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PREFACE

Detection and responses to light are common features found throughout the plant and
animal kingdoms. In most primitive life forms, a patch of light-sensitive cells make up
a region containing a cell sheet devoid of any specialized anatomical structure. With the
development of the eyes in more advanced life forms, light-sensing structures became
more complex but primitive eyes are still in contiguity with other body tissues and fluids.
The evolution of the eyeball promoted an increase in visual acuity and visual processing
that, in turn, allowed vision to become the dominant sensory system for many species,
including humans. The formation of a totally enclosed structure, however, required a
unique set of solutions to enable the eye to control its environment.

Like most organs, the eye evolved a series of homeostatic mechanisms to regulate
its environment within tightly controlled limits. Unlike most organs, however, this
advanced light-sensing structure has a series of requirements that place a tremendous
burden on molecules that are responsible for controlling ocular homeostasis. There are many
signaling molecules and pathways that work in parallel or through crosstalk to maintain
the normal ocular environment required for visual function. Perhaps none are so critical
as the group of membrane molecules that are collectively termed transporters. These
molecules are responsible for the controlled and selective movements of ions, nutrients,
and fluid across various ocular layers necessary to optimize the internal milieu to pre-
serve visual function.

One of the most critical functions of the eye is to maintain a clear optical path to the
retina. The cornea is composed of just two cell types with a stromal layer between them.
This delicate structure acts as a barrier to the external environment without the advantage
of a protective layer of skin. It must also remain transparent and maintain the right level
of curvature to allow refraction of light. Maintaining the correct hydration of the stroma
requires coordinated ion and water transport by both the corneal epithelium and corneal
endothelium. In many tissues, transport involves regulated movement of molecules from
adjacent blood vessels. The cornea must maintain its structure in the absence of any
blood supply. In the first three chapters of this volume, the authors explore these transport
mechanisms and the ways in which they not only control corneal volume and transpar-
ency, but promote epithelial renewal, endothelial migration, and wound healing.

A second structure that must maintain optical clarity over many decades is the lens.
Lens epithelial cells undergo a complex terminal differentiation into fiber cells that
involves extensive elongation, loss of nuclei and other organelles, and expression of
large quantities of specific lens proteins, including the crystallins. Maintenance of this
complex tissue organization depends on tightly controlled levels of hydration and care-
fully controlled fluxes of ions. The roles of specific lens transporters in normal lens
physiology, and in the development of cataracts, are discussed in several chapters of this
volume.

Because the cornea and lens are avascular structures, they depend on fluid and nutri-
ents transported across the ciliary epithelium. Materials flow from the ciliary processes,
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into the posterior chamber, forward into the anterior chamber via the pupil, and finally
out through the trabecular meshwork. There is a dynamic balance between the inflow
and the outflow of this fluid pathway and the difference gives rise to an intraocular
pressure of approximately 15mm Hg. Too little pressure and the optical path can be
compromised; too much pressure and a pathological cascade can be activated leading
to glaucoma.

Unlike the cornea and lens, the retina, a thin sheet of CNS tissue that lines the back
of the eye, is highly vascularized. Indeed, unlike most regions of the CNS, the retina
receives two separate blood supplies. The inner retina of most mammals contains a cap-
illary network that arises from vessels entering the eye through the optic nerve. These
vessels spread over the inner surface of the retina and then ramify this stratified struc-
ture at the level of the outer plexiform layer. The vasculature and associated glia form
a blood-retinal barrier that is similar to the barrier found elsewhere in the CNS. The
photoreceptor layer of the retina has an alternative source for oxygen and nutrients,
the choroidal blood supply at the back of the eye that allows free passage of molecules
across the fenestrated capillaries. Before reaching the retina, molecules have to traverse
the retinal pigment epithelium (RPE). The tight junctions between the RPE cells form
the second type of blood-retinal barrier. Because of this barrier the RPE cells play a
critical role in providing glucose and other nutrients to the retina, removing retinal waste
products, regenerating visual pigments as part of the visual cycle, and generally regulat-
ing the extracellular environment of the retina. Many of the transporters and channels
expressed by the RPE cells show a remarkable asymmetric distribution between the api-
cal and basal surfaces. This results in an ability to separately control the subretinal and
choroidal extracellular spaces. It also results in vectorial transport of many molecules
into and away from the retina. A group of five chapters in this volume discusses a wide
array of RPE transporters and their functions. It is clear that the catalog of molecules is
not complete and that there is much to find out about the molecules already identified.
For example, we are only beginning to understand the many ways in which circulating
molecules, trophic factors, and neuromodulators can affect transport of particular mol-
ecules across the RPE.

As with other neural tissues, the function of neurons that comprise the retina requires
tight control of levels of ion and neurotransmitters surrounding synaptic terminals. lon
exchangers are important molecules in maintaining synaptic terminal ion gradients,
which are essential for normal function. Removal of neurotransmitters from the synaptic
cleft regulates the magnitude and time course of synaptic transmission. The transporters
that carry out this removal are important molecules that can shape synaptic responses.

One measure of the importance of transporters in the eye is the range of pathological
changes seen when these molecules are mutated or dysfunctional. One of the best exam-
ples of such dysfunction is found in mutations of the ABCA4 transporter, which can
lead to some forms of Stargardt’s disease and retinal degenerations. Altered glutamate
transport is also associated with various retinal pathologies, a topic discussed in detail
in two chapters of this volume.

Ocular transporters are also important targets for drug therapy to the eye and good
conduits for drug delivery, a topic explored in three chapters in this volume. Because of
its unique properties, the eye is a well-studied experimental model to understand how
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drugs penetrate tissues and how enzymatic alterations can affect their bioavailability.
It is rapidly becoming a popular model to explore new avenues to deliver drugs by
nanotechnology. Drugs such as Timolol™ and its derivatives are potent agents that
regulate intraocular pressure and aqueous flow. Delivered as eyedrops, such drugs must
diffuse across ocular tissues and work against the direction of ocular fluid flow. Although
the exact mechanism of action of the adrenergic drugs at the ciliary epithelium remains
poorly understood, they have proved to be effective agents for treatment of many forms
of glaucoma. There is less progress in devising ways to deliver drugs to the back of the
eye to treat retinal diseases. Given the numbers of patients worldwide suffering from
macular degeneration, glaucoma, and diabetic retinopathy, easy and effective delivery
systems are urgently needed. A better understanding of ocular transport would certainly
facilitate the development of better drug delivery systems to the eye.

Molecules involved in the transport of fluid, ions, micronutrients, metals, and neuro-
transmitters have been studied for many decades. It is only in the last few year, however,
that we have identified the structure of some of these molecules and have only now
begun to understand their structure—function relationships. Most of the discussions on
transporters have previously been restricted to a specific type of molecule or cell. It is
our hope in putting together this volume that researchers working on the front of the
eye will read about work going on in the back of the eye, and vice versa. We also hope
that clinicians and pharmacologists will also benefit from the excellent reviews in this
text by those who have worked diligently in the field to provide information that shows
how altering transport of molecules in one part of the eye might affect the physiology of
other ocular structures. As molecular, pharmacological, and genetic approaches establish
the importance of ocular transporters in physiological and pathological functions, we
may have better insight into their regulation and potential for exploitation in delivering
therapeutics to the eye.

Joyce Tombran-Tink, PhD
Colin J. Barnstable, DPhil
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Aquaporins and Water Transport in the Cornea

Alan S. Verkman
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INTRODUCTION

The eye contains specialized avascular tissues for corneal and lens transparency,
secretory epithelia for regulation of aqueous fluid volume and pressure, and electri-
cally excitable cells for retinal signal transduction. Regulated fluid transport between
extravascular spaces and adjacent tissues or microvessels supports these specialized
functions. The general paradigm in mammalian tissues, including the eye, is that water
movement follows osmotic gradients generated by active and secondary active solute
transport. Although all cell membranes have significant water permeability, AQP-type
water cells are found in some cell types where they increase plasma membrane water
permeability by a few up to approximately 100-fold compared to membranes without
AQPs. This chapter provides a brief description of AQP structure and function, followed
by evidence about the physiological role of AQPs in extraocular and ocular tissues, with
focus on cornea.

From: Ophthalmology Research: Ocular Transporters in Ophthalmic Diseases and Drug Delivery
Edited by: J. Tombran-Tink and C. J. Barnstable © Humana Press, Totowa, NJ

3



4 Verkman

AQUAPORIN STRUCTURE AND TRANSPORT FUNCTION

The AQPs are a family of small, hydrophobic integral membrane proteins (approxi-
mately 30kDa/monomer) that are expressed widely in the animal and plant kingdoms,
with 13 members identified to date in mammals. Aquaporins are expressed in many epi-
thelia and endothelia involved in fluid transport, as well as in cell types that are thought
not to carry out fluid transport, such as skin, fat, and urinary bladder cells. In most cell
types, the AQPs reside constitutively at the plasma membrane. A notable exception is
kidney AQP2, which undergoes vasopressin-regulated exo- and endocytosis in a manner
similar to insulin-regulated GLUT4 targeting. High-resolution X-ray crystal structures
exist for AQP1 (7), the bacterial glycerol-transporter GlpF (2), and the major intrinsic
protein (formerly called MIP) of lens fiber, AQPO (3). Aquaporin 1 monomers contain
six tilted alpha-helical domains, forming a barrel-like structure in which the first and
last three helices exhibit inverted symmetry (reviewed in 4,5). Two conserved Asn-
Pro-Ala (NPA) motifs reside on opposite sides of the AQP monomer, which permits
water but not small solutes to pass through the pore. Monomeric AQP units contain inde-
pendently-functioning pores, though they are assembled in membranes as tetramers (6).
Molecular dynamics simulations based on the AQP1 crystal structure suggest tortuous,
single-file passage of water through a narrow, less than 0.3 nm diameter pore, in which
steric and electrostatic factors prevent transport of protons and other small molecules
(7). Aquaporins 1, 2, 4, 5 and 8 are primarily water-selective, whereas AQP3, AQP7
and AQP9Y (called aquaglyceroporins) also transport glycerol and possibly other small
solutes. Water and glycerol transport via some AQPs can be inhibited by nonspecific,
mercurial sulfhydral-reactive compounds such as HgCl,, though there is considerable
interest in the identification of non-toxic, AQP-selective inhibitors (8, 9).

AQUAPORIN EXPRESSION IN OCULAR TISSUES-INDIRECT
EVIDENCE FOR A ROLE IN EYE PHYSIOLOGY

Figure 1 summarizes the sites of fluid transport (panel A) and AQP protein expres-
sion (panel B) in the eye. Expression of AQPO (MIP) in lens fiber has been known for
many years, where its involvement in lens transparency and cataracts is well established.
Mutations in AQPO are associated with congenital cataracts in humans (/0). However,
the mechanisms by which AQPO deficiency produces cataracts remain unknown.
Aquaporin 1 is expressed strongly in endothelial cells and keratocytes in cornea, as well
as in nonpigmented ciliary epithelium and in the epithelium at the anterior surface of the
cornea. Aquaporin 3 is expressed throughout the corneal and conjunctival epithelium at
the ocular surface. Aquaporin 5 is strongly expressed at the corneal epithelium as well.
Aquaporin 4 is expressed in Miiller cells in retina, and colocalizes with AQP1 in non-
pigmented ciliary epithelium. The ocular expression pattern of AQPs provides indirect
evidence for their possible involvement in intraocular pressure regulation (AQP1 and
AQP4), corneal and lens transparency (AQPO, AQP1, and AQPS), visual signal trans-
duction and retinal swelling following injury (AQP4), corneal and conjunctival barrier
function (AQP3), and tear formation by lacrimal glands (AQPS5). Our lab has generated
transgenic mice individually lacking the major eye AQPs to establish their physiological
functions. As described below, several predicted functions, such as involvement of AQP1
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Fig. 1. Sites of water movement and aquaporin (AQP) expression in ocular tissues.

(A) Schematic showing physiological movements of water across various cell barriers in the eye.
(B) Sites of AQP protein expression in the eye.

in aqueous fluid secretion, were confirmed, and a number of unexpected functions were
discovered.

ROLES OF AQUAPORINS IN MAMMALIAN PHYSIOLOGY DEDUCED
FROM PHENOTYPES OF AQP-NULL MICE

Analysis of the extraocular phenotype of transgenic mice lacking specific AQPs has pro-
vided considerable insight into their physiological roles with respect to the eye (reviewed
inref. /1). Mice lacking AQPs 14 manifest a defect in urinary concentrating ability (/2).
Near-isosmolar fluid secretion is impaired in salivary and airway submucosal glands in
AQPS5 deficiency (13). From these findings, and associated mechanism studies, it follows
that high transepithelial water permeability facilitates rapid water transport in response to
active transepithelial salt transport. As shown in Fig. 2A, AQP deletion impairs osmotic
equilibration, resulting in secretion of a reduced volume of relatively hypertonic fluid, as
found for saliva secretion in AQPS5 null mice. Involvement of AQPs in fluid secretion is
relevant to aqueous fluid secretion by ciliary epithelium in the eye (/4). Figure 2B depicts
a second mechanism for involvement of AQPs in mammalian physiology, in which they
facilitate passive, osmotically driven water transport, as in osmotic extraction of water
in kidney collecting duct. A related AQP role is in the pathophysiology of tissue fluid
accumulation, as found for AQP4 in brain edema (/5). Aquaporin 4 facilitates water
entry into and exit from the brain in response to clinically relevant stimuli, such as altered
cellular ionic homeostasis in cytotoxic brain edema (/6). Involvement of AQP4 in tissue
swelling has relevance to retinal edema and damage following injury (/7). Not shown
in the figure is a separate role for AQP4 in neural signal transduction, which is relevant
in retina and may involve AQP4-dependent extracellular space dynamics and Kir4.1-
facilitated K* buffering (78, 19). Mice lacking AQP4 have altered seizure threshold and
duration (20), and as described below, abnormal electroretinograms (21).
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Fig. 2. Physiological functions of aquaporins (AQPs) discovered from phenotype analysis
of AQP knockout mice. (A) Reduced water permeability in glandular epithelium impairs active,
near-isosmolar fluid transport by slowing osmotic water transport into the acinar lumen, produc-
ing hypertonic secretion. (B) Reduced transepithelial water permeability in kidney collecting
duct impairs urinary concentrating ability by preventing osmotic equilibration of luminal fluid.
(C) AQP-facilitated water entry into protruding lamellipodia in migrating cells, accounting for
AQP-dependent cell migration. (D) Reduced steady-state glycerol content in epidermis and stra-
tum corneum in skin following AQP3 deletion, accounting for reduced skin hydration in AQP3
deficiency. (E) Impaired AQP7-dependent glycerol escape from adipocytes resulting in intra-
cellular glycerol accumulation and increased triglyceride content, accounting for progressive
adipocyte hypertrophy in AQP7 deficiency. See text for further explanations.

Recently, a novel cellular role for AQPs in cell migration was discovered, as originally
demonstrated in endothelial cells and various transfected cells (22), and subsequently
in brain astroglial cells (23), kidney proximal tubule cells (24) and tumor cells (25).
Figure 2C shows the proposed mechanism for AQP involvement in cell migration, in
which actin cleavage and ion uptake at the tip of a lamellipodium create local osmotic
gradients that drive water influx. As described below, AQP3-dependent cell migration is
relevant in corneal epithelial wound healing (26). Also, AQP-facilitated cell migration
may be important in microvascular proliferation in retinopathies and in corneal kerato-
cyte migration during the healing of corneal stromal wounds.

The aquaglyceroporins, of which airway AQP3 is an example, have unique biological
roles that are related to their glycerol-transporting function. Aquaporin 3-facilitated
glycerol transport in skin is an important determinant of epidermal and stratum
corneum hydration (Fig. 2D). Mice lacking AQP3, which is normally expressed in
the basal layer of keratinocytes in the epidermis, have reduced stratum corneum
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hydration and skin elasticity, as well as impaired stratum corneum biosynthesis and
wound healing (27). The mechanism responsible for the skin phenotype in AQP3
deficiency involves reduced epidermal cell-skin glycerol permeability, resulting in
reduced glycerol content in the stratum corneum and epidermis. Interesting recent
data suggest involvement of AQP3 in epidermal-cell proliferation by a mechanism
that may involve reduced cellular ATP-content and impaired mitogen-activated pro-
tein (MAP) kinase signaling (28). As described below, AQP3-dependent cell prolif-
eration has relevance to repair of the corneal epithelium following injury. Another
aquaglyceroporin, AQP7, is expressed in the plasma membrane of adipocytes.
Aquaporin 7-null mice have a greater fat-mass than wild-type mice as they age, with
remarkable adipocyte hypertrophy and accumulation of glycerol and triglycerides
(29). As shown in Fig. 2E, hypertrophy of AQP7-deficient adipocytes probably results
from reduced plasma membrane glycerol permeability, and consequent increased
glycerol accumulation and triglyceride biosynthesis.

OCULAR ROLES OF AQUAPORINS OUTSIDE OF THE CORNEA

Aquaporins and Intraocular Pressure

The ciliary epithelium is a tissue bilayer consisting of pigmented ciliary epithelia
(PCE) and non-pigmented ciliary epithelia, whose apical surfaces are juxtaposed, and
basolateral surfaces face the ciliary body and aqueous humor, respectively. The principal
determinants of intraocular pressure (IOP) are the rates of aqueous fluid production by
the ciliary epithelium and aqueous fluid drainage (outflow) in the canal of Schlemm.
Aqueous fluid production involves near-isosmolar water secretion across the ciliary
epithelium into the posterior aqueous chamber. Aqueous fluid is drained by pressure-
driven bulk fluid flow into the canal of Schlemm and across the sclera. Non-pigmented
ciliary epithelial cells coexpress AQP1 and AQP4 (30-33), suggesting their involve-
ment in aqueous fluid production. An initial study on human ciliary epithelial cell
cultures reported AQP1 protein expression and partial sensitivity of fluid transport to
Hg* and AQP1 small interfering RNA (siRNA), suggesting AQP1-dependent aqueous
inflow (34). Intraocular pressure measurements in mice using a fluid-filled microneedle
inserted into the anterior chamber showed a modest reduction in pressure by 2-3 mm
Hg in mice lacking AQP1 and/or AQP4 compared to wild-type mice (/4). Aquaporin 1
is also expressed in trabecular meshwork endothelium in the canal of Schlemm, where
a role in cellular volume regulation has been proposed (35). However, direct measure-
ment of aqueous fluid outflow in mice by a pulsed infusion method showed no effect
of AQP1 deletion (/4). Together with measurements of aqueous fluid production by a
fluorescein iontophoresis-confocal detection method, it was concluded that reduced IOP
in AQP-deficient mice was due to reduced aqueous fluid production by the ciliary epi-
thelium. Whether AQP1/AQP4 inhibition will be therapeutically useful in the treatment
of glaucoma remains to be determined.

Aquaporin 1 and Cataract Formation

Like the AQP1-expressing corneal endothelium covering the corneal inner surface
as discussed further in below, the anterior surface of the lens is covered by an AQP1-
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expressing epithelium. Based on immunohistochemical evidence showing AQP1
expression in epithelial cells at the anterior pole of the lens, the involvement of AQP1
in lens epithelial water permeability and cataract formation was tested (36). Osmotic
water permeability, measured in calcein-stained epithelial cells in intact lenses from
fluorescence changes in response to osmotic gradients, was reduced approximately
threefold in lenses from AQPI-null mice. Aquaporin 1 deletion did not alter base-
line lens morphology or transparency, though basal water content was significantly
increased in AQP1-null mice as measured by gravimetry using kerosene-bromoben-
zene gradients and wet/dry weight ratios. Cataract formation was induced in vitro by
incubation of lenses in a high-glucose solution. Loss of lens transparency was greatly
accelerated in AQP1-null lenses bathed in a 55 mM glucose solution for 18 hours, as
measured by optical contrast analysis of transmitted grid images. Cataract formation
in vivo was significantly accelerated in a mouse model of acetaminophen toxicity.
Aquaporin 1 thus facilitates the maintenance of lens transparency and opposes cataract
formation, suggesting the possibility of AQP1 induction to retard cataractogenesis. As
mentioned above, an association between AQPO mutations and cataracts is well estab-
lished. Recent data suggests AQPO-functioning in lens fiber cells as a pH- and calcium-
related water channel (37), though the link between lens fiber water permeability and
lens opacification is not known.

Aquaporin 4 and Retinal Signal Transduction and Edema Following Injury

Aquaporin 4 is strongly expressed in Miiller cells, especially in perivascular and
end-feet processes (facing the retinal capillaries and vitreous body), where it has been
proposed to form a multiprotein complex involving the inwardly rectifying K* channel,
Kir4.1 (38, 39). Analogous to its roles in brain astroglial cells and cochlear support-
ive cells (40), Miiller-cell AQP4 has been proposed to maintain extracellular space
volume and K* concentration during bipolar cell excitation. Aquaporin 4-null mice exhibit
mildly altered retinal signal transduction as evidenced by reduced electroretinogram
(ERG) b-wave amplitude and latency (27), suggesting functional coupling between
water and K* clearance. Aquaporin 4 deletion in Miiller cells also provides protection
against edema and ganglion cell death following retinal ischemia (/7). Aquaporin 4
inhibitors might therefore limit inner retinal pathology following vascular-occlusive
and other ischemic diseases causing cytotoxic (cellular) edema.

ROLES OF AQUAPORINS IN THE CORNEA

Aquaporin 1 in Corneal Endothelium — its Role in Corneal Transparency

Maintenance of corneal transparency requires precise regulation of stromal water
content (41, 42). Aquaporin 1 is expressed in corneal endothelial cells and AQPs 3 and
5 in epithelial cells. To test the possible involvement of AQPs in the maintenance of cor-
neal volume, transparency and thickness, water permeability and response to experimental
swelling was measured in wild-type versus AQP1-null mice (43). Compared to wild-type
mice, which have a corneal thickness of 123 pum, corneal thickness was reduced in AQP1-
null mice (101 wm). Thickness measurements were made in fixed eyes (Fig. 3A), as well as



Aquaporin Water Channels in Corneal Function 9

rneal swellin
A * C Comeal swelling hypotonic solution

epithelium
cornea
Recovery __mineral oil
epithelium
cornea
B mineral oil
m perfusate
/ /(‘.{ 301 AQP1 -/-
endothelium ,.--"""-o.___/
25 r 25 B _." '..__'
2 N
r .20
change in 20 change in
thickness thickness 151
(um) 10} (um) 1ot
5r 51
ot ¢ / ) ) . 0 -4 . . . . ‘ ,
0 5 10 15 20 0 5 10 15 20 25 30

ti