shown to inhibit NK cells from lysing their targets (Apte et al., 1998).



Innate and Adaptive Immunity of the Eye 297

VIl. THE ADAPTIVE IMMUNE SYSTEM

The adaptive immune system consists of two arms: humoral (specific anti-
bodies) and cellular (specific T cells). Of fundamental importance in the
afferent part of the immune response is the APC that includes B cells,
macrophages, and dendritic cells. These cells capture antigens and present
them bound to MHC class I or MHC class II antigens on the cell surface.
The dendritic cells have the ability to migrate selectively through different
tissues and present the captured and processed antigen as peptide fragments
for CD8" and CD4" T cells bound to MHC class I and MHC class 1I,
respectively. The immune regulatory properties of dendritic cells rely both
on their expression of costimulatory molecules (CD40, CD80, and CD86)
and their production of chemokines and cytokines (TNF-a, IL-12, IL-10,
IFN-y, and TGF-B) (Banchereau et al., 2000). Immature dendritic cells
are characterized by a high capacity to capture and process antigen, but
due to their low MHC class II expression and their lack of costimulatory
molecules, they are poor stimulators of T cells (Banchereau and Steinman,
1998). Mature dendritic cells expressing CD40, CD80, and CD86 do not
capture and process antigens efficiently but are potent stimulators of T cells
(O’Keeffe et al., 2003).

Under normal conditions, granulocytes are absent from the eye, and
only very few T and B cells can be detected. However, a network of macro-
phages and dendritic cells capable of antigen capture and delivery to second-
ary lymphoid organs has been found present in stroma and epithelium
surrounding the anterior segment of the eye, including the cornea, iris, and
the ciliary body. In contrast, the retina contains few dendritic cells but has
a network of microglial cells (CD45", MHC class I1I*) and macrophages
(CD68™), of which the majority is MHC class II positive (Yang et al., 2000,
2002). These are the cells responsible for antigen capture and presentation in
the retina.

Despite the long-standing observation that allogeneic tissue placed in the
anterior chamber can survive for a prolonged period of time or indefinitely,
the mechanism remains elusive. However, studies through the last decades
using mouse models have contributed significantly to our understanding of
how the protection of the eye from a full blown immune response to patho-
gens is achieved. This includes a deviant systemic immune response, which
leaves out the generation of complement fixing antibodies and CD4* T cells
but includes primed CD8" T, cells and the formation of noncomplement
fixing antibodies (Wilbanks et al., 1990; Streilein, 2003b). This is named
anterior chamber associated immune deviation (ACAID). A comparable
immune response can be observed when antigens are placed in the subretinal
space or vitreous cavity (Jiang et al., 1991; Wenkel et al., 1999).
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VIHI. THE SPLEEN IS REQUIRED
FOR THE INDUCTION OF ACAID

The mechanism responsible for ACAID has, to a large extent, been de-
scribed. After sequestering of antigens within the eye, the APCs will migrate
through the trabecular meshwork directly to the venous system, and the
APCs will end up in the spleen, which is considered the “‘regional lymph
node” of eye. It has thus been demonstrated that ACAID cannot be induced
in an animal when the spleen has been removed. Furthermore, a period of
3—4 days is needed in order to induce ACAID (Kaplan and Streilein, 1974;
Streilein and Niederkorn, 1981). This is demonstrated by the fact that
removal of either the spleen or the eye up to 4-5 days after injection of
antigen into the eye will abort the ACAID induction. This presumably
reflects the time needed for APCs to capture, process, and present antigen
derived from the eye in the spleen (Wilbanks and Streilein, 1991). Genera-
tion of ACAID has most extensively been described within rodents but
as well been demonstrated to be present in rabbits and monkeys, and
indication of the existence of ACAID in humans has been reported (Kezuka
et al., 2001).

IX. THE CELLULAR BASIS FOR GENERATION OF ACAID

In the spleen, APCs will home to the marginal zone where they secrete
chemokines capable of recruiting y6-T cells, NKT cells, marginal zone B
cells together with CD4" and CD8" af-T cells specific for the processed
antigens (Faunce et al., 2001; Sonoda and Stein-Streilein, 2002). The antigen
is presented to the CD4" and CD8" af-T cells as peptides bound to MHC
class IT and MHC class I antigens on the cell surface of APCs. The APCs
that induce ACAID are characterized as F4/807 (Streilein, 2003a), and they
are known to express normal levels of MHC class I and MHC class 11
molecules, CD80 and CD86, ICAM-1 and enhanced levels of CD1 on the
cell surface. Notably, the expression of CD40 is low, and IL-12 production is
suppressed (Takeuchi et al., 1998; Streilein, 2003a). These APCs are tolero-
genic instead of immunogenic, and the subsequent response will generate
regulatory T cells (T,,), induce suppression of both Thl- and Th2-mediated
immunity and promote generation of noninflammatory adaptive immune
effectors (Streilein, 2003b). The CD4™ T, cells generated will suppress the
initial activation and differentiation of naive T cells in the spleen into Tyl
effector cells. The CD8™ T, generated will inhibit the expression of Tyl-
mediated immunity in the periphery, including the eye. Apart from of-T
cells, both y6-T cells and NKT cells are needed for the induction of ACAID.
This is supported by the finding that depletion of yo-T cells or NKT cells in
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animals by monoclonal antibodies, or the use of genetic disruption abrogates
the induction of ACAID (Sonoda et al., 1999; Skelsey et al., 2001).

X. THE MOLECULAR BASIS FOR INDUCTION OF ACAID

The molecular basis for the response has been partly dissected. It is known
that the environment, in which the APCs collect and process antigens, is of
importance for the response generated. Investigation has shown that a low
level of complement activation through the alternative pathway is present
within the anterior chamber and that generation of tolerance is dependent
on complement C3 fragment iC3b binding to APCs (Sohn et al., 2003). This
C3 fragment can prime the APCs to produce TGF-f and inhibits production
of interleukin 12 (IL-12). Several studies have shown that the presence of
TGF-f in AgH is central for ACAID induction and homing of the APCs to
the spleen (Streilein et al., 2002; Streilein, 2003a). This is supported by the
finding that APCs exposed to antigen in vitro in the presence of AqH, home
to the spleen and induce ACAID after intravenous injection. This homing
response can also be achieved by treating APCs with active TGF-p alone.

Xl.  THROMBOSPONDIN (TSP) AND THE
GENERATION OF ACAID

Treating APCs with TGF-B2 causes differential regulation of several genes,
among these coding for TSP. TSP constitutes a family of four (TSP-1,-2,-3,
and -4) multimeric, multidomain glycoproteins that are present in platelets
(Streilein et al., 2002). TSP can, in addition, be produced by an array of
different cell types depending on the environmental conditions. TSP-1 is
constitutively present in AqH, and the gene is also expressed in pigment
epithelial (PE) cells and corneal endothelium (Sheibani et al., 2000). TSP-1 is
considered to be of fundamental importance for inhibition of angiogenesis in
the normal eye, since it displays strong antiangiogenic properties. Studies on
the effect of TSP-1 on APCs have revealed that TSP resembles TGF-f2,
including down-regulation of the IL-12 and CD40 genes. A role for TSP in
generation of ACAID is supported by the finding that antigen-pulsed APCs
treated with TSP instead of TGF-p induce ACAID when injected intrave-
nously into naive mice. Furthermore, antigen-pulsed APCs from TSP
“knockout” mice fail to induce ACAID, when treated in vitro in the presence
of TGF-B and subsequently injected intravenously into normal, wild-type
mice (Masli et al., 2002).

The effect of TSP is proposed to be mediated through its binding to the
cell surface receptors of T cells and APCs, where TSP can bind to CD47
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present on APCs and T cells, and to CD36 present on APCs. Binding of TSP
to CD47 can mediate inhibition of IL-12 gene activation and IL-12 produc-
tion. In addition, TSP can be of importance by mediating binding and
activation of latent TGF-B to APCs expressing CD36 on their surface
(Streilein et al., 2002).

XIl. PEPTIDE HORMONES IN AQH EXERTING IMMUNE
REGULATORY ACTIVITIES

A number of other molecules found in AqH are of importance for a restrict-
ed T cell response within the eye, these include «-MSH that both suppresses
the activation of inflammatory activity by primed T cells and mediates the
induction of CD47CD25" in regulatory T cells (T, cells) (Taylor et al.,
1992; Namba et al., 2002). Aqueous humor made devoid of «-MSH is no
longer able to suppress the production of IFN-y by Th1 cells. The neuropep-
tides vasoactive intestinal peptide (VIP) and somatostatin are both able to
suppress antigen- and mitogen-induced T cell proliferation (Taylor et al.,
1994; Taylor and Yee, 2003).

XIll. IMMUNE REGULATORY ACTIVITIES OF EPITHELIAL
CELLS LINING THE INTERIOR OF THE EYE

Pigment epithelium cells lining the interior of the eye contribute to the
immune privilege. Pigment epithelium cells include iris pigment epithelium
(IPE), ciliary pigment epithelium (CPE), and RPE (Yoshida et al., 2000a,b;
Ishida et al., 2003). Together they form a physical barrier by the existence of
tight junctions between the individual cells. Recent research has documented
that the epithelial cells in the eye not only form physical barriers but also
actively contribute to maintain the immune privilege of the eye. Pigment
epithelial cells are capable of modulating the adaptive immune response by
soluble or contact mediated mechanisms. Several reports have documented
that PE cells derived from the eye can inhibit activation of resting T cells and
inhibit proliferation or induce apoptosis of activated T cells (Rezai et al.,
1999; Kaestel et al., 2002).

The expression of FasLigand (CD95L) by multiple cells in the eye is of
significance for the induction of apoptosis in activated CD95 positive T cells
entering the eye (Griffith et al., 1995). The expression of FasLigand (CD95L)
on corneal grafts has also been shown to be of importance for successful
transplantation (Stuart et al., 1997). Recent findings have shown that IPE
constitutively expresses CD86 (B7.2) that normally is expressed on APCs,
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and it acts here as a strong costimulatory molecule for evolvement of the
immune response. Expressed on the surface of IPE, CD86 interacts with
cytotoxic T lymphocyte antigen-4 (CTLA-4) on the effector T cells and
prevents their activation, proliferation, and production of IFN-y, converting
these T cells into regulators (Sugita and Streilein, 2003).

Different mechanisms have been proposed for mediating RPE-cell in-
duction of programmed cell death and prevention of T cell proliferation.
Liversidge et al. (1993) reported that RPE cells produced significant amounts
of prostaglandin E, (PGE,) in the presence of activated lymphocytes and that
the addition of indometacin could reverse the inhibition of lymphocyte acti-
vation. Recently, another molecule, galectin-1 has been reported to be of
significance for the inhibition of T cell activation mediated by RPE cells.
Galectins are a family of 14 different carbohydrate binding proteins widely
expressed throughout the body. All of the galectins are characterized by a
carbohydrate binding domain with a canonical amino acid sequence and an
affinity for B-galactosides (Hernandez and Baum, 2002). Galectins are found
to be expressed both intra- and extracellularly. Expression of galectin has
been demonstrated in ocular tissues, including RPE cells, where galectin-1 is
found. Retinal pigment epithelium cells that do not express galectin-1 have a
reduced capacity to inhibit CD3-mediated T cell activation (Ishida et al.,
2003). However, inhibition of T cell activation must be conferred by mole-
cules other than galectin-1, since RPE cells devoid of galectin-1 still inhibit
CD3-mediated T cell activation to some extent. The immune regulating
properties of RPE cells are probably mediated by several mechanisms yet
to be revealed.

XIV. CONCLUSIONS

Avoiding intraocular infection and inflammation are of paramount impor-
tance to preserve the vision. Different strategies are employed to achieve this
goal. Intraocular elimination of pathogens requires a fine balance of the
immune system in strictly controlled manner in order to avoid permanent
damage to the delicate structures of the eye. Experimental work during the
last decades has disclosed a surprising complexity of regulation. These
investigations have primarily focused on the anterior segment of the eye so
far, but recent experiments have elucidated some of the strategies that have
been used for the posterior segment of the eye.

Understanding the mechanisms, by which ocular immune privil-
ege is maintained can provide helpful information of how to deal with
transplantation of foreign tissue and autoimmune diseases.
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I. INTRODUCTION

Ophthalmic drug delivery is one of the most challenging tasks facing scien-
tists in the area of ophthalmology and pharmacology. The unique anatomy,
physiology, and biochemistry of the eye protect the organ from various
exogenous and endogenous insults. The major challenge in ocular drug
delivery is the circumvention of the blood—ocular barriers with minimal
damage to the eye. It is now well known that ocular disposition and elimi-
nation of a therapeutic agent is dependent on its physicochemical properties
and its ability to access ocular fluids and tissues.

The aim of this chapter is to provide a general insight into the past,
present, and future trends in the area of ocular drug delivery. Discussions
on ocular barriers to drug delivery, modes of drug administration to the eye,
effect of ocular fluid dynamics, transporter targeted drug delivery, and
strategies to exploit transporters in enhancing ocular drug bioavailability
have been included in this chapter, which will provide the reader with an
overall understanding of ocular drug delivery.

Il. STRUCTURE AND FUNCTION OF THE EYE

The eye is a spherical structure with a wall consisting of three layers: (1)
external layer formed by cornea and sclera; (2) intermediate layer, divided
into two parts: anterior (iris—ciliary body) and posterior (choroid); and (3)
internal layer, retina (Figure 1). Eye primarily contains two following fluid
chambers: (1) aqueous humor—between cornea and iris; and (2) vitreous
humor—between lens and retina.

The choroid layer, residing inside the sclera, possesses numerous blood
vessels and is modified in the front of the conjunctiva as the pigmented iris.
The biconvex lens is situated just behind the iris. The chamber behind the
lens is filled with vitreous humor, a gelatinous substance occupying 80% of
the eyeball. The anterior and posterior chambers are positioned between the
cornea and iris, and iris and lens, respectively and are filled with aqueous
humor. At the back of the eye resides the light-detecting retina.
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Figure 1. Cross-sectional view of the eye (adapted from http://webvision.med.utah.
edu/sretina.html).

The globe is held in position in the orbital cavity by various ligaments and
muscles. Conjunctiva is a protective layer that covers the eyeball, which is in
contact with the environment. It consists of a thin mucous membrane layer
in the inside of the eyelids and anterior sclera. In common parlance the
anterior segment refers to the cornea, aqueous humor, iris—ciliary body
whereas the vitreous humor, retina, choroid, and sclera together comprise
the posterior segment of the eye.

So far a bulk of research activity has been devoted for improving drug
penetration into the tissues and fluids of the anterior segment following
systemic and topical administrations. Few such investigations have been
targeted to the posterior segment. With the advent of diseases like CMV
retinitis, bacterial and fungal endophthalmitis, and diabetic and proliferative
vitreal and retinal pathologies, requirement of achieving and maintaining
effective drug levels in the retina/choroid and vitreous has gained high
clinical significance. A close examination of the local physiology and anato-
my of the eye along with a discussion on ocular fluid dynamics, which play
an important role in ocular drug disposition will aid in the understanding of
current and new approaches to deliver drugs to the internal eye structures.

A. Structures of Cornea and Retina
Cornea

The cornea is an optically transparent tissue that conveys images to the back
of the eye and covers about one-sixth of the total surface area of the eyeball.
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Figure 2. Cross section of cornea.

This avascular tissue receives nutrients and oxygen via bathing in lachrymal
fluid and aqueous humor as well as from blood vessels that line the junction
between the cornea and sclera. The cornea is considered to be the main
pathway for the permeation of drugs into the anterior chamber (Robinson,
1993). It is approximately 0.5 mm thick in the central region, increasing to
approximately 0.7 mm at the periphery and is composed of five layers
(Figure 2).

Epithelium consists of 5—6 layers of squamous stratified cells (increas-
ing to 8—10 layers at the periphery), has a total thickness of around
50—100 pm and a turnover rate of about one cell layer per day. Tight
junctions and hydrophobic domains in this layer render this barrier
most significant in drug absorption.

Bowman’s membrane is an acellular homogenous sheet, about §—14
um thick. It is positioned between the basement membrane of the
epithelium and the stroma.

Stroma, or substantia propria, accounts for about 90% of the corneal
thickness. It contains approximately 85% water, and about 200-250
collagenous lamellae that are superimposed onto one another and run
parallel to the surface. The lamellae provide physical strength while
permitting optical transparency. The stroma has a relatively open
structure and will normally allow the diffusion of hydrophilic solutes.
Descemet’s membrane that is secreted by the endothelium lies between
the stroma and the endothelium.
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¢ Endothelium responsible for maintaining normal corneal hydration
consists of a single layer of flattened hexagonal cells 5 pm high and
20 um wide. The endothelium is in direct contact with the anterior
chamber and is subject to a passive influx of water from the aqueous
humor toward the stroma. For a drug to cross the cornea effectively, it
has to possess both hydrophilic and lipophilic properties, and be of
low molecular size to pass through tight junctions.

Retina

Retina is highly perfused tissue with a complex cellular organization. It is a
multilayered membrane of neuroectodermal origin, occupying the internal
space of the outer layer of the eye. Retina can be divided into two sections
(i.e., neural retina and retinal pigmented epithelium (RPE)). The early optic
vesicle invaginates to form a cup, the inner layer of which becomes the
neurosensory retina and the outer layer becomes the RPE. Subretinal space
separates neural retina from RPE.

The neural retina is a seven-layered structure (Figure 3) that is involved in
signal transduction. Light enters the retina through the ganglion cell layer
(GCL) and must penetrate all the cell types before reaching the rods and
cones. The transduced signal is then conducted out of the retina by various
neuronal cells to the optic nerve, which subsequently conducts the signal to
the brain where it is registered and an image is formed.

Retinal pigmented epithelium, on the other hand, is a single cell layer
structure that separates the outer surface of neural retina from choroid
(Rizzolo, 1997). It appears as a uniform and continuous layer extending
through the entire retina playing a vital role in supporting and maintaining
the viability of the neural retina (Marmor, 1998). Retinal pigmented epithe-
lium cells are differentiated into an apical layer, which faces the neural
retina, and a basolateral layer, facing the choroid. The apical side contains
numerous microvilli while the basaolateral membrane possesses small-
convoluted infoldings that increase the surface area for absorption of
nutrients from the choroid side. Retinal pigmented epithelium cells are
polarized, expressing specific nutrient transport systems on the apical and
basolateral sides that maintain the environment of the neural retina
(Marmor, 1998).

The neural elements of the retina are separated from blood supply at two
levels. An outer level RPE separates the entire neural retina from the vascular
layers of choroid, and at an inner level endothelial cells of the retinal blood
vessels, separate the neural retina from retinal blood supply (Cunha-Vaz,
1976). These two components together constitute the BRB, which regulates
the diffusion of substances from blood into the vitreous and retina.



312 ASHIM K. MITRA et al.

/
Pigment %

epithelium o

Quter segments =

~| Photoreceptor
Inner segments

Outer nuclear

layer (ONL)
Quter plexiform
layer (OPL) Horizontal cell
Inner nuclear Bipolar cell
layer (INL) % Amacrine

cell

Inner plexiform
layer (IPL)

Ganglion cell
layer (GCL)

Optic fiber layer
(OFL)

Figure 3. Cross-sectional view of retina (adapted from http://thalamus.wustl.edu/
course/eyeret.html).

Blood vessels in choroid possess large fenestrations that allow free diffu-
sion of substances into and out of choroidal stroma. Bruch’s membrane
(basement membrane separating choroid from the RPE) acts as a diffusional
barrier only to macromolecules like proteins, oligonucleotides, and genes.
However, RPE exhibits tight junctions creating a barrier to the entry of even
small molecules into the retina from choroidal stroma (Cunha-Vaz, 1976).
Recently, efflux pumps, such as P-glycoprotein and multidrug resistance
proteins (MRP) have been identified on the RPE (Aukunuru et al., 2001;
Kennedy et al., 2002) which may limit the permeation of various xenobiotics
and endogenous compounds from the choroidal side into the vitreous. Thus,
both transcellular and paracellular passages of molecules across the RPE are
restricted and only selected nutrients are exchanged between the neural retina
and the choroid. These characteristics result in the formation of outer BRB
(0oBRB).

Retinal capillaries may be considered as endothelial cell barrier. In hu-
mans major blood vessels lie in the innermost retinal layers and can usually
be found just beneath the inner limiting membrane (a layer formed by
neural retinal cells forming a diffusional barrier between vitreous and retina)
although in a few animals capillaries can be observed as overlying on the
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retina, in contact with the vitreous. The ultrastructure of retinal blood
capillaries is uniform throughout the retina and consists of a continuous
endothelium surrounded by a thick basement membrane. Unlike capillary
endothelium in other tissues, retinal endothelial vessels do not exhibit signs
of fenestrations and express tight junctions in a conserved manner, sur-
rounding every endothelial cell (Cunha-Vaz, 1976). Astrocytes are reported
to be present in close apposition with the retinal blood vessels, similar to
brain capillaries that constitute the blood—brain barrier (Holash et al., 1993).
A combination of these cellular structures and functions may cause
retinal blood vessel endothelial cells to form the inner blood-retinal barrier
(iIBRB). Recent discovery of a multidrug efflux pump, P-gp, on the retinal
endothelium adds to the barrier properties of iBRB (Greenwood, 1992).
Thus, both RPE and retinal endothelial blood vessels collectively form
BRB and act in conjunction to prevent unrestricted exchange of molecules
between the systemic circulation and the posterior segment of the eye.

I1l. OCULAR FLUID DYNAMICS

A. Aqueous Humor Dynamics

Aqueous humor is derived from plasma within the capillary network of the
ciliary processes by the following three mechanisms.

e Diffusion: lipid soluble substances are transported through the lipid
portions of the cell membrane according to a concentration gradient
across the membrane.

e Ultrafiltration: water and water-soluble substances, limited by size and
charge, flow through micropores in the cell membrane in response to
an osmotic gradient or hydrostatic pressure-influenced by IOP, blood
pressure in the ciliary capillaries and plasma oncotic pressure.

e Active transport: this process accounts for the majority of aqueous
humor production; water-soluble substances of larger size or higher
charge are actively transported across the cell membrane requiring
expenditure of energy (Na™, K™-ATPase and glycolytic enzymes).

Aqueous humor, relative to plasma is slightly hypertonic and acidic.
Compared to plasma, it has a significant excess of ascorbate (15 times
greater than arterial plasma), marked deficit of protein (0.02% in aqueous
vs. 7% in plasma), slight excess of chloride and lactic acid, slight deficit of
sodium, bicarbonate, carbon dioxide, and glucose. Albumin/globulin ratio is
similar to plasma, although there is less y-globulin.
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The rate of aqueous humor production is about 2-3 pl/min and it
completely turns over in about 2-3 h. The volume of the anterior chamber
is approximately 250 pl. Aqueous humor formation decreases with sleep,
advancing age, uveitis, retinal detachment, and ciliochoroidal detachment.
Decreased aqueous humor production with increased IOP has been disputed
by recent studies, which indicate that the rate of aqueous humor production
is pressure insensitive. Functions of the aqueous humor range from main-
taining IOP to provide substrates (glucose, oxygen, and electrolytes) for
metabolic requirements of avascular cornea and lens. It also aids in remov-
ing metabolic products, such as lactate, pyruvate, and carbon dioxide. The
primary path for aqueous humor flow is from the ciliary body along the
posterior surface of the iris, through the pupil, across the anterior surface of
the iris, and finally out of the globe via the trabecular meshwork (Figure 4).
Since the aqueous humor is flowing from posterior to anterior direction the
pressure must be highest on the posterior side, causing the iris to be pushed
anteriorly by the humor. The effect is relatively small in normal eyes but can
be quite pronounced in certain pathological cases, and sometimes the iris
even exhibits a confusing posterior deflection.

Normal IOP has been defined as the pressure, which does not result in
glaucomatous damage. Average IOP is around 15.8 mmHg (with Schiotz
tonometry) and 16 mmHg (with applanation tonometry). The factors
that influence IOP include genetics, age, sex, refractive error, race, diurnal
variation, postural influence, Valsalva maneuver, blinking, and lid squeezing.

Tonometry is the measurement of the IOP by relating a deformation of
the globe to the force responsible for the deformation and is of the following
three types:

¢ Indentation tonometry;
e Applanation tonometry; and
¢ Noncontact tonometry.

Tonography is a dynamic test of the ability of the eye to recover from the
elevation of IOP induced by Schiotz tonometry (continuous IOP measure-
ment by electronic Schiotz tonometer) and measure of the facility of aqueous
humor outflow (C). Tonography derives its mathematical basis from Grant’s
equation, which is described as follows:

Po= Gt Py (1)
F is the rate of aqueous outflow, C is the coefficient of outflow facility, P, is
the baseline IOP, P, is the episcleral venous pressure (EVP).

Sources of error with tonography include increased resistance to aqueous
outflow with increased IOP, increased episcleral venous pressure with
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Figure 4. Eye structures involved in aqueous humor dynamics. (A) Aqueous humor
is produced by the ciliary body and passes from the posterior chamber through the
pupil into the anterior chamber. The conventional outflow pathway for the aqueous
humor includes trabecular meshwork, Schlemm’s canal and episcleral venous sys-
tem. (B) The enlarged area of trabecular meshwork and Schlemm’s canal. The
suggested region of the maximum resistance to aqueous humor outflow is marked
by red color. The activation of the ELAM-1 expression through the IL-1/NF-B path-
way was observed exactly in this area in the glaucomatous but not normal eyes.
Arrows show the main aqueous humor pathway. (Reprinted with permission from
Nature Medicine, www.nature.com.)



316 ASHIM K. MITRA et al.

increased IOP, effects of ocular rigidity and expulsion of uveal blood,
instrument calibration, and patient cooperation.

Researchers have long recognized the importance of understanding the
detailed physiological processes inside and around the eye. However, aspects
of fluid dynamics within the eye have not yet been fully examined and
quantitatively explained. Flow in the anterior chamber is a well-known
phenomenon that has been observed clinically. Fluorescein when injected
into the body appeared in the anterior chamber of animal eyes in a centrally
placed vertical line. Such molecular movement may have resulted from fluid
flow in the anterior chamber by a temperature gradient. Later it was con-
cluded that convection in the anterior chamber was responsible for asymme-
tries in pupil shape and placement during pharmacologic pupil dilation
(Wyatt, 1996). The flow appears to take place in a single convection cell,
rising near to the back of the chamber and falling toward the front. Little or
no lateral movement of the fluid was noticed. The flow transit times have
been best estimated around 1 min and that time period appears to be normal.
Fluid present in the anterior segment of the eye is produced continuously by
the ciliary body. It flows throughout the pupil aperture in the center of the
back wall of the chamber. Aqueous humor appears to be a linear viscous
fluid with a viscosity, density, and expansivity identical to that of water.
Fluid drains from the chamber through channels in the angle between the iris
and the cornea (Canning et al., 2002).

Canning et al. recently developed a model to analyze the fluid flow in the
anterior chamber of the human eye. It was shown that under normal condi-
tions, such flow inevitably occurs and is viscosity dominated. The observed
flow is driven by the buoyant convection arising from the temperature gradi-
ent across the anterior chamber of the eye. This difference exists due to a
temperature difference between the back of the anterior chamber (37°C) and
the outside of the cornea (room temperature, i.e., approximately 25°C). Usually
the flow in the anterior chamber remains fairly constant. However, it may
change in a significant manner in pathologies where particulate matter is pre-
sent in the anterior chamber. This may happen due to the presence of red or
white blood cells, which may be present as a result of a variety of diseases or
conditions and also in other circumstances where pigment particles may detach
from the iris. Movement and distribution of such particles can be predicted by
well-established models in various ocular conditions, such as hyphemas, keratic
precipitates, hypopyons, and Krukenberg spindles (Canning et al., 2002).

B. Fluid Flow in Vitreous Body
Vitreous is a clear, avascular connective tissue that fills the space between

lens and retina. In adults, volume of vitreous is about 4 ml and it weighs
about 4 g (Lee et al., 1992). Vitreous possesses a gel-like consistency and is
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primarily composed of water (99.9%). The remaining 0.1% consists of
collagen, hyaluronic acid (HA) and other ions, such as sodium, calcium,
potassium, magnesium, and chloride. With age, concentrations of collagen
and HA become elevated; however, even at elevated state concentrations are
still relatively low (i.e., 0.13 and 0.4 mg/ml, respectively) (Stuart et al., 2003).
Individual components contribute significantly to the rheological properties
of the vitreous (Lee et al., 1994).

Collagen is the major structural protein of the vitreous. Collagen fibers
consisting of 20-200 nm fibrils assembled from 3 to 5 nm microfibrils, are
aggregates of tropocollagen molecules, composed of a triple helix of three
identical polypeptide chains (Styrer, 1981). Collagen molecules in vitreous
do not branch out and are of uniform thickness. The fibres are organized in a
network where they can slip relative to each other (Balazs et al., 1959). Small
diameter collagen fibers may minimize light scattering (Sebag, 1989). In
humans and pigs, collagen is in the central vitreous at 6-10-fold less amounts
or concentrations than in the posterior region (Lee et al., 1994). Hyaluronic
acid is the other major macromolecular component of vitreous. Hyaluronic
acid, a glycosaminoglycan, consists of repeating disaccharide units of hex-
osamine glycosydically linked to either uronic acid or galactose. Glycosami-
noglycans are known to interlink with collagen molecules (Mathews, 1965;
Asakura, 1985). Hyaluronic acid can stabilize the helical structure of colla-
gen by increasing the thermal stability of cartilaginous collagen (Gelman
et al., 1974). Moreover, large HA molecules may keep the collagen fibrils
widely dispersed, which may also serve as a barrier to the influx of cells and
macromolecules from the surrounding tissues (Swann, 1980). The spatial
distribution of collagen and HA is not homogenous in the vitreous. Concen-
tration of HA in the vitreous exhibits a monotonous increase from the
anterior region to the posterior region of the vitreous in humans and other
experimental animals like pigs and cows (Lee et al., 1994). The ratio of HA
to collagen is approximately two in the anterior portion near the lens and
grows to 10 in the center of the eye, and is about 20-fold in the posterior
segment near the retina (Buchsbaum et al., 1984).

Electrolyte concentrations, which might play an important role in the
vitreous rheology, have been studied in detail. Electrolyte gradients appear
to develop in the vitreous and also between vitreous, aqueous and plasma
suggesting possible electrolyte exchange among vitreous and neighboring
tissues (Reddy et al., 1961). Potassium, sodium and bicarbonate ion con-
centrations appear to be elevated in the anterior portion of vitreous, adja-
cent to the ciliary body, when compared to the posterior vitreous (Naumann
et al., 1959). Calcium levels in both vitreous and aqueous are similar to
plasma. Chloride ion levels in vitreous appear to be greater than in the
posterior chamber and anterior chamber or plasma due to the exchanges
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across the retina (Lee et al., 1994). Magnesium concentrations are normally
higher in vitreous than aqueous humor and plasma (Frank et al., 1986).
Liquefaction and shrinkage of the vitreous usually lead to the loosening
and separation of the vitreal cortex from the inner limiting membrane
resulting in vitreal detachment (Schepens et al., 1987). Retinal tears and
eventually retinal detachment result from traction caused by the shrinkage
of a strand located inside the vitreous, which is strongly attached to retina.
Mechanism of vitreal liquefaction is not fully understood, but is thought to
be dependent on age and degree of myopia (Schepens, 1954; Sebag, 1989).
Various models have been devised to explain the behavior of vitreous
many of which are complicated. A mathematical model was applied to
explain the movement of particles inside the vitreous, assuming a spherical
geometry for the vitreous (Fatt, 1975). Analysis revealed that fluid flow in
the vitreous is too slow to seriously influence diffusive flux of small solute
tracers. In case of larger particles the diffusion constant is very low and the
particle movement can no longer be described by simplified flux equations
because such particles move as a front along with the convective flow of the
vitreous (Fatt, 1975). A simple model illustrating the behavior of the vitre-
ous assumes that the large hydrodynamic resistance of HA allows the gel to
produce effective yield stress. Such stress developments prevent bulk fluid
flow within the gel under normal circumstances, although movement causes
the gel to be spread and elastic waves may propagate (Canning et al., 2002).
Drug movement inside the vitreous is primarily due to their diffusion inside
the vitreous as the convective flow is too slow to affect diffusional properties.
One of the major routes of drug administration to the posterior segment is
the intravitreal route. Vitreous diffusivity plays an important role in the
retinal permeation of drugs. Diffusivity within the vitreous to a large extent
depends on its pathophysiological state and molecular weight of the drugs
being introduced. It has long been accepted that the diffusivity of solutes in
the vitreous is unrestricted. A relationship was developed to determine
diffusivity of drug molecules in the vitreous (Stuart et al., 2003). Diffusivity
of a substance in a hydrogel can be estimated relative to its free aqueous
value using (Eq. 2),
% _ exp[7(5+10’4(Mw)]Cp (2)
o
D, and D, represent the diffusivity in vitreous and in a polymer free
aqueous solution, respectively, Mw denotes the molecular weight of the
diffusing species, and C, refers to the concentration of collagen and HA in
grams per gram of vitreous. Dependence of vitreous diffusivity with various
molecular weight markers indicates that even for molecular weight of
100,000 Da, the ratio of D, to D, is still 0.992, indicating that diffusivity
in aqueous solution is an accurate representation of vitreous diffusivity. This



Drug Delivery to the Eye 319

theory holds true for compounds that do not bind or interact with collagen
or HA molecules in the vitreous. Molecular weight of administered drugs
primarily falls within the range of approximately 100-10,000 Da (Stuart
et al., 2003).

IV. FACTORS AFFECTING DRUG DELIVERY TO EYE

Ocular bioavailability of drugs applied topically as eyedrops is extremely low
(<1%). Absorption of drugs in the eye is severely limited by several protec-
tive mechanisms that ensure the proper functioning of the eye, and by other
concomitant factors, such as:

e drainage of the instilled solution;

e lacrimation and tear turnover;

metabolism;

tear evaporation;

nonproductive absorption/adsorption;

limited corneal area and poor corneal permeability; and
¢ binding by the lacrimal proteins.

The drainage of the administered dose via the nasolacrimal system into
the nasopharynx and the gastrointestinal tract takes place when the volume
of fluid in the eye exceeds the normal lacrimal volume of 7-10 pl. Thus, a
portion of the instilled dose (one to two drops, corresponding to 50—100 pl.)
that is not eliminated by spillage from the palpebral fissure is drained quickly
and the contact time of the dose with the absorbing surfaces (cornea and
sclera) is reduced to a maximum of 2 min. The lacrimation and the physio-
logical tear turnover (16% per minute in humans in normal conditions) can
be stimulated and increased by the instillation even of mildly irritating
solutions. The net result is a dilution of the applied medication and an
acceleration of drug loss. The rate at which instilled solutions are removed
from the eye varies linearly with instilled volume. In other words, the larger
the instilled volume, the more rapidly the instilled solution is drained from
the precorneal area. Ideally, a high concentration of drug in a minimum
drop volume would be desirable. However, there is a practical limit to the
concept of minimum dosage volume. Droppers delivering small volumes are
difficult to design and produce. In addition, their practical usefulness could
be reduced by the fact that most patients cannot detect the administration of
small volumes. The conjunctival absorption, which occurs via the vessels of
the palpebral and scleral conjunctiva, further lowers the drug absorption
into the eye. Any instilled drug that has not been swept away from the
precorneal area by the drainage apparatus is subject to protein binding
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and metabolic degradation in the tear film. All of these factors may result in
transcorneal absorption of 1% or less of the drug applied topically as a
solution. In summary, the rate of loss of drug from the eye can be 500-700
times greater than the rate of absorption into the anterior chamber following
topical administration. Drugs applied topically are potentially available for
absorption by the scleral and palpebral conjunctiva (the so-called “nonpro-
ductive” absorption). Although direct transscleral access to intraocular
tissues cannot be excluded, drugs that penetrate the conjunctiva are rapidly
removed from the eye by local circulation and may undergo systemic ab-
sorption, which may range, for example, from 65% for dipivalylepinephrine
to 74% for flurbiprofen and 80% for timolol (Lee, 1993). These effects are
frequently not anticipated, recognized, or treated appropriately. In conclu-
sion, the fluid dynamics in the precorneal area of the eye can profoundly
influence ocular drug absorption and disposition. As the normal fluid dy-
namics are altered by (e.g., tonicity, pH, or irritant drugs or vehicles), the
situation becomes more complex. The formulation of ophthalmic drug
products must take into account not only the stability and compatibility of
a drug in a given formulation, but also the influence of that formulation on
precorneal fluid dynamics (Himmelstein et al., 1978).

Drug delivery to the posterior segment of the eye, composed of the retina,
choroid, vitreous humor, and sclera, is one of the most interesting and
challenging tasks currently facing the pharmaceutical scientists. The choroid
is richly perfused with blood vessels lined by endothelial cells that allow easy
exchange of molecules between blood and the tissue. Such rapid drug uptake
allows effective systemic therapy of infections involving the choroid, such as
choroiditis. However, diseases commonly affecting the retina (i.e., bacterial
endopthalmitis and cytomegaloviral (CMV) retinitis) may lead to severe
sight-threatening pathologies particularly due to poor drug penetration into
the retina. Two main components of the barrier that prevent entry of
molecules from the systemic circulation into the ocular compartments are
the blood-retinal barrier (BRB), in the posterior segment, and the blood-
aqueous barrier (BAB) in the anterior segment of the eye. Blood-retinal bar-
rier and BAB together form the blood—ocular barrier. Blood-retinal barrier
prevents free passage of xenobiotics from the choroid into the retina and
vitreous. Circumventing this barrier in an efficient manner without causing
no or minimal damage to the tissue, is a significant challenge facing the
ocular drug delivery scientists. Passage of drugs from the anterior segment
to the posterior segment may not be efficient because of the continuous
drainage of the aqueous humor. Thus, overcoming the BAB may not be a
useful strategy to enhance drug concentrations in the retina and vitreous.
Conventional ophthalmic dosage forms (i.e., solutions, ointments, and
creams are unable to provide an answer to the problem of drug delivery
to the retina and vitreous). Development of newer dosage forms like
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intravitreal injections, implants, subconjunctival implants etc. have had
only limited success. To understand the barriers for drug delivery to the
retina, a closer look at the structure and anatomy of eye and retina is
necessary.

V. CURRENT MODES OF ADMINISTRATION

A. Topical

Eye diseases can cause discomfort and anxiety in patients, with the ultimate
fear of loss of vision or even facial disfigurement. Many regions of the eye
are relatively inaccessible to systemically administered drugs and, as a result,
topical drug delivery remains the preferred route in most cases. Drugs may
be delivered to treat the precorneal region for infections, such as conjuncti-
vitis and blepharitis, or to provide intraocular treatment via the cornea for
diseases, such as glaucoma and uveitis.

Topical drug delivery is complicated by effective removal mechanisms
(which operate to keep the ocular surface free from foreign substances) and
the barriers of the precorneal area. These include the blinking reflex, tear
turnover, and low corneal permeability. Conventional eyedrops require
frequent instillation. Only 1-2% of an instilled dose of pilocarpine hydro-
chloride, a drug used in the treatment of glaucoma, reaches its target tissue
in the eye. In addition, eyedrops are often difficult for patients to self-
administer, particularly the elderly. Thus, in recent years a significant effort
has been directed toward the development of new systems for ophthalmic
drug delivery. Various conditions treated by the topical application of
ophthalmic drugs include following.

¢ Glaucoma—>buildup of pressure in the anterior and posterior chambers
of the choroid layer that occurs when the aqueous humor fails to drain
properly.

e Conjunctivitis—an inflammation of the conjunctiva that may be caused
by bacterial and viral infection, pollen and other allergens, smoke, and
pollutants.

e Dry eye syndrome—inadequate wetting of the ocular surface.

e Keratitis—an inflammation of the cornea, caused by bacterial, viral, or
fungal infection.

e [ritis (anterior uveitis)}—commonly has an acute onset with the patient
suffering pain and inflammation of the eye.

e Other conditions include ophthalmic complications of Rosacea, ble-
pharitis (inflammation of the lid margins), and chalazia (Meibomian
cysts of the eyelid).
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Examples of Drugs Used in Ocular Drug Delivery

Classification

Examples

Typical Indications

Antibacterials
Antivirals

Corticosteroids

Antiinflammatory agents

Miotics
Sympathomimetics
Beta-blockers
Local anesthetics

Chloramphenicol,
gentamicin, fusidic acid
Aciclovir, Idoxuridine

Betamethasone,
prednisolone,
hydrocortisone

Cromoglycate, nedocromil,
antihistamines, such as
Antazoline, Azelastine

Pilocarpine

Adrenaline, cipefrine

Timolol, betaxolol

Amethocaine, ignocaine

Conjunctivitis, keratitis,
blepharitis

Dendritic corneal ulcers,
keratitis

Uveitis, screitis

Inflammation and allergic
conjunctivitis

Glaucoma
Glaucoma
Glaucoma
Anesthesia during drug

treatment procedures

Examples of drugs that may be administered topically are given in Table 1.
Most ophthalmic drugs contain functional groups, such as alcohol, car-
boxylic acid, and phenol, which lend themselves to simple derivatization.
Prodrugs (pharmacologically inactive derivatives of drugs that are chemi-
cally or enzymatically converted to their active parent compound after
administration) of pilocarpine and B-blocker have been used to enhance
bioavailability.

Instillation of drops into the lower cul-de-sac is the most common method
of ocular drug delivery. Concentration of drug in the precorneal area
provides the driving force for its transport across the cornea via passive
diffusion. Thus, efficient ocular drug absorption requires good corneal
penetration as well as prolonged contact time with the corneal tissue. lonto-
phoresis, prodrugs, ion pair formation, and cyclodextrins have all been used
as means of enhancing ocular drug absorption. An ideal topical ophthalmic
formulation would enhance bioavailability by sustaining drug release, while
remaining in the precorneal pocket for prolonged periods of time (Le
Bourlais et al., 1995). A wide variety of ophthalmic drug delivery systems
are currently available on the market (Lang, 1995). Nevertheless, about 70%
of prescriptions for eye medication are for conventional eyedrops. Such high
use may be related to factors, such as low cost, ease in bulk manufacture,
excellent patient compliance, efficacy, and stability. Various types of vehicles
currently being employed in ophthalmic dosage forms are liquids—eye
drops/lotions, eye ointments, aqueous gels, and solid matrices/devices. In
all cases, one key requirement is that the formulation must be capable of
being sterilized or manufactured in a sterile environment.



Drug Delivery to the Eye 323

A number of inserts are currently available on the market or in the latter
stages of development. These inserts have been classified as degradable or
nondegradable (i.e., those that need to be removed on completion of thera-
py). Various materials have been utilized in the development of degradable
inserts, including polyvinyl alcohol, hydroxypropylcellulose, polyvinylpyr-
rolidone, and hyaluronic acid. Nondegradable inserts have been shown to
provide more predictable release rates than soluble inserts (Canning et al.,
2002) and are mainly prepared from insoluble materials, such as ethylene
vinyl acetate copolymers and styrene-isoprene-styrene block copolymers.

B. Systemic Administration

Systemic administration of drugs for treatment of ocular disorders has
found limited success primarily due to the exclusion of the organ from
systemic circulation. Major pathologies affecting the retina are fungal and
bacterial endophthalmitis, CMV retinitis, and diabetic, glaucomatic, and
proliferative vitreal retinopathies. Local drug delivery to the posterior seg-
ment of the eye, particularly to the retina is a challenging task due to the
presence of BRB. Various strategies have been employed to deliver drugs to
the retina. A temporary increase in the BRB permeability has been at-
tempted by transient modification of the barrier properties of the RPE and
endothelial cells of the retinal blood vessels by intracarotid infusion of a
hyperosmotic solution, such as mannitol or arabinose. However, osmotic
gradient method results in nonspecific opening of BRB and is associated
with retinal and nervous system toxicity (Frank et al., 1986; Millay et al.,
1986). Chemical modification of drug molecules is more commonly em-
ployed to overcome the BRB. This strategy involves the use of lipophilic
prodrugs of therapeutic entities so as to increase their transcellular diffusion
into the neural retina (Macha et al., 2002).

Drug levels attained in the posterior chamber of the eye also depend on
the mode of administration of the drug. Commonly employed techniques
of delivering drugs to the retinal tissue include systemic and topical
administrations, intravitreal and local injections, and ocular implants.

Systemic administration of drugs to treat ocular conditions has been
attempted by various researchers. However, only 1-2% of the plasma drug
levels are achieved in the vitreous humor. Such low concentrations warrant
frequent administrations of high doses in order to maintain the drug levels in
the ocular tissues two to three times above the minimum therapeutic con-
centrations. In the treatment of acute human cytomegalovirus (HCMYV)
retinitis, intravenous therapy includes IV foscarnet sodium or ganciclovir
(Costabile, 1998). An advantage of systemic administration is that it controls
the spread of infection to other tissues. Disadvantages that outweigh the
advantages of intravenous therapy include nonspecific absorption by other
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tissues, which could result in serious toxicities. Taking both advantages and
disadvantages into consideration, systemic administration of drugs for treat-
ment of ocular pathologies is not an ideal strategy unless the drug can be
targeted primarily to the eye.

C. Intravitreal Drug Delivery

Intravitreal delivery is primarily employed to treat posterior segment
diseases that involve light sensitive structures like neural retina, retinal
pigmented epithelium, and retinal blood vessels.

Over the past 20 years, intravitreal injections have become a mainstay
treatment of posterior segment infections/diseases. Ocular antivirals like
ganciclovir (GCV), acyclovir (ACV), cidofovir, foscarnet, and antibiotics
like cephalexin, cefazolin, ceftazidime, gentamicin etc, have been adminis-
tered intravitreally to assess their pharmacokinetic parameters so that prop-
er dose and dosing frequency can be designed to effectively treat CMV
retinitis and endophthalmitis (Ben-Nun et al., 1989; Cundy et al., 1996;
Hughes et al., 1996; Waga et al., 1999; Lopez-Cortes et al., 2001; Macha
et al., 2001b).

Penetration studies with various drugs, particularly antibiotics, in the
direction of blood to ocular fluids have confirmed that passage into vitreous
is much more restrictive than penetration into the aqueous humor, probably
by one order of magnitude (Cunha-Vaz, 1976). Recently our laboratory
reported on the penetration of a paracellular marker fluorescein into the
aqueous and vitreous humors of rabbits. It was delineated that a tighter
barrier surrounds the vitreous in comparison to aqueous humor. Only about
1-2 % of the plasma levels of fluorescein were detected in vitreous humor
(Macha et al., 2001a). Thus, in order to achieve sufficiently high drug levels
in the retina and vitreous, higher plasma levels are required. In an attempt to
increase the plasma levels, clinicians either increased the oral dose adminis-
tered or administered the drugs by rapid intravenous infusions (Lopez-
Cortes et al., 2000; Lalezari et al., 2002). Even though these procedures
resulted in increased ocular levels, long-term toxicity concerns remain
(Henderly et al., 1987; Jabs et al., 1987).

Intravitreal injection offers several advantages over systemic and topical
administration for drug delivery to the retina and vitreous. It may result
in increased drug levels in the posterior segment without causing any sys-
temic side effects. Therapeutic levels may be maintained with lower doses,
as this route of administration circumvents the blood-retinal barrier. Intra-
vitreal injections are a mainstay therapy in severe cases of endophthalmitis
and CMYV retinitis (Diamond, 1981; Baum et al., 1982; Macha et al., 2001b).
As discussed earlier, vitreous diffusivity of a drug molecule following
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intravitreal injection is similar to its free aqueous diffusivity. Thus, for most
drugs, injected intravitreally, diffusion across the vitreous is not a major
rate-limiting step.

Intravitreal injections suffer from several deficiencies, such as patient
noncompliance, need for repeated injections (once a week), injection-
associated infections like endophthalmitis and retinal detachment (Cantrill
et al., 1989; Baudouin et al., 1996; Stone et al., 2000; Martin et al., 2002). To
overcome some of these shortcomings researchers have attempted to in-
crease the drug residence time in the vitreous following a single injection.
Intravitreal injection of liposomes, microparticles, lipophilic ester prodrugs
have met with mixed results (Peyman et al., 1987; Diaz-Llopis et al., 1992;
Veloso et al., 1997; Stone et al., 2000; Herrero-Vanrell et al., 2001; Macha
et al., 2002). Administration of particulate substances carries the risk of
infections and blurred vision (Maurice, 2001). Our laboratory has reported
on the vitreous disposition of ganciclovir (GCV) and its various monoester
prodrugs. Ganciclovir monoester prodrugs generated sustained GCV levels
in the vitreous for time periods longer than those from direct injection of the
parent drug (Macha et al., 2002). Despite all the reported advantages,
intravitreal injections are not well tolerated due to the associated pain and
discomfort.

D. Intravitreal Implants

Direct intraocular injections overcome the problem of high intravenous
dose-related toxicity. However, multiple injections are associated with an
increased risk of cataract, astigmatism, endophthalmitis, retinal detachment,
and vitreous hemorrhage (Cantrill et al., 1989). Intravitreal implants have
been developed as an alternative to multiple intravitreal injections. Vitrasert™
is a nonbiodegradable intraocular implant. It is inserted surgically in the
posterior segment of the eye where it delivers GCV locally over a period of
5-8 months. Once the device is depleted of drug it is replaced with a new
device. Data from Chiron Vision phase III clinical trial demonstrated that
the disease progression was significantly delayed in patients implanted with
Vitrasert® compared to patients receiving intravenous doses of GCV [201]
(http://www.centerwatch.com/patient/drugs/dru67.html). However, risks
associated with intravitreal injections are not completely eliminated. Ad-
verse reactions reported for Vitrasert® include loss of visual acuity, vitreous
hemorrhage, retinal detachment, cataract formation, lens opacities, macular
abnormalities, IOP spikes, optic disk/nerve changes, hyphemas, uveitis, and
acute or delayed onset endophthalmitis (Sakurai et al., 2001). Also, repeated
surgeries are required for implantation and removal of the implant. Like
intravitreal injections, intravitreal implants release drug locally into the
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vitreous humor and may not be able to stem the spread of infections to the
contralateral eye. Thus, systemic administration is recommended in conjunc-
tion with intravitreal injections and implants.

E. Scleral Drug Delivery

A major risk associated with intravitreal injections and implants is retinal
detachment, which generally occurs as a result of retinal piercing due to
surgery or multiple injections. To overcome this injury to the retina, research-
ers have investigated sustained release devices implanted into the sclera.
Previous work has revealed that sclera does not constitute a significant barrier
toward diffusion of drug molecules into the vitreous chamber. It appears to
be five times more permeable than cornea for hydrocortisone (Unlu et al.,
1998). Moreover, primary mechanism of transscleral drug transport involves
passive diffusion through the intercellular aqueous pore pathway. As a result
molecular size appears to be the controlling factor in drug transport rather
than lipophilicity of the molecule (Unlu et al., 1998). Scleral drug delivery to
the posterior segment of the eye has been attempted in two ways: (1) scleral
plugs and implants; and (2) subconjunctival injections.

Scleral plugs and implants

To lower the surgery related risk, biodegradable devices have been devel-
oped (Sakurai et al., 2001). The inserts were prepared from poly (DL-
lactide-co-glycolide) (PLGA) and poly (DL-lactide) (PLA) polymers. Inserts
were active for a period of 3 weeks in HCMYV inoculated eyes and the vitreo-
retinal lesions were reduced in comparison to single intravitreal injection of
GCV (Sakurai et al., 2001). In another study, various blends of PLA and
PLGA were examined for their suitability as vitreal implants (Yasukawa
et al., 2001). Poly (DL-lactide)-70,000 and 5000 (80/20) resulted in sustained
GCYV release for a period of 24-weeks with drug levels maintained well above
the MIC during the entire study period.

In conclusion, sustained drug release could be achieved with scleral im-
plants. The main disadvantages of these implants are repeated need for
surgical intervention and patient discomfort associated with the presence
of a foreign body in the eye.

F. Subconjunctival

Subconjunctival injections may be employed to target drugs to the posterior
segment of the eye. The primary absorption surfaces available are the
sclera and conjunctiva. Absorption of Tilisolol, a B-blocker into ocular
structures and plasma was studied following corneal, conjunctival, and
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scleral applications. Scleral application resulted in higher intraocular levels
relative to conjunctival administration (Sasaki et al., 1996). Reverse was true
for plasma concentrations (i.e., higher plasma levels of the drug were ob-
served upon conjunctival application). It may be concluded from this report
that conjunctival absorption results in drainage of drug into systemic circu-
lation. As a consequence scleral application resulted in increased drug levels
in intraocular tissues relative to conjunctival administration. Ocular phar-
macokinetics of an anticancer drug, dacarbazine was studied following
systemic and subconjunctival administrations. Elevated levels of dacarba-
zine were observed in aqueous and vitreous humors upon subconjunctival
injections relative to intravenous injections (Kalsi et al., 1991).

An attempt was made to achieve sustained release of drug upon subcon-
junctival injections of polymer-based ophthalmic formulations. Commonly
employed polymers for such purposes must be biocompatible and bio-
degradable. Such a material should not induce or cause any inflammatory
reactions in the sensitive ocular tissues. The polymer should erode or degrade
in a controlled manner so that a zero-order release profile can be attained over
a prolonged period. Polymers employed in ocular drug delivery include
alginates (Hatefi et al., 2002), pluronics and poloxamers (Geroski et al.,
2001), polyorthoesters (Zignani et al., 2000; Einmahl et al., 2002), and poly-
vinyl alcohol (Smith et al., 1996). Efficacy of these polymers in providing
sustained ocular drug levels following subconjunctival administration is still
under investigation.

In spite of recent progress, retinal drug delivery is still challenging due to
various factors including drug lipohilicity, presence of multidrug resistance
(MDR) gene products and drug ionization. In conditions like CMYV retinitis,
drug entry into retinal cells could be restricted due to their polar and
hydrophilic properties (GCV, cidofovir, and foscarnet). Membrane trans-
porters have been targeted to gain cellular entry by an active transport
process. This approach has met with considerable success in enhancing
permeation of several molecules across biological membranes. Such a strat-
egy can be employed to increase the intracellular drug concentrations in the
retina following systemic, intravitreal, and transscleral administration. A
brief background discussion on transporters and transporter-mediated drug
delivery is presented in the following section prior to the discussion of its
application to retinal drug delivery.

VI. CARRIER-MEDIATED DRUG DELIVERY

Bioavailability of drugs is restricted due to undesirable physicochemical
properties that may present as pharmacological, pharmacokinetic, or phar-
maceutical barriers in drug delivery. Cell membranes impose a barrier to the
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free movement of molecules. Simple diffusion, facilitated diffusion, primary
active transport, secondary active transport, transcytosis, and group trans-
location constitute the primary mechanisms of solute transport across a
membrane (Saier, 2000). A solute can be transported either through the cells
or between the cells across any continuous epithelium. Cellular pathway
across lipid bilayer is usually referred to as the transcellular route and the
intercellular pathway is known as the paracellular route. Transcellular
movement requires the interaction of solute with the components of the cell
membrane. Paracellular movement on the other hand is limited only by size
and charge of the permeating species. Prodrugs are designed to overcome the
undesirable properties of drugs and are themselves biologically inactive.
Ideally the prodrug should be converted to the parent drug as soon as the
barrier is circumvented, followed by rapid elimination of the released inac-
tive derivatizing group (Sinkula et al., 1975; Stella et al., 1985) (Figure 5).

A traditional prodrug design consists of the chemical modification of the
active ingredient to alter the physicochemical properties, such as solubility,
stability, and lipophilicity (Burton et al., 1991). Lipophilic modification can
enhance drug transport to an extent by improving the transcellular perme-
ability of the otherwise hydrophilic molecules, but is often limited by the
solubility of the modified drug (Hughes et al., 1993).

Recent progress on molecular cloning of transporter genes and functional
analysis by expressing those genes in cultured cells has greatly contributed to
our mechanistic understanding of structure and function of membrane
transporters. Membrane transporters were initially thought to be responsible
for transferring endogenous compounds across the cell membranes,
thereby strictly regulating the exchange of these agents between intracellular
and extracellular spaces (Lee, 2000). However it is now clear that some of the
transporters are involved in drug transport across various tissues, and may
play a key role in intestinal absorption, tissue distribution, and elimination.
Significant evidence regarding transporter-mediated drug permeation in
tissues, such as liver, kidney, and small intestine has been accumulated
(Beauchamp et al., 1992; Ganapathy et al., 1995; Balimane et al., 1998;
Guo et al.,, 1999; Zhu et al., 2000). The structure-activity relationships
of various drug molecules have been developed in order to define the
structural specificity of substrates of the transporters (Inui et al., 2000;
Terada et al., 2000).

The utility of carrier-mediated absorption via membrane transporters/
receptors is particularly important when the parent drug or the prodrug is
polar or ionized, where passive transcellular absorption is negligible. There-
fore, the use of prodrugs has been actively pursued to achieve very precise
and direct effects at the “‘site of action”.

The principal membrane barriers of the anterior segment of the eye are
located in the cornea, iris—ciliary body, lens epithelium, and retina (Figure 1).
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A. Drug Efflux Pumps in Ocular Tissues

Nearly 200 proteins are involved in the efflux of substrates across biological
membranes. These efflux pumps belong to an ATP-binding cassette (ABC)
superfamily of proteins, also termed as traffic ATPases. These efflux pumps
consist of two major efflux transporters: (1) P-glycoprotein (P-gp); and (2)
multidrug resistance associated proteins (MRPs).

P-glycoprotein, considered as a versatile xenobiotic pump, was initially
discovered in cancer cells. This efflux pump is a member of a highly con-
served group of the energy-dependent ABC transporters found in cells from
various tissues. Mammalian P-gps display approximately 60-65% homology
with most P-gps from other species, suggesting that their role in drug
trafficking is highly conserved throughout their evolution (Paulsen et al.,
1996; Goffeau et al., 1997). Sequence analyses have revealed P-gp to be a
member of ABC superfamily and hence ATP hydrolytic energy powers the
efflux action of P-gp (Doige et al., 1993; Paulsen et al., 1996; Boyum et al.,
1997). It is an integral membrane protein composed of two homologous
halves, each consisting of an N-terminal hydrophobic domain, with six
transmembrane segments, that is separated from a hydrophilic domain,
containing a nucleoside binding fold, by a flexible linker polypeptide.
P-glycoprotein encoding genes from hamster, mice, and human have also
been identified in other species (Ruetz et al., 1994; Loo et al., 1995; Kast
et al., 1996). This transporter is encoded by a small multigene family (mdr
Class I, I1, and IIT). P-glycoprotein belonging to all three classes is present in
rodents, while human cells express P-gp belonging to classes I and III.
Transfection studies have shown that the class I and II isoforms confer
MDR, while class III isoform represents phosphatidylcholine translocase
responsible for secretion of phospholipids into bile (Smit et al., 1993; Ruetz
et al., 1994; Smith et al., 1994). Functional studies with P-gp substrates like
cyclosporine A, verapamil, propranolol and dexamethasone have confirmed
the presence of P-gp activity in conjunctival epithelium (Saha et al., 1998;
Yang et al., 2000). In the eye, P-gp has been found in cornea (Kawazu et al.,
1999), retina (Holash et al., 1993), and iris (Schlingemann et al., 1998).
Cyclosporin A (CsA) uptake and transport in cultured rabbit corneal epi-
thelial cells (RCECs) was studied and it was concluded that p-glycoprotein
activity was present in rabbit corneal epithelial cells (RCECs) (Kawazu
et al., 1999). A recent repot from our laboratory confirmed the molecular
presence and functional expression of P-gp (MDRI1) in human and rabbit
cornea (Dey, 2002). Demonstration of the functional activity of the efflux
pump may be instrumental in the design of efficient drug delivery strategies
to the anterior segment. Blood-tissue barrier characteristics of iris and
ciliary body have also been studied and it was found out that P-gp is
expressed in ciliary muscles and iris capillaries (Schlingemann et al., 1998).
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Volume-activated chloride current has been found to be associated with the
endogenous expression of P-gp in pigmented ciliary epithelial cells (Chen
et al., 2002). Very recently P-gp has been identified in rat lens and functional
expression of P-gp (mdrla and mdr2) was also reported (Merriman-Smith
et al., 2002). The initial cellular damage phenotype of extracellular space
dilations caused by P-glycoprotein inhibitors was identical to that caused by
chloride channel inhibitors, indicating that P-glycoprotein may play a role in
regulating cell volume in the lens.

Human multidrug resistance-associated proteins (MRPs) may play an
important role in protecting the cells against carcinogenic drugs. Currently,
the MRP family consists of seven members, MRP1-7 (Borst et al., 2000).
The ability of these membrane proteins to efflux a wide range of anticancer
drugs out of cell and their presence in many forms of tumors render them
prime suspects in unexplained cases of drug resistance. Multidrug resistance-
associated proteins are organic anion transporters (i.c., transport anionic
drugs and neutral drugs conjugated to acidic ligands). Multidrug resistance-
associated proteins 1-3 also cause resistance to neutral organic drugs that
are not known to be conjugated to acidic ligands (Gottesman et al., 1996;
Sharom, 1997; Liscovitch et al., 2000). Multidrug resistance-associated pro-
teins also play a vital role in resistance development against nucleoside
analogs in cancer chemotherapy. MRP1-3 and MRP6 have an extra N-
terminal domain that lacks P-gp (Borst et al., 2000). Also, MRP4 and
MRPS5 are much more homologs to the other MRPs than to P-gp or other
classes of ABC transporters. MRP1 has been in rabbit conjunctival epithelial
cells as indicated by a ~190 kDa protein corresponding to MRP1 in
Western blots (Saha et al., 1998; Yang et al., 2000). Existence of MRPs in
other ocular tissues has not been extensively explored.

Recently there have been reports of P-gp expression of RPE and retinal
blood vessels oriented toward the blood side, preventing substances from
entering the ocular structures from systemic circulation.

B. Strategy for Site-Specific Drug Delivery

Carrier-mediated drug transport is relatively unexplored in comparison to
passive transcellular and paracellular drug transport. Prodrugs have been
used to achieve site directed delivery for enhanced absorption and reduced
toxicity. It has been suggested that at least three factors should be optimized
for the site-specific drug delivery by the prodrug approach (Stella et al.,
1980).

e The prodrug must be readily transported to the site of action and its
uptake by the target cells site must be rapid and perfusion rate limited.
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¢ Once at the site, the prodrug must be selectively cleaved to the active
drug.

e The active drug once regenerated must be sufficiently retained by the
target tissue to cause complete regeneration of the active drug.

As mentioned earlier the prodrugs can either be targeted to the transpor-
ters or enzymes for site-specific drug delivery. Enzymes can be recognized as
presystemic metabolic sites or prodrug—drug in vivo reconversion sites (Han
et al., 2000). The enzyme-targeted prodrug approach can be used to improve
the oral drug absorption as well as site-specific drug delivery. An improve-
ment in oral drug absorption can be achieved by targeting the gastrointesti-
nal enzymes and using a nutrient moiety as a derivatizing group in order to
permit a more specific targeting to these enzymes (Bannerjee et al., 1985).
Targeting of enzymes for improved oral absorption and site-specific drug
delivery has been made easy by the extensive literature present on the
gastrointestinal enzymes, which provide necessary information, such as
enzyme distribution, activity, and specificity for prodrug design (Amidon
et al., 1980; Bannerjee et al., 1985; Fleisher et al., 1985; Bai et al., 1992; Han
et al., 2000). Recently new approaches, such as antibody directed enzyme
prodrug therapy (ADEPT) (Bagshawe, 1987, 1989, 1993; Bagshawe et al.,
1988; Connor et al., 1995) and gene directed enzyme prodrug therapy
(GDEPT) (Harris et al., 1994; Huber et al., 1994) have been proposed, which
attempt the localization of prodrug activation enzymes into specific cancer
cells prior to prodrug administration.

On the other hand prodrugs can be designed to resemble the intestinal
nutrients structurally and be absorbed by specific carrier proteins. Prodrug
targeting toward transporter/receptor requires considerable knowledge of
the carrier proteins, including their distribution and substrate specificity.

C. Prodrugs Targeted toward Transporters

A host of transporter proteins can be targeted for improving drug absorption.
Generally, membrane transport mechanisms exist for amino acids (Smith et al.,
1988; Christensen, 1990), dipeptides (Dantzig et al., 1990; Hashimoto et al.,
1994; Han et al., 2000; Kiss et al., 2000), monosaccharides (Hediger et al., 1987;
Tamai et al., 2000), monocarboxylic acids (Tiruppathi et al., 1988), organic
anions (Sekine et al., 1997), organic cations (Okuda et al., 1996), phosphates
(Feild et al., 1999), nucleosides/nucleobases (Ritzel et al., 1997; Patel et al.,
2000; Hamilton et al., 2001), bile acids (Wilson, 1981), ascorbic acid
(Tsukaguchi et al., 1999; Wang et al., 1999), and urea (Kim et al., 2002).
Among the various transporters listed above, peptide transporters have
received the most attention, as they are known to be versatile and robust in
their choice of substrates. A summary of all transporters/receptors present in
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Table 2. Transporters and Receptors in Various Ocular Tissues
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Transporter

Cornea

Conjunctiva

Iris—ciliary

Lens

Peptide

Amino acids

Nucleoside

Glucose

Vitamin C

Acid/base

Glutathione

Efflux pump
P-glycoprotein, MDR1
MRP

Receptor

Insulin/insulin-like growth factor

Growth Factors

Prostanoid

Bradykinin/tachykinin

Muscarinic

Adrenergic

Histamine

Estrogen

Progesterone

Prostanoid

Serotonin

Glucocorticoid

Mineralocorticoid

Tumor necrosis factor

VEGF

Hyaluronan

Z+

+ +
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I+ 1+ 4+ +

F+ 0+

+ +

|+ ++++++

I+ +

Z+
>
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I+ + Z+

L+ + 1+ +++++

+

(+) denotes the presence of the transporter/receptor.
(=) denotes the absence of the transporter/receptor.

(?) denotes the presence where the exact subtype of the transporter/receptor is unknown.

NA denotes where no data is available or unknown.

various tissues on the anterior segment has been presented in Table 2.
Various nutrient transporters expressed on the retina include peptide
(Berger et al., 1999), glucose (Ban et al., 2000), amino acids (i.e., glycine,
GABA, glutamine, taurine, arginine, proline, and tryptophan) (Pow, 2001),
and nucleoside like adenosine (Williams et al., 1994). Among the transport-
ers identified, only the very few that could be targeted to enhance corneal
and retinal drug delivery are discussed in the following sections.

D. Transporters/Receptors in Ocular Tissues

Peptide transporters have been identified on various epithelia (Kramer et al.,
1990a; Daniel et al., 1993; Smith, 1993; Dieck et al., 1999; Chen et al., 2001;
Groneberg et al., 2002; Putnam et al., 2002). Considerable information is
available on their mechanism and substrate specificity (Kramer et al., 1990b;
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Terada et al., 1996; Fei et al., 1997; Han et al., 1998; Meredith et al., 2000;
Yang et al., 2001b; Doring et al., 2002). These transporters (i.e., PepT1 and
PepT2) have broad substrate specificity particularly for smaller peptides like
di- and tri-peptides. Through prodrug modification, a drug molecule may be
converted to a substrate for this transporter to be easily ferried across lipo-
philic membranes (Yang et al., 2001b). At the same time the solubility of the
compound may be enhanced depending on the amino acids in the peptide
promoiety. Following its transport, the enzymes, specifically the cholines-
terases, dipeptidases, and aminopeptidases, present in the vitreal and retinal
tissue may cleave the prodrug to regenerate the parent drug. Peptide prodrugs
of nucleosides like GCV, zidovudine, and ACV are substrates of peptide
transporter, which result in a significant increase in the bioavailability of the
parent drugs upon oral administration (Han et al., 1998; Pescovitz et al.,
2000). The presence of a peptide transporter on the retina facing the vitreous
(Berger et al., 1999) on the RPE side facing blood (Atluri et al., 2002) has been
reported. Transporter on the retina facing the vitreous could be targeted to
increase the intracellular drug concentrations following intravitreal adminis-
tration. On the other hand, targeting to the peptide transporter present on the
RPE can enhance retinal and vitreal drug concentrations following systemic
administration. A recent report from our laboratory provided functional evi-
dence for the presence of an oligopeptide transport system on the intact rabbit
cornea (Anand et al., 2002). The study describes a carrier-mediated transport
for a nonpeptidic drug L-Val-ACV, a prodrug of ACV, across freshly excised
rabbit cornea. Transport of L-Val-ACV was found to be higher than that of the
parent drug ACV, which is saturable at higher concentrations, pH-dependent,
and inhibited competitively by other known hPEPT1 substrates. L-Val-ACV
has also been shown to be a substrate for PEPT1/PEPT?2 resulting in a fivefold
higher bioavailability in comparison to ACV following oral delivery (Beau-
champ et al., 1992).

Amino acid transporters on the blood-brain barrier and intestinal muco-
sa have been studied extensively (Hargreaves et al., 1988; Kilberg et al., 1993;
Fukasawa et al., 2000; Kanai et al., 2000; Munck et al., 2000; Yang et al.,
2001a). These transporters are very substrate specific and lead to passage of
only specific amino acids. Various amino acid transporters including gluta-
mate, glycine, GABA, tryptophan, and proline have been identified on the
retina (Pow, 2001). Expression of such transport systems on the retina or
RPE once again opens up the opportunity of designing prodrugs targeted
toward these carrier-proteins. Functional evidence of a high affinity, Na*
independent pheylalanine (Vakkalagadda et al, 2002) and tyrosine
(Balakrishnan et al., 2002) carrier systems with characteristics similar to
the LATI transporter have also been identified on SIRC cell line as well as
rabbit cornea. RT-PCR on the RNA extracted from human cornea showed
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a 520-bp band and a 754-bp band, which were confirmed to be hLAT1 and
hATB® ™, respectively by subcloning and sequencing.

Mammalian cells take up and excrete lactate, pyruvate, and other mono-
carboxylic acids by means of proton coupled monocarboxylic acid transport-
ers (Nord et al., 1983; Alm et al., 1985; Kanget al., 1990; Terasaki et al., 1991;
Bergersen et al., 1999; Gerhart et al., 1999; Tamai et al., 1999). Various MCT
isoforms (MCT 1-9) have been identified (Halestrap et al., 1999). Monocar-
boxylic drugs like salicylic acid and pravastatin have been reported to be
transported via MCTs in the small intestine (Takanaga et al., 1994, 1996;
Tamai et al., 1995). In the eye, MCTs are expressed on the retina and
conjunctiva (Horibe et al., 1998; Hosoya et al., 2001). MCT 1 has been
reported to be present on the apical membrane and MCT3 on the basolateral
membrane of rat RPE (Yoon et al., 1997). MCT can thus translocate sub-
strates (carboxylate drugs and prodrugs) from the blood/choroid into the
retina following intravenous and transscleral administrations.

A recent study has identified GLUTT1, one of the glucose transporters, in
the bovine corneal epithelium and bovine corneal tissues (Bildin et al., 2001).
The expression pattern of GLUT]1 in the cornea varies between control
and diabetic rats (Takahashi et al., 2000), implying that GLUT1 has mini-
mal influence on delayed healing of corneal wounds in diabetes. In rats,
GLUT1 mRNA expression is enhanced during corneal epithelial wound
repair. Corneal damage facilitates GLUT1 mRNA expression and protein
synthesis. Higher expression of GLUT1 may be responsible for increased
transport of glucose, providing the metabolic energy necessary for cell
migration and proliferation (Takahashi et al., 1996). Although the glucose
transporters exhibit significantly higher capacity than other nutrient trans-
porters they are not amenable to drug delivery (Pardridge, 1983; Silverman,
1991; Thorens, 1993; Wright, 1993; Shepherd et al., 1999), because of their
extremely rigid structural specificity requirements.

Two types of transport processes have been identified for folate entry into
mammalian cells. One process involves the folate receptors that bind and
internalize the bound folate via receptor-mediated endocytosis. A second
process utilizes the reduced folate transporter, which is a typical transporter
protein with multiple membrane spanning domains. The protein interacts
with the reduced folate more efficiently than folate itself (Antony, 1992;
Sirotnak et al., 1999; Smith et al., 1999; Chancy et al., 2000; Reddy et al.,
2000). Folate receptors have been targeted for facilitating anticancer drug
entry into cancer cells and also for liposome based gene delivery (Sudimack
et al., 2000). Thus, targeting the folate transporter could result in enhanced
drug levels in the vitreous. Since the folate receptor is generally absent in
most normal tissues with the exception of choroid plexus and placenta, or is
expressed at very low levels (lung, thyroid, and kidney) (Sudimack et al.,
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2000), it may be possible to achieve targeted delivery of the folate ester
prodrugs to the retina, following IV administration.

VIl. STRATEGIES TO IMPROVE OCULAR
BIOAVAILABILITY BY TRANSPORTER-MEDIATED
DRUG DELIVERY

A. Anterior Segment

Topical ocular drug delivery is clinically significant in the treatment of
diseases of the eye that affect the anterior chamber like corneal epithelial
and stromal keratitis, glaucoma, conjunctivitis, and possibly in the posterior
chamber including bacterial endophthalmitis, retinitis, and macular degen-
eration. One of the major challenges in ocular drug delivery has been to
deliver drugs to the anterior and posterior chambers of the eye using topical
dosage forms. The main disadvantages are related to the facts that the drug
is diluted and washed off almost immediately due to a high tear turnover
rate. Precorneal loss results in poor drug absorption and subtherapeutic
drug concentrations in the eye. Several approaches have been employed to
increase bioavailability of drugs in the eye. Targeted prodrug design has
proven to be an efficient strategy for site-directed delivery.

Various lipophilic prodrugs have shown increased ocular absorption thus
delivering more of the parent drug to the interior of the eye. Acyclovir
(ACV) is used in the treatment of herpes simplex virus (HSV) keratitis and
is the drug of choice for viral infection in the eye. Various modes of ACV
transport through the cornea have been outlined in Figure 6. Owing to its
limited bioavailability the drug has shown moderate antiviral efficacy fol-
lowing topical administration (Sanitato et al., 1984). Various lipophilic ACV
prodrugs have been examined for improved ocular absorption and enhanced
efficacy in HSV keratitis. These prodrugs although exhibiting an elevated
permeability across the cornea lacked adequate aqueous solubility necessary
for their formulation into 1-3% eyedrops (Hughes et al., 1993). Since the
cornea consists of multiple tissue layers with lipophilic and hydrophilic
regions (Figure 2), a balance between the lipophilicity and the hydrophilicity
has to be reached for a compound to penetrate into the deeper tissues and to

Figure 6. A schematic of transport of acyclovir across cornea: (A) conventional
approach involves topical delivery of ACV. (B) Improved delivery of ACV by enhanc-
ing its lipophilicity and increasing ACV permeation across the corneal epithelium.
(C) Improved delivery of ACV and permeation across corneal epithelium and stroma
by utlizing transporters and receptors present on the corneal epithelium and by
enhancing its aqueous solubility.
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be effective especially in cases where the stroma and underlying tissues have
been affected. Lipophilicity to a certain degree lowers epithelial resistance,
the primary barrier to corneal permeation, but if one continues to increase
the lipophilicity, permeation across cornea decreases (Narurkar et al., 1989).
For a compound to be effective topically and to be formulated into eyes
drops it must possess sufficient hydrophilicity and at the same time exhibit
sufficient permeation through the cornea to reach three to five times the MIC
levels. In order to overcome problems of insufficient solubility and transport
of the parent drug ACV dipeptide prodrugs (US patent pending) were
synthesized in order to target the oligopeptide transporter on the cornea
(Nashed et al., 2002). These prodrugs exhibited excellent stability, antiviral
activity, permeability across cornea (Anand et al., 2002), and affinity toward
hPEPTI (Anand et al., 2003). The dipeptide prodrugs of ACV were found to
be substrates of hPEPT1 and were transported across intestinal cell line and
isolated rabbit cornea owing to their recognition by the oligopeptide trans-
porters. Therefore, the dipeptide prodrugs of ACV seem to be promising
candidates for the treatment of epithelial and stromal HSV keratitis, a
clinical indication not adequately treated by current therapy with trifluridine
because of cytotoxicity.

B. Posterior Segment

Expression of transporters on the retina, particularly on RPE and endo-
thelial cells of the retinal blood vessels, provides us with an opportunity
to increase the retinal and vitreal levels of various drugs thereby increa-
sing their efficacy and decreasing the required dose. The strategies that
can be employed to target these transporters on retina are illustrated in
Figure 7. Compounds can be targeted to the transporter by delivering
through any of the three main routes: (1) systemic; (2) intravitreal, and
(3) subconjunctival.

Systemic administration of prodrugs

As discussed earlier, vitreal drug levels achieved upon systemic administra-
tion is around 1-2% of the plasma levels. If a drug is targeted to a transport-
er expressed on the BRB, it could result in markedly higher concentrations in
the retina. Prodrug cleavage in the retinal cells also may generate drug levels
in the vitreous humor. The strategy is shown in Figure 7A.

Main disadvantage with this strategy is that drug uptake will be
nonspecific due to possible distribution of the transporter at multiple
tissues.
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Intravitreal administration

In order to avoid the nonspecific absorption of drug into nontarget tissues
and to avoid systemic toxicity, intravitreal administration of the prodrugs
may be justified. Figure 7B describes this strategy where the prodrug is
injected directly into the vitreous humor thereby targeting to the transporter
expressed on the retinal cell membranes. Prodrug uptake by neural retina
and RPE cells may be more efficient than the parent drug itself.

Subconjunctival administration

Subconjunctival administration usually results in higher vitreal concentra-
tions than systemic administration. Moreover, subconjunctival injections of
particulate dosage forms may result in sustained drug release over a pro-
longed period of time thereby decreasing the frequency of administration.
This route may be used to deliver prodrugs targeted to specific transporters
expressed on the basolateral side of the RPE. Following subconjunctival
administration the prodrug first diffuses into the sclera and then into the
choroidal circulation where it interacts with transporters expressed on the
RPE. These transporters will then carry the prodrug into the retinal tissue
where it is cleaved into the parent drug. This mechanism is schematically
depicted in Figure 7C. If the drug is incorporated into a polymeric vehicle,
which controls the release of the prodrug, a sustained delivery of drug to
retina and the vitreous layers may be possible.

Different ocular routes that have been used to deliver drugs and prodrugs
include cornea, conjunctiva, iris—ciliary body, and lens epithelium. Trans-
porters and receptors have been identified in these tissues and have been
utilized to improve ocular drug delivery. On the other hand discovery of
efflux transporters (P-glycoprotein) identified on the cornea and conjunctiva
will lead to a better understanding of restricted transport of drugs (antiviral,
antineoplastic etc.) to the inner compartment of the eye.

VIII. CONCLUSIONS

Ocular pathologies can cause discomfort and anxiety in patients, with the
ultimate fear of loss of vision or even facial disfigurement. In spite of the
continued effort directed toward the improvement and optimization of
ocular drug delivery systems a progress in this area did not appear to take
place at a fast pace that is typical of other delivery routes (oral, transdermal,
transmucosal, etc.). A cautious advancement is evidently imposed by the
delicate nature of the eye and many restraints imposed by its anatomy and

physiology.
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Fluid dynamics in the precorneal area of the eye has a profound effect on
ocular drug absorption and disposition. When the normal fluid dynamics are
altered (i.e., tonicity, pH or irritant drugs or vehicles), the situation becomes
more complex. Formulations of ophthalmic drug products must take into
account not only the stability and compatibility of a drug in a given
formulation, but also the influence of the formulation on precorneal fluid
dynamics.

Drug delivery to retina has always been a challenge to ophthalmologists.
The complex physiology of the retina coupled with low blood flow makes it
even more difficult. Several routes of administration including systemic,
topical, intravitreal, and scleral have been attempted and have met with
varying degrees of success.

The prodrug approach has been successfully employed to overcome the
undesirable pharmacokinetic properties. Recent developments in the cloning
and expression of the membrane transporters from human and animal
species have added a new dimension to the understanding of the transporter
structure/function and their precise structural interactions with the sub-
strates. Design of prodrugs to target specific transporters is a sound strategy
for the development of efficient and selective drug delivery systems targeted
to the ocular anterior and posterior segments.
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ABSTRACT

The sclera is the skeleton of the eye. It defines the size of the eye, provides a
stable support for its optical elements, and is essential to the achievement of a
focused retinal image. The sclera provides attachment for the extraocular

Advances in Organ Biology

Volume 10, pages 353-373.

© 2006 Elsevier Inc. All rights reserved.
ISBN: 0-444-50925-9

DOI: 10.1016/S1569-2590(05)10013-5

353



354 KLAUS TRIER

muscles and allows passage of vital structures such as the optic nerve, the
arterial blood supply, and the venous drainage system. The overall elastic
properties of the sclera neutralize short-term fluctuations of the intra-
ocular pressure. More specialized functions of the sclera are the drainage of
aqueous humor and the mechanical support provided for the fibers of the optic
nerve during their passage through the eye wall. Drainage of aqueous humor
from the anterior chamber is controlled partly by a specialized part of the
sclera, the trabecular meshwork, and partly by the uveoscleral route of which
the final segment involves passive transscleral fluid transport. The lamina
cribrosa is the specialized part of the sclera that provides mechanical support
for the optic nerve as it leaves the eye.

Disturbances in the biochemistry and biomechanical properties of the sclera
can have severe consequences for the visual function by producing an eye that
is not spherical, too long, too short, too rigid, or too elastic. Such disturbances
can also interfere with the vascular supply of the eye, the control mechanisms
of the intraocular pressure, or the resistance of the transscleral volume flow.

I. ANATOMY

There are important species differences among the vertebrates in the anato-
my of the sclera. The following description relates to the human eye. The eye
wall consists of the cornea and the sclera. The anterior part of the sclera is
called the limbus that is a narrow, 0.5-1 mm broad band that forms the
junction between the white sclera and the clear cornea. The junction between
the cornea and the limbal sclera is particularly well defined internally, where
it forms Schwalbe’s line. The sclera constitutes the posterior four-fifths of the
outer wall of the normal eye; it is approximately spherical with an outer
diameter of 22 mm. Figure 1 shows the posterior aspect of the eye.

The tendons of the four rectus muscles (medial, lateral, superior, and
anterior) insert 5.5-7.7 mm behind the limbus, along a circle that roughly
corresponds to the ora serrata at the internal aspect of the eye. The widest
diameter of the eye, the equator, is approximately 12 mm posterior to the
limbus, and the posterior pole of the eye, corresponding to the center of
macula, is ca. 17 mm further posterior. The thickness of the sclera varies
from 0.8 mm near the limbus, 0.3 mm behind the insertion of the rectus
muscles, 0.4-0.6 mm at the equator, and 1.0 mm near the optic nerve.
The optic nerve passes through the sclera about 3 mm nasally to the post-
erior pole of the eye. The cone-shaped opening that allows the exit of the
optic nerve has an internal diameter of 1.5-2 mm and an external diameter
of 3-3.5 mm. The outer two-thirds of the thickness of the sclera follows
the optic nerve backwards and forms part of the dural nerve sheath, while
the inner third forms the lamina cribrosa through which the axons of the
nerve as well as the central retinal artery and vein pass. The lamina cribrosa,
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Figure 1. The posterior eye. The optic nerve with its central vessels is seen (a).
Surrounding it are the short posterior ciliary arteries. The approximate position of the
macula is at x. Along the horizontal meridian are the long posterior ciliary arteries
(b). The exit of four vortex veins are shown (c). The cut end of the extraocular muscles
are seen (d, e, f). (From Hogan, M.J., Alverado, J.A., and Weddell, J.E. (Eds.) (1971).
Histology of the human eye. An atlas and textbook. W.B. Saunders, p. 51, fig. 2-3.)

being thinner and having a higher elasticity than the rest of the sclera, tends
to have an outward bulge that is accentuated when the intraocular pressure
is raised (Duke-Elder, 1961).

At the corneal junction, the sclera presents a thickening at the internal
surface, the projection of which into the interior of the eye is known as the
scleral spur. This rigid ring structure stabilizes the anterior part of the eye,
which is important for the proper functioning of the corneal optics. It also
provides anchoring for the ciliary muscle and via the zonular apparatus for
the lens as well.
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The trabecular meshwork is a sieve-like specialization of the inner, limbal
sclera. It lies as a circumferential band between Schwalbe’s line and the
scleral spur. Externally the trabecular meshwork is lined by the canal of
Schlemm, which is another specialization of the limbal sclera. The trabecular
meshwork and the canal of Schlemm form the most important drainage
route for the aqueous humor, and is therefore of crucial importance for the
maintenance of a normal intraocular pressure.

The blood vessels that supply the inner eye must traverse the sclera. The
central retinal artery and central retinal vein that supply the inner retina
enter the eye through the lamina cribrosa part of the sclera. The anterior
uvea is supplied by the anterior ciliary arteries that travel with the extrao-
cular rectus muscles and traverse the sclera obliquely anterior to the inser-
tion of these muscles. The choroid is supplied by the short and long posterior
ciliary arteries, as described in Chapter 10. The vorticose veins are the main
venous drainage channels of the uvea, although anteriorly, there are minor
anastomitic communications with the episcleral veins. The vorticose veins,
four to seven in number, pass the sclera obliquely through approximately
4-mm long tunnels, leaving the sclera about 3 mm posterior to the equator.
The sclera contains no, or very few blood vessels of its own.

At its outer aspect, the sclera borders the episclera, a loose vascular
connective tissue supplied by the anterior and posterior ciliary arteries.
The thickness of the episclera decreases in the anteroposterior direction. At
the inner aspect of the sclera, the lamina fusca constitutes a transition zone
between the sclera and the ciliary body or the choroid, with collagen bundles
intermingling with both structures.

Il. STRUCTURE AND ULTRASTRUCTURE

The sclera consists of densely packed collagen bundles, interspersed with
fibroblasts and embedded in ground substance.

The bundles, composed of parallel collagen fibrils, branch and intermin-
gle in various planes. The collagen bundles tend to be arranged in a circular
fashion around the limbus and the optic nerve, parallel to the direction of the
highest tension in the sclera at these locations (Maurice, 1984), while else-
where, the bundles form a crisscross pattern in the plane parallel to the
surface of the eye (Hogan et al., 1971). The collagen bundles form waves in a
relaxed state, which are straightened out when the intraocular pressure is
raised. This contributes to the elasticity of the tissue (Maurice, 1984).

On the external surface of the sclera, the collagen fibrils are arranged in
a reticular fashion, while the collagen fibrils of the internal surface lay in
0.5-6-um thick bundles forming rhombic patterns (Thale et al., 1996).
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The thickness of collagen fibrils in adult sclera varies between 28 and 280
nm, with increasingly thicker fibrils in the outer parts of the sclera. Subfibrils
with a diameter of 10 nm and a helicoidal arrangement with a rightward
direction and a 5°-inclination angle to the fibril axis have been demonstrated
in bovine sclera (Yamamoto et al., 2000).

The opaque appearance of the sclera is probably caused by the variability
in thickness of the collagen fibrils. In sclera from a patient with osteogenesis
imperfecta, a disease characterized by translucency of the sclera, the collagen
fibrils were found to be 50% narrower than in a normal control and much
more uniform in size (Mietz et al., 1997).

Beside collagen fibrils, elastin fibers have been identified in human
sclera (Marshall, 1995). The scattered scleral fibroblasts are elongated and
lay in close apposition to the collagen bundles. The production line of the
extracellular matrix components is seen on electron microscopy as rough
endoplasmic reticulum and occasional secretory vacuoles (Figure 2).

Myofibroblasts, containing contractile elements like a-actin, have been
demonstrated in the scleral spur (Tamm et al., 1995) and in the inner 20% of
the thickness of the posterior sclera from individuals older than 17 months.
The number of posterior scleral myofibroblasts increases with age (Poukens
et al., 1998). Expression of genes for a number of receptor molecules has

Figure 2. Transmission electron microscopy of rabbit sclera. Fibroblasts (F) are
seen with rough endoplasmic reticulum. Collagen fibrils are shown cut longitudinal-
ly and transversely. (By courtesy of Takasi Kobayashi, Department of Dermatology,
University of Copenhagen, Bispebjerg Hospital, Denmark.)
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been detected in scleral fibroblasts, including receptors for prostaglandin
and estrogen, nicotinic cholinerg, dopamine, parathyroid hormone, seroto-
nin, and several growth factors. Gene expression is changed in response to
mechanical strain (Cui et al., 2004).

I1l. BIOCHEMISTRY

The water content of sclera is approximately 70%. Collagen, predominantly
type I, accounts for approximately 80% of the dry weight of sclera (Bailey,
1987). Collagen type III contributes with less than 5% and is possibly only
found in specialized regions of the sclera like the trabecular meshwork and
lamina cribrosa (Keeley et al., 1984; Rehnberg et al., 1987). All collagens are
formed by polypeptide chains with a left-handed helix structure, of which
three chains are organized into a right-handed triple helix. Hydroxyproline,
hydroxylysine, and lysine are typical amino acids of collagen (Prockop and
Kivirikko, 1995). Genes coding for the different collagen types found in the
eye have been identified (Ihanamaki et al., 2004). Mutations in type I or I1I
collagen genes cause syndromes with scleral involvement such as osteogene-
sis imperfecta (blue sclerae, abnormal scleral thickness and fibril structure)
or Ehlers—Danlos syndrome (myopia) (Ihanamaki et al., 2004).

The limited space between the collagen fibrils is occupied by hyaluronan,
a nonsulphated glycosaminoglycans or proteoglycans, which are large
water-binding glycosaminoglycan molecules attached to core proteins. Gly-
cosaminoglycans are polysaccharides with repeating disaccharide units. The
main proteoglycans of human sclera are decorin with one chondroitin-
dermatan sulphate side chain and biglycan with two chondroitin-dermatan
sulphate side chains. Aggrecan with more than 100 chondroitin sulphate side
chains and more than 30 keratan sulphate side chains have also been
demonstrated. Decorin, biglycan and aggrecan represent 74%, 20%, and
6%, respectively, of the newly synthesized proteoglycans from sclera organ
culture (Rada, 1997). The proteoglycan core proteins constitute around 2%
of the dry weight of the sclera (Ayad et al., 1994).

The most abundant scleral proteoglycan, decorin, is a normal finding in
fibrous tissue in which it is bound to specific sites on the surface of the
mature collagen fibrils (Figure 3), and thought to play a role in the regula-
tion of the diameter of the fibrils (Scott, 1993). In vitro experiments have
shown that decorin extracted from bovine sclera is capable of inducing
increased diameter of collagen fibrils, and in general, tissues rich in dermatan
sulphate have thicker collagen fibrils, while tissues with a higher proportion
of hyaluronan or chondroitin sulphate are associated with thinner fibrils
(Kuc and Scott, 1997). Aggrecan is found in tissues exposed to compression
like cartilage or compressed regions of tendons (Vogel et al., 1993).
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Figure 3. Proteoglycans (decorin) from rabbit sclera visualized by electron micros-
copy as fine filaments emanating from the d band of the collagen fibril (arrows).
(From Young, R.D. (1985). ). Cell. Sci. 74, 99, fig. 2-3, bottom.)

The glycosaminoglycan content of sclera is 0.5-1% of its dry weight
(Breen et al., 1972). Glycosaminoglycan composition of the human sclera
varies in different locations with 29-49% dermatan sulphate, 28-48% chon-
droitin sulphate, 2-12% heparan sulphate and 19-33% hyaluronic acid.
Keratan sulphate contributes with around 1.5% (Trier et al., 1990; Rada,
1997). The thin sclera from equator is rich in hyaluronic acid but has a low
content of dermatan sulphate and collagen, while this ratio is reversed in
sclera from around the optic disc. A high proportion of chondroitin sulphate
is seen in the thick sclera from the posterior pole, where the “cartilage
proteglycan’ aggrecan is also most abundant (Trier et al., 1990, 1991; Rada
et al., 2000a).

The hydration of the sclera depends largely on its content of the negative-
ly charged, water-binding glycosaminoglycans, but the architecture of the
collagen fibrils and the size of the interfibrillar spaces are probably equally
important. The posterior sclera has a higher content of glycosaminoglycans
(Trier et al., 1991), and a higher degree of hydration (Boubriak et al., 2003).

The synthesis of glycosaminoglycans, which is essential for the organiza-
tion of the connective tissue and its biomechanical properties, is influenced
by physical factors such as tension or compression, probably transmitted
through changes in fibroblast cytoskeleton and cell shape (Evangelisti et al.,
1993). Integrin receptors on the surface of the scleral fibroblasts are believed
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to mediate fibroblast communication with the extracellular matrix (McBrien
and Gentle et al., 2003).

In the mature sclera, turnover of collagen is very slow with a half-life of
probably many years, but some remodeling takes place, mediated by colla-
gen degrading matrix metalloproteinases (MMPs), which have been demon-
strated in adult human sclera (Gaton et al., 1999). The tissue inhibitors of
metalloproteinases (TIMPs) balance the activity of MMPs. Cytokines, such
as transforming growth factor-f (TGF-p), are capable of upregulating col-
lagen and proteoglycan synthesis in mammalian scleral fibroblasts (Jobling
et al., 2004).

Elastin content in sclera is around 2% and increases to 5% in the scleral
spur and trabecular meshwork (Moses et al., 1978).

Glycoproteins that are important for cell adhesion, such as fibronectin and
laminin, are present in the sclera; laminin is present as part of the microfibrillar
sheaths of elastin fibers (Marshall, 1995; Chapman et al., 1998).

A recent study of genes expressed in human sclera has provided an
extended list of extracellular matrix proteins that might be of importance
for the function of sclera (Young et al., 2004).

IV. SCLERAL BIOMECHANICS

The biochemical composition and the ultrastructural organization of the
sclera endow it with characteristic biomechanical properties that are impor-
tant for the functions of the eye. The biomechanical properties of the eye
wall are largely determined by those of the sclera since this tissue contributes
four-fifth of the entire eye wall. The ocular rigidity is the term used to
quantify ocular pressure-volume relations. Friedenwald (1957) provided,
now classical, empirical tables of the pressure-volume relations based on
the variations in Schiotz indentation tonometer readings with different
plunger load (i.e., volume displacement). However, these experiments are
difficult to interpret in terms of a global ocular rigidity figure, because the
eye is not spherical, the wall thickness is neither uniform nor perfectly elastic,
and there are local variations in its mechanical properties (Purslow and
Karwatowski, 1996). Investigation of the stress—strain relationship (load
vs. extension) of isolated human scleral strips have shown that the posterior
sclera, with its looser weave of collagen fibers and higher degree of hydra-
tion, has only about 60% of the stiffness of the anterior sclera (Friberg
and Lace, 1988). Nevertheless, at the normal intraocular pressure of
20 mmHg, the tensile stress (S) in the sclera can be calculated to be around
10 kPa by using the formula S = P*R/2¢ in which P is the intraocular
pressure, R the radius of the eye, and ¢ the thickness of the eye wall
(Alejandro and Amaya, 1986).
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The eye has to be sufficiently rigid to retain its size and shape with
intraocular pressure fluctuations above and below this normal value. On
the other hand, if too rigid, the eye would not be able to neutralize poten-
tially neuron damaging intraocular pressure spikes resulting from external
pressure or variation in the production of aqueous humor. The elasticity of
the sclera, is to a great extent, dependent on the wave form of the collagen
fibrils that at the normal intraocular pressure are in a semirelaxed state. With
hypotony of the eye, for example, following trabeculectomy with excess
filtration, the posterior curvature of the eye may be flattened because of
shortening of the sclera in this particular region. The result is chorioretinal
folds and potentially maculopathy. This condition is more likely to develop
in younger persons with myopia and relatively thin posterior sclera. Older
persons seem less prone to develop hypotony maculopathy, probably
because they have a more rigid sclera (Cohen et al., 1995).

Besides elasticity, the eye also displays creep, which is defined as slow,
irreversible deformation under a constant load. This phenomenon is most
pronounced in the immature eye, and possibly forms the basis of the emme-
tropization process in which the size of the eye is adjusted to fit the optics of
the cornea and lens so that the retinal image is focused when the growth of
the eye cedes around the age of 14. The thicknesses of the sclera and the
collagen fibrils gradually increase, and the cross-linking of the collagen
becomes more pronounced during postnatal development. Hence, the po-
tential for creep decreases in the first postnatal years, and the capacity of the
eye to undergo enlargement in response to raised intraocular pressure ceases
at the age of 3 years. Experimentally, the creep of scleral strips can be
drastically accelerated by treatment with the collagen degrading enzyme
collagenase (Shchukin et al., 1997).

V. PERMEABILITY OF THE SCLERA

The sclera is not supplied by blood vessels of its own, and it must, therefore,
be permeable to fluids and metabolites in order to receive nutrition from the
neighboring choroid and episclera. Transscleral transport of fluid from
the suprachoroidal space to the episclera is dependent on the thickness of
the sclera and the content and organization of the collagen fibrils, proteo-
glycans, and glycosaminoglycans. Nanophthalmic and highly hypermetropic
eyes, which have an abnormally thick sclera with disorganized collagen fiber
bundles and deposits of proteoglycans in the matrix, are associated with the
uveal effusion syndrome in which there is an accumulation of fluid in the
suprachoroidal space, and choroidal detachments and exudative retinal
detachment can occur (Uyama et al., 2000).
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Transscleral fluid movement is probably an important component of the
uveoscleral pathway, which accounts for up to 40% of the aqueous outflow
in young individuals but less with increasing age. Recent interest in possible
transscleral delivery of specific antiangiogenic or neuroprotective agent to
the choroid and retina has prompted studies on the diffusion properties of
large molecules (Geroski and Edelhauser, 2001; Weinreb, 2001). Sclera is
permeable to large molecules, such as IgG or dextrans with molecular
weight up to 150 kDa, and it appears that molecular radius plays a greater
role in determining scleral permeability than molecular weight or charge
(Ambati et al., 2000). The posterior sclera is more permeable than the
anterior, possibly because of the higher hydration in this region (Boubriak
et al., 2003).

Scleral permeability is greatly reduced when the intraocular pressure is
raised, possibly because of compression of the tissue with reduction of the
spaces between the collagen fibers and extracellular matrix molecules that
define the pathways for diffusion (Rudnick et al., 1999).

VI. THE TRABECULAR MESHWORK AND THE
LAMINA CRIBROSA

In the trabecular meshwork and lamina cribrosa, the sclera is modified to
carry out specialized functions. The two structures share a trabecular nature
and some biochemical features. The lamina cribrosa can be divided into an
anterior part rich in neural supportive astrocytes and a posterior part rich in
extracellular matrix. As shown in Figure 4, the collagen fibrils form pores
around the penetrating axons by their circular arrangements in interlacing
figures of eight (Thale et al., 1996). The sizes of these pores have a charac-
teristic distribution with smaller pores in the center and in the nasal/tempo-
ral quadrant and larger pores in the superior/inferior quadrants. Thus the
superior/inferior quadrants have less mechanical support from extracellular
matrix, and this may be the reason why these quadrants are most vulnerable
to axonal damage in eyes with intraocular hypertension (Birch et al., 1997).
The lamina cribrosa is distinguished from the sclera proper by a ring of
collagenous fibril bundles (Thale et al., 1996).

The average diameter of collagen fibrils of the lamina cribrosa is
much smaller than those of peripapillary or equatorial sclera (Quigley
et al., 1991). Elastin fibers together with collagen, predominantly type III,
make up the core of the cribriform plates with a covering of the basement
membrane specific collagen type IV and laminin (Hernandez et al.,
1987; Rehnberg et al., 1987). The astrocytes separate the axons from the
supporting connective tissue.
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Figure 4. Scanning electron microscopy of collagenous fabirc of the human lamina
cribrosa with the retinal artery (A) and vein (V) in the center. Circular arrangements of
the collagen fibrils surround the openings for the passage of axons. (From Thale, A.,
Tillmann, B., and Rochels, R. (1996). Ophthalmologica 210, 144, fig. 1a.)

With aging, there is a decrease in lamina cribrosa collagen type III relative
to collagen type I, an increase in total collagen content, and an increase in
cross-linking of collagen and elastin. The elastin content increases from 7%
to 28%, and the collagen content from 24% to 45% of dry tissue weight in the
age interval 0-89 years. Concomitantly, there is a reduction in total glycos-
aminoglycan content from 3% to 1%. There is a steady decline in the number
of astrocytes from birth to senescence (Albon et al., 2000a). The age-related
biochemical changes manifest themselves in a much stiffer and less resilient
structure after 40-50 years of age. This may increase the stress on the axons
from the intraocular pressure (Albon et al., 2000b).

Outflow of aqueous humor from the anterior chamber takes place
through some 20,000 pores with a diameter of 0.1-3 um in the trabecular
meshwork. The primary site of outflow resistance is located near the inner
wall of the canal of Schlemm (Bill, 1993). The trabecular meshwork consists
of beams of extracellular matrix surrounded by a basal lamina and lined by
endothelial-like trabecular meshwork cells. Collagen, predominantly of the
glycoprotein type IV and VI, have been localized in the trabecular meshwork
with contributions from type I, ITI, and V (Rehnberg et al., 1987; Yue, 1996).
Hyaluronan is represented in all layers of the trabecular meshwork but most
apparent in association with the trabecular meshwork cells. It is possible that
hyaluronan fills the intratrabecular spaces and prevents the fusion of the
trabecular lamellae, which gives it a key role in the regulation of the outflow
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resistance (Lerner et al., 1997). Hyaluronan is present in the aqueous humor
(Laurent, 1983a) and may become trapped in the trabecular meshwork.

The changes in the trabecular meshwork with aging consist of reduced
density of trabecular cells and accumulation of extracellular matrix with
thickening of the trabecular beams, a process that has been coined “hyaliniza-
tion.” The consequent narrowing of the open spaces contributes to the increase
in resistance to aqueous outflow and may lead to elevated intraocular pressure.
Experimental work points at accumulation of collagen type IV and other
glycoproteins as the cause of the thickening of the trabecular beams (Tripathi
et al., 1997). Furthermore, the synthesis of hyaluronan by aged trabecular
meshwork cells is reduced (Schachtschabel and Binninger, 1990).

VIl. EMBRYOLOGY AND DEVELOPMENT

Scleral development seems to be induced by the retinal pigment epithelium
and the choroid (Duke-Elder, 1963). The origins of the sclera can be traced
to the neural crest with a small contribution from mesoderm (Johnston et al.,
1979).

In the human, embryo differentiation of the sclera proceeds backwards
from the limbus and inside outwards with increasing condensation of the
tissue and cytological maturation. The diameter of the collagen fibrils in-
creases three times from week 6.4 to week 24 (Sellheyer and Spitznas, 1988).

The characteristic transscleral fibril gradient with increasingly thicker
collagen fibrils in the outer part of the sclera is not present at birth but
develops postnatally, perhaps as a response to differential circumferential
stresses across the scleral thickness (McBrien et al., 2001). The sclera in
the neonate is somewhat translucent and appears blue because of the under-
lying uvea. During the first decade of life, it gradually becomes opaque due
to increasing thickness and increasingly variable diameter of the collagen
fibrils.

Normally, the axial length increases from 17 mm at birth to 24 mm at 14
years after which the dimensions of the eye do not change. From an initial
hypermetropia the refraction gradually changes toward emmetropia, the
process being modified by a flattening of the corneal curvature and the lens
so that there is usually no resultant myopia in spite of the increasing axial
length. This process is called emmetropization (Lawrence and Azar, 2002). It
has been hypothesized that a growth-control mechanism exists that can
either accelerate or slow down axial growth in response to defocusing of
the retinal image during the period of normal eye growth. It is possible
that this mechanism works by regulating the scleral extensibility through
complex changes in the synthesis and degradation of the extracellular
matrix. This regulation may involve tissue factors such as metalloproteinases
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(Guggenheim and McBrien, 1996) and transforming growth factor-§
(Jobling et al., 2004). An increased scleral extensibility will lead to an
expansion of the eye through forces exerted by the intraocular pressure
(McBrien et al., 2003).

VIIl. AGING OF THE SCLERA

Deposition of calcium salts in a grayish, translucent plaque anterior to the
insertion of the medial and lateral rectus muscles is often seen in elderly
people. With further calcification, these plaques may become opaque. In
addition, there is diffuse deposition of calcium and fat globules among the
scleral bundles giving the aged sclera a yellowish hue (Spencer, 1985).

With age there is a steady increase in the ocular rigidity (Friberg and
Lace, 1988), probably due to increased cross-linking of the scleral collagen.
Figure 5 shows the relationship between age and scleral rigidity.

The collagen in immature sclera is initially stabilized by divalent keto and
aldimine cross-links. In the mature sclera, these early cross-links are sponta-
neously replaced by more stable trivalent cross-links. These cross-linking
mechanisms are dependent on the copper-dependent enzyme lysyl oxidase,
and inhibition of this enzyme in copper deficiency and lathyrism leads to
universal fragility of collagenous tissue. The reduced metabolic turnover of
collagen allows another type of cross-links to accumulate through a reaction
with glucose and its oxidation products, the so-called glycation, which is
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Figure 5. Increase in the stiffness of human sclera as a function of age. (From
Friberg, T.R. and Lace, J.W. (1988). Exp. Eye Res. 47, 433, fig. 4.)
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nonenzymatic and purely adventitious. Glycation of collagen plays a major
role in the pathogenesis of aging with dysfunction of vulnerable tissue,
such as the renal basement membrane, the cardiovascular system, and the
retinal capillaries. Glycation also accounts for much of the increased mor-
bidity and mortality seen in patients with diabetes. Glycation reduces
the flexibility and permeability of the tissues and reduces turnover (Baily
et al., 1998).

The hydration of both anterior and posterior sclera decreases by about
1% per decade (Boubriak et al., 2003). Aging is associated with some loss of
scleral glycosaminoglycans, in particular, dermatan sulphate. In the anterior
sclera, there are also reduced amounts of the small proteglycans decorin and
biglycan with age. On the other hand, the large proteoglycan aggrecan is
retained in aging posterior sclera (Brown et al., 1994; Rada et al., 2000).

The reduced hydration of posterior sclera with increasing age in spite of
little change in the content of water-binding glycosaminoglycans may
be explained by the increased cross-linking of collagen making the
tissue more compact. The reduced water content is in keeping with the
reduced transscleral diffusion of water-soluble compounds found in aging
sclera (Boubriak et al., 2003). Experimental cross-linking of collagen in
rabbit sclera leads to a reduced scleral permeability for water-soluble com-
pounds. This suggests that cross-linking of collagen is at least in part
responsible for the reduced permeability seen in aging sclera (Boubriak
et al., 2000).

IX. THE ROLE OF SCLERA IN DISORDERS OF THE EYE

The sclera itself may be the seat of disease, and alterations in the biomechan-
ical properties of the sclera may cause dysfunction of other ocular tissues.

Scleritis with focal scleral swelling and inflammation is often associated
with systemic connective tissue disease, such as rheumatoid arthritis, system-
ic lupus erythematosus, polyarteritis nodosa, relapsing polychondritis, and
Wegeners granulomatosis, the common background being an autoimmune
reaction toward components like proteoglycans. Induction of MMPs and
other proteolytic enzymes by various cytokines secreted by fibroblasts
and infiltrating inflammatory cells may lead to necrotizing scleritis and
perforation of the eye globe (Girolamo et al., 1997).

An interesting property of the sclera is its ability to function as a barrier
against the spread of malignant melanoma arising in the choroid. Apparent-
ly the tumor needs to induce degradation of the sclera before it is able to
extent into it. These changes include loosening of the collagen bundles by
MMPs, increased hydration and accumulation of glycosaminoglycans
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(Alyahya et al., 2003). Decorin that is well-represented in normal sclera
binds tumor promoting growth factors, such as TGF-B (Yamaguchi et al.,
1990), and inhibits cell proliferation by upregulating p21, an inhibitor of
cyclin dependant kinases (De Luca et al., 1996), while increased expression
of chondroitin sulphate with a high capacity for water binding is seen in
cancer tissue (Olsen et al., 1988).

In myopic children, an excessive growth of the axial length is seen from
age 8—12 years until 20 years after which the axial length and the degree of
myopia usually remain stable. The axial length at this stage will most often
be in the range 24-28 mm. Rarely the myopia presents itself at an earlier age,
with congenital, localized weak areas at the posterior pole of the eye (scleral
ectasies). In these cases the axial length is prone to increase throughout the
life, and the myopia can reach extreme levels, up to 40 diopters, with axial
lengths of 30-35 mm.

Both in humans and in animals with experimental myopia, abnormalities
in the biochemistry and ultrastructure of the sclera have been found. The
diameter of the collagen fibrils in myopic sclera is reduced compared to
normal eyes. In addition the contents of collagen and glycosaminoglycans
are reduced (Avettisov et al., 1984). It is known that deprivation myopia in
mammals is accompanied by a decrease in the scleral content of proteogly-
cans and collagen (Norton and Rada, 1995; Rada et al., 2000b) with reverse
changes taking place during recovery (McBrien et al., 2000). In mammalian
models of high myopia, an increased number of small diameter collagen
fibrils were found in the longer term, consistent with findings in myopic
humans (Funata and Tokoro, 1990; McBrien et al., 2001).

Primary open angle glaucoma is most commonly seen among elderly people
and is characterized by increased intraocular pressure with large fluctuations, a
reduced outflow facility at the trabecular meshwork, progressive loss of axons
at the optic nerve head, and distortion of the lamina cribrosa.

A decrease in collagen density and curling of the elastin fibers is seen in
glaucomatous lamina cribrosa and may relate to the decrease in mechanical
compliance, which causes the irreversible cupping of the optic disc. The
peripapillary sclera also exhibits a loss of collagen in glaucoma (Quigley
et al., 1991). The lamina cribrosa from glaucoma patients has lost the
orderly circular arrangement of the collagen fibers in exchange of coarse
bundles with no preferred alignment (Thale et al., 1996). Experimental work
has indicated that the remodeling of the lamina cribrosa with accumulation
of nonfunctional elastin (elastosis) is a specific response of the astrocytes to
mechanical stress. This effect may be mediated by increased release of
cytokines like TGF-B2 (Pena et al., 2001).

The optic nerve head receives much of its blood supply from the short
ciliary arteries, piercing the peripapillary sclera. Increased scleral rigidity in
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this region caused by loss of collagen may reduce the ability of the vessels
to dilate and thus interfere with the autoregulation of the arterial blood-
flow. Trabecular meshwork from patients with glaucoma also shows
increased deposition of elastin (Umihira et al., 1994), and in parallel with
findings in the optic nerve head the levels of TGF-f2 in aqueous humor
are increased. TGF-B2 increases the synthesis of collagen and glycoprotein
in bovine trabecular meshwork but inhibits the synthesis of hyaluronan
(Cao et al., 2002).

The total glycosaminoglycan content of trabecular meshwork is unchanged
in glaucoma, but the composition is markedly changed with depletion of
hyaluronan and accumulation of chondroitin sulphate. This trend is also seen
in normal, aged trabecular meshwork and may relate to an increase in the
resistance of aqueous outflow. Glycocorticoids cause elevated intraocular
pressure in some individuals. In animals with glycocorticoid, induced intraoc-
ular hypertension, there is a reduction in trabecular meshwork hyaluronan
and an increase in chondroitin sulphate, similar to what is found in primary
open angle glaucoma (Knepper et al., 1996). Glycocorticoids reduce the
concentration of hyaluronan in aqueous humor in rabbits (Laurent, 1983b).

Trabecular meshwork cells express various MMPs and TIMPs, and dis-
turbances in the balance of these may also play a part in the excessive
accumulation of extracellular matrix seen in glaucoma (Pang et al., 2003).

Age-related macular degeneration (AMD) has been related to increased
ocular rigidity, and this observation has led to the establishment of the so-
called hemodynamic model of the pathogenesis of AMD. According to the
model, the stiff sclera causes impairment of the choroidal blood flow, leading
to either atrophic retinal lesions or choroidal neovascular membranes (Fried-
man, 2004). Results from population studies suggesting a mildly increased
risk of AMD with increasing degree of hypermetropia may lend some
support to this model. Compression of the vorticose veins passing obliquely
through the thick and stiff hypermetropic sclera may cause obstruction of
the choroidal venous outflow (Ikram et al., 2003). Interestingly, an associa-
tion between elastosis in both sun-exposed and sun-protected skin, and
neovascular AMD has been found, suggesting a generalized susceptibility
of elastic fibers to degenerative stimuli (Blumenkrantz et al., 1986).

X. PHARMACEUTICAL MODULATION OF THE SCLERA

Latanoprost, a synthetic prostaglandin analog, reduces the intraocular pres-
sure by enhancing uveoscleral outflow. In monkeys treated for 5 days with
prostaglandin F2 isopropyl ester, collagen types I and III in the sclera
adjacent to the ciliary body were reduced by 43% and 45%, respectively
(Sagara et al., 1999).
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In vitro exposure to prostaglandin increases the permeability of human
sclera, probably due to increased release of MMPs and remodeling of the
extracellular matrix (Kim et al., 2001). Recent data indicate that topical
latanoprost penetrates as far as to the posterior pole of the rabbit eye, where
it induces biochemical changes in the sclera (Trier and Ribel-Madsen, 2004).

Aspirin-like compounds, and vitamin C and E prevent nonenzymatic
cross-linking (glycation) of collagen in vitro (Malik and Meek, 1996), and
may be useful in an effort to retard the progressive stiffening of the sclera
with aging.

Induction of cross-links has been proposed as possible treatment in order
to arrest the progression of myopia (Wollensak and Spoerl, 2004).

Systemic methylxanthines increase the concentration of collagen and the
diameter of collagens in rabbit sclera and may thus work against axial
elongation in childhood myopia. The effect is possibly exerted by way of
receptors in the retina or retinal pigment epithelium and transmitted to the
sclera (Trier et al., 1999).

Receptors for estrogen are expressed in the scleral fibroblasts. Estradiol
and the soy isoflavone genistein enhances the production of hyaluronan in
human skin cell culture (Miyazaki et al., 2002) and possibly also in ocular
tissues. Loss of hyaluronan from the trabecular meshwork may play a role in
the reduction of aqueous humor outflow in aged people, and hyaluronan-
stimulating compounds like genistein or vitamin C (Schachtschabel and
Binninger, 1993) could therefore be of interest in respect of preventing
intraocular hypertension.
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Choroid(s), 241
innervation of, 282-283
physiology, 283-284
Choroid, anatomy, 274
Bruch’s membrane, 275
choriocapillaris layer, 275
suprachoroidal layer, 275
vessel layer, 275
Choroid, development of, 288-289
appearance of arteries and
veins, 289
appearance of arterioles and
venous, 289

INDEX

Bruch’s membrane
development, 288
choriocapillaris
differentiation, 288
pigmentation, 289
Choroidal blood flow
measurements, 287-288
angiographic estimation, 288
by interferometry, 287
Doppler measurements, 287
dye saturation curves, 287-288
Choroidal blood flow, 284, 286-287
in pigeons, 284
measurements, 287
Choroidal
arteries, 279
circulation, 276-278
vessels, 278
Choroiditis, 320
Chromatic aberration, 6
Chromosomal segregation, 90
Ciliary arteries, 276, 278
Ciliary body epithelium (CBE), 295
Ciliary body, 12
application of numbers, 13
fluid transport, 15-16
ion transport, 16-17
Peclet number inside, 14
structure, 13, 128-131
Ciliary epithelium, barrier functions
of, 132-134
Ciliary processes, 128-130
Circadian rhythm regulation. See
Nonvisual processes
Circadian rhythms of aqueous
humor. See Aqueous humor
Collagen bundles, 356
Collagen IX, 190
Collagen type I, 358
Collagen type III, 358
Collagens, fibrillar, 94, 105-106,
109, 114, 182, 184, 190
Complement components, 295
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activation control of, 295
activation of, 295
inflammatory response by, 295
Complement regulatory proteins,
295-296
Complement system, 295
functions of, 295
Concentration number of ions. See
Numbers used for
quantification
Cone cell, 203, 213-214,
219-220, 238
discs, 206
Cone
mosaic, 202, 223
pathway, structure of, 200
sheaths, 254. See also Retinal
pigment epithelium
specific visual cycle, 216
Congenital cataracts, 187
Conjunctiva, 309
Conjunctival epithelium, 65
electrolyte and water secretion, 67
functional anatomy, 65
regulation of secretion, 66
role of, 65
stimulation of secretions through
signal transduction
pathways, 66
Conjunctivitis, 321
Connexin pathway, regulation
of, 171-172
Connexin43 (Cx43). See Lens
connexins
Connexin46 (Cx46). See Lens
connexins
Connexin50 (Cx50). See Lens
connexins
Connexins, 138, 154, 156, 161, 220.
See also Molecular
machinery for transport
into lens
aging of, 161
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Conventional synapses, 232
Convergence of cell contacts, 202
Convergence of eye, 9
Copper-dependent enzyme, 363
Cornea, 309
dimensions of, of some species, 85
early stage development
of, 86-88
metabolism changes, effect of, 61
structure of, 310
tissue mechanics of, 106
Cornea, problems of
astigmatism, 6
nearsightedness, 6
Cornea, shape of, 106
keratoconus, 11
pathological myopia, 11
Corneal and conjunctival stratified
squamous cells, 74
function of the tear film mucous
layer, 75
Corneal edema, 115
Corneal endothelium, 116
cells, 297
electrical phenomena around,
119-122
electrolyte transport by, 119
water pathways, 122
Corneal epithelium, 61, 295
cellular functions of, 90
epithelial permeability and
electrophysiology, 98-99
functional anatomy, 62
function as a barrier, 97
nutritional oedema, 100
physiology of, 97
regulation of secretion, 62
stimulation of secretions into tears
through signal
transduction
pathways, 63
structure and composition of
epithelium, 88
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Corneal
nerves, functioning of, 62
opacification, 105, 107
posterior epithelium, 113
transparency, 114
Corneo-scleral junction, 92
CRALBP, 258
and isomerization reaction, 258
Creep, 361
of scleral strips, 362
Cross-linking mechanisms in
sclera, 363
Crry, 295, 296
Crystallins, 150, 173
Cyclosporin A (CsA), 330
Cylindrical shape, importance
of, 10
Cystic fibrosis transmembrane
conductance regulator
(CFTR), 262
Cystic macular edema, 241
Cytokines production, by RPE cells,
260-261
Cytokines, role of, 68
Cytoplasmic cGMP concentration,
212-213

Dacarbazine, 327
DAPI-3 amacrine cells. See
Amacrine cells
Dark-current, 208
Decay-acceleration factor (DAF),
295-296
Decorin, 96, 358, 366
B Defensin 1 and 2, 295
Defensins, 294
functions of, 295
subfamilies of, 294-295
Defensin-o 1, 2, and 3, 294-295
Degree of liquefaction, 187
Delayed rectifiers. See Channels,
major types of
Dendritic branching pattern, 222

INDEX

Dendritic cells, 297
immature, 297
immune regulatory properties
of, 297
mature, 297
Deprivation myopia, 367
Descemet’s membrane, 310
D-fructose. See Glucose
transporters
D-galactose. See Glucose
transporters
D-glucose. See Glucose transporters
Diabetes, 173
Differentiation of sclera in human
embryo, 360
Diffuse bipolar cells, 222
Diffusion, 14
Dipeptide prodrugs, 338
advantages of, 338
synthesis of, 338
Dodecamers. See Cell-to-cell
channels
Dopamine, effect of, 237
Dopaminergic neurons, 236
Dopaminergic. See Amacrine cells
Doppler measurements of choroidal
blood flow, 287
Drug delivery to eye, factors
affecting, 319-320
Drug delivery to retina, routes of
administration, 341
Drug delivery, carrier mediated, 327
carrier-mediated absorption via
membrane transporters/
receptors, 328
cellular pathway, 328
lipophilic modification, 328
membrane barriers, 328
solute transport, 328
Drug efflux pumps in ocular
tissues, 330
efflux transporters of, 330
Drug release, sustained, 326
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Drug transport across cellular
membranes, mechanism
of, 329

Drugs, bioavailability of, 327-328

Dry eye rabbit model, 60

Dry eye syndrome, 51, 75, 321

Dry spots, formation of, 25-26

Dyads, 221, 231

Dye saturation curves, 287288

Dynamic equilibrium, concept of, 4

Ectodermal neural plate, 242
Efflux pumps, 312
EGF receptor (EGFR), 44
EGF-activated signal transduction
pathway, 52
Elasticity of sclera, 361
Elastin content in sclera, 359
Electrolyte secretion, 55-56
Electroosmosis, 123
Elschnigs spots, 287
Emmetropia, 360
Emmetropization process, 361
Energy-dependent ABC
transporters, 330
Enzyme-targeted prodrug
approach, 332
Ephrin system, 244
Epichoroid. See Suprachoroidea
Epidermal growth factor, 52
Epithelial cells, 253-254
interaction of, 101
layers, 13, 16, 18, 24, 26
Epithelial permeability and
electrophysiology of
epithelium. See Corneal
epithelium
Epithelial sodium channel
(ENaC), 173
Exchange routes for metabolites and
breakdown products
anterior epithelial surface, 99
peripheral limbus, 99-100
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posterior endothelial surface, 99
Exocytosis, 256
External (E) fracture faces, 163
Eye
disorders, role of sclera, 366
factors affecting drug delivery in,
319-320
inflammatory response in, 292
protection, from immune
response to
pathogens, 298
structure of, 308-309
Eye, as immune privileged site, 292
mechanisms defining, 293
Eye, features of, 3, 27
roundness, 4, 7
Eye, shape of
with congenital glaucoma, 5
with retinal blastoma, 5
Eyes of the cephalopods, 9

FACIT collagen IX molecules, 185
Failure of reflex tearing and
blinking, effect of, 62
Falciform retinal detachments, 187
FasLigand, 296-297
FasLigand, expression of
on corneal grafts, 301
significance in induction of
apoptosis, 301
FGF, 261
affect on RPE growth, 261
Fiber junctions, 165-166, 171
Fibril-associated collagen, 184
Fibronectin, 184
Fluid flow in the anterior chamber
of human eye, 316
Fluid pressure in the eye. See
Pressures acting on eye
Fluid transport
mechanism, 123, 124
rate, 122
Fluorescein dye, 18
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Fluorescein-angiographic studies,
278-279
Folate entry in mammalian cells, 335
Folate ester prodrugs, 337
Folate receptors, 335, 337
and anticancer drug, 335
Folate transporter, 335
Forces acting on the object, effect
of, 4. See also Dynamic
equilibrium, concept of
animate objects, 5
inanimate objects, 4-5
Forskolin, 66
Fovea centralis, 206
Fovea, spatial resolution in, 7-8
Free sebaceous glands. See
Sebaceous glands
Freezefracture-immuno-labeling
(FRIL) method, 163, 171
Fresnel formula, 102
Fuch’s dystrophy, 115
Functional architecture of the
retina, 195
Functional expression of P-gp
(MDR1), 330

G Proteins, 38, 42-43, 47, 49
a-subunits of, 39
B-subunits, 39
v-subunits, 39
GABA, 236
as neurotransmitter, 220
GAG of mammalian vitreous. See
Hyaluronan
Galectins, 301
expression of, 301
galectin-1, 301
Ganciclovir monoester, 325
Ganglion cell dendrites, 232
Ganglion cell layer (GCL), 200, 226,
232, 246, 311
Ganglion cells, 202, 213, 220,
231-233, 245

INDEX

light-sensitive, 235
midget, 233-234
parasol, 233-234
Ganglionectomy, 145
Gap junctions, 36, 88, 97, 137-139,
140, 145, 154, 155, 156-157,
158, 161, 164, 166, 167,
168-172, 176, 201, 220, 223,
225,227, 236-238, 247
Gastrointestinal enzymes, 332
Gene directed enzyme prodrug
therapy (GDEPT), 332
Gene encoding defects, 185
Genes in shaping bones, role of, 5
Glands of Zeis and Moll, 26
Glandular atrophy, 36
Glaucoma patients
lamina cribosa from, 367
trabecular meshwork from, 367
Glaucoma, 146, 321
change in pressure, effect of, 11
Glial cells, 200, 235, 238
Glu-138-Gly, 163
Glucose transporters, 335
D-fructose, 174
D-galactose, 174
D-glucose, 174
Glucose, 100, 150, 176
GLUT family, 174-175
GLUTI1
expression pattern of, 335
transport protein, 263
Glutamate, application of, 233,
236-237
Glycation, 363
Glycine, 236
Glycocalyx, 90
Glycocorticoids, 367-368
Glycogen, 90
Glycoproteins, 359
Glycosaminoglycan, 358
composition in human sclera, 358
synthesis of, 359
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Glycosaminoglycans, 94, 317
Goblet cell mucin secretion,
71-72, 75
Goblet cells, 66, 69, 71-72, 74, 88.
See also Secretion of the
tear film mucous layer
goblet cells
Golgi apparatus, 28, 34, 49, 59, 70,
74, 90, 97
Golgi method, 200
G-proteins, 211
Gravitational force, 4
Growth factors in tears
basic fibroblast growth factor
(bFGF), 24
epidermal growth factor
(EGF), 24, 52
granulocyte macrophage-
colony, 24
hepatocyte growth factor
(HGF), 24
stimulating factor (GM-CSF), 24
transforming growth factor
(TGF; o, B1, and,
B2), 24
tumor necrosis factor (TNF)a, 24
Growth factors, role of, 68
Growth receptor-activated
signaling pathway,
activation of, 44
GTPase activity of T, 213
Guanylate cyclase activating
proteins (GCAPs), 214
Guanylyl cyclases. See Target
effectors

Haller’s layer, 275, 278

Hardness of the eye, 11

HCO™, 119

Hemichannels, 168, 171-172

Hemidesmosomes, 62, 88, 97

Hemodynamic model of the
pathogenesis of AMD, 368
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Henle fibers, 218, 234
layer, 198
Herpes simplex virus (HSV)
keratitis, 337
Hexamers. See Hemichannels
High affinity carrier systems, 334
Holocrine secretion, 29
Horizontal cells, 218-220
A type, 219
activity of, 220
B type, 219
Horseradish peroxidase, 132
hPEPT]1, 338
Human eye, fluid flow in the anterior
chamber, 316
Human fovea, 206
Human sclera, genes expression
in, 360
Hyalinization, 365
Hyalocytes. See Vitreocytes
Hyaluronan, 185, 189
loss of, 369
production of, 369
stimulating compounds, 369
Hyaluronic acid, 317
Hydration of sclera, 358-359,
363-364
Hypermetropic eyes, 362
Hyperosmotic solution, 137

IgG or dextrans, permeability of
sclera to, 362
Image transmission through
cornea, 102
Imbibition pressure of corneal
stroma, 108
Immature dendritic cells, 297
Immune privilege of eye, role of
pigment epithelium cells in,
300-301
Immune privileged
sites, 292-293
tissues, 293
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Immune regulatory activities in
eye, 300
importance of molecules in AqH
for, 300
Immune regulatory properties of
dendritic cells, 297
Immune system
adaptive, 293
innate, 293-294
Immuno-gold complexes, 163, 167
Inactivation, 213
Inanimate objects, 4-5
Indoleamine accumulating
cells, 237
Inertia, 14
Inflammatory response in
eye, 292
Inhibitor-activated signal
transduction pathway, 53
Inhibitory synapses, formation
of, 220
Injury, response to. See Miiller cells,
use of
Innate immune system, 293-294
role in immunity of eye, 294
Inner limiting membrane (ILM), 200
Inner neuroblastic layers, 243
Inner nuclear layer (INL), 200, 219,
223, 226, 228, 232, 238
Inner plexiform layer (IPL), 200,
220, 228, 231-234, 246
processing in, 231
processing of off signals, 231
processing of on signals, 231
Inner retinal extracellular space. See
Retinal, extracellular space
Integrin heterodimer, 88
Integrin receptors, 359
Interference theory, 104
Interkinetic nuclear migration, 244
Interleukin-1 receptor antagonist
(IL-1R a), 296
Internet site, RetNet, 217

INDEX

Interphotoreceptor matrix
retinoid-binding protein
(IRBP), 258

role in retinoid transport, 258

Interplexiform cells, 228, 230-231

Interstitial cells. See Amacrine
cells, Al

Intraocular expression of
defensin, 295

Intraocular hypertension,
preventing compounds, 369

Intraocular injections, direct, 325

Intraocular pressure (IOP), 128,
286-287, 361

determination of, 12

Intravitreal implants, 325-326

risks associated with, 326
Intravitreal injection, 324-325

deficiencies of, 325

risks associated with, 326
Intravitreal

administration of prodrugs, 340

delivery, 324

Inward rectifiers. See Channels,
major types of

Ton transport

across RPE, 263
bilayer model of, 139-140
mechanisms, 139, 141, 146
polarized distribution of, 135
10P, 314
factors influencing, 314
measurement of, 314
IRBP gene, 258
disruption in mice, 258

IRBP, 241

Iris pigment epithelium
(IPE), 300

Iritis (anterior uveitis), 321

Isomerization of all-trans-retinol,
258-259

Isomerization reaction and
CRALRBP, 258
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Isomerohydrolase, 216, 258

Isotonic saline, 15

Isotropic properties, effect
of, 4-5, 11

Keratan sulphate proteoglycan, 87
Keratin filaments, 89

role of, 90
Keratinized epithelium, 30
Keratins 12 and 3, 93
Keratitis, 321
Keratoconjunctivitis sicca. See Dry

eye syndromes

Keratocytes, 91

Lacrimal gland fluid
different production stages in, 56
electrolyte composition of, 55
importance of, 35
proteins secreted by, 58
Lacrimal glands, 26, 33, 48, 295
hormones influencing, 35
isoforms of AC, 49
protein secretion, mechanism
of, 57-58
signal transduction pathways
in, 51
Lactoferrin, 68, 294
biologic properties of, 294
Lamina cribosa, 354, 367
age-related biochemical changes,
364-365
structure of, 364
Laminin, 184
Langerhans’ cells. See Structure and
composition of epithelium
Large-conductance
calcium-activated channels.
See Channels, major
types of
LATI transporter, 334
Latanoprost, 146, 368
Law of Gladstone and Dale, 104
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Leaky tight junctions, 121, 123, 151,
154, 157
Lecithin-retinol acyltransferase
(LRAT), 258
Lens aquaporins, 162
Lens connexins, 170
Lens fibers, 150
characteristic of, 118
Lens of human eye, 153
Lens pit, 151
Level of hydration in cornea, 106
Ligament of Wieger, 183
Light and dark cells. See Structure
and composition of
epithelium
Light stimulation response,
importance of, 202
Limbal epithelium, role of, 101
Limbus. See Corneo-scleral junction
Lipid layer of the tear film. See Tear
film, layers of
Lipid rafts, 172
Lipophilic prodrugs, 337-338
and aqueous solubility, 337
Local osmosis, 123
Long cylindrical eyes of animals, 7
Lumican, 94
L-Val-ACV, 334
as substrate of PEPT1/
PEPT2, 334
carrier-mediated transport of, 334
Lysozyme, 68, 294
Lysyl oxidase, 363

M cells. See Parasol ganglion cells
Macrophages, 297
Macula lutea, 196
Macular dystrophy, 257
Mammalian cells, 335

folate entry in, 335
Mammalian P-gps, 330
Mathematical model of vitreous

rheology, 318
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Matrix metalloproteinases

(MMPs), 359
Matte black finish, importance
of, 140

Mature dendritic cells, 297
Mature sclera, 359
MCT. See Monocarboxylic acid

transporters
MCT 1, 335
MCT3, 335

Mechanism of Na™, Cl~, 64, 67
Meibomian glands, 26, 30, 90. See
also Secretion of lipid layer
of the tear film
cell types in, 28
dysfunction, 32
fluids, 32
a-Melanocyte stimulating hormone
(2-MSH), 296
Membrane attack complex, 295
Membrane cofactor protein (MCP),
295-296
antibodies to, 296
Membrane inhibitor of reactive lysis
(MIRL), 295-296
Membrane transporters, 328
MERKT gene, 256
defects, 256
transfer, 256
Metabolic pathways in cornea, 100
Metalloproteinases, 360
MHC class I and MHC class 11
molecules, 298-299
Microglial cells, 297
Midget bipolar cells, 223
Midget ganglion cells, 233-234
information carried by, 235
Migration inhibitory factor
(MIF), 297
Mitochondria, 18, 29, 34, 90, 100,
116, 131, 158, 160, 204, 231,
242,254, 284
Mitoses, 88

INDEX

Mitotic activity, 101
M-L-cone cells, 206, 223
Mobile liquefied posterior
vitreous, 187
Molecular machinery for transport
into lens, 161
aquaporins, 161
channels, 161
connexins, 168-172
potassium conductance, 172-173
sodium and chloride
conductance, 173
transporters, 173
Na, K-ATPase antiporter,
174, 176
28-kDa molecular weight integral
protein. See CHIP-28
Monad, 232
Monocarboxylic acid transporters
(MCT), 335
Monocarboxylic drugs, 335
Motion perception of retina, 228
mRNA expression in rats, 335
MRPI, 331
MRPI1-3 and MRP6, 331
MRP1-7, 331
MRP4 andMRP5, 331
MUC4, 74
MUCSAC, 74
Mucin carbohydrate side chains, 24
Mucins, 24, 73
Mucopolysaccharides, 114
Mucous layer of the tear film. See
Tear film, layers of
Miiller cell end-feet, 187, 200
Miiller cells, 196, 200, 216,
235, 245. See also
Glial cells
use of, 239
Multidrug resistance associated
proteins (MRPs), 330
members of, 331
role of, 331
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Myoepithelial cells, 35-36
Myofibroblasts, 357
Myopia, 368
biochemistry and ultrastructure of
sclera in, 366-367
Myopic children, 366

Na,K-ATPase antiporter. See
Molecular machinery for
transport into lens

Na* pump molecules, 119

NADPH-diaphorase activity, 228

Na-H exchanger, 144

Na-nHCO3" cotransporter, 175

Nanophthalmic eyes, 362

Nerve fiber layer, 235

Neurons found in retina

amacrine cells, 200
bipolar cells, 198, 202
ganglion cells, 200
horizontal cells, 198
interplexiform cells, 200

Neuropeptide Y (NPY)-containing
nerves, 31, 36

Neuroretina, 196

Neurotransmitters in retina, 236

Neutrophils

activation of, 296-297
degranulation of, 296
protection against, 296

Night vision, 2

Nitrergic. See Amacrine cells

Nitric oxide synthase (NOS), 228

Nitric oxide, application of, 237

NK-cells, 297

function of, 297

Nonpeptidic drug, 334

Nonpigmented ciliary epithelial cells
(NPE), 128, 130, 133, 134,
136, 138, 145

different isoforms of, 137
tight junctions between, 134
Nonproductive absorption, 320
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Nonvesicular facilitated
neurotransmitter
transport, 236
Nonvisual processes
circadian rhythm regulation, 233
pupillary reflexes, 233

Numbers used for quantification
application of, in science, 13
concentration number of ions, 15
Peclet, 14-15, 18
Reynolds, 13-14, 18

Nutrient transporters, expressed on
retina, 333

Nutritional oedema of epithelium.
See Corneal epithelium

Occludin protein threads, 135
Ocular absorption, 337
Ocular antivirals, 324
Ocular bioavailability, strategies for
in anterior segment, 337-338
in posterior segment, 338, 340
Ocular drug absorption, 319-321
and disposition, 341
factors enhancing, 322
Ocular drug delivery in eye, 321-323
drugs used in, 322
major challenges in, 337
polymer employed in, 327
Ocular drug, systemic
administration of, 323
advantage of, 323
disadvantages of, 323-324
osmotic gradient method, 323
Ocular pathologies, 340
Ocular pressure—volume
relations, 361
Ocular rigidity, 361
Ocular secretory immune system,
importance of, 67
Ocular surface disease, 23
Ocular surface/air interaction,
importance of, 23
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“OFF synapse”, 218
Oligodendroglial cells, 238-239
“ON synapse”, 218
Oncotic pressure gradient, 142-143
Opaque appearance of sclera, 356
Open angle glaucoma, 367
Ophthalmic drug(s)
products, 341
topical application of, 321
Optic disc, circulation in, 279-281,
280, 282
Optic disc, sources of blood flow in
central arterial artery, 279
central retinal artery, 279
choroidal arteries, 279
Optic fissure, role of, 243
Optic vesicles, 242
Optical properties of eye, 6-8
refractive index, 6
role of cornea, 6, 102
role of lens, 6
Optical quality of light, 102-103
Ora serrata, 183, 246
Oral drug absorption, targeting of
enzymes for, 332
Organic anion transporters, 331
Osmolyte sorbitol, accumulation
of, 173
Osmotic agents, role of, 18
Osmotic force, 15
Osmotic gradient method, 323
Osseous cells, forces between, 5
Osteogenesis imperfecta, 356-357
Ouabain, 141, 143
Outer limiting membrane
(OLM), 238
Outer neuroblastic layers, 243
Outer nuclear layer (ONL), 200
Outer plexiform layer (OPL), 200,
217, 219-220, 228, 231,
241, 246
processing in, 231
structure of, 218

INDEX

P (SP) and/or calcitonin gene-related
peptide (CGRP), 92
P cells. See Midget ganglion cells
PACAP, 36, 92, 235, 238
“Paint flaking off™*,190
Palisades of Vogt, 93
Parasol ganglion cells, 233-234
information carried by, 235
Parasympathetic innervation, 91
Parasympathetic nerves, 62, 91
role of, 31
Patch clamp, 17
Peclet number. See Numbers used
for quantification
Peptide prodrugs, 334
Peptide transporters, 332-334
on retina, 334
on RPE, 334
Peripheral limbus. See Exchange
routes for metabolites and
breakdown products
Peripherin—-ROM1 complex, 206
Permeability of cell membrane, 16
Permeability of sclera
effect of intraocular pressure, 362
Permeable junctions, 122
Persistent hyperplastic primary
vitreous, 187
P-glycoprotein (P-gp), 313
class III isoform, 330
class I and II isoforms, 330
encoding genes, 330
expression in rodents, 330
expression in human cells, 330
expression in pigmented
ciliary epithelial
cells, 331
in eye, 330
rabbit corneal epithelial cells
(RCECs), 330
mammalian, 330
structure of, 330
substrates, 330
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P-gp (MDR1), functional expression
of, 330
P-gp expression of RPE and retinal
blood vessel, 331
P-gp. See P-glycoprotein
Pharmaceutical modulation of
sclera, 368
Pharmacologic vitreolysis, 186
Phosphatidylcholine
translocase, 330
Phosphodiesterase enzyme
(PDE), 212
Phospholipase C (PLC), 39
Phospholipase D, 42
activation of, 48
Photopigments, 204
clusters, 208
Photoreceptor cell membrane,
hyperpolarization of, 207
Photoreceptor cells
adaptation, 214-215
distribution of, 206-207
electrophysiology, 207-208
structure of, 203-206
Photoreceptor gene defects and
retinal disease, 217
Photoreceptors of eye, 9
Photoreceptors, outer segments
renewal, 255
in cones, 256
in Rhesus monkey, 255-256
in rods, 256
Photosensitive patches, 242
Phototransduction cascade, 207
activation of, 211-213
inactivation of, 213-214
Pigment epithelium cells, 300
role in immune privilege of eye,
300-301
Pigment epithelium derived factor
(PEDF), 261
Pigmented epithelial cells (PE), 128,
129, 131, 138, 144-145
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Pilocarpine, 146
Pilosebaceous glands. See Sebaceous
glands
Pituitary adenylate cyclase
activating peptide. See
PACAP
Plasminogen activator, 68
Platelet-derived growth factor
receptor (PDGFR), 44
Plunger load, 361
Polar lipids, 90
Polarized distribution of ion
transporters. See lon
transport
Poly (DL-lactide) (PLA), 326
Poly (DL-lactideco-glycolide)
(PLGA), 326
Polymeric immunoglobulin (plg)
receptor, 53
Posterior endothelial surface. See
Exchange routes for
metabolites and breakdown
products
Posterior vitreous detachment
(PVD), 182, 192
Potassium conductance. See
Molecular machinery
for transport
into lens
Precorneal loss, 337
Premacular bursa, 190
Pressures acting on eye
intraocular pressure, 18
pressure in the eye, 11
surface tension, 10
Presystemic metabolic
sites, 332
Primitive epithelium, 87
Procollagen, 185
Prodrug approach
enzyme-targeted, 332
in site-specific drug delivery,
331-332
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Prodrug, 322, 325, 328
cleavage in retinal cells, 338
delivery in anterior chamber of
eye, 337-338
delivery in posterior chamber of
eye, 338, 340
design, 337
modification, 334
of ACV. See L-Val-ACV
permeability across cornea,
337-338
targeted towards transporters,
332-333
Prodrug-drug in vivo reconversion
sites. See Presystemic
metabolic sites
Prodrugs, routes of administration
intravitreal, 340
subconjuctival, 340
systemic, 338
Programmed cell death. See
Apoptosis
Proliferative vitreoretinopathy
(PVR), 264
Proline, 162
Prostaglandin
effect on permeability of human
sclera, 368
experiment in monkeys, 368
Protein kinase
C isoforms, 40-42, 47, 49, 64, 73
Ca (PKCa), 221
Proteins
from accessory lacrimal
glands, 61
in accessory lacrimal glands, role
of, 67
Proteoglycans, 358
Proteoglycans, forms of, 94
chondroitin sulphate, 94
dermatan sulfate, 94
heparan sulfate, 94
keratan sulfate, 94

INDEX

Protonation of the Schiff-base
linkage, 208

Protoplasmic (P) fracture faces, 163

Pulsatile ocular blood flow
(pOBF), 287

Pulsatile pressure, 287

Pupillary reflexes. See Nonvisual
processes

Rabbit corneal epithelial cells
(RCECs), 330
Raft formation, 172
Rayleigh scatter, 132
RCS rats, 256
Receptors, classes of
G protein-coupled receptors, 37
intracellular receptors, 37
tyrosine kinase coupled
receptors, 37
Refractive index changes, effect
of, 103
Regeneration of the visual
pigments, 214
Regulation of adenyl cyclase, 43
Regulation of the IP3 receptor, 40
Renewal of epithelium and
stroma, 101
Reticuloendothelial microglial
cells, 240
Retina
energy requirements of, 242
in postmortem eyes, 196
nutrient transporters expressed
on, 333
oxygen consumption of, 242
structure of, 311-313
11-cis-retinal, 208, 211, 216-217
Retinal cells, new, formation of, 246
11-cis-retinaldehyde, 257
Retinal pigment epithelium (RPE),
196, 241, 243, 253-254,
311-313
phagocytosis, 256
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function in retinoid metabolism
and visual cycle, 257
Retinal
circulation and metabolism,
241-242
drug delivery, 327
dystrophy, 256
extracellular space, 240
G-protein coupled receptor
(RGR), 258
ganglion cell death, 146
ganglion nerve cells, 7, 11
metabolism, 187
Muiller cells, 238
neurons, sequence of, 245
progenitor cells (RPCs), 245
Retinochoroidal circulation, model
of function of, 286
with increased intraocular
pressure (IOP), 286
Retinoic acid, 244
Retinoid binding protein
(IRBP), 216
Retinoid metabolism, 257-260
proteins involved in, 257-259
Retinoids, entry in RPE cell,
257-258
11-cis-retinol, 258
Retinol binding protein (RBP), 257
Retinyl ester, 258
RetNet internet site. See Internet
site, RetNet
Reynolds number. See Numbers
used for quantification
Rhodopsin 1 (RH1) cluster, 208
Rod bipolar cell, 231, 236
Rod cell, 203, 208, 213-214,
219-220, 247
Rod pathway, structure of, 200
Rod ring, 207, 246
Roundness of the eye
eye movements, 8
hollow, 8-9
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optical properties, 6-8
phylogeny and/or ontogeny, 9-10
Routes of drug administration
in vitreous rheology,
318-319
RPE and choriocapillaris,
relationship between,
286-287
RPE-cell induction, 301
RPE cell(s)
attachment to Bruch’s
membrane, 264
immune regulating properties
of, 301
in wound healing and proliferative
vitreoretinal disease,
264-266
membrane material ingested and
degraded by, 256
production of growth factors
by, 260
retina positive transepithelial
potential of, 261
retinol inside, 258
RPE cells, development, 266
development of basal
infoldings, 266
formation of primordial Bruch’s
membrane, 266
function, 266
junctional complexes, 266
maturation, 266
melanogenesis, 266
transcription and growth factors
controlling, 266
RPE cells, production of cytokines
angiogenic stimulation by
VEGTF, 261
production of VEGF, 260-261
RPE choroidal membrane,
retinol uptake mechanism
in, 257
RPE function, 254
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RPE lipofuscin, 256-257
fluorophore in, 256
RPE transport, 261
for organic nutrients and
metabolites, 263
in vitro experiments in, 261
ion transport mechanisms,
261-263, 262
mechanisms of, 264
of water, 264
role of choroidal membrane, 263
role of retinal membrane, 262
RPE65, 258
RT-PCR, 334-335

S cone cells, 223
Sattler’s layer, 275
Schiotz tonometer, 314
Schiotz tonometry, 314
Schlemm’s canal, 12
Sclera differentiation in human
embryo, 360
Sclera
aging of, 362-363
anatomy, 354
biochemistry, 358
elasticity, 361
elastin content in, 359
functions, 353-354, 366
hydration of, 363-364
mature, 359
pharmaceutical modulation
of, 368
role in disorders of eye, 366
tensile stress calculation, 361
ultrastructure, 356
Sclera, permeability of
effect of intraocular
pressure, 362
Scleral drug delivery, ways of
scleral plugs and implants, 326
subconjunctival injections, 326
Scleral fibroblasts, 357-358
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expression of receptor genes,
357-358
receptors of estrogen in, 369
Scleral plugs and implants, 326
disadvantages of, 326
Scleral
biomechanics, 360-361
development, 360
fibroblasts, 357-358
Scleritis, 366
S-cone cells, 206, 246-247
Sebaceous glands, 28
cell types in, 28
free, 28
pilo, 28
structure of, 28
Secretion of lipid layer of the
tear film
functional anatomy, 28-30
function of lipid layer, 32
meibomian glands, 26-28, 30
regulation of, 30-32
secretory product, 32
Secretion of the aqueous layer of the
tear film, 33
aj-adrenergic agonist-activated
signal transduction
pathway, 48
cholinergic agonist-activated
signal transduction
pathway, 47
functional anatomy, 33-35
main lacrimal gland, 33
regulation of secretion, 35-37
secretory product, 55
signal transduction pathways
activated by
neurotransmitters and
peptide hormones, 37
signal transduction pathways in
the lacrimal gland, 45-47
Secretion of the tear film mucous
layer goblet cells, 69
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functional anatomy, 69
goblet cell mucin secretion, 73
regulation of secretion, 71
signal transduction pathways that
stimulate goblet cell
mucous secretion, 71
Secretory component, synthesis
of, 53
Secretory granule, 29
Secretory PLA2, 68
Serotonin (5-hydroxytryptamine),
237
Serotonin and dopamine release,
role of, 62
Short wavelength sensitive-1 (SWS1)
cluster pigment, 209
Signal transduction pathways, 37
activated by steroid hormones, 53
in lacrimal gland, 51
steps in, 37
Site-specific drug delivery, by
prodrug approach, 331-332
Snell’s law, 102
Sodium and chloride conductance.
See Molecular machinery
for transport into lens
Sodium—potassium transport
mechanism, 137
Spatial resolution in eye, 7-8.
See also Fovea, spatial
resolution in
Specialized water channels.
See Aquaporins
Spherical aberration, 6
Spherule (RS), 218
Starbust amacrine cells.
See Amacrine cells
Stargardt’s disease, 257
Star-shaped astrocytes, 239
Stickler syndrome, 185
Stress—strain relationship, of human
scleral strips, 361
Stroma, 310
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Stroma, structure and composition
of, 94-97
composition of stroma, 96
proteoglycans, 94, 97, 105
Stromal
swelling, 107
transparency, 106
Structure and composition of
epithelium
innervation, 91
Langerhans’ cells, 91
light and dark cells, 91
limbal structure, 92
tear film, 90, 101
Structure of cornea
epithelium, 84, 101, 310
Bowman’s membrane, 84, 88,
91-92, 96, 101,
103, 310
stroma, 85, 101, 310
Descemet’s membrane, 85, 92,
101, 103, 310
endothelium, 85, 101, 311
Subconjunctival administration of
prodrugs, 340
Subconjunctival injections,
326-327, 340
sustained drug release
upon, 327
Sublamina
a, 220-222, 234
b, 220-222, 225, 231, 234
Subretinal fluid, 241
Subretinal space. See Retinal,
extracellular space
Substance P, 233
Substantia propria. See Stroma
Subtypes of o -adrenergic receptors,
name of, 48
Suprachoroidea, 275
Surface tension. See Pressures acting
on eye
Sutural fibers of Ranvier, 97, 108
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Suture lines, 157
Synaptic ribbon, characteristics
of, 231
Systemic administration of
prodrugs, 338
disadvantages of, 338
Systemic methylxanthines, 368

Target effectors, 39
adenylyl cyclases, 39, 43, 49
guanylyl cyclases, 39, 43
phospholipases, 39
T-cell activation, 301
Tear film, 90
air—fluid interface of, 90
functions of, 23-25, 90
layers of, 25-26
Tear fluid, constituents of, 294
Tear(s)
composition of, 24
functions of, 23
growth factors in, 24
lipocalins, 68
osmolarity, 23-24
non-Newtonian behavior of, 25
protection behavior of, 24-25
protein composition, 24, 58
proteins and electrolytes/water,
functions of, 67
secretions, role in maintaining the
ocular surface, 75
Temperature of the corneal surface,
99-100
Tendons, 114
Tensile stress of sclera, calculation
of, 361
TGF-B, 359
TGF-pB2, 367
The opsin, 208, 215
Thrombospondin (TSP), 299
binding of, 300
constituents of, 299-300
effect of, 300
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importance of, 300
Tight junctions in retinal capillary,
role of, 241
Tilisolol, 326
Tissue inhibitors of
metalloproteinases
(TIMPs), 359
Tobacco dust, 265
Toll-like receptors, 293
Tonography, 314
sources of error, 314, 316
Tonometry, types of, 314
Topical drug delivery, 321
Topical ocular drug delivery, 337
Trabecular meshwork, 12, 355, 369
age-related biochemical changes,
365-366
collagens, 365
hyaluronan, 365
in glaucoma, 367
stucture of, 365
Transducin R*, 213
Transducin T*, 212
Transepithelial ion movement, 137
Transscleral
diffusion, 364
drug transport, primary
mechanism of, 326
transport of fluid, 362
Triads, 218
Trichromatic vision, 206
TSP. See Thrombospondin
Type 1 cells, 227
Type 2 cells, 227
Tyrosine kinase coupled
receptors, 44

Ultrafiltration mechanism, 142
Ultrastructure of sclera
collagen fibrils, 356
elastin fibers, 357
fibroblasts, 357-358
myofibroblasts, 357
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Universal enlargement of
eye, 361
Usher’s syndrome type 1b, 256
Ussing chamber, 140, 174
studies, 140-142
Uvea, 273
Uveoscleral pathway, 362

Vascular endothelial growth factor,
VEGF or VEGF-A, 260
Vascular layer of eye, 273
Vascular mesenchyme, 187
Vasoactive intestinal peptides
(VIP), 300
containing nerves, 31, 36, 73
Vasomotor, 282
VEGTF receptors, 260
Venoles, 275, 278
Vertebrate eye, 2
VIP-activated signal transduction
pathway, 49, 6061
Viscosity, 14
Vision protection, 292
intraocular elimination of
pathogens, 301-302
Visual pigments, regeneration
of, 215-217
retinal disease, 217
visual cycle, 217
Visual
acuity, 2, 198
cortex, 7
cycle, 216, 257
retinal disease, 216
Vitrasert®, 325
adverse reactions for, 325
Vitreal collagen IX molecules, 185
Vitreocytes, 186
Vitreoretinal
pathology, 182
separation, 192
Vitreous body, 181
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aging, 189-192. See also Aging of
vitreous body
anatomy, 182. See also Anatomy
of vitreous body
Vitreous rheology, 316
diffusivity in, 318
drug movement inside, 318
electrolyte concentrations, 317
liquefaction and shrinkage, 318
mathematical model of, 318
routes of drug administration
in, 318-319
Vitreous
cortex, 183
fluorophotometry, 187
humor, 308
Volume regulation and water
movement of cells, 143144
cell swelling, 144
regulatory volume increase
(RVI), 144
regulatory volume decrease
(RVD), 144
Volume-activated chloride current,
331. See also P-glycoprotein
Vortex veins, 278

Waste removal by eye. See Tears,
functions of

Water secretion, 55, 57

Watershed zones, 279

Weaker pressure along the axis, 4

Weber’s law, 214

Weiss’ ring, 192

X-chromosome, 206
Xenobiotic pump, 330

Yellow carotenoid pigments, 197
properties of, 198

Zonules, 129, 187





