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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
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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 AQP9 (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. /7). Mice lacking AQPs 1-4 manifest a defect in urinary concentrating ability (12).
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 (18, 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 (217), 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 um, corneal thickness was reduced in AQP1-
null mice (101 wm). Thickness measurements were made in fixed eyes (Fig. 3A), as well as
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Fig. 3. Involvement of aquaporin 1 in the maintenance of corneal transparency. (A) Reduced
thickness in AQP1-deficient adult mouse corneas in paraffin-embedded central corneal sections.
Bar = 50 um. (B) Osmotic water-transport across the corneal endothelium. Top: schematic show-
ing micropipette placement for anterior chamber perfusion. Bottom: time course of corneal thick-
ness following corneal endothelial exposure to hypotonic saline in wild-type (open circles) and
AQP1-null (filled circles) mice. (C) Restoration of corneal thickness after osmotic swelling. Top:
transient exposure of the corneal surface to hypotonic saline to induce corneal swelling and to
follow recovery of thickness. Bottom: time course of corneal thickness following exposure of the
corneal surface to hypotonic saline. Corneal thickness measured in vivo by z-scanning confocal
microscopy. Adapted from (43).

in vivo by brightfield scanning confocal microscopy. Aquaporin 1 water-transport function
in corneal endothelium in vivo was demonstrated by slowed corneal swelling upon hypo-
tonic challenge at the endothelial surface, utilizing an anterior chamber microperfusion
method (Fig. 3B). An important role for AQP1 in the maintenance of corneal transparency
was demonstrated in an experimental model of corneal edema produced by transient expo-
sure of the corneal surface to hypotonic solution, in which AQP1 deficiency was associ-
ated with remarkably impaired recovery of corneal transparency and thickness. Although
baseline corneal transparency was not impaired by AQP1 deletion, the return of corneal
transparency and thickness after hypotonic swelling (10 minutes exposure of corneal sur-
face to distilled water) was remarkably delayed in AQP1-null mice, with approximately
75% recovery at seven minutes in wild-type mice compared to 5% recovery in AQP1-null
mice (Fig. 3C). The impaired recovery of corneal transparency in AQP1-null mice
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provides evidence for the involvement of AQPI in active extrusion of fluid from the
corneal stroma across the corneal endothelium.

The mechanisms by which AQP1 deletion impairs maintenance of corneal transpar-
ency remain unclear. In primary corneal endothelial cell cultures, AQP1 deficiency
reduced osmotically driven cell membrane water permeability, but did not impair
active near-isosmolar transcellular fluid transport (44). The generally assumed mecha-
nism of transcellular, AQP-facilitated fluid transport has been questioned in relation
to the corneal endothelium, with Fischbarg and colleagues proposing a central role
for electro-osmotic coupling of fluid transport to recirculating currents in intercellular
junctions (45). This model, which is described more fully in another chapter in this
volume, posits that AQP1 contributes primarily to cell volume regulation, a role that
remains difficult to reconcile with the dramatic corneal swelling phenotype of AQP1-
null mice and with the substantially slower rate of cell volume regulation versus
osmotic equilibration.

Aquaporins and Ocular Surface Fluid Secretion

The ocular surface is lined by stratified corneal and conjunctival epithelia, which lie
in contact with the tear film. The water permeability of the ocular surface, together with
the rates of evaporative water-loss and tear-fluid production and drainage, determine
tear-film volume and osmolality, as well as corneal stromal water content. Active CI~
secretion and Na* absorption drive net water secretion into tears across both corneal
and conjunctival epithelia (reviewed in ref. 46). The ocular surface, and the conjuncti-
val epithelium in particular (covering 17 times more area than the cornea in humans),
contributes to active tear-fluid secretion under basal conditions, and even more so upon
stimulation. A computational model of tear-film balance was developed to investigate
the theoretical importance of ocular surface water permeability on tear-film osmolal-
ity. The model demonstrated the sensitivity of tear film osmolarity to both excessive
tear evaporation and inadequate tear-fluid secretion, the two principal causes of dry-eye
syndrome (Fig. 4; ref. 47). In this model, tear fluid generated by osmotic flux (J )
and isosmolar active secretion (J) is removed by evaporation (J ) and isotonic drain-
age (J,), such that in the steady state, J +J =J + J . Predicted tear-film osmolarity
depended strongly on both passive water permeation and active fluid secretion at the
ocular surface.

A series of measurements indicated the involvement of AQPs in osmotically-driven water
transport at the ocular surface (47). Mice lacking AQPS5 have increased corneal thick-
ness (144 versus 123um, from ref. 43). Plasma membrane osmotic water permeability of
corneal epithelial cells was measured in mice utilizing an ocular surface perfusion method
(Fig. 5A) involving microfluorimetric measurement of calcein quenching in surface cells.
Water permeability was high (0.045 cm/s), and reduced approximately twofold in AQPS5 defi-
ciency (Fig. 5B). Membrane water permeability was AQP3 dependent in conjunctiva when
measured similarly, with approximately fourfold slowing of osmotic equilibration in AQP3
deficiency. Water permeability across the intact cornea and conjunctiva (P,), the relevant
parameters describing water movement into the hyperosmolar tear film in vivo, was meas-
ured by a dye-dilution method from the fluorescence of Texas red dextran in an anisosmolar
solution in a microchamber at the ocular surface. The P, of whole cornea was 0.0017cm/s, and
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Fig. 4. Theoretical role of ocular surface water permeability in tear-film dynamics. Top:
Schematic of ocular surface geometry and contributors of tear fluid balance: J, water evapo-
ration at the corneal/conjunctival surface; J,, fluid secretion by the lacrimal gland and ocular
surface epithelia; J, osmotic water flow across the corneal and conjunctival surfaces; J , tear
fluid removal by nasolacrimal drainage; @, and @, osmolarities of tear film and surface tissue,
respectively. Bottom: theoretical dependence of tear-film hyperosmolarity, plotted as (@, - @),
on tear-fluid evaporation and secretion rates. Physiology of evaporative and tear-deficient dry eye
syndromes shown. See text for explanations (adapted from 47).

was reduced by greater than fivefold in AQP5-deficient mice. P, in AQP5-null mice was restored
to 0.0015 cm/s after epithelial removal, implicating the corneal epithelium as the major barrier
for transcorneal osmosis. Together, these studies suggest the theoretical importance of AQP-
dependent water transport across the ocular surface in tear-film osmolality. Measurements
of tear-film properties in AQP-deficient mice are needed to test these predictions.

Aquaporin 3 and Healing of Corneal Epithelial Wounds

Aquaporin 3 is expressed in corneal and conjunctival epithelia, and in various extraoc-
ular tissues, including skin epidermis and colonic crypt epithelia. Figure 6 A shows AQP3
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Fig. 5. Aquaporin 5 (AQP5-) dependent water transport across corneal epithelium. (A) Ocular
surface perfusion for fluorescence measurements of corneal epithelial cell volume changes,
containing a microchamber positioned on the corneal surface, optical elements for calcein
fluorescence measurement, rapid exchange perfusion system, and stereotaxic platform. (B) Time
course of corneal epithelial cell calcein fluorescence in response to osmotic gradients in wild-type
and AQP5-deficient mice (adapted from ref. 47).
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Fig. 6. Aquaporin 3- (AQP3-) dependent corneal epithelial cell proliferation. (A) Anti-
body staining of AQP3 protein expression in plasma membrane in mouse corneal epithelium.
(B) AQP3-dependent corneal re-epithelialization following wounding. Top: epithelial defects
(diameter 2.3 mm) were created in central corneas and resurfacing was followed by fluorescein
staining. Bottom: percent remaining epithelial defect (+ standard error, * p < 0.01). (C) Corneal
epithelial cell migration after wound healing in organ culture. Eyes were enucleated after corneal
scraping and incubated in serum-containing medium. (D) AQP3-dependent corneal epithelial
cell proliferation. Top: Mid-peripheral corneas showing bromodeoxyuridine- (BrdU-) immuno-
reactive cells (dark nuclei) before and at 24 or 48 hours after corneal scraping. Bottom: BrdU-
positive cells in uninjured corneas and during healing (adapted from ref. 26).

protein expression in plasma membranes of corneal epithelial cells. A role for AQP3 in
cell proliferation was suggested in studies in skin where delayed recovery of epidermal
barrier function was found following removal of the stratum corneum, as well as delayed
epidermal wound closure (27).

The possible involvement of AQP3 in corneal epithelial cell proliferation was recently
investigated (26). Osmotic water permeability of corneal epithelial cells was slowed
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by 2.4-fold in AQP3-null mice and *C-glycerol uptake was slowed by more than ten-
fold, confirming functional AQP3 expression. Following creation of a 2.3-mm diam-
eter corneal wound (sparing limbal cells), re-epithelialization, which was quantified as
defect area by fluorescein pooling, was significantly slowed in AQP3-null mice at 12
and 18 hours (Fig. 6B). Evidence was found for distinct defects in corneal epithelial
cell migration and proliferation. Slowed migration of mouse corneal epithelia lacking
AQP3 was found in organ culture of enucleated globes following epithelial scraping,
in which initial corneal resurfacing results from epithelial cell migration (as shown by
bromodeoxyuridine (BrdU) analysis and 5-fluorouracil insensitivity; Fig. 6C), and in
primary corneal epithelial cultures by scratch-wound assay. A separate defect in epithe-
lial cell proliferation was shown by delayed restoration of full-thickness corneas over
days following scraping, and reduction in the density of proliferating BrdU-positive cells
in AQP3-deficient mice, as well as reduced proliferation in primary cultures of corneal
epithelial cells from AQP3-null mice. BrdU incorporation studies of proliferation were
done in nonwounded mice, and at different times after wounding. Figure 6D (top) shows
representative images of mid-peripheral cornea stained for BrdU. No significant differ-
ence in BrdU staining was observed among the genotypes in the absence of wounding.
As summarized in Fig. 6D (bottom), at 24 hours AQP3-null corneas showed greatly
diminished basal-cell proliferation compared to wild-type corneas.

Evidence for involvement of AQP3 in corneal epithelial cell proliferation was also
seen in mouse primary cultures in which corneal-limbal epithelial sheets from wild-type
and AQP3-null mice were isolated by dispase II digestion, and cells were cultured on
plastic. Cells from both genotypes grew similarly as monolayers of mostly large squa-
mous epithelial cells that stratified at areas of confluence. Cell proliferation, measured
after five days in culture, was reduced approximately fourfold in cultures from AQP3-
null versus wild-type cornea. These findings provided evidence for AQP3-dependent
corneal epithelial cell proliferation. Based on recent work on AQP3-dependent epidermal
cell proliferation, the AQP3-dependent corneal epithelial cell proliferation may involve
AQP3-facilitated glycerol transport and consequent metabolic alterations involving
MAP kinase signaling and cellular energy balance. However, these mechanisms identi-
fied in skin cells will require direct testing in corneal epithelial cell cultures.

SUMMARY AND PERSPECTIVE

Multiple AQPs are strongly expressed in ocular tissues, where they appear to serve a
variety of functions related to epithelial fluid secretion, regulation of tissue water con-
tent, cell migration and proliferation, and neural signal transduction. Small-molecule
modulators of AQP function or expression might thus be exploited clinically. At the
ocular surface, AQP3 or AQP5 upregulation could accelerate wound healing and reduce
corneal edema. Corneal endothelial AQP1-inducers might also reduce corneal edema
and associated opacity. Induction of lens AQPs might slow cataract-related opacifica-
tion. Inhibition of AQP1/AQP4 represents a possible strategy for reducing intraocular
pressure associated with glaucoma. In the retina, AQP4 inhibitors might offer neuropro-
tection following retinal ischemia. These possibilities will require experimental veri-
fication in large animal model experiments when nontoxic AQP-selective modulators
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become available. Aquaporin modulators will also be useful in confirming conclusions
from phenotype analysis of knock-out mice.
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OVERVIEW

Normal vision depends, in part, on the combined refractive powers of the cornea and
crystalline lens to permit adequate focusing of light onto the retina. Such refractive func-
tion requires that the cornea remain transparent, a requirement that is met provided that
corneal hydration, i.e., deturgescence, is maintained within specific physiological lim-
its. Maintenance of corneal deturgescence is reliant upon coupled ion and fluid transport
activities within the epithelial and endothelial layers. Net ion transport activity offsets
the natural tendency of the corneal stroma to imbibe fluid from the anterior chamber, thus
keeping the cornea transparent (/-5). Although most of the ion transport activity involved
in maintaining corneal deturgescence is contingent upon ion transport processes localized
in the corneal endothelial layer, corneal epithelial ion transport activity plays a fine-tuning
role in maintaining corneal deturgescence during exposure to environmental challenges
(6) (Fig. 1). Only under maximally stimulated conditions is the epithelial-side fluid trans-
port rate able to increase sufficiently, i.e., to approximately 25% of the endothelial-side
fluid transport rate (7). This realization has prompted a host of studies concentrated
on characterizing receptor-mediated regulation of corneal epithelial active ion transport.
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Ca2+
CaZ+/Mgz+
Ca2+ ATPase

NKCC
Na+

Nat+/K+
ATPase

c- Kcc HCO,-

Fig. 1. Plasma membrane inorganic osmolyte transport mechanisms. Diagram depicting
the ion pumps, coupled transporters, and channels mediating control of corneal epithelial cell
functions. Arrows indicate net fluxes of ions for each specific pathway.

Results of these investigations are relevant for identifying clinical strategies for improving
corneal renewal and transparency, and for optimizing the cornea’s refractive properties.
The cornea comprises three very different tissue types. In humans, there is an approxi-
mately 50 um-thick outer epithelial layer that faces the tears; an approximately 10 um-thick
inner endothelial layer that is exposed to the aqueous humor contained in the anterior cham-
ber (8); and an intermediate 450 um-thick stromal layer, comprising orthogonally arranged
collagen bundles within a glycosaminoglycan-containing ground substance. Distributed
within this matrix are keratocytes, which secrete the macromolecules that form the ground
substance (9). Not only the organization, but also the embryonic origins of these tissues,
differ greatly from one another. The epithelium is derived from ectoderm and is 5 to 7 cell-
layers thick. The uppermost epithelial layers, which are adjacent to the tears, form tight
junctions of relatively high electrical resistance, thus providing the crucial barrier func-
tion of the cornea. The endothelium and keratocytes are derived from neural crest cells
and mesenchymal tissue, respectively. The endothelium comprises a single-cell layer, with
tight junctions of low electrical resistance—a property reflected by the endothelium’s much
higher solute and greater ionic permeabilities than exhibited by the epithelial layer (10).
Epithelial layer ion transporters elicit coupled net salt and fluid movement outwards from
the stroma into the tears, whereas endothelial transporters mediate salt and fluid translocation
inwards to the anterior chamber. The endothelial layer fluid-transport rate exceeds that of
the epithelial side, as evidenced by the fact that net solute transport into the anterior chamber
is greater than that into the tears. Therefore, under normal conditions, the contribution of
the corneal epithelium to maintenance of transparency and deturgescence is much less than
that of the endothelium. Nevertheless, the barrier function of the epithelium is critical for
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protecting the cornea and other intraocular tissues from the damage imposed by exposure to
environmental insults.

This review describes the involvement of ion transporter and channel activity in
mediating cytokine receptor control of responses required for corneal epithelial function
and renewal. Accordingly, a description is first provided of the mechanisms mediating
in this tissue osmolyte transport and cell-volume regulation. With this background, it is
then possible to appreciate how changes in ion transport and channel activity contrib-
ute to cytokine-mediated control of corneal epithelial cell renewal and transparency.
Finally, we discuss new evidence that transient receptor potential (TRP) protein super-
family expression and function activate cytokine receptor-linked signaling events induc-
ing responses needed for the maintenance of these corneal epithelial functions.

INVOLVEMENT OF ION TRANSPORT MECHANISMS IN MEDIATED
RECEPTOR CONTROL OF CORNEAL EPITHELIAL CELL RENEWAL
AND VOLUME REGULATION

Identification of receptors that mediate control of corneal epithelial ion transporter
function has been partially elucidated. There are adrenergic (/1), serotonergic (/2), and
cholinergic (13) receptors that contribute to the control of ion transport activity. Regula-
tion of ionic transport in frog corneal epithelia has been demonstrated to be under adren-
ergic control (/4-16). Serotonergic control is shown by the finding that neural serotonin
stimulates chloride transport in rabbit corneal epithelia (/2). Endogenous cholinergic
agonists are able to stimulate active ionic transport in rabbit corneal epithelia. Similarly,
cholinergic receptors mediate regulation of epithelial cell proliferation (13, /7). Vital
for perpetuation of corneal epithelial function are a host of cytokines that are released
into the tears and anterior chamber from the epithelium and accessory tissues of the
anterior ocular surface. Cytokine expression is critical for inducing control of prolif-
eration and cell migration through stimulation of cognate receptors (/8). Accordingly,
control of cell proliferation and migration by cytokines and neuronal agonists is required
for synchronization of the corneal epithelial renewal process and preservation of corneal
epithelial functions. The uppermost epithelial layers are continuously being lost (into
the tears during their terminal differentiation) and replaced, the latter process being
necessary for maintenance of corneal transparency. Active ion transporters and channels
are components of a myriad of cell signaling pathways that mediate cytokine receptor
control of this renewal process (19, 20). Understanding of these events, coupled with
the requirement for ion transport activity in maintaining corneal epithelial transparency,
has prompted further studies into the mechanisms by which epithelial receptors elicit
control of corneal epithelial renewal through stimulation of ion transport activity.

Synchronized epithelial renewal is essential for the maintenance of the cornea’s
multilayer integrity and function. Renewal of the upper epithelial layer preserves tight
junctional resistance. In addition, epithelial renewal sustains receptor-mediated control
of net ion transport, which is required for receptor modulation of epithelial membrane
and tight junctional permeability (27). Should epithelial layer renewal become com-
promised, net ionic fluxes will decline as result of decreased ionic pump function, loss
of membrane permselectivity, and decreased tight junctional electrical resistance (22).
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Under physiological conditions, cellular losses due to terminal differentiation are countered
by replacement with younger cells located in the inner cell layers. This renewal process
ensures continuation of normal epithelial ion transport activity. Consequently, epithelial
receptor-mediated control of renewal is required for the maintenance of corneal transpar-
ency and barrier function.

Even though the contribution of epithelial ion transport activity to deturgescence is
much less than that of its endothelial counterpart, the epithelial component is required for
the preservation of the integrity of the epithelial layers during exposure to anisosmotic
stresses. Anisosmotic insults to the cornea frequently occur during activities of daily life,
e.g., swimming or bathing, as well as from contact lens wear and ocular diseases such
as dry eye syndrome (DES), as result of which, afflicted individuals experience chronic
exposure to hypertonic tears. The physiological disturbances induced by such anisosmotic
stresses are, very likely, counteracted by regulatory volume-response activation, such
activity having been described in cultured corneal epithelial cells. Two different types of
regulatory volume activations have been described for such an in vitro system. Exposure
to a hypotonic challenge induces regulatory volume decrease (RVD) behavior, which acts
to restore isotonic cell volume (23, 24). Such cell volume restoration is partially due to
increases in K* and CI- membrane permeability, which results in KCl egress coupled to
fluid loss. In human corneal epithelial cells, this regulatory response brings about com-
plete recovery of isotonic cell volume within minutes of onset of the hypotonic stress. In
contrast, cell exposure to hypertonic challenges, which simulate increased tear-film osmo-
larity in DES (25), induces another type of regulatory volume response, referred to as the
regulatory volume increase (RVI) (24, 26). Regulatory volume increase behavior restores the
cell’s isotonic volume through stimulation of ion and solute influx transport mechanisms,
which mediate a rise in intracellular osmolyte content coupled with net fluid influx. Even
though the RVI response is somewhat slower than the RVD response, corneal epithelial
cells are able to achieve complete restoration of their isotonic volume following anisosmotic
stress. In corneal epithelial cells, there is some evidence that specific receptors sense changes
in osmolarity and activate a unique array of signaling pathways. These signaling pathways
have some features in common to those linked to the cytokine receptors that mediate control
of the corneal epithelial responses—proliferation and migration—required for renewal (27).
This commonality—coupled with results from recent studies of other tissues, showing that
cell volume regulation is requisite for proliferation and migration—suggests the importance
of ion transport regulation in the maintenance of corneal epithelial function (28).

There is emerging evidence that receptor-mediated control of ion transport activity is
requisite for corneal epithelial renewal (27, 29). This requirement is self-evident, since
parent cell volume must increase to accommodate rises in genomic and cytoplasmic
content prior to karyokinesis and cytokinesis. Similarly, changes in cell volume are
requisite for cell migration, as this process involves repeated, coordinated leading-edge
cytoplasmic volume extension, with retraction at the opposite pole. Because changes
in ion transport activity underlie cell volume regulation, cytokine-induced control of
renewal is, thus, dependent upon modulation of ion transport mechanisms. For this con-
trol to occur, corneal epithelial-induced cytokine expression of the corneal epithelium
and accessory ocular tissues must be synchronized and manifested at appropriate times
to alter cell volume, and to allow cell-cycle progression and migration to occur unper-
turbed. Numerous cytokines are involved in regulating these processes (/8), some of
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which are needed to elicit control of proliferation and migration, while others affect rates
of differentiation. Such controls occur through a host of cell-signaling pathways, each
of which is specific for one of the cognate receptors. Any particular cytokine can elicit
control of a variety of responses by activating different pathways within a cell-signaling
network. The mitogen-activated protein kinase (MAPK) cascade is a superfamily of
cytokines that mediates this type of exquisite control. Mitogen-activated protein kinase
cascades have three different parallel pathways: the extracellular signal-regulated kinase
(ERK); the p38; and the c-jun N-terminal/stress-activated protein kinase (JNK/SAPK)
pathways. In corneal epithelial cells, different stimuli selectively activate specific recep-
tors linked to one or more of these three different pathways. Cytokines that mediate
increases in proliferation induce a response through stimulation of the ERK (i.e., p44/42)
pathway, whereas those involved in increasing cell migration act through the p38 MAPK
pathway (30-34). Stressors, such as anisosmotic challenges or apoptosis-inducing agents,
e.g., ultraviolet light, activate the INK/SAPK pathway (29, 35). Furthermore, the ability
of a cytokine to elicit a particular response can be modulated by crosstalk between
different branches of a cell-signaling network that is linked to different responses. Such

Growth Factor Stressors

Stimulation
Upstream Upstream
Regulators Regulators

MAPKKK

MAPKK

MAPK
p38 € — — => ERK JNK/SAPK
crosstalk

Migration Proliferation Apoptosis

N

Wound Healing

Fig. 2. Mitogen-activated protein kinase (MAPK) pathways in corneal epithelial cells.
Diagram depicting the three MAPK pathways (p38, extracellular signal-regulated kinase [ERK],
and c-jun N-terminal/stress-activated protein kinase [JNK/SAPK]) and their respective cellular
function in corneal epithelial cells. The broken arrow indicates phosphatase-mediated crosstalk
control of growth factors between p38 and ERK MAPK signaling. This control modulates the
magnitude of growth factor-induced increases in corneal epithelial cell migration and proliferation,
both of which are required for wound healing or apoptosis.
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crosstalk depends on MAPK-induced phosphatase activation by both the ERK and p38
MAPK pathways (31, 34) (Fig. 2).

The direct effects of mitogens on epithelial ion transport rates and downstream sig-
naling have also been determined for corneal epithelial cells (79, 20). Stimulation by
numerous mitogen-containing serums, including epidermal growth factor (EGF), is
dependent upon increases in the activity of specific ion transporters and channels. The
involvement of ion transporters and channels in mediating responses to mitogens indi-
cates that their activation is an important component of the second-messenger cascade
linking receptor stimulation to increases in proliferation. Therefore, receptor-control of
ion transport activity is of critical importance in the maintenance of corneal epithelial
renewal, transparency, and refractive properties.

ROLES OF OSMOLYTE TRANSPORTERS IN MEDIATING CONTROL
OF BARRIER, DETURGESCENCE, AND EPITHELIAL CELL RENEWAL

Na*/K*-Adenosine Triphosphatase (ATPase) and Na:K:2Cl Cotransporter

The specific ionic fluxes that account for active ion transport in corneal epithelia vary
among species. In amphibians, this process is essentially a result of net CI~ transport from
the stroma into the tears (36). In mammals, this mechanism is accounted for by approxi-
mately equal contributions by inwardly directed net Na* transport towards the stroma and
outwardly directed active Cl transport into the tears (/). Active Cl transport is described
as a secondary active process, because Cl- uptake from the stroma into the epithelial layer
is dependent upon basolateral membrane-coordinated Na:K:2Cl cotransporter (NKCC)
and Na*/K*-ATPase (i.e., Na*/K* pump) activity. Pump coupling to NKCC function is
a result of the Na*/K* pump establishing a bath-to-cell inwardly directed Na* gradient,
which provides the chemical driving force for NKCC-mediated uphill intracellular CI-
accumulation. Na'/K*-ATPase activity has a variable load-dependent Na*/K* stoichi-
ometry (37). Such function results in intracellular K* accumulation above its predicted
electrochemical value, leading to net K* transport from cell to bath across the basola-
teral membrane. Na*/K*-ATPase function in concert with K* egress across the basolateral
membrane is described in terms of the pump-leak model for ion transport (38). Net K*
transport, in turn, establishes the repelling electrical driving force for CI- electro-diffusion
across the epithelial tear-side-facing membrane. In amphibians, this membrane is essen-
tially Cl~ permselective, and electroneutrality is maintained as result of passive Na* efflux
across the paracellular route. In mammals, this outfacing membrane is also Na* permeable,
resulting in inwardly directed net Na* transport towards the stroma—driven by the Na*/K*
pump opposed by net CI- efflux into the tears.

A number of different corneal sequelae, all of which lead to impaired corneal
epithelial renewal, are caused by dysfunctional control of ion transport function,
perhaps as a result of disruption of cytokine-mediated control of ion transport func-
tion. The probable underlying causes include changes in cytokine expression profiles,
changes in levels of cognate receptor expression, loss of receptor coupling to signal
control of ion transport function, alterations in ion transporters, and various channel
pathophysiologies. Examples of corneal disease resulting in losses in Na*/K*-ATPase
expression are aphakic bullous keratopathy (ABK) and pseudophakic bullous keratopathy
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(PBK) following cataract surgery, and Fuchs’ dystrophy. These conditions are
characterized by persistent corneal edema, epithelial blisters (bullae), and loss of
transparency (39). Such Na*/K*-ATPase losses could also directly or indirectly affect
the epithelial renewal process. Consideration of these factors could be of great value
in the search for novel drugs to ameliorate the symptomatic problems associated with
the aforementioned pathologies.

Further implicating Na*/K*-ATPase as important in maintaining cell volume home-
ostasis is the disrupted pump function and corneal edema that occur during the inflam-
matory response. Swelling is typically observed during acute corneal injuries, bacterial
infection, chemical burns, and extended contact lens wear-induced hypoxia. Under these
in vivo conditions, stimulation of epithelial 12(R)-hydroxy-5,8,10,14-eicosatetraenoic
acid [12(R)-HETE] synthesis occurs (40—44). It is recognized that 12(R)-HETE is a
potent inflammatory eicosanoid (one of the major arachidonate metabolites of the cor-
neal epithelial cytochrome P450 system) as well as an endogenous inhibitor of Na'/
K*-ATPase, in which role it leads to perturbed hydration control and edema during
the inflammatory process. Increased 12(R)-HETE may act in the pathogenesis of dis-
eases such as PBK, ABK and Fuchs’ dystrophy, since these conditions are characterized
by decreased epithelial Na*/K*-pump expression. On the other hand, the enantiomer
of 12(R)-HETE, 12(S)-HETE, mediates EGF-induced increases in corneal epithelial
proliferation (45). However, the effect of 12(S)-HETE on Na*/K*-ATPase has not been
described for the corneal epithelium. Hence, another potential approach to treatment of
corneal inflammation may be to identify strategies that selectively inhibit 12(R)-HETE
synthesis.

In the corneal epithelium, the functions of Na*/K*-ATPase and NKCC are modulated
by exposure to a hypertonic challenge or to a mitogen, such as EGF. Responses to these
challenges mediate increases in net osmolyte uptake through NKCC stimulation, result-
ing in cell swelling. EGF has a similar effect on NKCC activity, as shown by the fact
that bumetanide inhibition of NKCC suppresses both RVI and the mitogenic response
to EGF. An increase in cell volume is thus a component of the signaling pathways that
mediate an increase in cell proliferation (79, 46). More evidence in support of the notion
that an increase in cell volume is a component of EGF receptor (EGFR)-induced signaling
is provided by the fact that selective inhibition of the ERK branch of the MAPK super-
family suppresses both NKCC1 activity and proliferation (19, 34). A further indication
that changes in ion transport activity affect the mitogen-induced signaling process is
that chemical inhibition of K* channel activity suppresses both RVD- and growth-
factor-mediated increases in proliferation (20, 47). This correspondence indicates that cell
shrinkage is an additional component of the volume change involved in EGF signaling.
Taken together, these results suggest that the mitogenic response to EGF is dependent on
a transient cell-volume change rather than a steady-state change.

Cytokine receptor-induced interaction with the p38 MAPK pathway for mediating
cell migratory control has been described for the corneal epithelium. The p38 MAPK
branch is coupled to various cytokine receptors, including hepatocyte growth factor
(HGF), keratinocyte growth factor (KGF), transforming growth factor-f (TGFp), and
EGF (30, 31, 34). Selective stimulation of each of these cognate receptors results in p38
MAPK stimulation. Because, in some tissues, cell migration is dependent upon alternate
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activation of ion transporters that mediate cell volume regulatory responses (RVI and
RVD) (48, 49), it was of interest to determine whether the RVI response resulting from
exposure to a hypertonic challenge induces NKCC activation through interaction with
the p38 MAPK pathway (27, 29). Results of such studies indicate that there is protein—
protein interaction between these macromolecules, thus suggesting that NKCC is
requisite for phosphorylation by p38 MAPK triggering of RVI and for recovery of barrier
function. Other evidence suggesting dependence of NKCC activation on p38 MAPK
stimulation is that EGF-induced stimulation of NKCC activity is inhibited by exposure
of cells to EGF in the presence of the selective p38 MAPK inhibitor, SB203580 (27).
Therefore, cytokine-mediated control of the responses involved in corneal epithelial
renewal occurs through stimulation of the ERK and p38 MAPK pathways, followed by
NKCC activation and cell-volume modulation.

Tear hyperosmolarity is frequently detected in individuals afflicted with DES (25).
This stress induces epithelial cell shrinkage and losses in the protective barrier (tight-
junction) function against noxious agents (27). Compromising the integrity of the
corneal epithelium increases the rate of corneal epithelial erosion (50) and infections
(51), as well as decreases in corneal sensitivity (52) and transparency (53). Hyperto-
nicity-induced cell shrinkage can be reversed in corneal epithelial cells through activation of
the RVI response (24, 46). NKCC plays a major role during the RVI process, and RVI
activation stimulates intracellular chloride accumulation. Although there is protein
expression of both NKCCI1 (secretory) and NKCC2 (absorptive) isoforms in bovine
corneal epithelium, NKCC1 expression predominates in this tissue (54).

The importance of regulating NKCC expression for permitting adaptation to a chronic
hypertonic challenge has been demonstrated in comparative studies of human and rabbit
corneal epithelial cells. Rabbit cells adapt better to chronic hypertonic stress than human
cells do, as shown by the fact that the proliferative capacity of the rabbit cells was far
less inhibited during such stress. The greater adaptive capacity of the rabbit cells is
attributable to their unique ability to upregulate NKCC gene and protein expression
during hypertonic stress, and to sustain functional NKCC and proliferative activity (26,
46). Another indication of the importance of NKCC protein expression upregulation to
rabbit corneal epithelial cell survival during hypertonic challenge is that these cells are
better able to restore their translayer electrical resistance (i.e., barrier function) (27) than
their human counterparts. Results of regulatory volume studies on corneal epithelial
cells, coupled with results of studies showing that EGF stimulates NKCC functional
activity through MAPK activation, further support the view that volume modulation is
a component of the signaling pathway that mediates EGFR-induced mitogenesis (19).
Taken together, corneal epithelial cell proliferative capacity is associated with the abil-
ity of these cells to modulate NKCC activity, and NKCC gene and protein expression.

Recent studies suggest that survival of hypertonicity-stressed corneal epithelial cells
depends on the their capacity to activate the p38 MAPK pathway, and on the ability of
this pathway to stimulate NKCCI1 activity through protein—protein interactions (29).
The level of NKCCI activation has an effect on the extent of cell-volume recovery and,
in turn, epithelial survival capacity. The interaction between p38 MAPK and NKCC is
related to p38 MAPK phosphorylation status; hypertonicity-induced NKCC activation is,
in turn, dependent on this association. Rapid and substantial p38 MAPK activation leads
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Fig. 3. Comparison of hypertonicity-induced DNA fragmentation in human and rabbit corneal
epithelial cells. Representative DNA fragmentation pattern showing DNA integrity analyzed by
high-resolution 2% agarose gel electrophoresis following exposure of human (HCEC) and rabbit
(RCEC) corneal epithelial cells to 600 mOsm medium for up to 6h.

to increases in NKCC1 activity, which determines the kinetics and extent of RVI-mediated
recovery of the cell to isotonic volume conditions. These events determine whether
corneal epithelial cells will be able, under conditions of hyperosmolar adversity, to
recover their p44/42 MAPK activity, proliferate, adapt to stress, and avoid SAPK/JINK-
induced apoptosis. The greater resilience of rabbit versus human corneal epithelial cells
to withstand hypertonic challenges indicates that maintenance of cell-volume regulatory
capacity correlates with resistance to apoptotic cell death during hypertonic stress, since
only cells that exhibit a loss in cell volume degrade their DNA (55) (Fig. 3). The earlier
onset of apoptosis in human versus rabbit corneal epithelia is consistent with the lower
capacity of the human cells to undergo RVI and to proliferate in a hypertonic medium
(29, 46). Characterization of stress-activated signaling pathways that induce regulatory
volume responses or apoptosis is complex for a variety of reasons. For one thing, there
may be crosstalk between the various pathways. Coupled with this notion is the idea that
the same pathway may mediate variable responses in different species.

The inability of human corneal epithelia to adapt to chronic hypertonicity suggests
that exposure to hypertonic tears in DES patients leads to decreases in NKCC activity.
This would result in both disruption of barrier function and impairment of wound heal-
ing in these patients (56).

K*ICI- Cotransporter

Corneal epithelial cells are capable of adapting to hypotonic stress. They do so by
restoring their volumes to isotonic levels through activation of specific ion transport
mechanisms that mediate net ion efflux. The potassium-chloride cotransporter (KCC)—in
parallel with K* and CI~ channel-coupled conductance—is a mechanism contributing to
ion efflux in human corneal epithelial cells (24). Although four different isoforms—KCC1
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to 4—have been identified in mammalian cells, Capd-Aponte et al. found that human,
rabbit, and bovine corneal epithelial cells express only KCCl1, 3, and 4 (57).

Comparative studies of human and rabbit corneal epithelial cells show that human
cells are capable of more rapid and complete RVD than are rabbit cells (57). This find-
ing is in accord with the fact that isotonic KCC1 membrane expression is twofold higher
in human than in rabbit cells, and that the amount of membrane KCC1 increases during
hypotonic stress in human cells. In contrast, the expression of KCC3 is higher in rabbit
than in human corneal epithelial cells, although KCC4 expression levels are similar for
both species, and levels of KCC3 and KCC4 are not altered during exposure to hypot-
onic stress. These results indicate that, as in other cell types, KCC1 is the house-keeping
isoform, i.e., involved in maintenance of steady-state ionic homeostasis as well as vol-
ume regulation, of corneal epithelial cells

In addition to the well-known role of KCC in ionic and osmotic homeostasis, recent
studies demonstrate KCC’s involvement in regulating cell growth and proliferation in
ovarian and cervical cancer cells (58, 59). Furthermore, in these latter cell types, expres-
sion of KCC1, 3, and 4—regulated during the cell cycle—is greater than in their non-
malignant counterparts. KCC activity of these cancer cells could also be stimulated by
certain growth factors (particularly insulin-like growth factor-1), which act via specific
kinases (P13K/Akt and p44/42 MAPK) to promote gene transcription and synthesis
of KCC (60). Similarly, in rabbit and human corneal epithelia, hypotonicity-induced
activation of RVD is accompanied by transient increases in p44/42 and p38 MAPK
activity (57). Activation of p44/42 and p38 MAPK are key elements for cell prolifera-
tion and migration, which in turn are essential for corneal epithelial renewal. Apart from
the functional role of KCC in maintaining volume homeostasis and restoring isotonic
cell volume during hypotonic stress in corneal epithelial cells, KCC1 is involved in
the hypotonicity-induced activation of the p44/42 MAPK pathway. In human corneal
epithelial cells, KCC’s involvement in p44/42 MAPK activation has been demonstrated
by: (i) the higher membrane content of this isoform during hypotonic stress, (ii) inhi-
bition of hypotonicity-induced phosphorylation of p44/42 MAPK by the KCC inhibi-
tor [(dihydroindenyl)oxy] alkanoic acid (DIOA), and (iii) increased phosphorylation
of p44/42 MAPK activation during isotonic conditions induced by the KCC activator
N-ethylmaleimide (NEM). In rabbit corneal epithelia, on the other hand, such pharma-
cological manipulation has no significant effect, a finding that is in accord with the low
level of KCCI1 protein expression in this latter cell type.

Thus, KCC—specifically KCCl—appears to be an upstream regulator of hypoto-
nicity-induced p44/42 MAPK activation in human corneal epithelial cells. In contrast,
pharmacological inhibition or stimulation of KCC does not affect hypotonicity-induced
p38 MAPK phosphorylation, suggesting that this signaling pathway is largely independ-
ent of KCC1. The functional roles of KCC3 and KCC4 isoforms in corneal epithelial
cells remain to be elucidated.

Na*/H* and CI'/THCO," Exchangers

Normal metabolic functions of cells are largely influenced by changes in intracellular
pH (pH,). Corneal epithelial cells are often exposed to hypoxic stress (e.g., by contact-lens
wear), which leads to intracellular acidification (67). Early functional studies of rabbit
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and bovine corneal epithelial cells showed that the Na*/H* exchanger (NHE) (amiloride-
sensitive subtype) is involved in the maintenance of steady-state pH, and restoration
of pH, after intracellular acidification (62, 63). It appears that the corneal epithelium is
under constant acid load, partially counteracted by NHE, as evidenced by the fact that
inhibition of this transporter induces pH, acidification (64). Na*/H* exchanger protein
makes use of the large downhill Na* gradient generated by Na*/K*-ATPase to extrude
excess protons (1:1 stoichiometry), which either leak into or are generated by acid-forming
reactions within the intracellular space.

Although there is limited information regarding isoform-specific involvement of
NHE in corneal epithelial cells, its gene expression has been described for rabbit cor-
neal epithelia (65). In addition to its involvement in pH. regulation, NHE—specifically,
the amiloride-insensitive subtype NHE-2—contributes to mediating regulatory volume
responses induced by either hypertonic or hypotonic challenges (24, 66, 67). Although
it is well established that NHE is activated by low pH, and shrinkage, the signaling
mechanism by which this antiporter is activated in corneal epithelial cells is not well
understood, particularly the signal transduction pathways mediating steady-state pH,
maintenance and hypertonic stress-induced NHE activation. The signaling pathway
activating pH, recovery has been partially elucidated for acidic loading conditions in
bovine corneal epithelia (66). This clarification stemmed from studies of the effects of
the cytokine endothelin (ET) on this process. ET is a mitogen in corneal epithelial cells,
where it potentiates mitogenic responses to EGF (68-70). In corneal epithelial cells, ET
1 completely suppresses pH. recovery by stimulating ET, receptor-induced signaling,
an inhibitory effect that occurs as a consequence of protein kinase C (PKC) and Ca**-
dependent calmodulin (CaM) II kinase-mediated stimulation of protein phosphatase
(PP) activity. This view is supported by the fact that pharmacological inhibition of PP-1,
PP-2A, or PP-2B activity prevents ET 1-induced pH, recovery suppression. Increases in
the activity of any one of these PPs could lead to NHE dephosphorylation and inactiva-
tion. On the other hand, ET, receptor stimulation has no effect on pH, under steady-state
conditions. Although NHE activation by several other growth factors has been described
for other tissues, their involvement in corneal epithelia as mediators of receptor control
of proliferation through pH, transients has not been described.

Na*/H* exchangers produce a net influx of ions by coupling with the CI7HCO,™ anion
exchanger (CBE). In the corneal endothelium, sodium-dependent and sodium-independent
CBEs have been described (71, 72). Both export HCO,~ from the cell to mediate pH,
recovery and maintain steady-state pH.. In human corneal epithelial cells, there is evi-
dence of CBE involvement in mediating the RVI response (24). In addition to the afore-
mentioned pH-regulation transporters, the functional involvement of a K*/H* exchanger
was described for rabbit corneal epithelial cells. This transporter was proposed to be
involved in pH, control and to play a role in cell volume regulation (64).

Plasma Membrane and Endoplasmic Reticulum (ER) Ca** Pumps

As in numerous other cell types, receptor-induced control of net Cl- transport
and proliferation of corneal epithelial cells is mediated through transient changes in
intracellular calcium, [Ca®*], concentration (68, 73—75). In order for calcium to medi-
ate a signaling function, its intracellular concentration must be regulated within the
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sub-micromolar range. Corneal epithelial cells accomplish such regulation through a
variety of ATP-dependent transporters, localized in the plasma membrane and intra-
cellular calcium stores (ICS). Ca** Mg?*-ATPase plasma membrane localization was
identified in a plasma membrane-enriched subcellular fraction, in which calmodulin
stimulated vesicular calcium uptake, which was sensitive to inhibition by trifluoper-
zine (76, 77).

In human corneal epithelia, four genes—ATP2B1 to ATP2B4—encode plasma
membrane Ca**-ATPase (PMCA) transporter function, and are designated PMCAI to
PMCAA4, respectively (78). In humans, these multiple PMCA isoforms are differentially
expressed and localized among the corneal epithelial layers (79, 80). PMCAA4 is the
isoform that is primarily expressed, except that it is notably absent in the membranes of
the basal cells adjacent to the stroma. PMCA1 and PMCA?2 are located mainly in basal-
and wing-cell cytoplasm and membranes. In contrast to PMCA4, PMCA1 immunore-
activity is evident in the basal cell plasma membranes adjacent to the stroma. PMCA2
immunoreactivity is detectable in the cytoplasm of basal and wing cells in the central
cornea and limbus. PMCA3 is enclosed in basal-cell nuclei in the central cornea. Such
selective corneal epithelial localization of PMCA expression suggests that each of these
isoforms has a specialized function, contributing to the requisite flexibility of the cornea
to respond to the different Ca?* requirements needed for renewal and regeneration of its
multiple cell types. In addition to ATP-dependent transporters, the Na*/Ca?* exchanger
(SCE) was described as a Ca** efflux pathway for rabbit corneal epithelial cells (81).

ICS calcium transporter activity exists, as evidenced by results showing that agonist-
induced calcium transients are consistent with capacitative calcium entry (CCE). This
was demonstrated by showing that adding back calcium to a calcium-free medium,
following depletion of ICS with cyclopiazonic acid, induces a calcium transient. This
add-back response reflects calcium influx through store-operated channels (SOC) at
the plasma membrane, whose activation is dependent upon depletion (using cyclopia-
zonic acid) of ICS (75, 82). The CCE mechanism is a component of the signaling path-
ways mediating control of proliferation by EGF, ET,, and ET receptors (68, 75, 82).
Cholinergic receptor-mediated control of corneal epithelial cell proliferation has also
been described, and such control also entails calcium signaling (17, 83). EGF-induced
mitogenesis is dependent upon calcium signaling in corneal epithelial cells, as shown
by the fact that EGF fails to induce such a response in a calcium-free medium (84).
EGF-induced stimulation of SOC and CCE activity depends upon selective increases of
PKCp and PKC$ isoforms (85). Therefore, studies targeted at identifying mechanisms
of Ca** transporter regulation are relevant for revealing novel drugs targeted to hastening
proliferation and wound healing of the corneal epithelia (Fig. 4).

Organic Ion Transporters

During acute anisosmotic stress, corneal epithelial cells are able to mediate rapid
regulatory volume behavior through activation of inorganic plasma membrane transport-
ers that mediate net osmolyte influx or efflux. In contrast, chronic anisosmotic stress
requires additional protective mechanisms, e.g., stimulation of transcription of genes
encoding for osmolyte transport mechanisms and activation of organic osmolyte trans-
porters (Table 1). These responses enhance cell survival by preventing the intracellular
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Fig. 4. Epidermal growth factor (EGF)-induced Ca®* signaling mechanisms. EGF receptor
(EGFR) activation stimulates phospholipase C (PLC)y, which hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP,) to release diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP,). IP,
activates its receptor, which is located at the endoplasmic reticulum (ER) membrane, releasing
Ca* to the intracellular space. Activation of PKC and PKC8 by DAG and Ca?* release from
the ER, and/or capacitative influx factor (CIF) activates capacitative calcium entry (CCE)
through the store-operated channel (SOC) TRPC4. CCE activates the mitogen-activated protein
kinase (MAPK) signaling cascade and nuclear transcription factors leading to cell migration and
proliferation, both of which are required for corneal epithelial wound healing.

Table 1 Organic osmolyte transporters in corneal epithelial cells

Transporter

Main organic substrates

Lactate-H* cotransporter

Glucose transporter (GLUT)1

Organic anion transporting peptide (OATP)-E

Type amino acid transporter (LAT)1

Cation and neutral amino acid transporter (B%*)
Ala-, Ser-, and Cys-preferring transport (ASCT)1
Carrier-mediated riboflavin transport system
Sodium-dependent vitamin C transporter (SVCT)1
Sodium-dependent multivitamin transporter (SMVT)

Taurine transporter

Lactate

Glucose

Thyroid hormone

Phenylalanine

L-Arginine

L-Alanine

Riboflavin (vitamin B,)

L-ascorbic acid (vitamin C)

Biotin (vitamin H); pantothenic acid
(vitamin B); lipoic acid

Taurine
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ionic composition from realizing nonphysiological conditions. Moreover, the normal
corneal epithelium is avascular, being partially nourished by nutrients (e.g. glucose,
peptides, amino acids, vitamins) delivered via inorganic osmolyte-coupled transporters
located primarily at the apical side of the epithelium. There are no studies describing
whether such transport function is modulated by the cytokines that mediate control of
corneal epithelial renewal. Such a mechanism of modulation is conceivable, however,
since epithelial renewal is dependent upon adequate provision of substrates to meet
the energy requirements of this process. Nevertheless, the presence of these membrane
transporters may provide new opportunities for the design of transporter-targeted drugs
with enhanced corneal epithelial permeability.

One of the first organic osmolyte transport systems to be identified in corneal epithe-
lial cells was the lactate-H* cotransporter (86). Under aerobic conditions, most of the
glucose consumed by the corneal epithelium is metabolized to lactate. During hypoxic
conditions (e.g., as in contact lens wear), lactate production (in rabbit corneal epithelial
cells) increases, and an equivalent amount of protons are generated, inducing stromal
acidification (61, 87). Accumulation of lactate leads to local fluid accumulation and
increases in the light-scattering effects commonly observed during epithelial hypoxia
(88). Metabolic waste products are removed from the corneal epithelium by the lactate-
coupled proton transporter, whose function is essential for pH, regulation during
increased anaerobic glycolysis.

Glucose availability is critical in the maintenance of numerous corneal epithelial
functions. In the corneal epithelium, it is well established that glucose uptake occurs
through a facilitative transport process involving the glucose transporter GLUT1 (89).
After corneal epithelial wounding, GLUT1 mRNA and protein expression are rapidly
enhanced (90). This effect reflects the fact that increases in intracellular glucose levels
are needed to meet the energy requirements of cell proliferation and migration. In addi-
tion, several GLUTs may be involved in the maintenance of cell homeostasis, based on
the fact that facilitative GLUTsS act as minor transmembrane pathways for water flow in
the presence of an osmotic gradient (91).

The organic anion transporting peptide (OATP)-E gene and protein expression have
been characterized in several rat ocular tissues, including the corneal epithelium (92).
Expression of OATP-E tends to be greater in the basal cells than in the superficial cells
of the corneal epithelium. This pattern may be related to the fact that basal cells are
more metabolically active than are their superficial layer counterparts. OATP-E activity
is thought to function in transporting thyroid hormone into the cornea for the purpose of
maintaining optical transparency; this hormone plays a role in corneal dehydration and
transparency (93). It has also been proposed that this sodium-independent exchanger
is involved in the transcellular movement of other organic anions and amphipathic
compounds.

Three different types of neutral amino acid transporters have been identified in the
corneal epithelium. The first is the L-type amino acid transporter (LAT)1, a large neutral
amino acid and a Na'-, energy-, and pH-independent facilitative transport system, first
described in rabbit corneal epithelial cells (94). LAT 1 preferentially transports the
large amino acid phenylalanine (Phe) across the cornea. The second is the cationic and
neutral amino acid transporter, B®* (95), which actively transports L-arginine (L-Arg)
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across rabbit and human corneal epithelia. Unlike LAT1, this transporter is Na*, CI,
and energy dependent. The third and most recently discovered is the neutral amino acid
transport system ASCT1 (ASC for Ala-, Ser-, and Cys-preferring), which was character-
ized in intact rabbit cornea and epithelial cell culture (96). The ASCT1 isoform transports the
neutral amino acid L-alanine (L-Ala) in a sodium-dependent manner. Although ASCT1
transport function is highly sodium dependent, neither substrate uptake into corneal
epithelial cells nor transport across rabbit cornea is altered in this system in the presence
of ouabain. Such an inconsistency suggests that uphill L-Ala influx is not driven by Na*
entry, but instead mediates obligatory amino acid exchange. In this system, the sodium
pump is not required for the transporter to function, since it can mediate Na* flux in
either an inward or outward direction in exchange for amino acids.

Vitamins comprise another group of nutrients that play critical roles in maintaining
normal metabolism, differentiation, and growth of mammalian cells. Riboflavin (vitamin
B,) is an essential water-soluble vitamin and a precursor for flavin mononucleotide (FMN)
and flavinadenine dinucleotide (FAD), both of which are coenzymes that metabolize car-
bohydrates, amino acids, lipids, and proteins. Riboflavin, which is present in the tears,
has a role in the development and maintenance of the surface structures of epithelial and
goblet cells. Riboflavin deficiency leads to poor development of the glycocalyx layer of
the conjunctival surface, and contributes to DES and other corneal changes. Microscopic
evaluation of corneas from riboflavin-deficient rats display hemidesmosomal damage to
the basal cells, decreases in microvilli and microplicae, and presence of cellular debris
in the superficial epithelial cells (97). These morphological alterations correlate with the
clinical ocular signs and symptoms that are described for riboflavin-deficient patients:
tearing, foreign-body sensation, photophobia, decreased vision, and keratoconjunctivitis
sicca (98, 99). Such clinical and structural corneal changes are reversible with riboflavin
restitution. Recent findings for rabbit corneal epithelia suggest that riboflavin is translo-
cated by a highly specific carrier-mediated system, a mechanism described as pH, Na*,
and CI- independent, but temperature and energy dependent (/00).

The protective properties of ascorbic acid (vitamin C) are attributed to its antioxidant
action against damage caused by ultraviolet exposure and ocular infections. Abundant
amounts of ascorbic acid are present in the corneal epithelium (/01) and tears (102, 103).
Moreover, through inhibition of corneal lipoxygenase, the antioxidative effect of this
water-soluble vitamin acid reduces free hydroxyl radicals and eliminates subepithelial
deposition of extracellular matter, as well as the haze produced by excimer laser ablation
(104, 105). The expression of the sodium-dependent vitamin C transporter (SVCT)1
was detected in the deeper layers of the rabbit corneal epithelium (/06). Recent evidence
demonstrates that SVCT1 is pH and Na* dependent, with high affinity for L-ascorbic
acid in rabbit corneal epithelial cells (107).

The functional and molecular expression of the sodium-dependent multivitamin trans-
porter (SMVT) has been characterized for rabbit corneal epithelial cells (/08). SMVT has
broad substrate specificity and is, thus, able to translocate biotin (vitamin H) and several
of its analogues, e.g., pantothenic acid (vitamin B,) and the cofactor, lipoic acid. Biotin,
which is found in tears, is necessary for the proper metabolism of certain amino acids,
fatty acids, and oxaloacetic acid. Biotin uptake, and that of its analogues, is inhibited in
the presence of the calmodulin antagonist, calmidazolium. This suggests the involvement



32 Reinach et al.

of Ca?*/calmodulin-mediated pathways in biotin’s intracellular regulation. Biotin transport
via SMVT is coupled to the Na* electrochemical gradient, but not to H*. As biotin uptake
is an energy (ATP)-dependent process, it is also dependent on the normal functioning of
the of Na*/K* pump.

An osmosensitive taurine transporter gene and its protein expression were also
described for human corneal epithelial cells (/09). This transporter’s activity is sodium
dependent, and is manifested under isotonic conditions. Exposure to a hypertonic
challenge increases its function in a time-dependent manner proportional to the mag-
nitude of the stress. Such challenges induce a biphasic effect, i.e., an initial elevation,
followed by declines in gene and protein expression, and return to isotonic levels after
48 hours, suggesting that these changes are under feedback control. Since the increases
in intracellular taurine accumulation are less than those predicted as being necessary for
restoring isotonic cell volume, the role of taurine appears, instead, to be that of improv-
ing cell viability.

ROLES OF ION CHANNELS IN MEDIATING CONTROL OF BARRIER,
DETURGESCENCE, AND EPITHELIAL CELL RENEWAL

There is emerging evidence that the regulation of the different types of corneal epithelial
ion channels is crucial for inducing the cytokine-mediated responses essential for corneal
epithelial function and renewal. These pathways have diverse modes of selectivity and are
regulated in different ways. Modulation of these pathways permits transient increases in
ionic influx, which activate the downstream signaling events that are linked to disparate
receptor-controlled responses. Receptor-operated and voltage-gated activities have already
been identified. Furthermore, there is leak channel activity, whose ionic activity is depend-
ent on electronegative intracellular membrane voltage. Various other channels can be
stimulated by mechanical-stress- or receptor-induced second messenger formation. In the
corneal epithelium, activation of ion channels, in response to receptor stimulation by a host
of different stimuli or stressors, induces the responses needed for corneal epithelial renewal,
as well as for regulation of fluid and electrolyte homeostasis. In the corneal epithelium,
there is heterogeneous ion channel expression.

Ion channels are widely regarded to be causally involved in many diseases (the so-
called channelopathies) and to contribute indirectly to the genesis of several diseases
(110). However, a presumptive role for these channels vis-a-vis specific diseases of the
cornea is still undetermined. So far, there are only limited studies concerning the mecha-
nisms by which ion channels, especially Ca**-permeable ion channels, function in the
human cornea. This void leaves unclear the relationships between defective ion channel
control, cell death, and disease.

K* Channels

Potassium-selective ion channels are essential to and widely distributed in all cell
types. Basically, K* channel activity sets the resting membrane potential. In different
cell types, these channels generate electrical signals (in excitable cells), and regulate
cell volume, proliferation, and movement. There are a variety of K* channels types:
voltage-gated K* channels (K 1.1-K 1.6) (delayed rectifiers, A-type voltage-gated K*
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channels); inward rectifier K* channels (K. 1.1-K 3.1) (these preferentially pass K* ions
inward; steep voltage dependence) (//1); and ligand-gated K* channels, e.g., the ATP-
dependent K* channels (K, ) or Ca*-dependent K* channels (K1) (112, 113). The
various K* channel types differ in their functions (//4—119). More is known about
K* channels in corneal epithelial cells than in corneal endothelial cells. Early stud-
ies showed that K* channel activity changes modulate the essential corneal epithelial
functions needed to mediate adrenoceptor stimulation of net CI- transport (/20). In rabbit
corneal epithelia, cholinergic receptor-mediated increases in cyclic GMP are also modu-
lators of some types of K* channel activity, and are sensitive to diltiazem (/27). Another
type of external Ca**-dependent K* channel activity, which is outwardly rectifying and
active at hyperpolarized voltages, but insensitive to the L-type Ca>* channel blocker
diltiazem, has also been detected. These, on the other hand, are activated by flufenamic
acid and blocked by Ba?*. In addition, an inwardly rectifying K* current has also been
uncovered (/22). Additional studies of freshly isolated bovine corneal epithelial cells
reveal an inactivating voltage-gated K* channel. Arachidonic acid and some fatty acids
may directly activate the large-conductance K* channel to augment its housekeeping
functions in corneal epithelial cells. There is also another noisy, sustained K* current,
which resembles the large-conductance K* current in the rabbit (/23). Recently, some
important functions of K* channels in the corneal epithelium were reviewed (35). Spe-
cifically, ultraviolet-irradiation-induced K* channel (Kv3.4) hyperactivation, resulting
in rapid intracellular K* content losses and cell-volume shrinkage followed by apopto-
sis, was described for rabbit corneal epithelia. As well, growth factor cognate receptor
stimulation induced the activation of other types of K* channels through induction of
corneal epithelial cell proliferation (20). Therefore, selective K* channel activation via
diverse receptor-activated events is essential for determining whether this activation
induces cell death or promotes cell proliferation.

Na* Channels

There is very limited information regarding the importance of selective sodium channel
modulation in corneal epithelial function. Watsky et al. (1991) reported the occurrence of
sodium currents in ocular epithelial cells from three different species. These currents have
a current/voltage (I/V) relationship consistent with traditional voltage-gated Na* currents,
which are tetrodotoxin (TTX)-blockable (/24). The presence of these currents is surpris-
ing, since TTX-sensitive Na* channels are normally not found in nonexcitable cells such
as corneal epithelial cells. Na* channels of this type are usually inactive in membrane
voltages of less than —60mV. In corneal epithelial cells, the membrane voltage under CI~
transporting conditions is less than —60mV with respect to the bathing solution (/25).
Therefore, the importance of the functional activity of these currents in cytokine- and
anisosmotic-mediated signaling is unclear.

Cl- Channels

Chloride channel activity modulation in the corneal epithelium occurs via adrenergic
signaling pathways that elicit increases in fluid secretion into the tears through transient
cytosolic increases in cyclic adenosine monophosphate (cAMP) and [Ca**], (16, 21,
73). Little is known about the effects of cytokines on net Cl~ transport, with the exception
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of results from a single study showing that stimulation of the ET-1 receptor subtype, ET,,
inhibited Cl -orginated fluid transport across epithelial layers in the rabbit cornea (126).
CI channel activity within the so-called CIC family of voltage-dependent Cl~ channels
is, accordingly, delineated: (i) the cAMP-activated transmembrane conductance regula-
tor (CFTR); (ii) Ca**-activated CI- channels (CaCC); and (iii) volume-regulated anion
channels (VRAC) (127-130); (iv) Voltage-dependent Ca?* channels are also referred
to as voltage-operated Ca** channels (VOCC). Corneal epithelial cells express low-
conductance Cl~ channels, comparable to the anion channels of other vertebrate epi-
thelia (/31). cAMP-dependent chloride currents have been identified in rabbit corneal
epithelia. This chloride conductance is mediated by CFTR (/32). In the same study,
functional and molecular properties of VRAC were identified. Specifically, Northern
blot analysis verified expression of CIC-3 gene transcripts, suggesting that C1C-3 acti-
vation underlies the effects of known CIC-3 inhibitors on hypotonicity-induced cell
swelling (47).

Voltage-Dependent Ca** Channels

VOCC:s are divided into L-type channels (Ca,1.1-1.4; dihydropyridine sensitive);
P/Q-type channels (Ca, 2.1, w-agatoxin sensitive); N-type channels (Ca, 2.2, ®-conotoxin
GVIA sensitive); R-type channels (Ca, 2.3, former blocker resistant channel, SNX-482
sensitive); and T-type channels (Ca,3.1-3.3, low-voltage activated) (133, 134). All are
expressed in a variety of tissues, including skeletal muscle, cardiac muscle, endocrine
cells, neurons, dendrites, and nerve terminals (/33—135). Pharmacological and electro-
physiological properties of VOCCs are determined by their pore-forming o, subunits.
Ten members, all of which differ in their unique o, subunits, of the VOCC family are
known (Ca,, subunits) (133, 134).

There is variable L-type dihydropyridine-sensitive Ca?" channel expression in corneal
epithelial cells. In the rabbit, Ca’* influx is mediated through nonselective non-voltage-
gated channels driven by membrane voltage electronegativity, which is dihydropyrid-
ine insensitive (8/). However, in human corneal epithelial cells, L-type Ca** channel
(Ca, 1.2) expression is detectable in every second patched cell. When detected, the cur-
rent amplitudes are less than 50 pA and have typical characteristics of VOCCs of the
L-type (Mergler et al., unpublished data) (Fig. 5).

Extracellular application of the specific L-type channel blocker nifedipine, reduces
plasma membrane Ca** influx, causing [Ca*] to decline (Mergler et al., unpublished
data) (Fig. 6); washout fails to restore the decreased levels to normal.

Ca** transients are components of some signaling pathways, which mediate innate
immunity in response to bacterial exposure through activation of toll-like receptors
(TLRs). There are 11 different TLR subtypes (TLR1-11), all of which respond to bacte-
rial challenge. In corneal epithelial cells, TLRS activation by a Gram-negative bacterial
component agonist (i.e., flagellin) mediates increases in pro-inflammatory cytokines,
e.g., interleukin-8 (IL-8). As corroborated by several other studies, Ca** influx is a com-
ponent of such signaling, provided that the TLRS coreceptor, asialoGM1, is activated.
TLRS5 activation is dependent on asialoGM1 activation, as indicated by the fact that
the TLRS agonist binding site is not accessible to the external medium. TLRS stimulation
in turn elicits an increase in Ca’* influx through L-type Ca** channels. Stimulation of
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Fig. 5. Ca’* channel currents in human corneal epithelial cells. (A) From a holding potential
of —70mV, cells were depolarized to +20mV in increments of 10mV for 25 ms duration.
(B) Superimposed Ca** channel inward-current traces (pA) induced by the electrical stimulation,
with Ba?* (10mM) as charge carrier, under extra- and intracellular Na*- and K--free conditions.
(C) Ca** channel peak current amplitudes (pA) were plotted against the pipette potentials (mV)
used in the stimulation protocol (standard current/voltage plot). Characteristics of the I/V line
nearly correspond to voltage-operated Ca’* channels (VOCCs) of the L-type.

such a Ca* transient is the result of TLR5-mediated ATP release and, in turn, ionotropic
P2Y receptor stimulation (737) (Fig. 7). L-type Ca®* channel activity is not the sole
mechanism for plasma membrane Ca** influx in human corneal epithelial cells. Other
Ca* influx pathways participating in receptor-mediated Ca** signaling include SOCs, of
tetrameric structure, comprising disparate monomeric transient receptor potential (TRP)
protein isoform subunits.
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Fig. 6. L-type channel activity in non-stimulated human corneal epithelial cells. Left
panel: Effect of extracellular application of nifedipine (5 UM) on cytosolic, free Ca?*. Changes
in cytosolic, free Ca?* are depicted as the ratio of the fluorescence values induced by excitation
wavelengths 340 and 380 nm. Intracellular Ca** concentration was calculated by the equation
from Grynkiewicz et al. (136). Right panel: Summary of nifedipine experiments.
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Fig.7. AsialoGMI1 interaction with Toll-like receptor 5 (TLRS) induces interleukin-8 (IL-8)
release. Agonist activation of a coreceptor, asialoGM1, results in protein-protein interaction
with TLRS followed by extracellular release of adenosine triphosphate and purinoceptor-
induced transient increases in Ca®* influx through L-type voltage-dependent Ca** channels.
This response activates Ca*-dependent kinase-mediated MEK1/2 and Erk1/2 mitogen-

activated protein kinase (MAPK) phosphorylation and IL-8 release. There is also parallel
NFxB activation.
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Table 2 Transient receptor potential (TRP) channel expression in corneal epithelial cells

Subtype Function
Canonical
TRPC4 Component of SOC mediating Ca** influx induced by EGF
TRPC1,3,5,7 Unknown
Vanilloid
TRPV1 Ca* influx pathway activated by capsaicin mediating IL-6 and IL-8 release
TRPV4 Alleged osmosensor inducing RVD responses to a hypotonic challenge
Melastatin
TRPMS Induces Ca** influx increases of in response to temperature changes
TRP Channels

Within the TRP superfamily are seven subfamilies, containing a total of 27 different
TRP genes (110, 138—142). Their gene products form homomeric and heteromeric com-
plexes that are nonselective cation channels. Channel activity control is receptor medi-
ated through kinases and influx factors. Influx factor formation may be responsive to the
Ca?* filling state of the ICS. The various receptor types that activate Ca** influx through
these nonselective pathways act as cellular sensors with diverse functions. Recent studies
in human corneal epithelia reveal TRP expression from three of the seven subfamilies.
The TRP subfamilies represented are: (i) canonical (TRPC), (ii) vanilloid (TRPV), and
(iii) melastatin (TRPM) (Table 2).

Seven different isoforms—TRPC1 to 7— exist. In different tissues, these can form
heteromers or homomers with one another to give rise to a four-member grouping that
constitutes a channel. On the basis of sequence homology and functional similarities,
members of the mammalian TRPC family are grouped accordingly: TRPC1, TRPC2,
TRPC3/6/7, and TRPC4/5 (142). Specific TRPC channels from different cell types are
each regulated by different signaling mechanisms. Canonical TRP activation can be
induced either through changes in the Ca** filling states of ICS or by direct receptor-medi-
ated control (/42). The isoform TRPC4 is expressed in human corneal epithelial cells
by mediating Ca?* influx in response to EGFR stimulation (84). The mitogenic response
to EGFR stimulation is dependent upon TRPC4 expression, based on the knowledge
that, following knockdown of its expression, EGF-induced increases in human corneal
epithelial cell proliferation are suppressed. Similarly, EGFR activation of Ca*" influx
declines as result of the failure to empty Ca?* from the ICS, which is needed to activate
the TRP channels. This is controlled by the filling state of these compartments. Even
though TRPC1,3,5,7 gene expression has been detected in human corneal epithelia,
there is no information regarding their roles in mediating Ca** influx induced by activa-
tion of other receptor types that induce control of cell proliferation. Nevertheless, targeting
drugs to mediate control of TRPC4 expression and function may provide an alternative
approach to hastening corneal epithelial proliferation and wound healing.

The TRPV subfamily, on the basis of structure and function, consists of two groups
in mammals: TRPV1-4, and TRPV5/6 (142). TRPV1—4 are nonselective thermosensi-
tive cation channels, although TRPV1 and 4 can also be activated by numerous other
stimuli. TRPV1-4 are modestly permeable to Ca?*. TRPV1 is activated by vanilloid
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Fig. 8. Melastatin transient receptor potential 8 (TRPMS) activity in human corneal
epithelial cells (HCECs). Left panel: Effect of extracellular application of the cooling agent
icilin (50uM) on cytosolic free Ca*". Changes in cytosolic, free Ca?* are depicted as the ratio of
the fluorescence values induced by excitation wavelengths 340 and 380 nm. Intracellular Ca*
concentration was calculated by the equation from Grynkiewicz et al. (136). Right panel: Summary
of icilin experiments.

compounds, such as capsaicin, resiniferatoxin, and olvanil, as well as by multiple other
stimuli, including moderate heat (=43°C) (143—145).

TRPV1 was first identified in the dorsal root ganglion (DRG) and trigeminal ganglion
neurons. It is also highly expressed in spinal and peripheral nerve terminals, and in multiple
non-neuronal cell types (reviewed in detail in /42). Interestingly, there is emerging evi-
dence of TRPV1 expression in various epithelial cell types. TRPV1 has also been detected
in human corneal epithelial cells. Its activation results in increases in pro-inflammatory
cytokine expression through activation of Ca** influx (Reinach et al., unpublished data).

Another isoform of the TRPV subfamily is TRPV4, which acts as an osmosensor to
induce the RVD response (/46). It is widely expressed in brain, DRG neurons, and multiple
excitable and nonexcitable peripheral cell types (147, 148). Interestingly, TRPV4 expres-
sion is also detected in human corneal epithelial cells, and appears to be involved in mediat-
ing the RVD response during a hypotonic challenge (Reinach et al., unpublished data).

On the basis of sequence homology, members of the TRPM family fall into four
groups: TRPM1/3, TRPM2/8, TRPM4/5, and TRPM6/7 (142). TRPM channels exhibit
highly varying permeabilities to Ca’* and Mg*". Mergler et al. (2005) showed that icilin,
the agonist for the temperature-sensitive transient receptor potential protein, TRPMS,
induced transient increases in [Ca*"] in human corneal epithelia (149) (Fig. 8).

There are several reports indicating temperature-dependent effects on corneal viabil-
ity during storage (150, 151). In this context, it is possible that the activity of putative
temperature-sensitive TRP channels, e.g., TRPMS, may be increased at lower storage
temperatures than are possible without TRPMS. This could result in graded shifts of
voltage-dependent activation curves of these TRP channels (/44). Another important
point is that corneal epithelial cells may be sensitive to hypothermic storage, because
they may be susceptible to a similar cold-induced injury, a phenomenon that could pro-
vide an explanation for putative corneal epithelial sensitivity to hypothermic storage.
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INTRODUCTION

It is well known that ocular tissues and fluids contain significant amounts of ascorbic
acid (AA) (/). High and nearly equal amounts of AA were found in both the aqueous
humor and vitreous humor(/, 2). Due to the higher levels of AA in these two compart-
ments relative to other intraocular tissues, aqueous and vitreous humors are considered
as reservoirs of AA in the eye. Comprehensive reviews on transport dynamics of AA
in the iris-cilliary body, aqueous humor, and vitreous humor have been published.
Furthermore, AA appears to be secreted onto the ocular epithelial surface and is found
in tear fluid (3, 4). Multiple transmembrane carrier proteins of facilitative diffusion
and secondary active type have also been identified as transporters of vitamin C across
various ocular tissue layers and cell membranes. In this chapter, we will restrict our
discussion to the function and transport of vitamin C in the anterior segment of the eye,
particularly the lens, cornea and the ocular surface.

LENS
Function

Rats and mice possess biosynthetic pathways to synthesize L-ascorbic acid
(vitamin C) endogenously via the glucuronic acid pathway. In contrast, vitamin C is
an essential nutrient for humans and primates since these species lack the ability to
biosynthesize it from precursors (5). Guinea pigs must obtain vitamin C from their diets,
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in a manner similar to humans and primates. Absorption by the gastrointestinal tract in
these species is a specialized, critical, rate-limiting step following which vitamin C is
transported to target tissues via the circulation.

Ascorbic acid is one of the most important cellular antioxidants and participates
in a number of critical functions (6). The finding that the human lens and intraocular
fluids maintain a high AA level has led investigators to propose that AA plays a
special role in the eye (3). It is generally found that the eye of diurnal animals has
higher levels of AA than ocular tissues of nocturnal animals, which have lower levels
(7). Ascorbic acid of ocular origin could compensate for the lack of antioxidant pro-
tection that comes normally with the blood supply, or alternatively serve the special
need for transparent tissues to protect from injury due to light exposure. High levels
of AA in aqueous humor have protective effects against ultraviolet (UV)-induced
damage to the lens epithelium (8). Hegde and Varma (2004) found that the pres-
ence of high ascorbate was highly beneficial in protecting the lens against oxidative
damage and cataract formation in aldose reductase-deficient mice, implying that
it is an important antioxidant. Our laboratory found that restricting AA in the
diet increased the propensity of cataract formation in the guinea pig and proposed that
this could be a suitable model for studying mechanisms of galactosemia-induced cata-
ract (9). However, AA can also act as a pro-oxidant in the aqueous humor and in the
lens. The metal-catalyzed reaction of AA produces reactive ascorbate free radicals,
dehydroascorbic acid (DHAA) and hydrogen peroxide, which must be reduced by
a mechanism such as GSH redox cycle because they are toxic to the lens (/0). In
fact DHA and H,O, have been linked to the formation of senile cataract (11-13).
Thus, it is important to understand the specific transport mechanisms of AA when
dissociated from those of DHAA to better assess the role played by AA in the
protection of the lens.

Transport

Cellular transport of AA and DHAA have been shown to be mediated by separate
mechanisms (/4). Studies with Xenopus oocytes showed that AA is transported by
a Na*-dependent mechanism that transports its structural analog isoascorbic acid,
but not D-glucose (75). In contrast, DHAA is a transport substrate for the mam-
malian Na*-independent hexose transporters (/6). It should be recognized that once
transported, DHAA is immediately reduced in the intracellular space to AA (14).
Results from studies on AA uptake in bovine lens epithelial cells led to the conclu-
sion that the aqueous humor pool of AA upon oxidative stress serves as a source
of DHA, which is readily taken up from the aqueous humor and converted to AA
intracellularly in lens epithelial cells, thereby sparing the pool of cellular AA (17).
Early in vivo and in vitro transport studies have led to conflicting results. Both AA
and DHAA can be taken up by the lens in vitro (/8). However, subsequent functional
studies suggested that DHAA is the predominant form transported (/9). Radiolabeled
AA uptake by lens and its compartments in vivo revealed that AA accumulated in
guinea-pig lens epithelium by a concentrative mechanism but did not accumulate
in the lens cortex (20, 21).
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More recently, two isoforms of the Na*-dependent vitamin C transporters (SVCTs)
have been cloned from rats and humans and have been named SVCT1 and SVCT2
(22-26). These transporters are encoded by the genes Slc23al and Slc23a2, respec-
tively (27, 28). In the considered species, at least one SVCT isoform has been found
in every tissue examined. SVCT1 is expressed predominantly in the liver, intestine,
and kidney, while SVCT2 is found in the brain and the eye (24). The two isoforms
have 84% sequence homology but differ in their substrate affinity and capacity for
AA transport (29). Heterozygous SVCT2 knockout mice have been generated that
can serve as a valuable model for the study of the physiological contribution of this
transporter. In contrast to the homozygous Slc23a2(—/-) mice that die shortly after
birth, the heterozygous mice survive to adulthood (30). It is also noteworthy that the
two SVCT isoforms appear to function independently of each other. For example,
SVCTI1 expression and AA levels in SVCT1-predominant organs were illustrated as
not being influenced by the suppression of SVCT?2 (31). Recent studies have suggested
that SVCT1 and SVCT?2 can be regulated by protein kinase C in COS-1 cells (32).
An age-dependent decrease in gene expression of SVCT1 and SVCT?2 has also been
shown in rat hepatocytes (33), while analogous studies in the lens or other ocular
tissues are lacking. Carrier-mediated transport of AA and the expression of AA trans-
porters in human lens epithelial cells have been investigated. Remarkably, these gene
expression studies in human lens epithelia revealed the presence of SVCT2, and not
SVCT]1. Furthermore, regulation of the specific human lens epithelial AA transporter
gene expression by oxidant stress in addition to various messenger signals was also be
demonstrated (34).

A recent report attempted to explain reasons behind for low levels of AA in rodent
lenses as compared to the human tissue by examining comparative uptake of AA
in cultured human and mouse lens epithelial cells. A significant (5- to 10-fold)
suppression of vitamin C uptake and SVCT2 expression in mouse 17EM 15 cells as
compared to human HLE-B3 cells was found (35). The mechanism causing this
difference may need to be investigated by further studies and may involve a wide
variety of factors such as changes in glycosylation, phosphorylation and other regu-
latory processes. At any rate, the finding is consistent with the metabolic studies of
Mody et al. who found a marked resistance to AA uptake in the guinea-pig lens (36).
It is of interest that an alternate-spliced variant of SVCT2 was identified recently, and
that it behaves as a dominant negative by inhibiting vitamin C transport through pro-
tein—protein type interaction (37). Studies on the role of the spliced variants as well
as other identified isoforms are likely to provide valuable information on regulation
of AA levels in the lens (37).

CORNEA
Function

As mentioned above, AA is highly concentrated in ocular tissues and fluids compared
with most other biosystems. The guinea-pig aqueous humor, for example contains 20
times more AA than plasma. Vitamin C content also varies significantly in different
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sections of the eye, with maximal values in the aqueous humor and the corneal epithe-
lium, and with the lowest reported values in the retina (38, 39). Ringvold et al. found
that the distribution pattern of vitamin C levels in the bovine eye followed the order of,
from greatest to least, central corneal epithelium, peripheral epithelium, aquous humor,
sclera/conjunctiva, serum (40). Additionally, the ocular vitamin C content of diurnal
animals is higher than that of nocturnal animals, supporting the documented role for
vitamin C in protection from UV radiation.

A number of physiological functions have been attributed to vitamin C in the cornea,
particularly in the context of its role in modulating wound healing and inflammatory
responses. There are several reports on the ascorbic acid content in mammalian corneal
tissue (38, 41-43). The levels in the corneal tissue in various species studied were higher
than in plasma and in general similar to in aqueous humor.

Ascorbic acid regulates collagen biosynthesis, serving as a cofactor for the hydroxy-
lation of proline and lysine residues on precollagen (44, 45). Since greater than 80% of
corneal dry weight is made up of collagen, the relationship between AA concentration
and collagen production has been studied in corneal stroma. In a series of studies, Saika
et al. found that AA and AA phosphate augmented the proliferation of corneal kerato-
cytes and increased the synthesis of type I and type III collagen (46, 47). Evidence for
the beneficiary role of AA in wound healing was provided by studies by Pfister and his
group who found that wound healing was promoted by topical application of AA (48,
49). The mechanism is likely to be through inhibition of the effect of oxygen radicals
produced by inflammatory process. Within this context, ascorbic acid was shown to also
modulate the metabolism of arachidonic acid in cornea (50, 51).

Other mechanisms of wound healing involve the participation of the electrophysi-
ological currents that are modulated by AA. The corneal epithelium contains an active
Na* transport system (Na*/K*-ATPase) displaying a net inward flow of sodium ions
(52, 53). On the other hand, CI- ions are actively transported outward, from aqueous
humor, across stroma and epithelium, to the tear side (54, 55). Ascorbic acid increases
Na* and CI- transport across amphibian cornea (56, 57). Recently Reid et al. described
a technique for pharmacologically manipulating the wound-induced electric fields, and
found that AA caused a significant increase in the wound-edge current compared to the
wound-center current (58).

Transport

DiMattio studied the transport of vitamin C in cornea using similar approaches
to those in lens tissue mentioned above (59). He concluded that, in guinea-pig and
rat cornea, vitamin C enters the tissue from the aqueous humor passing through the
endothelium into the stroma. DiMattio further found that there was an impairment in
AA entry in streptozotocin-treated diabetic guinea pigs and rats (60). Using bovine
corneal endothelial cells, Bode et al. showed that DHAA is taken up seven times more
than AA and suggested that cellular uptake of DHAA served as a source for AA for
corneal protection (61). Tsukaguchi et al. in their characterization of two Na*-dependent
vitamin C transporters, SVCT1 and SVCT2, found that SVCT2 was localized in deeper
layers of rabbit corneal epithelial tissue (24). This was confirmed by very recent work



Vitamin C Transport, Delivery, and Function in the Anterior Segment of the Eye ~ 51

in which Na*-dependent, carrier-mediated transport of AA was localized on the apical
domain of rabbit corneal epithelium. Further, reverse-transcriptase polymerase chain
reaction (RT-PCR) identified the presence of SVCT1 and SVCT2 message in the tissue
(62). Studies so far support the hypothesis that L-ascorbic acid transport may represent
its uptake by lacrimal gland from plasma and subsequent secretion into tears. This is
consistent with original findings that AA (and DHAA) were taken up by the porcine
lacrimal gland in in vitro studies with isolated tissue slices (63).

OCULAR SURFACE AND TEAR FILM

The conjunctiva is a thin, mucus-secreting, vascular tissue that covers most of the
inner surface of the eyelids, and is part of the anterior sclera where the cornea begins.
The conjunctiva is thought to function as a passive physical protective barrier and to
participate in the maintenance of tear-film stability due to the mucus secreted by the
resident goblet cells (64). Our laboratory as well as others have provided ample evi-
dence for additional functional features of the conjunctiva, viz. acting as a conduit for
drug delivery to the posterior segment of the eye following ocular drug instillation and
contributing to the regulation of electrolyte and fluid balance in the microenvironment
of its mucosal surface (65). The dynamic nature of conjunctiva was demonstrated from
the identification of several transport mechanisms for Na* absorption: Na*-glucose (66,
67), Nat-amino acid (68) and Na*-nucleoside cotransporters (69), in addition to active
CI- secretion (70). The permeability of the conjunctiva to a wide variety of hydrophilic
and lipophilic molecules was also reported (7/-73).

The ocular epithelium is very different in structure and function from the rest of the
dead epidermis covering the mammalian body, which serves as a primary barrier from
the environment. This small area (compared to the rest of the body surface) is a combi-
nation of two unique tissues, the conjunctiva, covering more than 85% of the surface,
and the cornea. These epithelia are relatively unprotected and constantly exposed to
light radiation, atmospheric oxygen, environmental chemicals, and physical abrasion.
Each one of these forms of stress has the potential to generate reactive oxygen species
(ROS) that contribute to ocular damage and disease if left unchecked. While the eye as
an organ contains natural protective components, viz. water-soluble antioxidants such
as vitamin C, cysteine, GSH, uric acid, pyruvate, and tyrosine; lipid-soluble antioxi-
dants such as tocopherols and retinols; and highly specialized enzymes such as super-
oxide dismutase, catalase, and glutathione peroxidase, the ocular epithelium serves as
the front line for protection equipped rather moderately with proper ammunition. Stud-
ies employing advanced analytical methods have demonstrated the presence of several
unambiguous water-soluble antioxidants in human tear fluid collected at normal and
stimulated flow rates. The mechanisms of action or the glandular sources of these anti-
oxidants have not been addressed in any detail so far.

Hydrogen peroxide has been detected in aqueous humor and other ocular fluids;
however reports of basal H,O, levels within mammalian tear fluid are scarce. Concentra-
tions of H,O, present in aqueous humor range from 25 to 70 uM. Furthermore, the levels
of H,O, have been shown to increase up to 20-fold in certain age-related diseases of the
eye with marked oxidative stress characteristics (74). Since H,O, is an ultimate byprod-
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uct of cellular respiration, it may be present in tear-fluid secretions under normal condi-
tions. In vitro it can also arise spontaneously through a reaction between ascorbic acid,
riboflavin, and light (or trace amounts of unbound metals in the absence of light). Given
that ascorbate exists in the tear fluid at concentrations of 0.8—-0.9mM (75), and maximal
levels of riboflavin have been detected in ocular surface tissues of the rabbit (76), under
physiological conditions the former may also assume a pro-oxidant role by generating
H,0, as itis consumed. A dynamic equilibrium is essential for H,0, through its continu-
ous production in the ocular surface and tear film, and subsequent elimination (74). It is
of interest that we found glutathione secretion by conjunctival epithelial cells may be a
critical input for the maintenance of this equilibrium (77). Tear specimens from differ-
ent human hosts showed a marked inhibition of hydroxy-radical formation, but did not
affect superoxide or H O, levels (78). Minimally stimulated tear samples collected from
human subjects do not display a detectable catalase or GSH-peroxidase activity suggest-
ing that the tear film may lack conventional cellular mechanisms that provide significant
protection from oxidative properties of H,O, (79). The contribution of vitamin C and its
transporters may thus be important in this regard.

Vitamin C given as a dietary supplement has been found to improve the tear-film
stability, tear secretion, and health of the ocular surface in general. In normal subjects,
improvement was found in tear-film stability with daily administration of vitamin C
tablet although the magnitude of improvement was somewhat smaller than a multi-
vitamin/trace element administered group (80). Peponis et al. found that oral vitamin
C supplementation along with vitamin E, to non-insulin-dependent diabetic patients,
attenuated free radical production, NO levels and improved the tear-function parameters
significantly (81, 82). Vitamin C was also found to improve cholesterol-induced micro-
circulatory changes in rabbits (83).

Animal studies have shown that deficiencies in water- and lipid-soluble vitamins
(e.g., C, A, and E) result in the loss of goblet cells in the conjunctiva and abnormal
chromatin distribution in the nucleus of epithelial cells (84). Inflammation and loss
of vascularity were considered as potential mechanisms for goblet cell loss in ocular
surface disorders (85). Given the high vitamin C levels in tears and the antiinflamma-
tory role of vitamin C in the eye (41, 75, 86), further studies will be needed to delineate
mechanisms involved in beneficial effects of nutritional supplementation of vitamin C
in ocular disorders.

FUTURE DIRECTIONS

Earlier work on vitamin C transport mostly described DHAA transport function via
glucose transporters and its relevance in augmenting vitamin C levels in cells and tis-
sues. Following the molecular biological characterization of specific, Na*-dependent
AA transporters, the structural and functional differences between DHAA and AA
transporters have been delineated. A knockout mouse model for SVCT2 (Slc23a2(+/-)
has been generated. While the expression pattern of transporters of DHAA and AA in
healthy tissues is known, there is a paucity of data on their role and regulation under
pathological conditions. Facilitated diffusion of DHAA though glucose-sensitive and
glucose-insensitive transporters, facilitated diffusion of AA through channels, exocytosis
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in secretory vesicles, and secondary active transport through the SVCT family of carrier
proteins may play a critical role in prevalent ocular pathologies known to lead to blind-
ness. A number of eye diseases where a decreased vitamin C concentration has been
reported in compartments such as those containing aqueous or vitreous fluid, or specific
ocular tissue and cell types, cannot be explained entirely in terms of reduction of dietary
intake. Evidence gathered regarding independent transport pathways and the regulation
of DHAA and AA would, however, facilitate efforts in the optimal design of modalities
for elevation of vitamin C level in patients through the local or systemic administration
of AA or DHAA. Given the known link between vitamin C and the redox status of the
cell, potential use of transgenic mice and gene-therapy approaches to combat ocular
diseases presents another area for future research. Overexpression of vitamin C trans-
porters under conditions of deficiency of other antioxidants such as glutathione (GSH)
and redoxins can offer rescue mechanisms. Signal transduction mechanisms linked to
vitamin C transporter function and the parallel modulation of ion channels offer addi-
tional clues for therapy, particularly in corneal wound healing.
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INTRODUCTION

Glaucoma is a leading cause of irreversible blindness in the world (/). Primary open-
angle glaucoma (POAG) is the most common form of glaucoma and its onset, as well as
progression, is often insidious, leading to significant visual loss before being clinically
diagnosed. POAG is frequently associated with elevated intraocular pressure (IOP) of
the eye. It is incurable at present, although its progression can be retarded by lowering
the IOP by medication and/or surgery. If pharmacological agents fail to attain a targeted
hypotensive response within the framework of the clinical characteristics and course,
surgery will be indicated.

The IOP is physiologically maintained within a relatively narrow range bracketing a
mean of approximately 15 mmHg. The level of IOP reflects a dynamic balance between
secretion (inflow) and drainage (outflow) of aqueous humor. The aqueous humor is a
transparent fluid that is formed by the ciliary processes (epithelium) of the eye. After its
production, aqueous humor flows from the posterior chamber to the anterior chamber
of the eye via the pupil (Fig. 1). In the anterior chamber, the temperature difference
between the warmer iris and the cooler cornea results in a convectional fluid circulation.
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Fig. 1. A schematic diagram showing the anatomical structures of the eye and the route of
aqueous flow (indicated by the direction of the arrows).

In principle, the surgical therapy for glaucoma, peripheral iridectomy, would be expected
to short-circuit this convective flow, but positional changes of the eyes likely maintain
adequate mixing and delivery of fresh aqueous humor to the avascular anterior segment.
Eventually, aqueous humor exits the eye through one of the two major routes: the pressure-
dependent trabecular pathway and the pressure-independent uveoscleral pathway (2).

The flow of aqueous humor serves many important ocular functions (2, 3): (i) to
maintain an optimal level of IOP for structural integrity and normal optical function-
ing of the eye; (ii) to provide nutrients for, as well as to remove metabolic wastes from,
avascular tissues of the anterior segment; (iii) to maintain a high concentration of ascor-
bate in most species, including human, as ascorbate has been shown to function as an
antioxidant to protect the globe from oxidative damages; and (iv) to participate in cel-
lular and humoral immune responses under adverse conditions such as inflammation
and infection.

Many anti-glaucoma drugs aim to lower IOP by either reducing the inflow or facili-
tating the outflow. Currently, lowering of the IOP is the only effective method known
to slow the onset and progression of glaucomatous vision loss (4—6). However, many
patients develop resistance to current clinical anti-glaucoma drugs and the side-effects
of these drugs are frequently significant, eventually reducing patient’s compliance. Such
limitations point to the need for novel and more-potent medications. In this chapter,
we shall focus only on the cellular mechanisms that are responsible for the secretion
of aqueous humor, which may aid the design of novel hypotensive drugs to combat the
worldwide problem of glaucoma.

POSSIBLE MECHANISMS FOR THE SECRETION
OF AQUEOUS HUMOR

The aqueous humor is formed via the ciliary epithelium of the ciliary body. In
theory, the formation of aqueous humor can be achieved by three interdependent
physiologic processes: diffusion, ultrafiltration, and active secretion. Diffusion is the
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passive movement of solutes across the cell membrane down a concentration and/or
electrical gradient. However, the fact that the concentrations of some solutes (e.g.,
CI- and ascorbate) in the aqueous humor are higher than expected from electrochemi-
cal equilibrium of the blood plasma suggests that mechanisms other than diffusion are
required to produce the aqueous humor (2, 7, 8). Likewise, ultrafiltration is the passive
flow of water and water-soluble substances across the cell membrane in response to
the hydrostatic pressure difference. It was suggested that ultrafiltration could account
for approximately 80% of aqueous humor formation because of the high hydraulic
conductivity of the ciliary processes (9). Nevertheless, the hydrostatic pressure in the
ciliary stroma was later shown to be smaller than the sum of the IOP and the oncotic
pressure, thereby favoring reabsorption rather than ultrafiltration of aqueous humor
(10). At present, ultrafiltration is believed to play a minor role (~20%) only in aqueous
humor formation (11, 12).

Active secretion has been proposed to play a dominant role and is responsible
for about 80% of aqueous humor formation under physiological condition (/7).
Experimental evidence has shown that the rate of aqueous humor secretion can be
suppressed by a variety of metabolic inhibitors (/3—15), hypothermia (/6), and anoxia
(17, 18), supporting the functional significance of active secretion in mediating the
aqueous inflow.

ION TRANSPORT BY CILIARY EPITHELIUM

The aqueous humor is secreted by the ciliary epithelium which comprises the pig-
mented ciliary epithelial (PE) layer facing the ciliary stroma and the nonpigmented cili-
ary epithelial (NPE) layer facing the aqueous humor (Fig. 2). This bilayered epithelium
is unique in orientation, with the apical surfaces of the two cell layers juxtaposed to each
other. Neighboring cells between the PE and NPE layers are coupled by intercellular gap
junctions, thereby forming a functional syncytium (79).

In essence, the secretion of aqueous humor is driven primarily by active ion secretion
across the ciliary epithelium in the direction from stroma to aqueous humor surface,
which is followed by osmotic water movement. The transepithelial secretion involves
at least three transport steps: (i) uptake of ions from ciliary stroma by the PE cells; (ii)
transfer of ions from PE to NPE cells via the gap functions; and (iii) release of ions
from the NPE cells into the posterior chamber (20). Since Na*, HCO,™ and CI~ are
the major ions in the aqueous humor, they are suggested to participate in the process
and will be discussed in detail below.

NA* SECRETION

In the ciliary epithelium, Na* transport is primarily mediated by an enzyme Na*,
K*-adenosine triphosphatase (ATPase) that consists of two o-subunits and two [3-subunits.
The o-subunit is the catalytic unit which is responsible for ion transport and ATPase
activity. The B-subunit facilitates the proper folding of the o-subunit, thereby ensuring
the trafficking of the ATPase to the plasma membrane and modifying the corresponding
activity (217). Na*, K*-ATPase acts by extruding three Na*, in exchange for the ingress
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AQUEOUS HUMOR FORMATION
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Fig. 2. A simplified model of aqueous humor formation. NaCl is taken up by the pigmented
epithelial (PE) cells from the ciliary stroma by the Na*-K*-2CI~ symport and parallel Na*/H*
and CI/HCO," antiports, and diffuses to the nonpigmented epithelial (NPE) cells through gap
junctions. Cytosolic carbonic anhydrase (CA II) enhances turnover of the PE antiports, both
by enhancing the rate of delivery of H* and HCO,™ and by directly activating the antiports.
Additionally, CI- channels on both PE and NPE cells provide potential pathways for modulating
the aqueous humor secretion. TJ=Tight junctions.

of two K* into the cell, at the expense of one ATP (22). This results in the generation
of the transmembrane Na* and K* gradients that are of great importance for a variety of
cellular functions (23). The activities of the Na*, K*-ATPase can be blocked by cardiac
glycosides such as ouabain. The administration of ouabain via different routes has been
shown to lower the IOP in experimental animals (13, 24), primarily by reducing the rate
of aqueous humor formation (15, 25, 26).

Na*, K*-ATPase has been identified in the ciliary epithelium of rabbit (27-29) and
ox (30) by histochemical methods, and by *H-ouabain localization in the rabbit (28).
Functional expression of this enzyme has also been demonstrated in different species
including rabbit (14, 31), cat (25), ox (31, 32), monkey (14, 33), and human (34). Iso-
form-specific antibodies have been used to map the distribution of the enzyme subu-
nits in rat and mouse ciliary epithelium (35). The Na*, K*-ATPase is predominantly
localized at the basolateral infoldings and the interdigitations of both PE and NPE
cells (28, 36), but is differentially expressed in the two cell layers. Higher levels of
expression are observed in the NPE cells (28, 31), and the isoform composition differs
between the PE and NPE cells (37, 38). The distribution of Na*, K*-ATPase isoforms
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Fig. 3. A simplified diagram of an Ussing—Zerahn-type chamber. The epithelium can be
viewed as a partition between two half-chambers, thus forming two compartments, one on each
side of the preparation. Two pairs of electrodes are used: one is for the measurement of tran-
sepithelial potential difference (PD), whereas the other is for passing electric current through the
preparation to measure the tissue resistance.

also varies in different regions of the ciliary epithelium (30). For example, both the
o- and B-isoforms have been shown to be more abundant in the pars plicata than in the
pars plana (37).

Measurement of the transepithelial potential difference (PD) is a direct approach used
to study the ion secretion across the ciliary epithelium (Fig. 3). This was first demon-
strated by Cole, who mounted an in vitro ciliary body preparation in the Ussing chamber
(39, 40). He demonstrated a PD with aqueous-side positive across the ciliary body of
ox and rabbit. Replacing the bathing Na* decreased the magnitude of the PD (39, 40).
In parallel with this finding, he detected a positive PD by inserting an electrode into the
posterior chamber of the rabbit eye in vivo (41). Based on these results, he postulated
that the active secretion of Na* by the Na*, K*-ATPase at the basolateral surface of NPE
cells causes a local accumulation of Na* at the intercellular clefts and in the invagina-
tions of basal-cell membrane. This generates a local hyperosmotic environment that sub-
sequently drives water into the clefts, leading to the formation of aqueous humor. This
hypothesis was later supported by other studies which have investigated the rate of Na*
accession from the blood plasma to the posterior chamber. It was shown that the rate of
Na* accession is correlated with the aqueous humor formation rate (42), and intravenous
administration of ouabain reduced both Na* accession and aqueous humor formation by
30-50% in some species, including cat (26), dog (42, 43), and monkey (44), but not in
dogfish (45). He suggested that such discrepancy may be due to the large diffusional Na*
flux which masks the net Na* secretion.

The notion of Na* transport was later questioned by several electrophysiologic studies
where a negative PD across the ciliary epithelium was observed (17, 33, 46—49). At that
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time, the negative PD suggested a primacy of an active anion (possibly HCO,™ and/or
CI") over the Na* transport. Furthermore, no net Na* flux was detected across the ciliary
body of rabbit (50, 51), cat (47), toad (52), and ox (53). Interestingly, ouabain did not
inhibit, but rather slightly stimulated, the unidirectional Na* fluxes when applied to one
or both sides of the preparations (57, 52). These results were consistent with the notion
that the unidirectional Na* fluxes are high, so that relatively small differences in the
oppositely directed fluxes may be difficult to detect. This problem was later addressed
by measuring the unidirectional Na* fluxes under a reduced bathing Na* concentration,
such that the diffusional fluxes could be minimized (54). At 30 mM bathing Na*,
statistically significant net Na* transport in the blood-to-aqueous direction was detected.
However, the measured net Na* transport was still insufficient to account for the in vivo
rate of aqueous humor formation. The reason for this discrepancy has been unclear, but
might reflect the relatively slow delivery of ions and water to the epithelial surface of
the in vitro ciliary epithelium. Delivery of stromal solution is expected to be much faster
through the microvasculature in vivo. This interpretation is consistent with recent find-
ings that the measured rate of aqueous humor formation using the arterially perfused eye
(55, 56) was much higher than the calculated inflow rate using the excised preparation
of ciliary epithelium (57) in the same species. In parallel, it has been shown in the living
rabbit that aqueous humor secretion is dependent on blood flow when the ciliary blood
flow falls below 74% of control values (58).

HCO,- SECRETION

It has long been recognized that HCO,™ transport is involved in the formation of
aqueous humor and that carbonic anhydrase (CA) plays a crucial role, either directly or
indirectly, in regulating HCO,™ movement across the ciliary epithelium. CA is an impor-
tant enzyme that is present in virtually all secretary epithelia. It catalyzes the reversible
hydration of CO,;:

CO, +H,0—>H,CO, «—H" +HCO;

At least seven isozymes of mammalian CA (CA I to VII) have been cloned and
sequenced. They display different kinetic properties, susceptibility to inhibitors, intra-
cellular location, and tissue distribution (59, 60). Besides, they also participate in a vari-
ety of physiological functions such as pH regulation, CO, and HCO, transport (59).
The presence of CA has been histochemically demonstrated in the ciliary epithelium
of rabbit, monkey, and human (617, 62). Also, a number of biochemical studies have
demonstrated the CA activity in the ciliary epithelium in different species (63-67). Both
the cytosolic CA II (68) and membrane-bound CA IV (67, 69, 70) have been identified
in the ciliary epithelium and their combined effect may give rise to a net transepithelial
HCO," transport into the posterior chamber.

The role of CA in secreting aqueous humor was initially proposed by Friedenwald
(71). He postulated that CA facilitates the buffering of OH™ by CO,, leading to the
formation of HCO," that is subsequently released into the aqueous humor. The HCO,~
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secretion is electrically neutralized by Na* entry from the blood plasma (44). Subsequent
studies have demonstrated that the rate of HCO,™ accession to the posterior chamber
is very rapid and the administration of acetazolamide, a carbonic anhydrase inhibitor
(CAI), decreases the accumulation of HCO,™ in the aqueous humor (72-74). This find-
ing is consistent with the measurement of the steady-state HCO,™ concentration in the
aqueous humor as compared to its concentration in the blood plasma (75). It has been
shown that, in species like rabbit and guinea pig, the HCO,™ concentration in the aque-
ous humor is higher than that of the blood plasma, suggesting the presence of an active
HCO, transport into the eye. The excess HCO,™ is necessarily accompanied by a defi-
cit of Cl in the aqueous humor (8, 75), because of the demands of electroneutrality and
isotonicity. Thus, in those species, the aqueous humor is alkaline. In contrast, primates
such as the monkey and human secrete acidic aqueous humor with an excess of Cl~ and
a deficit of HCO,™ (74, 75). Interestingly, systemic administration of acetazolamide
produces opposite effects on these two apparently different species (74). In rabbit, it
reduces the aqueous-to-plasma ratio of HCO,™ but increases the ratio of CI-, whereas
in human, it decreases the aqueous-to- plasma ratio of CI- but increases the ratio of
HCO,". Nevertheless, the administration of CAl reduces aqueous humor formation and
IOP both in experimental animals (76—79) and human (80, 81). These observations are
consistent with the concept that the underlying transport mechanisms are common in
all these species, regardless of whether the final aqueous humor is slightly acidic or
alkaline. Clinically, CAls have been used in anti-glaucoma treatment to lower IOP for
several decades (82, 83). As discussed below, the CAls are likely to act by inhibiting
the first step in secretion of aqueous humor, namely the uptake of NaCl from the stro-
mal fluid.

The importance of anion transport is suggested by the polarity of the PD of the aque-
ous with respect to the stroma (17, 33, 4649, 57, 84). When bathed with HCO, -rich
solution, the rabbit ciliary epithelium displays a negative polarity which is rever51ble by
omitting HCO,™ from the bathing solution (17, 46). This suggests that HCO,™ is essen-
tial for the maintenance of ionic currents across the ciliary body and is consistent with
the notion of predominant anion secretion into the aqueous humor. In studies of intra-
cellular pH (pH,) regulation and *Na uptake, a Cl™-dependent, 2,2’~(1,2-ethenediyl)bis
(5-isothiocyanatobenzenesulfonic acid (DIDS)-sensitive Na*-HCO,~ symport was found
in cultured bovine PE cells (85, 86). Similarly, a Na*-dependent HCO uptake mecha-
nism has been identified in rabbit PE cells (87), providing a potential source for HCO,~
accumulation in the ciliary epithelium. In addition, HCO,~ exit pathways into the pos-
terior chamber could be provided both by the CI/HCO,” exchangers at the basolateral
membrane of NPE cells (88, 89), and by the CI~ channels (90, 91). Taken together, these
results indicate that transepithelial HCO,™ secretion can certainly proceed across the
ciliary epithelium. However, HCO,~ constitutes only 20-25% of the total anion com-
position of the aqueous humor in all mammalian species, so that cations secreted are
anticipated to be predominantly accompanied by CI . Indeed, a recent transport study
failed to identify day net HCO,™ transport across bovine ciliary epithelium (92), under-
lining the likelihood that HCO may play an indirect role in aqueous humor formation
by modulating the net Cl~ secretlon (92).
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Cl- SECRETION

The importance of CI- transport had not been fully recognized until recent years. At
present, it is generally believed that anion transport is important in the aqueous humor
formation and Cl- is likely to be the key player in driving the aqueous inflow (3).

Whether CI- transport plays a role in mediating aqueous humor secretion had been
controversial for some time. Several investigators have demonstrated a clear Cl~ depend-
ence of short-circuit current (/) across the ciliary body of cat (47), toad (49), and
rabbit (46). Moreover, addition of furosemide, a widely used loop diuretic, to the bathing
solution reduces the [ in the ciliary body preparation of different species (46, 48, 93).
Nevertheless, neither a Cl- -dependent nor furosemide-sensitive I was demonstrated in
other studies of rabbit (/7, 51). Similarly, the data on the net transeplthehal CI- trans-
port across the ciliary epithelium was conflicting. A substantial net CI- transport in the
blood-to-aqueous direction was observed in cat (47), toad (52), and rabbit (50), albeit
not observed in a subsequent study of the rabbit eye (5/). As mentioned above, Cl~ secretion
across the ciliary epithelium should proceed through three sequential events and they
will be summarized in detail below.

CI- Uptake by PE Cells

The intracellular Cl~ concentration in the ciliary epithelium is significantly higher
than that predicted from the electrochemical equilibrium, indicating the presence of an
active Cl™ uptake pathway in the PE cells (94-97). This Cl~ uptake is likely to be medi-
ated through a furosemide-sensitive mechanism because the intracellular CI- activity
can be significantly lowered by applying this transport inhibitor (94).

It has been shown that the uptakes of radiolabeled *Na and *Cl in cultured bovine
PE cells are interdependent (66). 2Na uptake into the PE cells is stimulated by the pres-
ence of CI” in the bathing media, and vice versa. Based on the measurements of pH,
and radiolabeled tracer uptake, two major pathways have been proposed for CI~ uptake
into PE cells (20, 66, 98-100): Na*-K*-2CI~ symport and parallel CI/HCO," and Na*/
H* antiports. Both of the pathways subserve the electroneutral uptake of Na* and CI~
into the ciliary epithelium. Results of subsequent work have indicated that both sets of
mechanisms are likely operative (55, 57, 92, 101, 102), although their relative contribu-
tions may vary with species and with experimental conditions.

Na*-K*-2CIl- Symport Versus Parallel CI'/HCO, and Na*/H* Antiports

A recent immunocytochemical study of young-calf ciliary epithelium has shown
that the majority of Na*-K*-2Cl~ cotransporters are localized along the basolateral
border of PE cells in the anterior pars plicata region displaying prominent ciliary
processes (38). Blocking the Na*-K*-2Cl transport activity with the selective inhibi-
tor bumetanide or nonspecific inhibitor furosemide has been found to reduce Na*, CI~
or water uptake by PE cells or ciliary epithelium. For example, furosemide reduces
the intracellular Cl- activity of shark ciliary epithelium (94). Bumetanide inhibits the
2Na and *Cl uptake by cultured bovine PE cells (66) and shrinks native bovine PE
cells (103). Additionally, the shrinkage of PE cells induced by reducing the bathing
Na*, K*, and CI~ concentrations can be prevented by bumetanide (/03). These results
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clearly demonstrate the presence of a functional, bumetanide-sensitive Na*-K*-2Cl~
cotransporter in the PE cells.

Blocking the Na*-K*-2Cl~ cotransporter with bumetanide reduces transepithelial
CI- transport and aqueous humor formation in vitro. Stromal bumetanide inhibits both
I and net CI~ secretion across rabbit (101), porcine (102) and bovine (57) ciliary epi-
thelium. The addition of bumetanide to the arterial perfusate also slows aqueous
humor secretion by isolated bovine eyes (55). Interestingly, bumetanide inhibits the net
Cl- secretion not only by reducing the blood-to-aqueous Cl- flux (secretion), but also by
increasing the aqueous-to-blood Cl- transport (reabsorption) (57, 101, 102). The exact
reason for the increase in back-flux is not entirely clear, but may reflect two possibili-
ties: (i) the enhancement of NPE-cell reabsorptive pathway (38, 70, 104-107) triggered
by a reduction of intracellular CI- concentration when bumetanide is added to inhibit the
CI- uptake into the cells; or (ii) bumetanide-altered the permeability of the paracellular
pathways.

Parallel CI7HCO,” and Na*/H* antiports are likely to be important both in regulating
pH, and CI" secretion across ciliary epithelium. Both CI/HCO," and Na*/H* exchangers
are involved in the *?Na and 3¢Cl uptake by cultured bovine PE cells (20, 66). A later
study also showed that they play a significant part in the fluid uptake, >’Na entry and
pH, regulation in cultured bovine PE cells (108). In this later study, the pharmacologic
profile of Na*/H*-exchange inhibition led to the identification of the NHE-1 isoform.
Reverse-transcriptase polymerase chain reaction (RT-PCR) amplification of RNA from
human ciliary body, and immunostaining of the cultured bovine PE cells, indicated that
the CI"/HCO,™ antiport is the AE2 isoform (/08). The turnover of these antiports can
be accelerated by the enzyme CA that, as noted above, catalyzes the reversible for-
mation of H" and HCO,™ from CO, and water (109). The cytosolic CA II enhances the
delivery of H* and HCO,™ to the antiports and the membrane-bound CA IV catalyzes the
reformation of CO, and water from H* and HCO,~ at the stromal surface of the PE cells
(104). Carbonic anhydrase II has a more-direct action, as well, indirectly increasing the
turnover rates of the NHE-1 (/70) and AE2 antiports (/11). It is likely that CAls reduce
aqueous inflow by interfering with the effects of CA II and CA 1V in catalyzing NaCl
uptake by the PE cells (92).

Considerable evidence indicates that both sets of electroneutral transporters can
subserve NaCl uptake by the PE cells from the stroma, but their relative contributions
may vary among different species and experimental conditions. For example, data from
the isolated bovine ciliary epithelia and arterially perfused bovine eye preparation sug-
gest approximately equal contributions from the two pathways (55, 57, 101, 112). In
addition, bumetanide inhibits the blood-to-aqueous CI~ transport by half in rabbit, and
the other half may be contributed by the CI7HCO,” exchanger (/01). However, another
study has shown that the parallel antiports are the dominant Cl~ uptake pathway in the
rabbit ciliary epithelium (/13). Electron microprobe analysis has demonstrated that, in
the presence of CO,/HCO,", blocking CA with acetazolamide (//3) or blocking the
Na*/H* exchanger with dimethylamiloride (//4) reduces the intracellular C1- content.
Interestingly, blocking the Na*-K*-2Cl~ cotransporter with bumetanide lowers the
CI~ content only in HCO,-free conditions (//3). In the presence of a physiologic
concentration of HCO,", bumetanide produces a paradoxical increase of CI- content.



70 Do et al.

This leads to the conclusion that the parallel antiports may have increased the intracellular
Cl- concentration to a sufficient level to reverse the thermodynamic driving force imposed
on the Na*-K*-2Cl~ symport under HCO, -rich conditions (/15). In that case, blocking
the symport could have inhibited CI- release rather than uptake in rabbit. Another possi-
bility is that the increase in CI~ content with bumetanide might have reflected the upreg-
ulation of the CI/HCO,™ antiport activity, thereby over-compensating for the reduction
of CI entry into the PE cells when the Na*-K*-2Cl~ symport is blocked.

Irrespective of the exact mechanism underlying the paradoxical effect of bumetanide,
subsequent studies of IOP in living mice have shown that topical application of selec-
tive inhibitors of Na*/H* exchanger or of acetazolamide lower baseline IOP, whereas
bumetanide by itself does not reduce baseline IOP in the living mouse (//6) or liv-
ing cynomolgus monkey (//7). However, after blocking the Na*/H* antiport, inhibi-
tion of the Na*-K*-2ClI- cotransporter with bumetanide significantly reduces mouse IOP.
Apparently, the quantitative contribution of these two sets of transporters in mediating
Cl- uptake may be different in different species. In species such as rabbit and mouse, the
role of CI/HCO,™ antiport may be more pronounced as they secrete HCO,™ to a higher
concentration, whereas in other species such as the cow, the role of Na*-K*-2Cl~ symport
may be more important (118).

CI- Transfer from PE to NPE Cells

Gap junctions provide a route for exchange of solutes and water between PE and NPE
cells, as well as between adjacent cells within the same cell layer. The intercellular gap
junctions have been well documented by structural (19, 119), biochemical (120-123),
and functional (57, 94-97, 102, 103, 112, 124, 125) studies, suggesting that the ciliary
epithelium is a functional syncytium (2). It has been demonstrated that the connexins
Cx40 and Cx43 are present in the PE-NPE cells whereas the connexins Cx26 and Cx31
are found in the NPE-NPE cells of rat ciliary epithelium (/217). The identity of the con-
nexins between the PE-PE cells is yet unclear. The communication and transport between
these layers can be disrupted by common non-selective gap-junction inhibitors such as
octanol (125) and heptanol (126). For example, heptanol reduces I by approximately
80% across isolated ciliary epithelia of different species (57, 102, 127) and the inhibition
of I  is primarily associated with a reduction of net CI secretion (57, 102).

In addition to a reduction of net CI- secretion, heptanol triggers a slight reduction
(around 7%) in tissue resistance (57, 102, 112). The effect is reversible upon removal
of heptanol from the bathing solution (//2). Since the transmural conductance (i.e. the
reciprocal of the tissue resistance) is dominated by the paracellular conductance, it is likely
that heptanol exerts at least two separate effects on ciliary epithelium: (i) interrupting the
gap junctions between PE and NPE cells, and (ii) increasing the permeability of
the paracellular pathway.

Cl- Release from NPE Cells into the Posterior Chamber

CI- efflux from the NPE cells to the aqueous humor is the last step in Cl~ secretion.
It has been suggested that the Cl- release is likely the rate-limiting step in the aqueous
humor secretion (128, 129) because: (i) the intracellular CI- concentration is several-fold
higher than that predicted from its electrochemical equilibrium, indicating that the uptake
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of CI~ from the stroma by the PE cells is not rate-limiting; (ii) the membrane potentials
and intracellular ionic content of the PE and NPE cells are similar, suggesting a free
exchange of ions between PE and NPE cells through the gap junctions; and (iii) under
baseline condition, the activities of Nat,K*-ATPase and K* channels at the basolateral
membrane of NPE cells are high, indicating that they are not rate-limiting. This hypoth-
esis is supported by the fact that a Cl"-channel blocker 5-nitro-2-(3-phenylpropylamino)
benzoic acid (NPPB, 0.1 mM) significantly inhibits both net Cl- secretion (57) and
aqueous humor formation (55) in vitro.

The baseline activity of NPE CI- channels can be stimulated by a number of per-
turbations, including cyclic adenosine monophosphate (cAMP) (/30-132), hypotonic
cell swelling (133, 134), inhibition of protein kinase C (PKC) activity (/35-138), and
stimulation of A, adenosine receptors (A,ARs) (139, 140). At present, the molecular
identity of the NPE CI- channels is still unclear. At least two different channels or chan-
nel regulators, namely swelling-activated CIC-3 and pl , are likely involved (134).
Several lines of evidence have suggested that the swelling-activated CIC-3 may be the
dominant CI- channel, channel component or channel regulator in NPE cells (141, 142):
(1) NPE cells express both CIC-3 transcripts and protein (/41); (ii) PKC reduces
Cl- channel activity in NPE cells (135, 141, 143), a characteristic of CIC-3-associated
Cl- currents (/44); and (iii) antisense deoxynucleotides downregulate messages for
CIC-3 and swelling-activated Cl~ channels in NPE cells (/45). Recently, a functional
blocking antibody specific for CIC-3 (/46) has been found to reduce Cl- current of
bovine (1/47) and cultured rabbit (/48) NPE cells. Despite these, the role of CIC-3 in
CI- transport across the plasma membranes of NPE and other cells remains controversial
(149, 150), particularly because the swelling-activated Cl~ channel activity of mouse
pancreatic acinar cells and hepatocytes is retained in CIC-3-negative mice (/57). One
possible explanation of the conflicting results could be that CIC-3 is of importance in
only one of several swelling-activated Cl- channels expressed in different cells (152)
and CIC-3 may constitute only in part of the complex of proteins comprising a swell-
ing-activated CI- channel. Additional evidence has shown that pI, potentially regu-
lates NPE-cell CI- channels (/53), and the first human form of this protein cloned from
NPE cells (135, 154), pl., , has also been found in native bovine NPE cells (155), and
antisense down-regulation of pl, reduces the immunological staining and inhibits the
swelling-activated CI~ current. However, subsequent work has shown that pl, is local-
ized primarily in the cytoplasm of NPE cells, and neither a translocation of pI , from the
cytoplasm to the plasma membrane nor changes in pl ., expression are detected upon
exposing the cells to hypotonic solution (156). This suggests that pI, may not be the
key CI- channel and that its effect on the Cl~ channel conduit could be indirect, possibly
through cytostructural restructuring.

The putative importance of swelling-activated Cl- channels (/03, 133) rests upon the
tacit assumptions that swelling-activated Cl- currents observed in isolated NPE cells
contribute to C1- secretion across ciliary epithelium. The distribution of these channels
is predominantly at the basolateral surface of the NPE cells facing the aqueous humor.
Therefore, activation of these Cl~ channels is expected to enhance CI- secretion. Very
recently, it has been demonstrated that the stimulation of swelling-activated CI~ current
in NPE cells increases the I across the intact ciliary epithelium, leading to an increase
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of CI- secretion (/57). The time course of the hypotonically triggered stimulation of
I is comparable to that of the regulatory volume decrease in isolated NPE cells, sug-
gesting that the swelling-activated CI- channels are indeed predominantly localized
at the aqueous surface of NPE cells and their net effect is to enhance aqueous humor
formation (157).

Cl- REABSORPTION
At the Basolateral Surface of NPE Cells

Studies of NPE cells of different species, including human, have provided considera-
ble evidence for functional activity of parallel Na*/H* and CI"/HCO," antiport, a Na*-CI-
symport and an amiloride-sensitive Na* channel (67, 70, 89, 107). In addition, several
investigators have found Na*-K*-2Cl~ symport activity in cultured human (107, 158) and
rabbit (/106) NPE cells. Besides, a messenger for the o-subunit of the epithelial ENaC
Na* channel has been shown to be expressed in human ciliary body RNA (729). It is
anticipated that the stimulation of these ion transporters and channels facilitate NaCl
recycling at the basolateral membrane of NPE cells, thereby increasing the Cl~ reabsorp-
tion. The increased reabsorption may enhance fluid movement through the PE cells back
to the ciliary stroma, reducing the net secretion of aqueous humor.

At the Stromal Surface of PE Cells

The symports and antiports in PE cells have been considered to facilitate uptake of
ions from the ciliary stroma (20). PE cells also express Na*, K*-ATPase, and Cl~ chan-
nels at their basolateral surfaces (128). The Na*, K*-ATPase, and CI- channels could
subserve Na* extrusion and Cl release into the stroma, recycling NaCl at the stromal
surface of the PE cells and thereby reducing net NaCl secretion into the aqueous humor.
This hypothesis is supported by both electrophysiologic and volumetric measurement
of immortalized bovine PE cells (159). Addition of ATP to the bath produces activation
of CI” channels, and thereby shrinkage, of PE cells. ATP activates P,Y, ATP receptors
(160), triggering sequential increases in free intracellular Ca** concentration, phospholi-
pase A, activity, prostaglandin E, (PGE,) formation and release, and cAMP formation
(159). Interestingly, the R stereoisomer of 8-bromo-adenosine 3’,5’-cyclic monophos-
phothioate, an inhibitor of cAMP-activated kinase (PKA), mimics the effects of cAMP,
indicating that cAMP may act directly on the Cl~ channel rather than through PKA. The
antiestrogen tamoxifen enhances the ATP-induced activation of PE-cell Cl- channels,
but the mechanism is unclear (/61).

The results obtained with transformed PE cells have been extended by patch-clamping
native bovine PE cells (162). Cyclic AMP activates maxi-Cl~ channels in excised inside-out
and outside-out patches. These channels have been identified in many cells, including
PE cells (163). However, the channel’s open probability (P,) is known to be highest at
a nonphysiologic transmembrane potential between +20 and —20mV, and therefore its
physiologic significance has been obscure. It has been shown that the P of cAMP-acti-
vated maxi-CI- channels increases progressively with increasing intracellular CI- con-
centration, implying that the maxi-Cl~ channels might be of particular importance under
conditions of rapid NaCl uptake by the PE cells. For example, if the NPE cells could
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not release NaCl at the same rate into the aqueous humor, the CI~ concentration would
increase in PE cells, thereby enhancing CI- release through the cAMP-activated maxi-
CI” channels by increasing P (162) (Fig. 2). Although the physiologic trigger for the
cAMP production is still not clear, PE cells are known to release ATP upon cell swelling (164),
and still possibly trigger the sequential cascade leading to cAMP formation. Therefore, PE
cells that have taken up large amounts of NaCl and water might display negative feed-
back, release ATP, and trigger the events that lead to cAMP-induced Cl- release back
into the stroma. This recycle would reduce net Cl- transfer to the NPE cells and might
even constitute in part a pathway for the reabsorption of aqueous humor.

REGULATION OF AQUEOUS HUMOR FORMATION

It has been known that the level of IOP is not constant, but displays diurnal variation.
The fluctuation of IOP is observed both in normal and glaucomatous patients, although
the latter may demonstrate a more significant variation (/65). Rates of aqueous humor
secretion have been reported to be 2.61 ul min™' during the day and 1.08 pl min™' at night
in normal human subjects (/66). However, the diurnal changes in IOP are not synchro-
nous with those in inflow. The IOP of the normal human peaks in the dark-sleep period
(167) at a time when aqueous humor secretion is half of that observed later in the day
(168). Evidently, the circadian rhythms in IOP and inflow are regulated through inde-
pendent, as yet unidentified, mechanisms.

The aqueous humor secretion is subjected to modulation by a number of different
cascades including catecholamines, antinatriuretic peptide, endothelin, purines, muscarinic
receptors, cannabinoids, tumor necrosis factor-alpha, glucocorticoids, prostanoids, cAMP,
cyclic guanosine 3’,5’-monophosphate (¢cGMP), nitric oxide, Ca**, pH, PKC, PKA,
tyrosine kinase, and MAP kinase (137, 138, 143, 169—179). Among these potential
cascades, the mechanisms of three common regulatory pathways involving cAMP, A,
adenosine receptor, and nitric oxide on aqueous inflow will be discussed below.

Cyclic AMP

Cyclic AMP is the most frequently studied intracellular modulator of aqueous
humor secretion, however, the exact physiologic significance of cAMP in mediat-
ing aqueous humor formation remains controversial. For example, isoproterenol, a
B-adrenergic agonist that increases cAMP production, has been shown to activate the
Na*-K*-2CI" symport of PE cells and stimulate net CI- secretion across the intact rab-
bit ciliary epithelium (/017). In addition, cAMP likely activates NPE-cell CI- channels
(130), so that cAMP might be expected to enhance CI- secretion by acting on both
surfaces of the ciliary epithelium. Nevertheless, cCAMP does not markedly increase
the rate of aqueous humor formation with forskolin, which stimulates endogenous
cAMP production. Instead, it decreases the rate of inflow (/80, 181). In parallel with
this finding, other studies have shown that cAMP tends to reduce, rather than increase,
net Cl~ secretion. Activation of cAMP-triggered C1~ channels at the stromal surface of
PE cells is thought to inhibit the net Cl~ secretion (/62). Recent data also suggest that
cAMP uncouples the intercellular gap junctions between PE and NPE cells, leading
to a reduction of 7 and net CI~ secretion (/82). cAMP has been reported to inhibit
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Na*, K*-ATPase activity in NPE cells (183, 184), which would reduce Cl- secretion.
These effects may play a role in the observed forskolin-triggered reduction of aqueous
humor secretion (180, 181).

On the other hand, B-adrenergic-receptor antagonists such as timolol are known to
reduce endogenous cAMP production and are clinically used to reduce aqueous humor
formation and thus IOP. Whether their effects on inflow are solely or primarily mediated
via cAMP or other messengers remains to be proven (174, 185). Interestingly, timolol is
found to reduce the intracellular K* and CI- content in rabbit ciliary epithelium and the
fluid uptake by cultured bovine PE cells, but neither effect can be reversed by simultaneous
application of cAMP (114). The complexity of the effects produced by forskolin and
B-adrenergic-receptor antagonists likely reflects the multiple actions exerted by cAMP
on the transporters and channels of ciliary epithelium, which are dependent on the routes
and concentrations of the drugs applied, the baseline activities of the target proteins, and
also the species being studied. Given this broad spectrum of actions, it seems improbable
that the integrated response of cells, tissues, and organs could be determined by the aver-
age intracellular cAMP concentration, suggesting the significance of understanding the
compartmentalization within the microenvironments of the plasma membrane (1/86).

A, Adenosine Receptors (A, ARs)

Among the many potential modulators of aqueous humor secretion, adenosine is pro-
posed to be an important regulator for the modulation of IOP (187, 188). Moreover,
adenosine receptors are of particular interest because knockout of A,ARs has recently
found to reduce IOP in the living mouse (/89). It has been demonstrated that the level of
adenosine in the aqueous humor correlates with the level of IOP (/90). Recently, adeno-
sine has been shown to increase the rate of aqueous humor formation without affect-
ing the ciliary blood flow (791). Clinically, patients with pseudoexfoliation syndrome
(PEX), which is usually associated with elevated IOP and glaucoma, show an elevated
level of A,ARs at the basolateral surface of NPE cells by an order of magnitude (/92),
suggesting that A,AR may play a crucial role in regulating the IOP.

Adenosine can be physiologically delivered to the two surfaces of the ciliary epi-
thelium by ATP release from both PE and NPE cells, and subsequent ecto-enzymatic
conversion (/64). Adenosine has been reported to stimulate whole-cell CI~ currents of
freshly harvested bovine NPE cells (193). A,AR-selective agonists also activate whole-
cell CI~ currents of cultured human NPE cells, and such activation could be blocked
by a selective A;AR antagonist (/40). The effects of purinergic agents on cell vol-
ume have also been studied with cultured human NPE cells. A AR-selective agonists
stimulate shrinkage and this effect was blocked by A AR-selectlve antagonists (/39).
Additionally, shrinkage triggered by the non- selectlve P-1 adenosine agonist was
blocked by the A AR-selective antagonists (1/39). It has been shown that transcripts
for A,ARs are expressed in cultured human cells and rabbit ciliary processes (139).
Electrophysmloglcal study of cultured human NPE cells has shown that the biophysical
characteristics of A,AR-activated CI~ channels are similar to those of swelling-activated
CI- channels, suggestlng that A -selective agonists and hypotonic swelling might acti-
vate a common population of Cl channels (/40). Using intact bovine ciliary epithe-
lium, it has been recently demonstrated that the swelling-activated C1- channels in NPE
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cells are predominantly located at the basolateral surface of the NPE cells which may
contribute to Cl~ secretion across ciliary epithelium (/57). Activation of these swelling-
activated, A,AR-activated CI~ channels is thought to enhance CI- release at the aqueous
surface, the net Cl~ secretion, and aqueous humor formation.

These in vitro results have been extended to the living mouse. Consistent with the
electrophysiologic and volumetric findings, A AR-selective agonists increase 1OP,
and A,AR-selective antagonists both reduce IOP and markedly inhibit the subsequent
response to adenosine in vivo (189, 194). Similarly, A -knockout (Adora3~"") mice
display a reduced baseline IOP and diminished responses to adenosine, an A,AR-selective
agonist and an A AR-selective antagonist (/89).

These results suggest that A,AR-selective antagonists might be of pharmacologic
relevance to human (742), but responses of receptors to these antagonists display sub-
stantial species variation (195, 196). Therefore, the full implications of these results for
human are yet to be elucidated. In contrast, responses to A;AR agonists are much more
conserved across species. Recently, an A,AR-selective antagonist (MRS 1292) has been
generated by structural modification of an A,AR-selective agonist (197). This putative
cross-species A AR-selective antagonist has been found effective on a cellular level, to
inhibit adenosine-triggered shrinkage of immortalized human NPE cells, and in the
living animal, to lower the mouse IOP (798).

Nitric Oxide

Nitric oxide (NO) has been suggested to regulate several physiological functions
in the eye including aqueous humor dynamics (/99). Due to its potent pharmacological
significance in anti-glaucoma therapy, the effect of NO on IOP has been extensively
studied. However, the results of these studies have not been conclusive because of the
multiple effects of NO on both inflow and outflow pathways (200). NO donors have
been demonstrated to reduce IOP in normal and glaucomatous animals (20/-203), and
in normal human subjects (204). The hypotensive effect can be primarily explained by
the effects of NO on vasodilatation and/or relaxation of smooth muscle, including mod-
ulation of ocular blood flow (205), trabecular meshwork and ciliary muscle relaxation
(206), and aqueous humor outflow resistance (202).

Classically, the direct effect of NO is brought about by binding to the heme com-
plexes in molecules such as guanylate cyclase (GC). The most notable heme protein that
forms an iron-NO adduct in vivo is soluble GC (sGC) (207). When NO binds to sGC,
it alters the protein configuration and activates the sGC. The activated sGC facilitates
the conversion of guanosine triphosphate (GTP) to cGMP (208). Subsequently, the sec-
ond messenger cGMP acts on the effector proteins, including cGMP-dependent protein
kinase (PKG) (209). The NO-sGC-cGMP signal transduction pathway is a major NO
signaling pathway (210).

Recent demonstration of nitric oxide synthase (NOS) activity in porcine (2//) and
bovine (212) ciliary processes, and the localization of NOS in porcine ciliary epithelium
(213) further support the involvement of NO in regulating the aqueous humor formation.
In an arterially perfused bovine eye study, a nitrovasodilator, sodium azide (AZ), was
shown to lower the IOP by acting on the ciliary epithelium directly, but not by relaxing
the vascular smooth muscles (27/4). Consistent with this finding, it has been shown that
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L-arginine, a precursor of NO, produces a concomitant reduction of aqueous humor for-
mation and IOP in the arterially perfused porcine eye. The inhibition is blocked by
L-NAME, an NOS inhibitor (215). Similarly, a number of agents, including 8-pCPT-cGMP
(acGMP analog), AZ, and sodium nitroprusside (SNP, a NO donor), trigger a significant
inhibition of aqueous humor formation and IOP. The inhibitory effects elicited by AZ
and SNP can be blocked by ODQ, a sGC inhibitor (215). These findings strongly sup-
port the inhibitory influence of NO on aqueous humor formation, and thereby IOP. In
excised ciliary epithelium, NO donors such as SNP produce a simultaneous steady-state
inhibition of /  and net transepithelial CI~ secretion across the native porcine ciliary
epithelium, supporting the functional significance of NO in mediating the Cl- secretion into
the posterior chamber (276). Unlike the results of perfused-eye studies (215), 8-pCPT-
c¢GMP produces a paradoxical stimulation of both /  and net CI~ flux in porcine ciliary
epithelium (276). This finding is consistent with another study using the same tissue,
where the activation of the NO-sGC-cGMP pathway stimulated a transmembrane CI~
current (2/7). In parallel with this finding, activation of the sGC-cGMP-PKG pathway
caused a transient stimulation of the I (218). The exact reason for the discrepancy is not
apparent because of the complexity of the system; thus it awaits further investigation.
It might suggest that NO has at least two opposing effects on Cl~ secretion, which are
differentially activated in the perfused-eye and isolated epithelial preparations.

CONCLUSION

As the population continues to age, it is expected that the number of glaucoma patients
will increase by 50% by the year 2020 (219). Therefore, more-effective and specific
anti-glaucoma therapies are very much needed. This challenge demands a more thorough
understanding of the mechanism of aqueous humor formation and its control.

The aqueous humor is secreted by the bilayered ciliary epithelium comprising PE and
NPE facing the stroma and aqueous humor, respectively. So far, it is well established
that CI~ secretion is the major driving force for aqueous humor formation in human. This
net CI- movement is likely to proceed in three steps: stromal Cl- uptake into PE cells
by electroneutral transporters, diffusion through gap junctions to NPE cells, from which
Cl- exits into the aqueous humor through CI- channels. The recycling of Cl~ occurs at
both surfaces of the ciliary epithelium, facilitates Cl~ reabsorption, and reduces the net
secretion. At present, many of the transport mechanisms for CI- secretion have been
identified, yet their regulation and integration are still poorly understood. The evidence
for signaling cascades that may affect IOP has gradually emerged, and it will certainly
enhance our clinical armamentarium for the regulation of aqueous inflow. In particular,
the signaling cascades involving cAMP, A;ARs, and NO represent promising targets for
lowering IOP.
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INTRODUCTION

The function of the lens is to focus light onto the retina. To achieve this function
the lens is required to maintain its transparency over many decades. A failure of lens
transparency results in cataract, the leading cause of blindness in the world today
(1). Clinically, four main forms of lens cataract are recognized: sub-capsular, corti-
cal, nuclear and mixed (nuclear and cortical). Of these classes, age-related nuclear
(ARN) cataract is the most common, followed by cortical cataracts such as those seen
in diabetics. Cataract is routinely treated by surgical replacement of the opaque lens
with a plastic intraocular implant. However, because of escalating levels of diabetes
and the ageing of the world’s population, it is expected that the prevalence of cataract
will reach epidemic proportions placing severe pressure on health resources (2). An
alternative to surgical intervention is the development of medical treatments to delay
the onset of cataract. The rational design of anti-cataract therapies requires an under-
standing of the cellular mechanisms involved in the maintenance of lens transparency
and how these mechanisms are impaired in the different forms of lens cataract. Here
we review lens structure and function with a specific focus on the involvement of
transporters in the maintenance of lens transparency and how their dysfunction may
contribute to the initiation of diabetic and ARN cataract.
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LENS STRUCTURE AND FUNCTION

The transparency of the lens is closely linked to the unique structure and function
of its fibre cells. These highly differentiated cells are derived from equatorial epithelial
cells that exit the cell cycle and embark upon a differentiation process that produces
extensive cellular elongation, the loss of cellular organelles and nuclei, and the expres-
sion of fibre-specific proteins (3, 4). At the lens poles, elongating fibres from opposite
hemispheres meet and interdigitate to form the lens sutures (5). Since this process con-
tinues throughout life, a gradient of fibre cells at different stages of differentiation is
established around an internalized nucleus of mature, anucleate fibre cells (Fig. 1A).
While the transparent properties of the lens are a direct result of its highly ordered tis-
sue architecture, the lens however, should not be considered a purely passive optical
element. Because of its size, the avascular lens cannot rely on passive diffusion alone
to transport nutrients to deeper-lying cells, or to transport waste products back to the
surface (6, 7). Thus, maintenance of this architecture requires special mechanisms not
only to supply the deeper-lying fibre cells with nutrients, but also to control the volume
of these cells.

A common feature of all vertebrate lenses studied to date (8), is the existence of a
standing flow of ionic current that is directed inward at the poles and outward at the

Anterior pole

Posterior pole

Fig. 1. Structure and function of the lens. (A) Architecture of the lens showing anterior epithelial
monolayer, nucleated differentiating fibre cells (DF) in the outer cortex and non-nucleated mature
fibre cells (MF) in the inner cortex and core. (B) Current flow through the lens that underpins the
internal circulation system. (C) Representative cross-section through the equator. Current and sol-
ute are proposed to flow into the lens via the extracellular space, to cross fibre cell membranes,
and to flow outward towards the surface epithelium (E) via an intracellular pathway mediated by
gap junction channels. Reproduced with permission from Donaldson et al. 2001 (6).
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equator (Fig. 1B). Mathias and colleagues have suggested that this standing current
generates a unique internal microcirculatory system that is responsible for maintaining
lens transparency (7, 9). This working model states that the current, which is carried
primarily by Na*, enters via locations all around the lens along the extracellular clefts
between fibre cells (Fig. 1B). It eventually crosses the fibre-cell membranes and then
flows from cell to cell towards the surface via an intracellular pathway mediated by
gap junction channels. Data reviewed in Mathias et al. suggest that the surface cells,
including epithelial cells and newly differentiating fibre cells contain Na*/K* pumps and
K* channels, which together generate a negative intracellular potential (7). Fibre cells
deeper in the lens lack functional Na*/K* pumps and K* channels. Instead, their perme-
ability is dominated by Na* and Cl- leak conductances. In these inner cells, a negative
membrane potential is maintained by connections to the surface cells via gap junctions.
This electrical connection, together with the different membrane properties of the surface
and inner cells, causes a standing current to flow (Fig. 1C). In this model, the circulating
current creates a net flux of solute that generates fluid flow. The extracellular flow of
fluid causes convection of nutrients towards the deeper-lying fibre cells, while the intra-
cellular flow removes wastes and creates a well-stirred intracellular compartment. Thus
transport by surface cells is able to regulate the ion composition of inner fibre cells and
allows them to maintain the constant volume necessary for the maintenance of overall
lens transparency.

While not accepted by all, recent electrical (/0), morphological (//-14) and molecu-
lar (11, 15-17) evidence in favor of the model is accumulating. Candia and co-work-
ers (10), using modified Ussing chambers have independently confirmed the existence of
outwardly and inwardly directed currents at the lens equator and poles, respectively. In a
series of morphological studies using confocal microscopy to monitor changes in fibre-cell
volume and molecular approaches to localize chloride cotransporters (Table 1), our labora-
tory has identified spatially distinct zones of ion influx and efflux that interact to maintain
overall lens volume. A number of investigators have also shown that fiber cells express a
variety of transporters (Table 1) that enable deeper fiber cells to directly uptake the nutri-
ents convected to them via the circulation system. In the remainder of this chapter, we will
initially discuss some of the general mechanisms responsible for establishing the observed
spatial changes in transporter distribution before focusing on how our recently accumu-
lated knowledge of the transporters involved in volume regulation and nutrient uptake in
the lens affords us novel insights into the initiation of diabetic and ARN cataract.

DIFFERENTIAL EXPRESSION OF MEMBRANE
TRANSPORTERS IN THE LENS

While a central tenet of the lens circulation system is the existence of spatial differ-
ences in membrane transport processes, most researchers have tended to focus solely on
characterizing transporters in the lens epithelium and often only characterize transporters
in cultured epithelial cell lines. In contrast, our laboratory has made a concerted effort to
identify and localize key membrane transport proteins in different regions of the lens (9).
Utilizing a combination of reverse-transcriptase polymerase chain reaction (RT-PCR) and
Western blotting, we have identified the specific isoforms of key membrane transporter
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Table 1 Molecular inventory of transporter protein expression in different regions of the lens

Localization
Transporters Species CENE OC IC C Mode of action

A: Ton homeostasis and cell volume regulation
Na*/K* ATPase (18-26)

ol Rabbit Ay Primary active transport
Rat Y
Porcine VAE
Bovine \AE
Frog VAE
o2 Rabbit VA
Rat A
Bovine \E Y
Human \
Frog AE
o3 Rabbit VAN A
Rat VA
Bovine VAE A
Human \/
B1 Porcine \AE
Rabbit oA
Plasma membrane Ca** ATPase (25, 27)
PMCAL Human v oA Primary active transport
PMCA2 Human v oA
PMCA4 Human v oA
PMCA2 Porcine AE
PMCA4 Porcine \AE
Sarco/endoplasmic reticulum Ca* ATPase (28)
SERCA2b Human V
SERCA3 Human \
Na*/K*/2CI" cotransporter (29)
NKCCl1 Human \ Secondary active
transport
K*/CI" cotransporter (11, 30)
KCC1 Rat NN A Secondary active
KCCl1 Human \ transport
KCC3 Rat VoA A
KCC3 Human \
KCC4 Rat NN N
KCC4 Human \
B: Nutrient uptake
Glucose transporters (17, 31, 32)
GLUTI Rat v Facilitative diffusion
GLUT3 Rat N oA
SGLUT2 Rat VoA Secondary active

transport

(continued)
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Table 1 (continued)

_Localization
Transporters Species CENE OC IC C Mode of action
Cystine/glutamate exchanger (X ) (15)
xCT Rat NN A Sodium-independent

antiporter

Glutamate transporters (15, 16)
EAATI1 Rat v Secondary active
EAAT2 Rat oA transport
EAAT3 Rat VoA
EAAT4 Rat v oA
EAATS Rat V
ASCT2 Rat VoA A
Glycine transporters (16)
GLYTI1 Rat NN A Secondary active
GLYT2 Rat VoA A transport
Vitamin C transporters (33)
SVCT2 Human \ Secondary active

transport

CE=cultured epithelial cells; NE =native epithelial cells; OC =outer cortex; IC=inner cortex; C=core;
A =anterior surface; E=equatorial surface.

families that are expressed in the lens, and have used immunocytochemistry to localize
these isoforms to specific areas of the lens at subcellular resolution (15, 17, 32, 34). The
results we have obtained for transporters involved in ion homeostasis and cell volume
regulation, and in nutrient uptake are summarized in Table 1, as are other transporter
isoforms identified in the lens by other researchers. From inspection of Table 1, it is clear
that spatial differences in the expression of membrane transporters exist in the lens.

This raises the question of how these spatial differences are established and
maintained? Since the lens is continually adding new fibre cells at its equator, it
would appear that establishing and maintaining the spatial differences in mem-
brane transport proteins necessary to generate the lens circulation system is an
integral part of fibre-cell differentiation. Furthermore, anucleate cells in the center
of the lens have different energy requirements and occupy a different physical
environment (low pH and oxygen tension) than nucleated peripheral fibre cells.
In this regard, how do mature anucleate fibre cells that have lost their ability to
synthesize new proteins alter their complement of membrane transport proteins to
reflect their changing position in the lens, and to compensate for changes in their
local external environment?

To address some of these questions, we have developed procedures to map membrane
protein distributions which utilize high quality cryosections that are systematically
imaged to produce high-resolution data sets (35). Such an image-based data set contains
information not only on how the spatial distribution of a labeled membrane protein
changes as a function of fibre-cell differentiation, but also information on the subcel-
lular distribution of the protein. This is important because differentiating fibre cells are
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essentially elongated epithelial cells, which retain distinct apical, basal and lateral mem-
brane domains (36, 37). In these cells, the lateral membranes are further divided into the
broad and narrow sides, which contribute to the distinctive hexagonal profile of the fibre
cells. Thus, in addition to radial differences in membrane protein distribution that can
occur as a consequence of fibre-cell differentiation, other changes may be evident in an
axial direction (pole—equator—pole) along the length of a fibre cell, or within the lateral
membrane domains (broad versus narrow side).

The cumulative evidence (9) obtained by adopting these imaging procedures to
systematically localize membrane transporters in the lens indicates that differentia-
tion-dependent changes in the molecular composition, subcellular distribution and
age-dependent processing of a variety of transport proteins all contribute to the estab-
lishment and maintenance of the observed spatial gradients in transporter localization
(Fig. 2). In the epithelium and nucleated fibre cells of the outer cortex, it is appar-

A: Differential expressionfChange in membrane domain

E DF DFiMF MF

B: Differentiation-dependent insertion from a cytoplasmic pool
E DF DFIMF
]

C: Dynamic insertion from a cytoplasmic pool

E DF

0
O
OOO

Isotonic Hypotonic

Fig. 2. Differentiation-dependent changes in the spatial location of membrane proteins in
the lens. Schematic diagram depicting some of the mechanisms responsible for the establishment
of the spatial differences in membrane transport processes that contribute to the lens circulation
system. (A) Differential expression of transporter genes. (B) Differentiation-dependent membrane
insertion of transport proteins from a cytoplasmic pool. (C) Dynamic membrane insertion from
a cytoplasmic pool in response to a change in cell volume. See text for further details. E = epithelium,
DF = differentiating fibre cells, MF = mature fibre cells.
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ent that simple differential expression of transporter genes can account for some of
the observed differences (Fig. 2A). For example, the facilitative glucose transporters
GLUTI1 and GLUTS3 are differentially expressed in the epithelium and fibre cells,
respectively (17, 32), while in the differentiating fibre cells there appears to be differ-
ential expression of excitatory amino acid transporter (EAAT) isoforms, EAAT1-5,
involved in the uptake of glutamate (15).

Interestingly, many of the membrane transporter proteins we have localized were ini-
tially found to be more abundant in the cytoplasm than in the membrane of differentiating
fibre cells. However, with distance into the lens they became incorporated into the
membrane, where they presumably became functional. For transporters such as the
cystine/glutamate exchanger, X _ (175, 1 6), and the glucose transporter, GLUT3, this shift
to the membrane occurred early in fibre-cell differentiation. For other transporters, such
as the potassium chloride cotransporter 4 (KCC4) (11), the sodium-dependent glucose
cotransporter 2 (SGLT?2) (31) and the glutamine/glutamate transporter 2 (ASCT2) (16),
membrane insertion occurred at a later stage of fibre-cell differentiation that coincided
with abrupt loss of cell nuclei that marks the transition between the outer and inner
cortex of the lens (Fig. 2B). Based on these observations, we have hypothesized that
the cytoplasmic pool of transporters represents a store of proteins that are inserted into
membranes at discrete stages of fibre-cell differentiation to compensate for the inability
of mature anucleate fibre cells to perform de novo protein synthesis. In addition to this
differentiation-dependent programmed membrane insertion, we have also shown that
transporter insertion can be stimulated by changes in environmental conditions (Fig. 2C).
Chee and colleagues showed that exposure of the lens to hypotonic conditions induced
fibre-cell swelling and the recruitment to the membrane of the volume-sensitive KCC
isoforms 1 and 4, but not the volume-insensitive isoform, KCC3 (/7). Since the lens is
capable of volume regulation this indicates, at least for KCC1 and 4, that the observed
pool of cytoplasmic transporters represents a functional pool of transporters that can be
recruited to the membrane in response to volume stress.

Finally, it appears that membrane resident transporters can undergo changes that alter
their subcellular distribution in the membrane. In the outer cortex, some transporters are
preferential expressed on either the narrow (GLUT3) (/7) or broad sides (X_) (15) of
fibre cells (Figs. 2A and 2B), and are presumably tethered in position by interactions
with cytoskeletal elements, and/or via adhesion junctions which define the boundaries
of the membrane domains (38). However, during the course of fibre-cell differentiation,
the factors that restrict membrane transporters to distinct membrane domains are lost
(38, 39), and the transporters become more evenly distributed around the perimeter of
fibre cells.

Thus it appears that the lens has a number of ways of establishing and maintaining
the spatial differences in membrane transporters required to generate the lens’s inter-
nal microcirculation system. In the following sections, we will detail how these spatial
differences in membrane transporters contribute to the regulation of lens volume and
the delivery of nutrients to the lens nucleus and how impairment of these processes
can lead to diabetic cataract and ARN cataract, respectively.
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ROLE OF MEMBRANE TRANSPORTERS IN THE NORMAL
AND DIABETIC LENS

Diabetic Cataract: a Problem with Lens-Volume Regulation?

Diabetics have a high incidence of cortical cataract and develop cataracts several years
earlier than the general population (40). The morphological and biochemical changes
associated with diabetic cataract have been extensively studied. Morphologically, diabetic
cataract manifests itself as a discrete zone of tissue liquefaction in the outer cortex of the
lens, surrounded by relatively normal fibre cells (Fig. 3A). This is an intriguing damage
phenotype, when one considers that lens fibre cells are extensively coupled by gap junc-
tions (41, 42). Using a diabetic rat model, Bond et al. (43), subsequently showed that
this tissue liquefaction was initiated by the swelling of individual fibre cells within this
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Fig. 3. Dysfunction of volume regulation is an initiating factor in diabetic cataract. Confocal
images of equatorial sections taken from rat lenses made diabetic by injection with streptozotocin.
(A) One month post-injection, a distinct zone of tissue liquefaction in the outer cortex of the lens,
surrounded by relatively normal fibre cells is evident. (B) At one week post-injection, a higher-
power image of cells located in this zone indicates that tissue liquefaction is initiated by the
swelling of individual fibre cells. (C) A schematic of some of the biochemical mechanisms that
may contribute to diabetic cataract. In hyperglycemia an increase in the conversion of glucose to
the impermeable osmolyte sorbitol by aldose reductase (AR), induces osmotic stress. Since this
increase in AR activity consumes reducing equivalents (NADPH), the regeneration of oxidized
glutathione (GSSH) by glutathione reductase (GR) to its reduced form (GSH) is decreased. The
fall is GSH compromises the antioxidant defense system of the fibre cells, thereby exposing them
to the damaging effects of oxidative stress.
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discrete damage zone (Fig. 3B), suggesting that dysfunction of volume regulation was
an initiating factor in diabetic cataract (44). This view that osmotic stress contributes to
the initiation of diabetic cataract was supported by early biochemical studies in rat lenses
(45), which showed that hyperglycaemia causes an overactivation of the pentose phos-
phate pathway resulting in the conversion of glucose to the inorganic osmolyte sorbitol
by the enzyme aldose reductase (Fig. 3C). These observations led to the promotion and
development of aldose reductase inhibitors as potential anti-cataract therapies (46). How-
ever, while they where extremely effective in rat lenses, they had minimal effect in mice
and human lenses, which were later shown to have minimal aldose reductase activity
(47). To account for this discrepancy, it was proposed that the main biochemical effect of
hyperglycaemia was the induction of oxidative stress, the depletion of the key lens anti-
oxidant glutathione (GSH), and oxidative damage to the transport processes involved in
regulating the volume of lens fibre cells (46, 47).

Regardless of the actual biochemical mechanism involved, the morphological conse-
quences of hyperglycaemia appear to indicate that fibre cells in a discrete area of the lens
lose their ability to regulate their volume. Earlier studies have shown that lenses placed
in either hyposmotic or hyperosmotic medium are capable of regulating their volume,
and recover from the volume changes induced by the osmotic stress via the loss [regula-
tory volume decrease (RVD)], or gain [regulatory volume increase (RVI)] of osmolytes
and obligatory water movement (48). In other cell types, RVD is associated with a loss
of KClI that is mediated by the activation of K* and Cl- channels (49, 50), and/or potas-
sium chloride cotransporters (KCCs) (517). In contrast, RVI is often effected by uptake
of K* and CI~ mediated by transporters such as the sodium-potassium-chloride cotrans-
porter (NKCC) (52). In the lens, the relative contributions of Cl~ channels and transport-
ers to volume regulation have been addressed by a series of experiments that examined
the effects on lens volume, transparency, and fibre-cell morphology. Rat lenses were cul-
tured under isosmotic conditions in the presence of reagents that modulated the activity
of CI” channels and transporters (//-14, 53). In all cases, the presence of reagents in the
culture media that inhibited either Cl~ channels, KCC or NKCC produced an increase
in lens volume and light scattering. This indicates that under isosmotic conditions, a
variety of channels and transporters contribute to a constitutively active flux of Cl~ ions
that regulates fibre-cell volume and maintains lens transparency.

Interestingly, subsequent histological analysis of treated lenses revealed that block-
ing components of this CI~ flux with a specific transport inhibitor induced either one
of two spatially distinct tissue-damage phenotypes, or on occasion a combination of
the two phenotypes. The NKCC and CI~ channel inhibitors, bumetanide and 5-nitro-2-
(3-phenylpropylamino) benzoic acid (NPPB) caused a localized band of extracellular
fluid accumulation between fibre cells located around 150 um in from the capsule. In
contrast, the predominant effect of the KCC inhibitor [(dihydronindenyl)oxy] alkanoic
acid (DIOA), was the swelling of fibre cells located at the lens periphery, although some
deeper extracellular-space dilations were evident. The two distinct damage phenotypes,
generated by the inhibitors can be explained with reference to the circulation model
(Fig. 1C) and experimental measurements of lens membrane potential (7). By measuring
radial differences in transmembrane potential and the concentration of Cl~ in the whole
lens, the electrochemical gradient for CI- ion movement (E) can be calculated at
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different depths into the lens (54, 55). This analysis predicts that Cl~ would move from
the extracellular space into fibre cells in the inner lens, but will move from the cytoplasm
of fibre cells to the extracellular space in the lens periphery (Fig. 4A). Therefore, one
would expect that an inhibition of CI- fluxes in the inner lens would block the uptake
of CI- from the extracellular space by fibre cells. This would cause an accumulation of
CI" ions and water in the tortuous extracellular space and the subsequent formation of
extracellular-space dilations (Fig. 4B). In the lens periphery, the efflux of CI~ ions from
fibre cells would be blocked thereby causing an intracellular accumulation of osmolytes
and resultant fibre-cell swelling (Fig. 4C). These two spatially segregated zones of cell
swelling and extracellular-space dilations were deemed to be due to the inhibition of
CI" influx and efflux in deeper and peripheral fibre cells, respectively (/4). Since these
pathways are coupled together by gap junctions, they generate a circulating flux of CI-
ions which contributes to the maintenance of steady-state lens volume (Fig. 5D). Thus the
pharmacological incubation experiments indicate that NKCC and Cl- channels both medi-
ate ion uptake in the deeper cells while KCC mediates ion efflux in peripheral fibre cells.

This relative simple view of circulating Cl~ fluxes has been recently confirmed and
extended by a series of electrophysiological, molecular localization, and additional
morphological studies. Firstly, patch clamp experiments on isolated fibre cells have
allowed the channel(s) that mediates Cl™ influx to be functionally characterized in the
influx and efflux zones (53). Long fibre cells (>120um in length) isolated from the
influx zone exhibited a constitutively active outwardly rectifying chloride conduct-
ance that exhibited a lypotrophic anion selectivity sequence (I">ClI"), reminiscent of
volume-sensitive Cl~ conductances seen in many cell types (56). In contrast, shorter
fibre cells isolated from the efflux zone initially lacked a constitutively active Cl~ con-
ductance, however, a Cl- conductance could be activated by isosmotic cell swelling
induced by inhibition of KCC-mediated ion efflux that appears to dominate in these
cells(57). Thus, while KCC transporters normally mediate Cl~ efflux and maintain cell
volume in peripheral fibre cells, under conditions of sustained or serve osmotic stress
these cells can activate a normally quiescent Cl~ conductance to mediate Cl~ efflux and
relieve osmotic stress.

Secondly, molecular experiments have shown that NKCC1(29) and three KCC isoforms
(KCC1, KCC3 and KCC4) (11) are differentially expressed in the rat lens, support-
ing their initial pharmacological identification. In the case of KCC, isoform-specific
changes in the subcellular distribution of the KCC transporters in response to changes
in fibre-cell volume were observed. Fibre-cell swelling evoked either isosmotically by
the DIOA-induced blockage of CI- efflux in peripheral fibre cells, or anisosmotically
via hyposmotic challenge, both caused a noticeable increase in membrane insertion of
KCC1 and KCC4, but not KCC3. This observed recruitment of KCCs 1 and 4 from a
cytoplasmic pool to the membrane (Fig. 2C) indicates that the contribution of KCC
to the regulation of fibre-cell volume is a dynamic process that can be up regulated in
response to osmotic stress.

Finally, if our interpretation of the morphological data is correct, then we would
expect stimulating Cl- fluxes in the lens to have opposite effects to those induced by
pharmacologically blocking CI- efflux and influx. To test this, we utilized the ability
of N-ethylmaleimide (NEM) to stimulate KCC activity (58, 59) (Fig. 5A). Exposure of



Membrane Transporters: New Roles in Lens Cataract 99

Normal lens ~ Bumetanide or  DJ|OA treated

NPPB treated lens lens
A B
—65mV!
ffluxf
2 oy
3 a
Q o
5 9
—40mV Influx
D Periphery Cortical
Outwardly directed Cl- gradient Inwardly directed CI- gradient
K+ CI-
Cl- KCC1/4 KCC3/4 K+
% cr
9%
Cl- Na+
CI- NKCCH Cr
K+

Fig. 4. A circulating flux of Cl™ ions contributes to steady state volume regulation in the rat
lens. (A—C) Schematic summarizing the effects inhibitors of Cl~ transport have on the morphol-
ogy of organ-cultured lens. (A) In the absence of inhibitors measurements of membrane potential
and E_, predict that in deeper fibre cells the electrochemical gradient favors CI- influx while in
the periphery it promotes Cl- efflux. (B) Blocking CI- influx mediated by either Cl~ channels
or sodium-potassium-chloride cotransporters (NKCC) with 5-nitro-2-(3-phenylpropylamino)
benzoic acid (NPPB) and bumetanide, respectively, results in the accumulation of CI- ions
and water between deeper fibre cells and the formation of extracellular space dilations.
(C) Blocking CI- channel efflux mediated by the potassium chloride cotransporter (KCC)
with [(dihydronindenyl)oxy] alkanoic acid (DIOA) results in the intracellular accumulation of
osmolytes and the swelling of peripheral fibre cells. Some deeper extracellular space dilations
were also evident. (D) Emerging molecular model of transporters and channels that contribute
to volume regulation by mediating ion influx and efflux in different regions of the lens. Since
the zones of ion influx and efflux are connected by gap junction channels (GJs) a circulating
flux is established which helps to maintain cell volume. Patch clamp studies indicate that in
peripheral fibre cells a volume-sensitive Cl~ channel becomes activated following cell swell-
ing induced by either blockage of KCC (isosmotic cell swelling) or exposure to hyposmotic
solutions.
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Fig. 5. Mimicking diabetic cataract by activation of the potassium chloride cotransporter
(KCC). (A) Equatorial section from a lens organ cultured in the KCC activator N-ethylmaleimide
(NEM) for 18 hours results in shrinkage of peripheral fibre cells and the swelling of deeper lying
fibre cells producing a band of localized tissue liquefaction that mimics that seen in diabetic
cataract. (B) A close-up view of a region from (A) showing the two distinct phenotypes induced
by activation of KCC. (C) Schematic diagrams outlining how activation of KCC via either NEM
or depletion of glutathione (GSH) affects the phosphorylation status and activity of KCC in the
lens periphery (left panel) and in deeper zones of tissue liquefaction (right panel), NEM or GSH
depletion inhibits the activity of two kinase that either directly (Kinase 1), or indirectly (Kinase 2)
via inhibition of a phosphatase (PP1A), phosphorylates KCC and renders it inactive. The result-
ant dephosphorylation and activation of KCC promotes cell shrinkage in the periphery and cell
swelling in deeper fibre cells.

organ-cultured lenses to NEM, induces the overactivation of KCC and resulted in the
shrinkage of peripheral fibre cells (Fig. 5B) in the efflux zone and the swelling of deeper
fibre cells (Fig. 5A) in the influx zone that ultimately caused the formation of a localized
band of tissue liquefaction (/7). This indicates that the normally minimal KCC activ-
ity is massively upregulated in the influx zone by NEM activation. The activity of the
KCC transporter is normally modulated by its phosphorylation status (5/). Two sepa-
rate kinases are involved in the phosphorylation-dependent inactivation of KCC, while
dephosphorylation via a PP1A-type phosphatase causes an increase in KCC activity.
NEM stimulates KCC transporter activity via thiol inactivation of the two kinases that
control transporter activity (60) (Fig. 5C).
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The similarity between the liquefaction zone seen in NEM-treated (Fig. 5A) and
diabetic lenses (Fig. 3A) is so striking that it prompts speculation that overactivation of
KCC transport is occurring in the diabetic cataract. In red blood cells it has been shown
that depletion of glutathione (GSH) levels by oxidative stress, causes activation of KCC
presumably via oxidation of the critical thiol groups in the two regulatory kinases (61/).
In the diabetic lens, hyperglycaemia is known to deplete GSH levels (46), thus it is pos-
sible that excess glucose compromises the ability of fibre cells to regulate their volume
via two pathways: the accumulation of the impermeable osmolyte, sorbitol; and the
stimulation of ion influx mediated by the activation of KCC. These osmotic stresses are
exacerbated by the activation of volume-sensitive chloride and cation channels, which
because of the direction of the ion gradients in this region of the lens, import more osmo-
lytes and water, causing uncontrolled cell swelling (53). Finally, membrane leakage
of calcium causes the activation of calcium-dependent proteases, leading to fibre cell
vesiculation (62—-64) and localized tissue liquefaction that is characteristic of diabetic
cataract(43). The potential involvement of KCC in the initiation of diabetic cataract
opens up new avenues for the development of novel anti-cataract therapies.

NUTRIENT TRANSPORTERS IN THE NORMAL
AND CATARACTIC LENS

Age-Related Nuclear (ARN) Cataract - a Transport Problem?

As the world’s population ages, ARN cataract has become the leading cause of blind-
ness. It is characterized by a drastic decline in GSH concentration in the nucleus of the
lens, but not the cortex, exposing the centre of the lens to the damaging effects of oxygen
radicals, causing protein aggregation, increased light scattering and ultimately nuclear
cataract (65). However, unlike diabetic cataract, in ARN cataract there appears to no
significant morphological changes to the cellular architecture of the lens. Biochemi-
cally, however, extensive modifications to proteins in the lens nucleus are observed that
include oxidation of methionine residues and sulthydryl groups, insolubilization of crys-
tallins, and protein cross-linking to form mixed disulphides, all of which contribute to
light scattering (66).

Oxidative damage is a key feature of ARN cataracts. In the transparent lens, a robust
oxygen-radical scavenger system which utilizes glutathione (GSH) as its principal anti-
oxidant, guards against oxidative stress (67). In the lens, GSH exists in unusually high
concentrations (around 10mM). These high levels are established via the direct uptake
of GSH from the aqueous humor(68-70) and/or the endogenous synthesis of GSH from
its precursor amino acids cysteine, glutamate, and glycine (717) by the sequential actions
of the enzymes y-glutamylcysteine synthetase (YGCS) and glutathione synthetase (GS)
in the lens cortex. GSH levels are then maintained by the regeneration of GSH from
the oxidized form of GSH (GSSG) by the enzyme glutathione reductase (GR), and the
consumption of reducing equivalents such as NADPH (72).

In ARN cataract, the levels of GSH are abruptly reduced in the nucleus relative to the
cortex, making the centre of the lens especially susceptible to oxidative damage (65, 73).
Since the levels of GSH and the activities of its associated enzymes have been shown to
progressively decline as a function of age, it has been assumed that ARN cataract is the



102 Donaldson and Lim

result of a failure of enzymatic activity (74). However, while the specific activities of
enzymes were reduced with increasing age, these reductions were not only deemed to be
insufficient to account for the decrease in GSH levels observed in the nucleus, but they
do not explain the abrupt fall in GSH levels seen in ARN cataract (75). Rather, nutrient
transport to the lens nucleus may be an underlying factor in the development of ARN
cataract (76). This raises the question of whether the fall in GSH in the lens nucleus
observed during ARN cataract progression is in fact a transport problem.

Differential Expression of Nutrient Transporters in the Lens

While mature fibre cells in the lens nucleus are devoid of cellular organelles, they still
require a supply of nutrients for anaerobic metabolism, the replenishment of antioxi-
dants and the maintenance of transparency. The traditional view is that the lens nucleus
receives its nutrients from the cortex via an intercellular pathway mediated by gap junc-
tions. Indeed, Sweeney and Truscott have proposed that with advancing age, a barrier
develops that restricts the intercellular diffusion of GSH from the cortex to the lens
nucleus (76). The alternative view is that the circulation system causes convection of
nutrients and antioxidants into the lens nucleus via an extracellular route faster than
would be achieved by passive diffusion alone (6, 7). If this notion is correct, we would
expect mature fibre cells to express transporters to accumulate the molecules delivered
to them by the circulation system. Consistent with this view, molecular studies (Table
1) have shown that fibre cells express a full repertoire of transporters that mediate the
uptake of glucose (17, 32) and of the amino acids (15, 16, 77) involved in the synthesis
of the GSH.

Furthermore, immunocytochemical localization of these transporters has shown
that differences exist in the complement of transporters expressed in the cortex and
nucleus of the lens, suggesting that regional differences in nutrient uptake may exist.
Merriman-Smith et al. (17, 31, 32) have shown that while lens epithelial cells express
the facilitative glucose transporter GLUTI, fibre cells express both the higher affinity
GLUTS3 isoform, and the sodium-dependent glucose transporter SGLT2 (Fig. 6A).
Both the GLUT3 and SGLT?2 transporters appear to be present predominantly in the
cytoplasm of peripheral fibre cells and become inserted into the plasma membrane at
different stages of fibre-cell differentiation. The GLUT?3 transporter is initially inserted
into the narrow sides of the differentiating fibre cells, while SGLT?2 is abruptly inserted into
the membranes of mature fibre cells at the transition zone between differentiating and
mature fibre cells that coincides with the loss of cell nuclei. We have proposed that the
observed differential expression of glucose transporters establishes an affinity gradient
which increases the ability of deeper fibre cells to extract a diminishing supply of glucose
from the extracellular space. In this regard, the expression of SGLT2 in the lens nucleus
means that mature fibre cells are able to utilize the energy stored in the sodium gradient
to accumulate glucose above its concentration gradient, where it can be used for
anaerobic metabolism.

A similar change in the complement of transporters that mediate cystine uptake in
the cortex and nucleus has also been observed in the rat lens (15, 16). Cystine, the
dimeric oxidized form of cysteine, is more stable than cysteine, and is more abundant
in the aqueous humor (69). Upon intracellular accumulation cystine is rapidly reduced
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Fig. 6. Regional differences in nutrient uptake in the lens. (A) Glucose uptake in the lens
is mediated by at least three different transporters. In the epithelium GLUT1 is expressed, while
in fibre cells GLUT3 and SGLT2 are expressed. During the course of fibre cell differentiation
GLUTS3 first becomes inserted into the narrow sides of differentiating fibre cells (DF) in the
outer cortex. In contrast SGLT?2 is inserted into membranes of mature fibre cells (MF) from
a cytoplasmic pool at the DF/MF transition. It is proposed that this differential expression of
glucose transporters establishes an affinity gradient, which increases the ability of deeper fibre
cells to extract a diminishing supply of glucose from the extracellular space. (B) The uptake of
cystine from the extracellular space occurs in exchange for intracellular glutamate and is medi-
ated by X _. Glutamate is then recovered from the extracellular space by a number of different
Na*-dependent transporters that belong to the X, . family. In the lens cortex X_ works with
EAAT4/5, while in the acidic nucleus of the lens its partner is ASCT2, a transporter that at low
pH specifically accumulates glutamate. This change in the transporters responsible for the uptake
of glutamate ensures that cystine is accumulated even under the low pH conditions experienced
in the lens nucleus.

to cysteine(78), which is the rate-limiting substrate for GSH synthesis. Cystine uptake
in a variety of tissues is mediated by the amino acid transport system X (15, 79), a het-
erodimer composed of a heavy chain (4F2hc) and a light chain (xCT) (80). Cystine uptake
is mediated by xCT and involves the exchange of extracellular cystine for intracellular
glutamate. Previous biochemical studies indicate that the primary source of glutamate
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in the lens is via the uptake of glutamine, which is twice as abundant as glutamate in
the aqueous humor (81), and its subsequent deamidation to glutamate by the enzyme
glutaminase (82). The high intracellular glutamate concentration established can then
be utilized by X _ to drive cystine uptake. To maintain the glutamate gradient, gluta-
mate needs to be actively removed from the extracellular space. In other tissues this
glutamate recycling is mediated by members of the X, . amino acid transport family
(79, 83), a multigene family of Na*-dependent amino acid transporters, which include
the excitatory amino acid transporters (EAAT1-5) and the alanine-serine-cysteine
transporters (ASCT1-2) (84). In the lens, we have showed that XCT works in combi-
nation with different members of the X, . family (Fig. 6B). In the outer cortex, xCT
expression was shown to overlap with EAAT4/5 expression (/5), while in the nucleus,
xCT expression colocalized with ASCT2 expression (/6). We hypothesized that the
observed switch in glutamate uptake mechanisms from EAAT4/5 to ASCT?2 reflects the
ability of ASCT?2 to preferentially accumulate glutamate at low intracellular pH (85), a
finding consistent with the known acidic environment in the lens nucleus (86). Thus, all
fibre cells appear to contain the appropriate transport mechanisms for cystine/glutamate
exchange and the recycling of glutamate to maintain the glutamate concentration gradient.

Nutrient Delivery to the Lens Nucleus via the Sutures

The molecular identification and localization of transporters to different regions of
the lens does not mean they are functionally active. Indeed, the functionality of many
of these transporters, especially those in the lens nucleus, has yet to be proven and will
be technically difficult to achieve using conventional assays. Recently, Li et al. devel-
oped an immunocytochemical assay that utilizes antibodies designed to detect free
amino-acid levels (87) to map free amino-acid levels quantitatively throughout the rat
lens with high spatial resolution (77). Since this assay also utilizes essentially the same
equatorial and axial lens cryosections used to localize amino acid transporters (15, 16),
it allows the expression of a specific transporter to be correlated to the distribution of
its substrate at subcellular resolution. In this assay, active amino acid uptake is deemed
to be occurring in a specific region of the lens, if cells contain both membrane labelling
for the transporters, and cytoplasmic accumulation of the appropriate amino acid.

By adopting such an immunocytochemical approach, Li et al. were able to directly
correlate cystine distribution to lens morphology and membrane labelling for the cystine
uptake system, X _, previously characterized in our laboratory(/5). In both equatorial
sections and axial sections, a similar bimodal distribution of cystine was observed
(Fig. 7A). Cystine was initially high in the outer cortex, a result consistent with X _ membrane
labelling in this region. Cystine levels then declined to reach a minimum, indicating
that the delivery of cystine to deeper-lying fibre cells in the outer cortex is diffusion
limited. Thus while cells deeper in the outer cortex express X , insufficient cystine is
delivered to them, making cystine accumulation difficult to detect. In the inner cortex,
the fall-off in intracellular cystine suddenly plateaus at the differentiating fibre-cell (DF)
to mature fibre-cell (MF) transition, before eventually rising again in the nucleus. Since
membrane associated X _ transporters are found in both the inner cortex and nucleus, the
observed cystine labelling pattern suggests that the extracellular delivery of cystine to
X in the inner cortex is impaired and that a secondary delivery route for X _to the lens
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Fig. 7. Cystine delivery pathways in the rat lens. (A) A seamless image montage of cystine
labelling at the equator of the rat lens (top panel) and an intensity profile extracted from this
image montage (lower panel) shows cystine levels to be high in the outer cortex and low in the
inner cortex, before increasing again in the nucleus. This bimodal intensity profile can not be
explained by passive diffusion alone. (B) The bimodal cystine intensity profile has been overlaid
on a schematic of lens structure to illustrate the alternative delivery pathways for cystine. In the
outer cortex, cystine delivery occurs either via direct diffusion from the surrounding aqueous
humor (blue arrows) or via axial diffusion from the sutures (dashed red arrows). In the inner cor-
tex, extracellular delivery of cystine is limited by a restriction of the extracellular space at the dif-
ferentiating fibre cell/mature fibre cell (DF/MF) region causing cystine levels to reach a minimum
in this region. In the nucleus, cystine delivery is mediated by the sutures (red arrows).

nucleus exists (Fig. 7B). These conclusions are supported by two observations. Firstly,
it has been recently shown that at the DF to MF transition the membrane insertion of
the adhesion protein MP20 is associated with an abrupt restriction of the extracellular
diffusion of small molecules (88), which could potentially limit the delivery of cystine
to X _ transporters located in this area. Secondly, careful analysis of cystine uptake in
axial lens sections revealed the morphological location of the delivery pathway to the
lens nucleus (77). In this orientation, the lens sutures, formed when elongating fibre
cells from opposing hemispheres meet at the poles, are observed. In these sections,
cystine labelling was strongly co-localized with the sutures, indicating that cystine is
preferentially delivered to the very centre of the lens nucleus via the sutures and diffuses
out from the nucleus towards the inner cortex (Fig. 7B). These results are extremely
exciting since they indicate that it may be possible to use the sutures to deliver small
therapeutic agents directly to the nucleus of the lens to delay or prevent the oxidative
damage thought to initiate ARN cataract in this area of the lens.

A Model for Age-Related Nuclear Cataract

As well as identifying the sutures as a delivery route to the nucleus of the lens, our
work on the localization of membrane transporters in the lens also suggest a mechanism
for the age-dependent onset of ARN cataract. Inspection of Table 1 shows that fibre cells
express a variety of transporters that either directly or indirectly utilize energy stored in
the form of the Na* gradient to drive the accumulation of nutrients against their concen-
tration gradients. The circulation model shows that the Na* gradient is ultimately main-
tained by the active removal of Na* at the lens surface. Thus, in addition to generating
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the circulating ion fluxes that underpin the convective delivery of the nutrients to deeper
fibre cells, Na* efflux at the lens surface also serves to maintain the Na* gradient utilized
by secondary active transporters to accumulate nutrients in the lens nucleus. It can be
predicted therefore that any dissipation of the Na* gradient in the nucleus of the lens will
selectively reduce nutrient uptake in this region of the lens. Since ARN cataract is known
to be associated with a progressive fall in cysteine and GSH levels in the nucleus, but
not the cortex (75, 89), this suggests that with advancing age the ability of the circula-
tion system to maintain appropriate nutrient and antioxidant levels in the lens nucleus
declines, exposing crystallin proteins in this region to the oxidative damage that precipi-
tates cataract formation.

While pathological dysfunction of any component of the circulation system (extracel-
lular delivery, intracellular uptake, or intercellular efflux pathways) could result in cata-
ract formation, ARN cataract may simply be due to an inability of the circulation system
to compensate for the decades of continuing lens growth. It should be remembered that
the lens grows throughout life by laying down new fibre cells that internalize the older
cells. Since each additional fibre cell layer will contribute to the overall Na* leak, an age-
dependent increase in passive Na* influx occurs, which necessitates an increase in active
Na* efflux at the lens surface if ionic homeostasis is to be maintained. Unfortunately, the
surface area of the lens available for mediating Na* efflux does not increase at the same
rate. This line of argument is supported by measurements in human lenses that showed
lens potential depolarized and the intracellular Na* concentration increased with advancing
age (90). This age-dependent decline in the Na* gradient continues throughout life and
eventually leads to initiation of ARN cataract.

If this interpretation is correct, therapeutic interventions to prevent the oxidative
damage that initiates ARN cataract should focus on enhancing the activity of the cir-
culation system. Stimulation of the circulation system in the ageing lens will not only
increase the delivery of nutrients and antioxidants to the lens nucleus via the sutures, but
will also enhance their uptake by restoring the Na* gradient utilized by the transporters
expressed in this region of the lens. This mechanistic explanation for the onset of ARN
cataract illustrates potential benefits of pursuing basic research into the cellular and
molecular mechanisms responsible for lens transparency. Furthermore, by continually
testing, challenging, and refining the lens internal microcirculation model, we predict
novel targets for the development of anti-cataract therapies will be generated.
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SUMMARY

Mammalian cells are required to export sodium and import potassium in an active
manner. At the resting state, a normal cell has a cytoplasmic sodium concentration [Na*].
of approximately 15mM, while the concentration of extracellular sodium is around
140mM. Extracellular potassium is generally around SmM while cytoplasmic potas-
sium is around 120mM. Although cells generally have a fairly high permeability to
potassium, the tendency for outward potassium diffusion, driven by the concentration
gradient across the plasma membrane, is more or less balanced by the tendency for
inward potassium movement due to the electrical voltage (cytoplasm negative) across
the plasma membrane. In the case of sodium, both the ion concentration gradient and
the negative voltage across the plasma membrane favor the movement of extracellular
sodium toward the cytoplasm. Sodium permeability of the plasma membrane is con-
siderably lower than potassium permeability but nevertheless sodium leaks into the
cell. More sodium enters via sodium-coupled cotransporters and counter-transporters
that shift other solutes using the electrochemical sodium gradient as a driving force. To
prevent the cytoplasmic sodium concentration from rising, sodium entry must be bal-
anced by continuous outwardly directed active transport and this is carried out by the
Na,K-adenosine triphosphatase (-ATPase), a P-type ATPase that comprises of two mem-
brane-spanning proteins, the oo and 3 subunits. Na,K-ATPase catalyzes the hydrolysis
of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) and in so doing shifts
three sodium ions outward and two potassium ions inward. Na,K-ATPase structure and
function has been reviewed elsewhere (/).
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NA, K-ATPASE DISTRIBUTION IN THE LENS

In many respects, the lens is no different from any other tissue in that Na,K-ATPase
is essential for cell survival. On the other hand, specializations that give rise to lens
transparency make the task of ion regulation rather unusual in the lens. For example, the
lens is made up of millions very tightly packed cells, lens fibers, most of which have no
nucleus or mitochondria. There is little or no turnover of cells; each fiber cell is retained
for the lifetime of the individual. Moreover, the lens is avascular, so fiber cells in the
center of the lens are situated far distant from the nearest blood supply.

The lens relies to a large extent on the epithelium for Na,K-ATPase-mediated ion
transport. The lens epithelium is a monolayer of cells that covers the anterior, but not the
posterior, surface (Fig. 1). Thus the epithelium represents a tiny fraction of lens cells. A
very small population of epithelial cells located at the lens equator are the only lens cells
that undergo mitosis. The bulk of the lens is made up of millions of tightly packed fiber
cells. Fibers are formed by a complex process of differentiation following epithelial
mitosis. Each fiber elongates until it stretches from the anterior to posterior lens pole.
New fibers are formed continuously. In the humans lens it is estimated 40 new fibers
are made each day (2). Newly made fibers overlay existing cells, compressing older
cells towards the center (nucleus) of the lens. The completion of the fiber differentiation
process involves loss of mitochondria and the nucleus. Consequently, most fibers are
incapable of mitochondrial ATP production.

Na,K-ATPase activity varies considerably between different regions of the lens.
The lens epithelium has a generally higher Na,K-ATPase-specific activity than the
fibers (3—-5). Within the epithelial monolayer, Na,K-ATPase-specific activity is high-
est at the equator and much lower in the central zone (6—8) (Fig. 2). Thus, active Na-K
transport capacity is concentrated at the periphery of the epithelial sheet. Although
Na,K-ATPase-specific activity in cortex is low, the sheer bulk of the cortex compared
to the epithelium monolayer means that cortical fibers account for most of the lens
Na,K-ATPase activity (3). In the fiber mass, Na,K-ATPase activity is undetectable in
the lens nucleus (4). In the outer cortex, the highest Na,K-ATPase activity is found at
the equator (3).

Enrichment of Na,K-ATPase activity at the surface region of the lens, particularly at
the equator, is one of several factors thought to give rise to circulating electrical currents

Anterior Epithelium

Equator |

Nuclear fibers . Cortical Fibers
Posterior

Fig. 1. Diagrammatic cross-section of the lens (adapted from 44).
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Anterior Epithelium

Equator

Posterior

Fig. 2. Na,K-ATPase-mediated outward sodium transport (arrows) is more active at the lens
equator. Na,K-ATPase activity in the epithelium is highest at the equator. Fiber cells at the equator
have an Na,K-ATPase activity that is higher than fibers elsewhere in the lens.

that flow around the lens (9). Detected first with a unique vibrating electrode probe,
currents flow outward at the equator and inward at the anterior and posterior poles of the
lens (10,11). It has been proposed that such circulating currents might support electro-
osmotic flow of solutes that speeds penetration of dissolved substances to fibers deep in
the lens. This could explain why labeled glucose penetrates the lens fiber mass at a faster
rate than the rate predicted by simple diffusion (/2).

To some extent, the close proximity of a mitochondrial ATP source may dictate the
observed restriction of high Na,K-ATPase activity to cells in the anterior lens surface
and equatorial fibers. Regions of the lens with high Na,K-ATPase activity are also
the regions where mitochondria are found. This makes sense because Na,K-ATPase-
mediated ion transport consumes ATP at a high rate. In some epithelial tissues, it has
been estimated that Na,K-ATPase utilizes more than 50% of the ATP supply. In the lens,
mitochondria are restricted to the epithelial monolayer and to the younger, therefore
superficially located, fibers at the lens equator. According to this distribution, there are a
few mitochondria in the central light path through the lens. It is thought that mitochon-
drial distribution is an adaptation that minimizes the light scatter in the optical path.
Could it be that the restriction of mitochondria to the equatorial region of the lens influ-
ences Na,K-ATPase activity distribution?

Fibers, which make up almost the entire bulk of the lens, are differentiated epithelial
cells. The lack of emphasis on Na,K-ATPase activity is just one of the many characteristics
of the differentiated fiber. Fiber shape and size is different from the undifferentiated lens
epithelium. As mentioned above, the fully differentiated fiber loses it nucleus, endoplasmic
reticulum and mitochondria. Not surprisingly, fibers express some proteins not expressed
in the epithelium and vice versa. Connexins (gap junction proteins) and aquaporins in fib-
ers and epithelium are distinct. In some species, lens epithelium and fibers have a different
pattern of Na,K-ATPase expression. In the rat lens, the epithelium expresses three differ-
ent isoforms of Na,K-ATPase catalytic subunit, o1, o2 and o3, while in fibers only ol is
detected (/3). The o subunit is the ~100kDa membrane-spanning protein responsible for
sodium and potassium ion transport translocation and ATP hydrolsis (see / for review).
Less is known about the lens distribution of the 3 subunit, the membrane glycoprotein that
is the second component of the o/f3 Na,K-ATPase pump unit.
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Expression of multiple Na,K-ATPase isoforms in the rat lens epithelium fits with the
notion that the epithelium maintains a higher Na,K-ATPase-specific activity than fibers.
However, the story is more complex. Lenses from other species have a different pattern
of Na,K-ATPase isoform expression. In porcine lens, for example, the Na,K-ATPase o1
isoform is the principle isoform in epithelium and fibers and the &2 and o3 isoforms are
either absent or expressed in small amounts (8, /4). What makes the situation interesting is
the fact that the Na,K-ATPase expression pattern can change. In porcine lenses exposed
for 12 hours or more to amphotericin B, an agent that increases the apparent permeability
to sodium and other ions, Na,K-ATPase o2 isoform protein becomes detectable in the
lens epithelium (/4). Boosting the expression of the o2 Na,K-ATPase isoform could
be an adaptation that permits the porcine lens to cope with situations where addi-
tional Na,K-ATPase transport capacity is required. A similar pattern of Na,K-ATPase o2
upregulation was observed in porcine lenses where Na,K-ATPase was partially inhibited
by dihydro-ouabain (15). The ability of the lens epithelial cells to respond to a challenge
by synthesizing additional Na,K-ATPase protein suggests that Na,K-ATPase activity is
linked to the amount of Na,K-ATPase protein. This is logical, but suprisingly, the situa-
tion is not so simple. While lens epithelium and fibers have very different Na,K-ATPase
activity, both cell types have been found to contain relatively similar amount of Na,K-
ATPase polypeptide (4,16); this points to a situation where Na,K-ATPase protein in cells
from different regions of the lens is not necessarily active to the same degree.

At this point we do not know precisely what determines the activity of Na,K-ATPase
in lens cells. In all likelihood, several factors may be involved. Recent studies suggest
that turnover of Na,K-ATPase protein could be important and that protein phosphoryla-
tion might play a role. These issues are discussed below.

LENS NA, K-ATPASE TURNOVER

Measuring the abundance of Na,K-ATPase protein, or any other protein, does not give
a sense of the age of the protein. Some lens cells are very old yet the protein constituents
found in the cell at any point in time may be much younger, reflecting a continuous
cycle of protein synthesis and degradation. Na,K-ATPase turnover, defined here as the
replacement of old Na,K-ATPase polypeptide with newly-synthesized polypeptide, has
been studied in the lens using methionine labeled with **S (/7). Rat lenses incubated
for four hours in *¥*S-methionine-containing culture medium showed distinct labeling of
many proteins including Na,K-ATPase a1 polypeptide. This indicates incorporation of
the radioactive amino acid into newly synthesized Na,K-ATPase protein. In studies with
a human lens epithelium cell line, HLE-B3, a period of **S -methionine incorporation
was followed by exposure of the cells to non-radioactive medium (/7). In this phase of
the experiment, newly synthesized proteins do not contain the *S-labeled amino acid, so
radioactive protein synthesized during the **S-methionine incorporation phase is gradu-
ally replaced with non-labeled protein. To home in specifically on Na,K-ATPase, Cui
and his coworkers (/7) used an immunoprecipitation technique to isolate Na,K-ATPase
o1 subunit. In HLE-B3 cells, these investigators found an apparent half-time of approxi-
mately 30 min for synthesis of Na,K-ATPase a1 protein (Fig. 3). Although the net amount
of Na,K-ATPase ol protein assessed by Western blot remains unchanged, part of the
Na,K-ATPase protein pool is continuously being replaced with newly synthesized pro-
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Fig. 3. Turnover of Na, K-ATPase o 1 protein in a human lens epithelial cell line, HLE-
B3. Following a two-hour *S-methionine incorporation period, HLE-B3 cells were incubated in
normal media containing nonradioactive methionine, with or without 100 uM cycloheximide, for
up to 240 minutes. Left panels show autoradiographs of immunoprecipitated Na,K-ATPase o 1
protein (102-kDa band). Quantified values of the o 1 band labeling intensity (normalized to the
t = 0 control value) are plotted against time in the right panels. (A) In control cells, radioactive
label intensity of the Na,K-ATPase ¢ 1 protein decreases over time as it is replaced by newly syn-
thesized nonlabeled Na,K-ATPase o 1 protein. (B) Label intensity does not change since protein
synthesis is inhibited by cycloheximide. (From /7; used with permission.)

tein. When turnover was inhibited by cycloheximide, an agent that suppresses protein
synthesis, Na,K-ATPase activity was found to diminish although the overall abundance
of Na,K-ATPase was unchanged. One interpretation of the cycloheximide response is
that Na,K-ATPase protein loses enzyme activity over time. On this basis, cells that do
not continually synthesize Na,K-ATPase protein may be expected to have low Na,K-
ATPase activity. This fits with the low Na,K-ATPase activity found in fully differenti-
ated fibers cells in the lens nucleus. These fibers are incapable of protein synthesis.
It remains to be determined whether Na,K-ATPase protein synthesis occurs in younger
fiber cells that still possess organelles and a nucleus. There are also important questions
to be answered regarding the stimuli that influence the rate of Na,K-ATPase turnover
in the lens epithelium. Na,K-ATPase activity is highest at the equatorial region of the
epithelium where the lens is closest to the ciliary body. According to studies by Coca
Prados and colleagues, the ciliary body functions as a neuroendocrine tissue capable of
secreting neuropeptides and other substances that potentially can alter cell function in
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other eye tissues (/8). Substances emanating from the ciliary body may act as chemical
signals which instruct the equatorial lens epithelium to maintain high Na,K-ATPase activity.
This idea remains to be tested.

REGULATION OF LENS NA, K-ATPASE ACTIVITY

Protein synthesis maybe one of several factors that influence Na,K-ATPase activity.
Short-term changes of Na,K-ATPase activity, elicited by agonists such as endothelin-1 and
thrombin, seem to occur without an apparent change in Na,K-ATPase protein expression
(19,20). The responses to these agents are quick, occurring within minutes. In lenses
exposed to thrombin, the epithelium was subsequently removed and assayed under con-
trol conditions in which no thrombin was present, but even so, the treated epithelial cell
material was found to have significantly diminished Na,K-ATPase activity compared to
epithelium samples isolated from control lenses (19). The results suggest V. of Na,K-
ATPase is decreased in the epithelium of thrombin-treated lenses. This idea is reinforced
by the observation that thrombin has a pronounced inhibitory effect on Na,K-ATPase
in lenses that are exposed to amphotericin B. Amphotericin B stimulates Na,K-ATPase
by permitting cytoplasmic sodium to rise, thereby making Na,K-ATPase function at or
close to the V__ activity and eliminating the possibility that the Na-K transport is rate-
limited by restriction of sodium entry. It is a point of interest that responses to thrombin
and endothelin-1 occur in parallel with pronounced changes in tyrosine phosphoryla-
tion and there is evidence that implicates tyrosine phosphorylation as a mechanism that
regulates Na,K-ATPase activity. Importantly, the Na,K-ATPase response to thrombin is
eliminated if tyrosine kinase inhibitors are applied at the same time as thrombin. Tyrosine
kinase inhibitors also prevent the Na,K-ATPase response of the lens to endothelin-1 (20).

It should be noted that many proteins become tyrosine phosphorylated in thrombin-
treated or endothelin-1-treated lenses, and the observed inhibition of Na,K-ATPase activity
could potentially be an indirect result of altered function of another protein. Nevertheless,
immunoprecipitation studies points to tyrosine phosphorylation of the Na,K-ATPase ol
catalytic subunit itself (27). Feraille and coworkers have presented evidence implicating a
specific tyrosine residue, Tyr-10, in the Na,K-ATPase response of a kidney tubule cell line
to insulin (22). The phosphorylation of Na,K-ATPase was not observed in cells expressing
a mutant form of Na,K-ATPase a1 that lacked this tyrosine residue.

Various tyrosine kinases exist within a cell but a particular family of tyrosine kinases,
the Src family of tyrosine kinases (SFKs), has been implicated in the regulation of ion
transporters and channels, including the Na,K-ATPase, in several tissues and cell types.
In terms of the lens, Bozulic and colleagues have shown that addition of the SFK member
Lyn to a lens membrane preparation results in phosphorylation of multiple membrane
proteins and inhibition of Na,K-ATPase activity (2/). The same authors followed up
with a interesting study that showed different SFK members caused different patterns
of membrane protein phosphorylation and different Na,K-ATPase activity responses
(23). While Na,K-ATPase activity was decreased by Lyn and Fyn SFK treatment, Src
increased Na,K-ATPase activity and another SFK member, Lck, had no effect on the
Na,K-ATPase activity. Although the complex mechanism underlying this finding still
needs to be resolved, it clearly demonstrates that fine tuning of the Na,K-ATPase activity
is possible by protein phosphorylation. It should be noted that SFK protein abundance,
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Fig. 4. Phosphorylation status of immunoprecipitated Na,K-ATPase o 1 protein from
(A) porcine lens fiber and (B) epithelium membrane material. Following immunoprecipitation
of Na, K-ATPase o 1 protein using a polyclonal antibody, immunoprecipitates were probed by
Western blot for phosphotyrosine proteins (PY) (left). The same blot was stripped and re-probed
with a monoclonal anti-Na,K-ATPase o 1 antibody (right). In the control, the immunoprecipitating
antibody was used in the absence of membrane material. (From /6; used with permission.)

as well as SFK activity, is higher at the equator of the lens epithelium compared to the
central anterior region (24). Na,K-ATPase activity is also higher at the equator (8).

Although the two lens cell types have similar Na,K-ATPase protein abundance, the
specific Na,K-ATPase activity in lens fibers is much lower compared to the lens epithe-
lium (4). This difference in specific activity between the two cell types can be explained,
at least in small part, by protein tyrosine phosphorylation. By immunoprecipitation of
the Na,K-ATPase and using a phosphotyrosine-specific antibody, Bozulic and colleagues
have shown that Na,K-ATPase in lens fiber cells has detectable tyrosine phosphoryla-
tion (16) (Fig. 4). In contrast, tyrosine phosphorylation of the Na,K-ATPase in the lens
epithelial cells was undetectable. Importantly, treatment of a lens fiber membrane prepa-
ration with protein tyrosine phosphatase-1B (PTP-1B) reduced the extent of tyrosine
phosphorylation and caused Na,K-ATPase activity to increase. Protein tyrosine phos-
phatase-1B had no effect on Na,K-ATPase activity of a membrane preparation obtained
from the epithelium (Fig. 5). Tyrosine phosphorylation, together with low turnover of
Na,K-ATPase protein, may contribute to the low Na,K-ATPase-specific activity in the
lens cortical fibers.

LENS OSMOREGULATION AND OPACIFICATION

As discussed above, the Na,K-ATPase directly regulates lens sodium and potassium
levels. This is crucial for osmoregulation. If Na,K-ATPase activity ceases, the subse-
quent rise of cytoplasmic sodium and loss of potassium is accompanied by a increase in
lenticular water. The lens swells, cell architecture is disrupted and transparency deterio-
rates. Furthermore, the sodium gradient created by the Na,K-ATPase plays an important
role in various cotransport and counter-transport mechanisms that shift other solutes.
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Fig. 5. The effect of PTP-1B treatment (dephosphorylation) of Na, K-ATPase activity of
a membrane preparation obtained from (A) porcine lens fibers and (B) epithelium. Membrane
material was incubated in the presence or absence (untreated) of recombinant PTP-1B. After
removal of the PTP-1B, Na, K-ATPase activity (ouabain-sensitive ATP hydrolysis) was meas-
ured. The data are normalized to the activity value determined in the untreated control for each
preparation (n = 40 from eight different batches of fiber membrane material and n = 8 from two
different batches of epithelium membrane material). * Indicates a significant difference (p < 0.01)
from untreated control. (From /6; used with permission.)

These transport mechanisms seem to play a vital role in maintenance of lens transpar-
ency. Two articles, by Tomlinson et al., using rat lenses, and by Tamiya and Delamere
using rabbit lenses, have shown the deleterious effect of a diminished sodium gradient
on the lens by culturing lenses in sodium-free or low-sodium medium (25,26). The effect
on lens transparency was swift with opacification starting to occur within hours of the
sodium gradient collapse. In the study by Tamiya and Delamere, low sodium (21 mM,
NaCl substituted with either N-methyl D-glucamine or choline chloride) resulted in a
severe opacification of the lens which was accompanied by a significant increase in
lens calcium content (Fig. 6). In both studies, omission of calcium from the external
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Fig. 6. The effect of diminished sodium gradient on intact rabbit lenses cultured in the presence or
absence of external calcium. (A) The dark field images illustrates the severe opacity that develops
in rabbit lenses cultured for 48 hours in modified M199 medium with reduced external sodium
(21mM) (low Na). Transparency in low sodium medium is mostly preserved in the absence (low
Na, Ca free) of external calcium. N-methyl D-glucamine was added to substitute for sodium
chloride in order to maintain osmolarity. (B) Calcium content measured by atomic absorption in
lenses incubated under the same conditions (From 25; used with permission).

medium significantly reduced the opacification, suggesting the important role of the sodium
gradient-driven calcium export in the maintenance of lens transparency. This points to
the importance of the sodium calcium exchanger (NCX), which utilizes the sodium gra-
dient created by the Na,K-ATPase to export intracellular calcium (Fig. 7A). The sodium
calcium exchanger can work in the forward mode (calcium exporting) or the reverse
mode (calcium importing) depending on the sodium gradient. In the aforementioned
studies, the sodium-free or low-sodium conditions used will not only inhibit the NCX
working in the forward mode, but potentially reverse the NCX resulting in calcium
import (Fig. 7B). Deterioration of transparency is well recognized in lenses that gain
calcium.

Cardiac glycosides are highly specific inhibitors of Na,K-ATPase that bind to a clearly
defined site on the o subunit. In the laboratory, the most commonly used cardiac glyco-
side is ouabain. Cardiac glycosides are used therapeutically, the most widely used being
digoxin, which is derived from the leaves of digitalis lanata. Several investigators have
identified endogenous cardiac glycoside-like substances (for review see Jortani and Val-
des 1997). Digitalis-like compounds have been detected in bovine, rat, cat, rabbit, and
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Fig.7. Na,K-ATPase-mediated transport establishes a sodium gradient that is the driving force
for outwardly directed calcium transport by the sodium-calcium exchanger (NCX) (A). Under
experimental conditions where the sodium concentration in the external medium is reduced,
outwardly directed NCX-mediated calcium transport is inhibited. The external sodium concentration
can be reduced to a point where NCX reverses and shifts calcium in an inward direction (B).

human lenses (27). It has been suggested that endogenous digitalis-like factors could be
associated with the development of cataract (28) and in this respect it is interesting that
Lichtstein and his coworkers detected a higher amount of digitalis-like factor in human
cataractous lenses than in transparent human lenses (27). In the Nakano mouse, a strain
that results from an autosomal recessive single gene mutation (29), there is evidence that
associates a different type of endogenous Na,K-ATPase inhibitor with cataract forma-
tion (30). Nakano cataract develops in parallel with an increase of lens sodium and loss
of potassium, together with an increase of lens calcium and water (37). The Nakano lens
contains an Na,K-ATPase inhibitor with the characteristics of a small polypeptide that
is capable of inhibiting not only lens Na,K-ATPase, but also Na,K-ATPase in brain and
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retina (32). An endogenous Na,K-ATPase inhibitor peptide has also been reported in the
lens of the ICR/f rat, a recessive mutant strain that develops cataract (33).

While it is evident that endogenous Na,K-ATPase inhibition has the potential to
bring about changes that lead to lens opacification, the development of human nuclear
cataract proceeds without detectable alteration of lens sodium or potassium levels,
and there is no reason to suspect a defect in Na,K-ATPase or any other ion transport
mechanism. On the other hand, age-related cortical cataract in the human lens is very
clearly associated with an increase in sodium and decrease in lens potassium, together
with an increase of calcium and water (34,35). The ion changes are more pronounced
when opacification is severe. Although such a pattern of changes could be explained
by insufficient Na,K-ATPase activity in the lens, analysis of Na,K-ATPase activity
in cataractous human lenses has produced mixed results. Some studies indicate a
decrease of Na,K-ATPase activity in cataractous lenses (5,36—-38), while other inves-
tigators report Na,K-ATPase activity that is apparently normal (39,40) or increased
(41). It seems quite likely that alterations of membrane permeability could contribute
to the abnormal ion concentrations detected in cataractous lenses (39,42). It is inter-
esting that an age-related increase of membrane permeability appears to occur in the
transparent human lens (43). The fact that lens transparency is preserved in the face
of increased ion permeability suggest the rate of Na,K-ATPase-mediated ion trans-
port is able to increase sufficiently to balance the additional ion leak. It has yet to be
determined whether the abundance or pattern of Na,K-ATPase protein expression or
the phosphorylation status of the Na,K-ATPase o subunit is different in transparent
human lenses that have an abnormally high ion permeability.
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PERICYTES AND CAPILLARY FUNCTION

Evidence is accumulating (/—7) that capillary perfusion is not only regulated by the
smooth-muscle cells that encircle upstream arterioles, but also by the contractile peri-
cytes that are located on the abluminal wall of microvessels (Figs. 1 and 2). Consistent
with pericytes regulating microvascular function, it has been known for 20 years that
pericytes isolated from the retina and maintained in culture can contract or relax during
exposure to a variety of vasoactive molecules (8—11). More recently, time-lapse pho-
tography of freshly isolated retinal microvessels successfully demonstrated for the first
time that putative vasoactive signals can induce contractile responses in pericytes that
are located on the abluminal vascular wall (3—-6). [Time-lapse movies of retinal micro-
vessels responding to vasoactive signals can be viewed in the supplemental material of
recent publications (3—6).] The demonstration that pericytes can be induced to contract
and relax vigorously enough to cause potent constrictions and effective dilations of isolated
microvessels complements the observation that the diameter of retinal capillaries in situ
change in response to vasoactive signals (/2). Although in vivo confirmation of these
observations remains elusive due to the inability to simultaneously visualize pericytes,
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Pericyte

Endothelial cell

Tight junction

Fig. 1. Schematic showing a cross-section of an endothelial tube and an abluminal pericyte.
Endothelial tight junctions form the retinal component of the blood-retinal barrier. Although not illus-
trated, pericytes and endothelial cells are interconnected by gap junctions. RBC = red blood cell.

Fig. 2. Differential interference contrast photomicrograph of a segment of a pericyte-
containing retinal microvessel freshly isolated from an adult rat. Arrowheads point to pericytes.
Five erythrocytes are within the lumen. The cale bar shows 10 um. From Kawamura et al. (4),
with permission.

endothelial cells and intraluminal erythrocytes of capillaries located within the retina,
consensus is growing that regulation of blood of flow occurs, not only at pre-capillary
sites, but also within pericyte-containing microvessels.

FUNCTIONAL SPECIALIZATIONS OF THE RETINAL
MICROVASCULATURE

While nearly all tissues have pericyte-containing microvessels, the function of peri-
cytes may be particularly important in the retina due to the special requirements of this
translucent tissue. In the retina, a tight functional link between local perfusion and meta-
bolic demand is especially crucial due to the low density of capillaries, which minimizes
interference with the passage of light, but leaves little functional reserve (/2). In order to
maintain tight coupling between metabolic supply and demand, the retinal vasculature is
adapted to enhance the local control of blood flow with a minimum of extrinsic oversight,
i.e., perfusion is largely autoregulated.

The autoregulation of retinal blood flow is facilitated by the vasculature’s lack of
autonomic innervation (/3), which in other tissues conveys central nervous system
(CNS) input. Also, the presence of tight junctions between vascular endothelial cells in
the retinal vasculature prevents circulating vasoactive molecules from directly affecting
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the contractile tone of mural cells. In addition, the retina’s particularly high density of
pericytes (14, 15) is thought to reflect the importance of these mural cells in the decen-
tralized regulation of capillary perfusion.

Under physiological conditions, autoregulation of retinal vascular function allows
blood flow to meet local metabolic demand despite the relative paucity of capillaries.
However, due to the limited functional reserve of the retina’s circulatory system, even
modest vascular dysfunction may result in complications that compromise vision. Fur-
thermore, the unique physiological requirements of the retinal vasculature may con-
tribute to its particularly high vulnerability to the microangiopathic effects of diseases
such as diabetes (16).

DIABETES AND THE PERICYTE-CONTAINING RETINAL
MICROVASCULATURE

Diabetes is the most important disease that affects the function of the retinal micro-
vasculature. With the accelerating incidence of diabetes, the number of people at risk for
the sight-threatening complications of diabetic retinopathy is increasing at an alarming
rate (/7). For this reason, there is keen interest in elucidating the mechanisms by with
diabetes disrupts vascular function in the retina. Recent experimental studies indicate
that ion channels and transporters play important roles in the responses of the retinal
microvasculature to diabetes.

For more than four decades, attention has focused on the effects of diabetes on the
pericyte-containing retinal microvasculature whose loss of mural cells is one of the ear-
liest histopathological signs of diabetic retinopathy (/8). More recently, investigators
observed that apoptotic death, not only of pericytes, but also of endothelial cells within
microvessels of the diabetic retina (/9). Unsurprisingly, functional changes in the reti-
nal vasculature are detected well before the onset of microvascular cell death. Early
functional changes include a loss of autoregulatory mechanisms for adjusting capillary
perfusion of meet local metabolic demand (20), a breakdown of the blood-retinal bar-
rier (21), and a decrease in retinal oxygen partial pressure (PO,) (12, 22). At present, the
mechanisms by which diabetes affects the function of the retinal vasculature are incom-
pletely understood. However, evidence is accumulating that microvascular ion channels
and transporters are significantly involved (Fig. 3).

EFFECTS OF DIABETES ON MICROVASCULAR K, CHANNELS

The recent development of a technique to isolate viable pericyte-containing
microvessels from the retinas of normal and diabetic rats has facilitated the quest to
elucidate the mechanisms by which diabetes alters microvascular function. With freshly
isolated microvessels, it is feasible to monitor pericyte currents via patch-pipettes, meas-
ure pericyte calcium levels with fura-2, and visualize pericyte contractions and lumen
constrictions using time-lapse photography. Thus, retinal microvessels can be studied
from the level of ion channels to pericyte function. Recent analyses of freshly isolated
retinal microvessels reveal that insulin-deficient diabetes significantly affects the func-
tion of inwardly-rectifying potassium (K ) channels and P2X_ purinoceptors (23, 24).

Although knowledge of the function of K, channels in pericyte-containing microves-
sels is limited, there is substantial evidence from studies of smooth muscle-encircled
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gap junction pathway

Fig.3. Schematic of the effects of diabetes on the function of P2X_ purinoceptors, voltage-
dependent calcium channels (VDCC), inwardly rectifying potassium (K, ) channels and gap
junctions in a pericyte-containing retinal microvessel. AGEs, advanced glycation endproducts;
SPM, spermine; PKC, protein kinase C. Experimental evidence indicates that insulin-deficient
diabetes: (i) inhibits K, channels by a mechanism involving an increase in spermine,
(ii) increases the transition from activated P2X, purinoceptors to opened transmembrane
pores, (iii) inhibits VDCC activity secondary to the formation of advanced glycated end-
products, and (iv) inhibits microvascular gap junctions by a PKC-dependent mechanism (28).

vessels to suggest that these channels are important in the circulatory system. For exam-
ple, K. channels regulate blood flow via their effects on the membrane potential of
mural cells and thereby, the activity of voltage-dependent calcium channels (VDCCs),
the influx of calcium, and the contractile tone of these myocytes (25). In addition, the
phenomenon of metabolic vasodilation is likely to be mediated by the unique ability of
K,; channels to generate a hyperpolarizing efflux of K* when the concentration of this
cation becomes elevated at sites where there is a mismatch between local perfusion and
metabolic demand (26, 27).

We recently reported that in the retinal microvasculature there is a topographical
heterogeneity of the K, conductance (23), namely, the K, current detected at proximal
microvascular sites shows weak inward rectification, i.e., K* efflux via these channels is
relatively large; in contrast, the K, current in the distal portion of this microvasculature
is strongly rectifying. Because of extensive cell-to-cell communication via gap junction
pathways within pericyte-containing retinal microvessels (28, 29), the hyperpolariza-
tion generated by the efflux of K* via proximal K, channels spreads throughout the
microvascular complex. Thus, the activity of proximal K, channels plays a major role
in setting the membrane potential of pericytes and thereby, the basal contractile tone of
the retinal microvasculature.

After two months of streptozotocin-induced diabetes, the heterogeneity of the micro-
vascular K, conductance is minimal, as the efflux of K* via proximal K channels
decreases markedly (23). The diabetes-induced inhibition of these channels is mimicked
by the polyamine, spermine, whose concentration is elevated in the diabetic eye (30).
Also suggestive of a role for spermine is the fact that exposure of diabetic microvessels
to a pharmacological inhibitor of polyamine synthesis reverses the diabetes-induced
inhibition of the proximal K , channels (23).
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What are the consequences of diabetes causing the proximal K current to become
smaller? In agreement with diabetes reducing the efflux of K* via K channels, the
resting membrane potential of pericytes is significantly depolarized in diabetic retinal
microvessels of diabetic rats (23). As a consequence of this depolarization, the activity
of VDCCs increases, cytoplasmic calcium rises, and pericytes contract. The resulting
vasoconstriction may account, at least in part, for the decrease in retinal blood flow
observed early in the course of diabetic retinopathy (3/).

THE EFFECT OF DIABETES ON P2X PURINOCEPTORS

K,; channels are not the only types of microvascular channels affected by insulin-
deficient diabetes. We recently found that the function of the ligand-gated P2X_ purino-
ceptors is also altered in microvessels of the diabetic retina (24). These purinoceptors
are involved in the vasoconstrictive response of retinal microvessels to extracellular
adenosine triphosphate (ATP) (3), which is likely to be a glial-to-vascular signal in the
retina. However, in addition to this physiological role, activation of P2X_ purinoceptors
can have a pathological effect due to their peculiar ability to cause large transmembrane
pores to form (32, 33). These pores, which are permeable to molecules of less than 900
Da, can cause microvascular cell death by disrupting ionic gradients and/or by providing
pathways for an efflux of vital intracellular molecules (32).

Of potential relevance to diabetes, the concentration of P2X_ ligand needed to open
pores and to trigger apoptosis is decreased approximately 80-fold in pericyte-containing
microvessels isolated from retinas of insulin-deficient rats (24, 34). The increased for-
mation of pores in microvessels of the diabetic retina is not associated with an upregula-
tion of functional P2X_ purinoceptors, but rather appears to be due to a diabetes-induced
enhancement of the transition from activated P2X receptor/channels to opened pores
(24). In this way, normally nonlethal concentrations of P2X_ ligands may trigger micro-
vascular cell death in the diabetic retina.

To characterize the microvascular cell death triggered by P2X_ activation succinctly,
we coined the term, ‘purinergic vasotoxicity. Although the idea that signaling mol-
ecules can cause cell death in the circulatory system appears to be new, the concept of
extracellular signals having both physiological and pathological effects is not novel.
For example, it is well known that the excitatory neurotransmitter glutamate can be
neurotoxic. Analogous to excitotoxicity, which plays a role in neuronal pathobiology,
purinergic vasotoxicity may be a cause for microvascular dysfunction. Our experiments
indicate that a diabetes-induced increase in the vulnerability of retinal microvessels to
purinergic vasotoxicity may be a previously unrecognized mechanism by which diabetic
retinopathy progresses.

HYPERGLYCEMIA AND PERICYTE CHANNELS

With epidemiological studies indicating that hyperglycemia is a critical factor in the
development of diabetic retinopathy (35), investigators have assessed the effects of glu-
cose on the function of ion channels in pericytes that were isolated from normal animals,
maintained in culture and exposed to high concentrations of glucose. In these studies,
the activities of certain calcium-activated potassium channels (36, 37) and VDCCs (38)
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are altered directly by glucose and/or secondary to the formation of advanced glycated
endproducts (39, 40). Changes in these potassium and calcium channels may also con-
tribute to the dysfunction of microvessels in the diabetic retina.

BREAKDOWN OF THE BLOOD-RETINAL BARRIER
AND ION CHANNEL FUNCTION

Although diabetes is the most common cause of breakdown in the endothelial barrier
of the retinal vasculature, many other conditions are also associated with this sight-
threatening phenomenon. In the case of diabetes, it appears that the upregulation of
vascular endothelial growth factor (VEGF) results in the disruption of the endothelial
tight junctions (41, 42) that limit the access of serum-derived molecules to the
extracellular space of the retina. Because pericytes are positioned on the abluminal
wall of microvascular endothelial tubes, these mural cells are among the first cells to
be exposed to the molecules leaking at sites where the blood-retinal barrier is com-
promised. Consequently, the effects of blood-derived molecules on pericyte function
are likely to influence how the retina responds to defects in the vascular endothelial
barrier.

Based on the premise that ion channels play a vital role in the function of the pericyte-
containing microvasculature, we examined the effects of serum on the ionic currents
of retinal pericytes located on freshly isolated retinal microvessels (43). These studies
revealed that exposure to serum is associated with the activation of calcium-permeable
nonspecific cation (NSC) channels and calcium-activated chloride (Cl.) channels.
Because these effects are mimicked by insulin-like growth factor-1 (IGF-1), which is a
normal component of the blood (44), IGF-1 may be one of the serum-derived molecules
that regulates the physiology of retinal pericytes when there is a breakdown in the
blood-retinal barrier.

Calcium influx is an important consequence of NSC and Cl . channels being
activated during the exposure of retinal microvessels to serum-derived molecules,
such as IGF-1 (43). Calcium-permeable NSC channels provide one pathway for the
influx of calcium. In addition, the opening of the NSC and Cl_, channels induces
pericyte depolarization and thereby VDCC activation (43, 45). As a consequence of
the serum-induced influx of calcium, retinal pericytes contract, and microvascular
lumens constrict (3, 5).

The serum-induced contraction of pericytes may be a successful adaptive response
to a focal breakdown of the blood-retinal barrier. With vasoconstriction occurring at
these sites, blood would be shunted away from leaky microvessels and sight-threat-
ening retinal edema would be minimized. On the other hand, prolonged shunting
of blood may result in ischemic damage at leaky sites. Furthermore, sustained Ca**
influx due to persistent serum-induced depolarization would require a substantial of
expenditure energy in order to prevent cellular damage secondary to an excessive
concentration of cytoplasmic calcium. Perhaps, this metabolic stress contributes to
the cell death observed at sites of a defect in the blood-retinal barrier. With the death
of microvascular cells, the structural integrity of the vascular wall is further compro-
mised, the leakage of serum and blood increased and the function of the retina further
compromised.
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METABOLIC MODULATION OF MICROVASCULAR FUNCTION

Recent studies have revealed dynamic roles for ion channels and transporters in the
responses of the retinal microvasculature to hypoxia, which occurs in a variety of dis-
orders, including diabetic retinopathy. Due to its low density of capillaries and the rela-
tively low volume of retinal blood flow, the retina is particularly vulnerable to conditions
that lead to decreased tissue oxygenation (/2). Thus, it is crucial that the vasculature of
the retina respond effectively to hypoxia. We recently proposed that the response of the
retinal microvasculature to a decrease in PO, is facilitated by the ability of extracellular
signals, such as platelet-derived growth factor-BB (PDGF-BB) and extracellular lactate,
to switch from being vasoconstrictors when energy supplies are ample and to being
vasodilators with the onset of hypoxia (6, 46). This bifunctional capability involves
microvascular ion channels, transporters and gap junctions.

In the case of lactate, which is present in the extracellular space of the retina under both
physiological and pathophysiological conditions, there is an elevation of intracellular cal-
cium, contraction of pericytes and constriction of lumens when retinal microvessels are
exposed to this metabolic product under normoxic conditions (6). This lactate-induced
vasoconstriction is mediated by a cascade of events resulting in the inhibition of Na*/
Ca?* exchangers (NCXs). The decrease in Ca** extrusion by NCXs results in the accu-
mulation of intracellular calcium and thereby, the contraction of pericytes. Key events in
this cascade include the importation via monocarboxylate transporters of protons along
with lactate, and the subsequent efflux of these protons via Na*/H* exchangers (NHEs).
Due to the NHE-mediated influx of Na*, the ability of NCXs to exchange this cation
for intracellular Ca?* is impaired. As a consequence, cytoplasmic Ca*" rises, and
pericytes contract (Fig. 4). In contrast to the rise in calcium in pericytes observed dur-
ing exposure to lactate under nomoxic conditions, this metabolic product fails to evoke
a calcium increase in hypoxic retinal microvessels (28). In fact, during hypoxia, lactate
causes vasodilation, rather than vasoconstriction; most likely this lactate-induced relaxa-
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lactate—=— .
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Fig.4. Schematic of the effects of extracellular lactate on pericyte-containing microvessels
under conditions in which pericyte-endothelial gap junctions are opened. As discussed in the
text, the transport of lactate into microvascular cells triggers a cascade of events that result
in the inhibition of Na*/Ca?* exchangers (NCXs), which are located in the endothelial cells.
Dashed lines show that the rise in intracellular Na* diminishes the NCX-mediated importation
of Na* and thereby, the extrusion of Ca* via this exchanger. The resulting rise in intracellular
Ca* causes pericyte contraction by a mechanism that is thought to involve the inhibition of
myosin light-chain kinase.
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tion of pericytes is due to cotransported H* causing intracellular acidity, which inhibits
the contractile apparatus.

By what mechanism does hypoxia switch the lactate from being a vasoconstrictor to being
a vasodilator? Based on a variety of experimental observations (6), it appears that this switch
occurs due to the closure of pericyte/endothelial gap junctions and the resulting inability
of NCXs located in the endothelium to regulate the concentration of calcium in ablumi-
nal pericytes. Thus, the functional status of the gap junctions interconnecting pericytes and
endothelial cells appears to determine whether pericytes contract or relax during exposure of
retinal microvessels to lactate. An implication of our studies is that due to a hypoxia-induced
closure of gap junctions, extracellular lactate enhances retinal blood flow. In contrast, the
lactate-induced vasoconstriction at well-oxygenated sites would reduce local perfusion and
thereby shunt blood flow to less adequately oxygenated regions of the retina.

Our experiments also indicate that there is metabolic modulation of the response of
the retinal microvasculature to PDGF-BB (46), which is expressed by vascular endothe-
lial cells and whose receptors are on pericytes (47). Under normal conditions, exposure
of retinal microvessels to this growth factor results in the activation of depolarizing NSC
and Cl,, currents, the elevation of intracellular calcium, the contraction of pericytes and
the constriction of microvascular lumens. On the other hand, the NSC and ClCa chan-
nels do not open during exposure of ischemic microvessels to PDGF-BB. Rather this
growth factor enhances the activation of K, , channels whose hyperpolarizing effect
results in pericyte relaxation and vasodilation (46). Based on these observations, we
have proposed that PDGF-BB causes blood flow to increase at hypoxic retinal sites,
but to decrease when oxygenation is adequate. It seems likely that the dual vasoactive
effects of extracellular molecules, such as PDGF-BB and lactate, provide a mechanism
to efficiently adjust capillary perfusion to match local metabolic need.

CONCLUSIONS

Ion channels and transporters are involved in playing an important role in the response
of pericyte-containing retinal microvessels to disorders such as diabetes. Due to the lim-
ited functional reserve of the retina’s circulatory system, it seems likely that even modest
dysfunction of the retinal microvasculature can lead to sight-threatening complications.
As progress continues in elucidating the role of microvascular channels and transport-
ers, these membrane proteins are likely to become fruitful targets for pharmacological
intervention to prevent or minimize the detrimental effects of diseases such as diabetes
on the function of the retinal microvasculature.
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SUMMARY

The inner blood—retinal barrier (inner BRB) forms complex tight junctions of retinal cap-
illary endothelial cells to prevent the free diffusion of substances between the circulating
blood and the neural retina. Thus, understanding of the inner BRB transport mechanisms
could provide a basis for strategies of drug delivery to the retina. Recent development of
several analytical methods has succeeded in showing that the inner BRB is equipped with
several membrane transporters such as GLUT1, monocarboxylate transporter 1 (MCT1),
creatine transporter (CRT), xCT, L-type amino acid transporter 1 (LAT1), taurine transporter
(TauT), equilibrative nucleoside transporter 2 (ENT2), organic anion transporter polypeptide
la4 (Oatpla4), multidrug resistance la (mdrla), and ATP-binding cassette transporter G2
(Abcg2). These transporters play essential roles in supplying nutrients to the retina and are
responsible for the efflux of neurotransmitter metabolites, toxins, and xenobiotics.

INTRODUCTION

The blood-retinal barrier (BRB), which forms complex tight junctions of retinal capil-
lary endothelial cells (inner BRB) and retinal pigment epithelial cells (RPE, outer BRB),
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Fig. 1. Schematic diagram of the blood—retinal barrier (BRB). The BRB is composed of retinal
capillary endothelial cells (inner BRB) and retinal pigment epithelial cells (RPE, outer BRB).
Retinal capillary endothelial cells are surrounded by the pericyte and Miiller cell foot process.

restricts nonspecific transport between the neural retina and the circulating blood and
maintains a constant milieu in the neural retina (Fig. 1) (1, 2). The inner two thirds of the
human retina is nourished by the inner BRB and the remainder is covered by choriocapil-
laris via the outer BRB. Compared with peripheral capillary endothelial cells, the inner
BRB expresses a variety of unique transporters which play essential roles in supplying
nutrients to the retina and are responsible for the efflux of neurotransmitter metabolites,
toxins, and xenobiotics. A better understanding of the transport mechanisms at the inner
BRB will provide important information about the effective delivery of drugs to the retina
as well as the physiological role of the inner BRB.

The concept of the BRB was first proposed by Schnaudigel in 1913 (3), who found that
dyes injected into veins did not stain the retina. Although information about transporter
expressions and functions at the inner BRB had been very limited for a long time, the
development of several in vivo, ex vivo, and in vitro methods in recent years has signifi-
cantly increased progress in inner BRB transport research. In vivo transport studies using
the retinal uptake index (RUI) method have been performed to investigate influx transport
into the retina (4—7). Moreover, the in vivo microdialysis method can be used for evaluat-
ing the efflux transport from the vitreous humor/retina by monitoring the vitreous humor
concentration of a test substrate and bulk-flow marker (8). These methods have the advan-
tage of being able to estimate the transport under physiological conditions; however, it is
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difficult to distinguish between substrates that are transported across the inner BRB and
the outer BRB. Isolation techniques applied to retinal capillaries or endothelial cells are
very useful for investigating the expression and function of transporters at the inner BRB
ex vivo (9-11), although only a few capillaries or cells can be obtained. Conditionally
immortalized rat retinal capillary endothelial cell lines (i.e., TR-iBRB cells) have been
successfully developed and used for the acquisition of information regarding transport
mechanisms and transporter expression levels at the inner BRB in vitro (/2). TR-iBRB
cells maintain certain in vivo functions as described in another review (2), however, there
is no way of knowing whether the expression and functions of transporters are changed
by culture passages and conditions. Therefore, when we investigate the mechanism(s)
governing inner BRB transport, it is essential to understand the limitations of each method
and select the combination of methods that are most suited to particular studies.

In this chapter, we present an overview of the latest biological research focusing on
the transport mechanism at the inner BRB. We will also discuss hypothetical roles of
the inner BRB transport systems from physiological, pathophysiological, and pharma-
cological points of view.

ENERGY SUPPLY AND STORAGE

In the retina, neuronal cells, including photoreceptor cells, require a large amount of
metabolic energy for phototransduction and neurotransduction, which is maintained by
ionic gradients across the plasma membrane. Therefore, one of the most important roles
of transporters at the inner BRB is to meet the high energy demand in the retina by
supplying a source of energy from the circulating blood.

Glucose

Adequate D-glucose transport from the circulating blood to the retina is essential for
energy metabolism in the retina. Betz and Goldstein (/0) were the first to report a car-
rier-mediated transport process for D-glucose at the inner BRB; using isolated bovine
retinal capillaries and they showed that ['*C]3-O-methyl-D-glucose (3-OMG, an analog
of D-glucose that cannot be metabolized) uptake was saturable and could be inhibited
by substrates and inhibitors of facilitative D-glucose transporters (i.e., GLUT). Ennis
et al. (13) obtained a Michaelis constant (K ) for the rat blood-to-retina transport of
D-glucose of 7.81 mM using a modification of the RUI method. In 1992, Takata et al.
(14) demonstrated the immunolocalization of GLUT1 (SIc2al) in the retina and showed
that GLUTT is localized at both the luminal (blood) and abluminal (retinal) sides of the
inner BRB, and at both the apical and basolateral sides of the outer BRB. The expres-
sion of GLUT1 at the abluminal membrane of the inner BRB is approximately two- and
threefold greater than that at the luminal membrane in humans and rats, respectively (15,
16). This asymmetrical distribution of GLUT1 at the inner BRB suggests that D-glucose
transport is limited at the blood-to-luminal rather than the abluminal-to-interstitial inter-
face. There are some arguments in favor of GLUT3 (Slc2a3) being expressed and play-
ing a role in transporting D-glucose at the inner BRB (/7). Although GLUT3 mRNA
was at the lower limit of detection, GLUT1 mRNA was well expressed in isolated rat
retinal vascular endothelial cells (Fig. 2A) (/7). Therefore, GLUT1 is believed to be
responsible for the transport of D-glucose at the rat inner BRB.
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Fig. 2. Transcript levels of GLUT (A), L-type aminio acid transporter (LAT) (B), organic
anion transporter polypeptide (Oatp) (C), and multidrug resistance (mdr) (D) transporters in iso-
lated retinal vascular endothelial cells. The transcript level of transporters in rat retinal vascular
endothelial cells isolated using magnetic beads coated with anti-rat CD31 antibody was deter-
mined by quantitative real-time polymerase chain reaction (PCR) analysis. Each column repre-
sents the mean + the standard error of the mean (S.E.M.) of at least three different samples. N.D.,
not detected. Data taken from Journal of Neurochemistry, 94, Tomi and Hosoya, Application of
magnetically isolated rat retinal vascular endothelial cells for the determination of transporter
gene expression levels at the inner blood-retinal barrier. 1244—1248, 2004, with permission from
Blackwell Publishing.

Diabetic retinopathy is generally regarded to primarily affect the retinal microvascu-
lature. The amount of D-glucose transport into the retina would be a factor in the devel-
opment diabetic retinopathy, since this is the major determinant of the retinal D-glucose
concentration. Thus, the regulation of GLUT1 levels in retinal capillary endothelial cells
subjected to hyperglycemia has been of special interest. The amount of GLUT1 protein
was reduced in the retina and vascular endothelium of streptozotocin-induced diabetic
rats (18,19) and in the retinas of diabetic Goto Kakizaki (GK) rats and alloxan-induced
diabetic rabbits (20). On the other hand, ultrastructural localization of GLUT1 protein
shows the increased expression of GLUT1 at the plasma membrane in retinal capillar-
ies of diabetic patients (16), or no change in GLUT1 levels at the plasma membrane in
retinal capillaries of diabetic GK rats (/5). Taken together, these observations suggest
that the reduction in the total pool of GLUT1 caused by diabetes may not limit GLUT1
targeting to plasma membranes but may result in a reduction in the available pool of
intracellular GLUT1. In hyperglycemia, the absence of compensatory down-regulation
of GLUT1 expression at the inner BRB may expose the retina to elevated free D-glucose
concentrations and, therefore, accelerate the development of diabetic retinopathy.

Lactate

In the retina, L-lactate is a major nutrient for photoreceptors and it reaches a con-
centration 10-fold greater than that in the blood. Miiller glia produce L-lactate from
D-glucose and release it to photoreceptors (21). Gerhart et al. (22) provided immuno-
histochemical evidence to show that H*-dependent monocarboxylate transporter (MCT)
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1 (Slcl6al) is localized at both the luminal and abluminal sides of the inner BRB. In
an investigation of the transport characteristics of L-lactate, RUI studies have provided
the evidence that the rat blood-to-retina transport of L-lactate is saturable and pH-
dependent (5), suggesting the involvement of MCT in L-lactate transport. MCT1 mRNA
is expressed in TR-iBRB cells, and [*C]L-lactate uptake by TR-iBRB cells was shown
to be a temperature-, H*-, and concentration-dependent process with a K of 1.7mM
(23). Knockout mice for CD147/basigin, which is responsible for targeting of MCT to
the cell membrane, exhibit physiological and morphological alterations of the retina
(24), implying the physiological importance of MCT in the retina. MCT1 at the inner
BRB plays a role in maintaining an adequate L-lactate concentration in the retina by
regulating L-lactate transport between the circulating blood and the neural retina.

Creatine

Creatine plays a vital role in the storage and transmission of adenosine triphosphate
(ATP) due to the conversion of creatine to phosphocreatine. High levels of creatine in
the retina (3mM) and in photoreceptor cells (10 to 15mM) suggest that the creatine/
phosphocreatine system plays a significant role in the retina. Indeed, gyrate atrophy of
the choroid and retina (GA) is characterized by hyperornithinemia and hypocreatinemia,
implying that excessive ornithine leads to chorioretinal degeneration through suspension
of creatine synthesis. It has been shown that S-adenosyl-L-methionine:N-guanidinoac-
etate methyltransferase, a key enzyme for creatine synthesis, is preferentially expressed
and creatine is biosynthesized in Miiller glia of the retina (25). Moreover, an in vivo
intravenous administration study demonstrated that ['“C]-labeled creatine is transported
from the blood to the retina. ["*C]Creatine uptake by TR-iBRB cells took place in an
Na*-, CI™-, and concentration-dependent manner with a K of 15uM and was inhibited
by creatine transporter (CRT/SIc6a8) inhibitors. CRT mRNA and protein were expressed
in the retina and TR-iBRB cells, and immunohistological electron microscopy investiga-
tions revealed the localization of CRT immunoreactivity at both the luminal and ablu-
minal sides of the inner BRB (26). In light of these findings, the high level of creatine in
the retina appears to be maintained by local biosynthesis in the Miiller glia and supplied
by the circulating blood through the BRB. Since photoreceptors require enormous
quantities of metabolic energy for phototransduction and, therefore, accumulate crea-
tine, the retinal creatine is most likely taken up into photoreceptors and plays a pivotal
role in energy storage and regeneration of ATP, which is generated from L-lactate in
photoreceptors.

ANTIOXIDANT SUPPLY

The retina is an ideal environment for the generation of reactive oxygen species
for several reasons (27, 28). Firstly, the retina is subject to high levels of cumulative
irradiation, which causes the production of reactive oxygen species, and it contains
an abundance of chromophores such as rhodopsin, melanin, and lipofuscin. Secondly,
oxygen consumption by the retina is much greater than that by any other tissue, since
the retina requires a large amount of metabolic energy for neurotransduction, as men-
tioned above. Thirdly, photoreceptor outer-segment membranes are rich in polyun-
saturated fatty acids, which are readily oxidized and can initiate a cytotoxic chain
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reaction. Finally, the process of phagocytosis by the RPE is itself an oxidative stress,
and results in the generation of reactive oxygen species. Oxidative damage in the
retina is thought to be involved in retinal diseases, such as diabetic retinopathy (29)
and age-related macular degeneration (28). It has been shown that transporters at the
inner BRB protect the retina by supplying antioxidants.

Vitamin C

Vitamin C acts as a free-radical scavenger as well as a cofactor in the enzymatic bio-
synthesis of collagen, catecholamine, and peptide neurohormones. The concentration of
vitamin C in the retina is more than 10-fold greater than that in the plasma, suggesting that
vitamin C in the retina is supplied from the circulating blood through a specific transport
process at the BRB. The reduced form vitamin C, ascorbic acid (AA), and the oxidized form
of vitamin C, dehydroascorbic acid (DHA), are known to be substrates of Na*-dependent
L-ascorbic acid transporter (SVCT/SIc23a) and GLUT, respectively. An in vivo intravenous
administration study demonstrated that the apparent influx permeability clearance per gram
retina (K . ) of [“C]DHA was about 38-fold greater than that of [“C]AA (Fig. 3A) (30).
Moreover, most of the [*C]DHA injected into the femoral vein is converted to ['*C]AA in
the retina, suggesting that vitamin C is mainly transported as the DHA form across the BRB
and accumulates as the AA form in the rat retina. The initial uptake rate of ["“C]DHA in
TR-iBRB cells was also found to be 37-fold greater than that of ['“C]AA. ['*C]DHA uptake
by TR-iBRB cells took place in an Na*-independent and concentration-dependent manner
with a K of 93.4uM and was inhibited by substrates and inhibitors of GLUT (30). The
expression of GLUT]1 at both the inner and outer BRB was mentioned above, and TR-iBRB
cells also express GLUT1 protein at 55 kDa and exhibit Na*-independent 3-OMG uptake
witha K _of 5.6mM (72). In the light of these findings, GLUTT1 at the inner BRB plays an
important role in supplying D-glucose, as well as vitamin C, to the neural retina.

In diabetic mellitus, it is expected that hyperglycemia restricts the supply of vitamin
C to the retina due to inhibition of GLUTI1. Indeed, ["*C]DHA uptake by TR-iBRB cells
was inhibited by D-glucose and 3-OMG in a concentration-dependent manner with an
IC,; of 5.56 and 16.9mM, respectively (Fig. 3B) (30). The K, . of [C]DHA was
reduced by 66% in streptozocin-induced diabetic rats compared with normal rats (Fig. 3A)
(31). Accordingly, diabetic patients may experience enhanced oxidative stress and meta-
bolic perturbations in the retina following a reduction in the influx transport of DHA,
leading to the hypothesis that diabetic retinopathy involves a dysfunction of DHA influx
transport at the BRB.

Cystine

Glutathione, which is a tripeptide composed of L-glutamic acid, L-cysteine, and glycine,
plays an important role in protecting cells against reactive oxygen species and other
toxic agents (32). Therefore, the glutathione concentration in the retina is relatively high
(1.2 umol/g wet weight in freshly excised rat retina) (33). To maintain the intracellular
glutathione concentration at an appropriate level, transport of glutathione and/or its thiol
source, L-cyst(e)ine, into the retina is critical for the health of the retina. Wang and
Cynader (34) have reported that the plasma of the carotid artery and internal jugular
vein contain high concentrations of L-cystine (35 and 26 uM, respectively) and there is
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Fig. 3. Characteristics of vitamin C transport at the inner blood-retinal barrier. (A) The initial
uptake of [“C]dehydroascorbic acid (DHA) by the retina of normal (open circle) and streptozotocin-
induced diabetic (closed circle) rats and [**C]ascorbic acid (AA) (open triangle) by the normal rat
retina after intravenous administration. The apparent influx permeability clearance of [“C]substrate
per gram retina (K, . ) can be obtained from the initial slope of a plot of the apparent retina-
to-plasma concentration ratio (V,) over the time-period of the experiment (¢) versus AUC(t)/Cp(t)
where AUC(7) and C (1), respectively, represent the area under the plasma concentration-time curve
of [“C]substrate from time O to ¢ and the plasma [*“C]substrate concentration at time ¢. The K. i
of [*C]DHA in normal rats, ['"*C]DHA in streptozotocin-induced diabetic rats, and ['“C]AA in nor-
mal rats are respectively 2.44 x 10* uL/(min-g retina), 841 uL/(min-g retina), and 65.4 uL/(min‘g
retina). (B) Concentration-dependent inhibition of D-glucose (closed square) and 3-O-methyl-D-
glucose (open square) involving the uptake of [*C]DHA by TR-iBRB cells. ['““C]DHA uptake was
performed in the presence or absence of inhibitors at two minutes and 37°C. The IC, values for
D-glucose and 3-O-methyl-D-glucose are 5.56 and 16.9mM, respectively. Each point represents
the mean =+ the standard error of the mean (SEM) (n = 3-5). Data taken from Investigative Ophthal-
mology & Visual Science, 45, Hosoya et al., Vitamin C transport in oxidized from across the rat
blood-retinal barrier. 1232—1239, 2004, with permission from Association for Research in Vision
and Ophthalmology.

an obvious positive arteriovenous concentration difference, implying that L-cystine is
transported from the circulating blood to the brain and retina in substantial amounts. On
the other hand, the plasma concentrations of glutathione and L-cysteine are lower than
that of L-cystine and exhibit no arteriovenous differences.

An in vivo intravenous administration study has shown that L-cystine uptake by the
eye is activated by pretreatment with diethyl maleate (DEM), a reagent used to deplete
intracellular glutathione in order to induce oxidative stress. This uptake is inhibited in
the presence of L-glutamic acid and L-o-aminoadipic acid, selective substrates of the
system x ~ (35), which is composed of xCT (Slc7all) and the heavy chain of 4F2 cell
surface antigen (4F2hc/CD98/Slc3a2). TR-iBRB cells express xCT and 4F2hc mRNA
and L-cystine uptake by TR-iBRB cells takes place in a Na*-independent and concentra-
tion-dependent manner with a K of 9.2uM, and is inhibited by system x ~ substrates
and inhibitors. DEM treatment causes significant induction of XCT mRNA, L-cystine
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uptake, and an increase in the glutathione concentration in TR-iBRB cells (36). These
results suggest that L-cystine influx transport at the inner BRB is mediated by system x ~
and induced under oxidative stress by enhanced transcription of the xCT gene.

Retinal glutathione is preferentially distributed in Miiller cells (37, 38) and, there-
fore, L-cystine in retinal interstitial fluid needs to be taken up into Miiller cells. It has
been shown that L-a-aminoadipic acid is preferentially taken up into Miiller cells in
the retina, suggesting that system x " is present in these cells (39). TR-MUL cells, a
type of conditionally immortalized retinal Miiller cell lines, express xCT and 4F2hc
and exhibit system x ~-mediated L-cystine uptake (40). Taking all these findings into
consideration, it appears that system x_~ mediates L-cystine influx transport not only
from the circulating blood to the retinal interstitial fluid but also from the interstitial
fluid to Miiller cells, and the L-cystine in Miiller cells is used for glutathione synthesis.
This supply pathway of L-cystine into the retina would be of great value in protecting
the retina from oxidative stress.

AMINO ACID SUPPLY
Leucine

L-Glutamate and its metabolic product, y-aminobutyric acid (GABA), are the main
neurotransmitters in the retina. The retinal L-glutamate pool is exclusively derived from
de novo L-glutamate synthesis in the retina, since there is virtually no uptake of plasma
L-glutamate into the retina (6). Therefore, the retina requires branched-chain amino
acids (L-leucine, L-isoleucine, and L-valine), particularly L-leucine, and D-glucose as,
respectively, the main nitrogen and carbon precursors of retinal L-glutamate synthesis
(41, 42). Branched-chain amino acids also serve as a source of carbon skeletons for the
tricarboxylic acid cycle and as a substrate for protein synthesis. Branched-chain amino
acids need to be supplied from the circulating blood to the retina since they are essential
amino acids.

In 1978, L-leucine uptake by isolated retinal capillaries was demonstrated to take
place in a concentration-dependent and Na*-independent manner, and was inhibited
by L-valine and L-dihydroxyphenylalanine (9), suggesting that system L, which is
composed of L-type amino acid transporters (LATs) and 4F2hc, mediates L-leucine
transport at the inner BRB. L-Leucine uptake into the retina has also been observed
in vivo using the RUI method (6). [*H] L-Leucine uptake by TR-iBRB cells was an
Na*-independent and concentration-dependent process with a K of 14.1uM. This
process was more potently cis-inhibited by substrates of LAT1 (Slc7a5), D-leucine,
D-phenylalanine, and D-methionine, than those of LAT2 (Slc7a8), L-alanine and
L-glutamine (Fig. 4A). [PH]L-Leucine efflux from TR-iBRB cells was trans-stimulated
by substrates of LAT1 (Fig. 4B). The expression of LAT1 mRNA was 100- and 15-fold
greater than that of LAT2 in TR-iBRB and isolated rat retinal vascular endothelial cells,
respectively (Fig. 2B). The expression of LAT1 protein was observed in TR-iBRB and
primary-cultured human retinal endothelial cells and immunostaining of LAT1 was
observed along the rat retinal capillaries (43). Accordingly, LAT1 is predominantly
involved in blood-to-retina transport of L-leucine at the inner BRB and seems to be
closely involved in visual functions by supplying neurotransmitter precursors.
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Fig. 4. Effect of several amino acids and drugs on the uptake (A) and efflux (B) of [*H]L-
leucine in TR-iBRB cells. [*H]L-Leucine uptake was measured in the absence (control) or pres-
ence of inhibitors at five minutes and 37°C. The efflux of preloaded [*H]L-leucine was performed
in the absence (control) or presence of extracellularly applied amino acids at four minutes and
37°C. Concentrations of amino acids and drugs were 2 mM except for melphalan (100 uM). Each
column represents the mean = the standard error of the mean (SEM). (n = 4). "p < 0.01, signifi-
cantly different from the control; BCH, 2-aminobicyclo-(2,2,1)-heptane-2-carboylic acid. Data
taken from Investigative Ophthalmology & Visual Science, 46, Tomi et al., L-type amino acid
transporter 1-mediated L-leucine transport at the inner blood-retinal barrier. 2522-2530, 2005,
with permission from Association for Research in Vision and Ophthalmology.

L-Dopa is the most widely used drug for Parkinson’s disease, since L-dopa and its
metabolite, 3-O-methyldopa, are able to be transported via LAT1 at the blood-brain barrier
(44). [’H]L-Leucine uptake by TR-iBRB cells is inhibited by L-dopa and methyldopa (Fig.
4A), suggesting that these compounds are also transported at the inner BRB via LAT1
(43). Many patients with Parkinson’s disease have blurred vision or other visual distur-
bances, which are reflected in the reduced retinal dopamine concentration and the delayed
visual-evoked potentials (45). L-Dopa administration has been reported to reduce these
delayed visual-evoked potentials in Parkinson’s disease (46). Moreover, neutral amino
acid-mimetic drugs such as gabapentin and melphalan significantly inhibit [*H]L-leucine
uptake by TR-iBRB cells (Fig. 4A) (43). Gabapentin has been shown to be an effective
treatment for some patients with acquired pendular nystagmus (47). Chemotherapy with
melphalan is used in patients with retinoblastoma (48). Therefore, it appears that LAT1 at
the inner BRB plays a key role in transporting amino acid mimetic drugs from the circulat-
ing blood to the retina and contributes to their pharmacological actions in the retina.
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Taurine

Taurine is a nonessential amino acid in humans, but is considered to be an essential
amino acid during fetal growth and lactation. In the retina, taurine exerts a number of
neuroprotective functions, acting as an osmolyte and antioxidant, and accounts for more
than 50% of the free amino acid content (49). It is physiologically important to elucidate
the transport mechanism of taurine in the retina, since a loss of vision due to severe
retinal degeneration is reported to be exhibited in taurine transporter-(TauT/Slc6a6)
knockout mice (50). The activity of cysteine sulfinic acid decarboxylase, a rate-limit-
ing enzyme for taurine biosynthesis from L-cysteine, is low in rat retina in comparison
with the abundance of retinal taurine (57), leading the hypothesis that the blood-to-
retina transport system(s) of taurine play a key role in maintaining the taurine concentra-
tion in the retina. It has been shown that [*H]taurine is transported from the circulating
blood to the retina across the BRB and this is inhibited by a substrate of TauT (6).
[*H]Taurine uptake by TR-iBRB cells is Na*-, Cl™-, and concentration-dependent with
a K_of 22.2uM and inhibited by TauT substrates. TauT is expressed in TR-iBRB and
primary cultured human retinal endothelial cells (52). Consequently, TauT is most likely
involved in taurine transport at the inner BRB.

The uptake of [*H]taurine and the expression of TauT mRNA in TR-iBRB cells is
increased under hypertonic conditions (52). Some retinal diseases, such as those relat-
ing to ischemia and reperfusion, diabetic retinopathy, macular edema, and neurodegen-
eration, are associated with fluctuations in cell volume (53). Retinal taurine is an ideal
organic osmolyte because of its high concentration, so that this upregulation of TauT
may affect the achievement of osmotic equilibrium by accumulation of the osmolyte
taurine in the endothelial cells.

ADENOSINE TRANSPORT

Adenosine is an important intercellular signaling molecule and it plays a number of
roles in retinal neurotransmission, blood flow, vascular development, and response to
ischemia, through cell-surface adenosine receptors (54, 55). Two classes of nucleoside
transporters have been identified: Na*-dependent concentrative nucleoside transporters
(CNTs) and Nat*-independent equilibrative nucleoside transporters (ENTs). Equilibrative
nucleoside transporters can be further subdivided into the nitrobenzylmercaptopurine ribo-
side (NBMPR)-sensitive ENT1 (Slc29al) and the NBMPR-insensitive ENT2 (Slc29a2).

TR-iBRB cells exhibit an Na*-independent, NBMPR-insensitive, and concentration-
dependent [*H]adenosine uptake with a K_of 28.5 uM, suggesting that ENT2 is involved
in [*H]adenosine uptake by TR-iBRB cells. Adenosine, inosine, uridine, and thymidine
inhibit this process by more than 60%, while cytidine inhibits it by 30%. Quantitative
real-time polymerase chain reaction (PCR) techniques have shown that ENT2 mRNA
is predominantly expressed in TR-iBRB cells. An RUI study has demonstrated that
[*H]adenosine uptake from the circulating blood to the retina is inhibited by adenosine
and thymidine, but unaffected by cytidine, which is similar to the results obtained in
TR-iBRB cells (7). These results suggest that ENT2 most likely mediates adenosine
transport at the inner BRB and it is expected to have the ability to modulate retinal functions
by regulating the adenosine concentration in retinal interstitial fluid.
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From a pharmacological viewpoint, ENT2 has greater binding affinity for some
antiviral or anticancer nucleoside drugs, like 3’-azido-3’-deoxythymidine (AZT), 2’ 3'-
dideoxycytidine (ddC), 2’ 3’-dideoxyinosine (ddI), cladribine, cytarabine, fludarabine,
gemcitabine, and capecitabine as substrates (56, 57). This has led to the hypothesis that
ENT?2 at the inner BRB could be a potential route for delivering nucleoside drugs from
the circulating blood to the retina.

ORGANIC ANION TRANSPORT

Understanding the transport mechanisms of organic anions at the inner BRB will
provide pharmacologically important information about the effective delivery of many
anionic drugs to the retina. Moreover, the transport processes for organic anions at the
inner BRB are physiologically important since hormones and neurotransmitters are
mostly metabolized in the form of organic anions in the retina, and need to undergo
efflux transport from the retina to the circulating blood. Vitreous fluorophotometry has
demonstrated that the transport of fluorescein, an organic anion, in the vitreous humor-
to-blood direction is more than 100-fold greater than that in the opposite direction and
is inhibited in the presence of an organic anion, probenecid (58). The efflux transport
of [*H]estradiol 17-f glucuronide (E17BG) and ["*C]D-mannitol, which were used as
a model compound for amphipathic organic anions and as a bulk flow marker, respec-
tively, from rat vitreous humor/retina has been determined by the use of a microdialysis
probe placed in the vitreous humor. [*H]E17BG efflux transport from rat vitreous humor/
retina was approximately twofold greater than that of ["*C]D-mannitol and was sig-
nificantly inhibited by organic anions including digoxin, a specific substrate for organic
anion transporter polypeptide (Oatp) 1a4 (Slcolad; Oatp2) (8). Gao et al. have pro-
vided immunohistochemical evidence that Oatpla4 is present at the rat inner and outer
BRB (59). Moreover, Oatpla4 and 1c1 (Slcolcl; Oatpl4) mRNA are predominantly
expressed in isolated rat retinal vascular endothelial cells (Fig. 2C) (/1). Consequently,
Oatpla4 is thought to be involved in the efflux transport of E173G at the BRB.

Betz and Goldstein (/0) demonstrated that p-aminohippuric acid (PAH) uptake
by isolated retinal capillaries is slightly greater than that of the extracellular marker
sucrose, and is inhibited by fluorescein and penicillin. Organic anion transporter
polypeptide does not transport PAH, though organic anion transporters (OATs/S1lc22a)
prefer PAH as a substrate. Therefore, in addition to Oatp, OAT is also involved in the
organic anion transport at the inner BRB. Nevertheless, further investigations regard-
ing organic anion transporters at the inner BRB are needed, since their expression and
function at the inner BRB remain largely unknown, including the function of Oatplcl
and the expression of OAT.

ATP-BINDING CASSETTE (ABC) TRANSPORTERS

P-glycoprotein, which is encoded by multidrug resistance (mdr) 1a (Abcbla), mdrlb
(Abcb1b), or mdr2 (Abcb4), exhibits a protective role by restricting the entry of a wide
variety of xenobiotics (e.g., cyclosporine A, rhodamine 123, mitoxantrone, and doxoru-
bicin). P-glycoprotein is present at the luminal membrane of the inner BRB (2, 60), and
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the expression of mdrla mRNA is 200- and 24-fold greater than that of mdr1b and mdr2,
respectively, in isolated rat retinal vascular endothelial cells (Fig. 2D) (11). Moreover,
no cyclosporine A is detected in the intraocular tissues of cyclosporine A-treated rabbits,
although the blood level of cyclosporine A was within the therapeutic window (61). TR-
iBRB cells express P-glycoprotein (/2), and rhodamine 123 accumulation in TR-iBRB
cells is enhanced in the presence of inhibitors of P-glycoprotein (62).

ATP-binding cassette transporter G2 (Abcg?) is also known to act as an efflux trans-
porter and is reported to be expressed at the luminal membrane of the inner BRB (63).
Abcg? shows great affinity for not only drugs (e.g., mitoxantrone and doxorubicin), but
also photosensitive toxins including pheophorbide-a, a chlorophyll-derived dietary pho-
totoxin related to porphyrin. The retina is subject to high levels of cumulative irradiation
and, therefore, is vulnerable to light-induced damage caused by a variety of photo-
toxic compounds including porphyrins (64). TR-iBRB cells express Abcg?2 protein and
Ko143, an Abcg?2 inhibitor, inhibits the excretion of pheophorbide-a from TR-iBRB
cells (63). Taking these findings into consideration, mdrla-encoding P-glycoptorein, as

Organic anions

inner Blood-retinal barrier

Endothelial cells

Drugs Abcg2

\ XCT AT1

Cystine Vitamin C Glucose Leucine Lactate Adenosine Taurine Creatine

Vitamin C

Adenosine
receptor

Antioxidants Phosphocreatine
Glutathione Taurine
Lactate /( >\>ATP
ATP
Creatine
Glutathione GIutamine>
Glutamate

Glycine

Glutama/te' Glutamate
ini >\ Glutamate*
Arginine receptor
. - Methionine_>\_>
Miiller glia

Fig. 5. Hypothetical localization and physiological function of the inner blood-retinal
barrier transporters. Inner blood-retinal barrier transporters play an essential role in supplying
nutrients to the retina and carrying out the efflux transport of neurotransmitter metabolites, toxins,
and xenobiotics to maintain a constant milieu in the neural retina.

Photoreceptor
/Neuron




Transporters at the inner BRB 151

well as Abcg?2 at the luminal membrane of the inner BRB, could act by restricting the
distribution of xenobiotics, including drugs and phototoxins, in the retina. However, the
contribution of each ABC transporter subtype to the inner BRB efflux transport is an
important issue that remains to be resolved.

CONCLUSIONS

Recent molecular identification and functional analyses of carrier-mediated transport
systems for endogenous compounds as well as xenobiotics show that the inner BRB is
equipped with a variety of membrane transport mechanisms, for both influx and efflux,
to maintain homeostasis in the neural retina (Fig. 5). Retinal diseases, such as age-related
macular degeneration and diabetic retinopathy, involve severe vision loss and are a serious
social problem especially in developed countries. Topical instillation of drugs does not
result in sufficient quantities reaching the retina and so, in order to achieve the maximum
efficacy of drugs acting at the retina given by systemic administration, it is important to
understand the transport mechanisms at the inner BBB. In addition to transport processes
covered in the present chapter, there must be other influx and efflux transport processes at
the inner BRB. Identification and characterization of all the transporters at the inner BRB
will provide a basis for more-successful strategies for drug delivery to the retina.
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INTRODUCTION

The retinal pigment epithelium (RPE) is a monolayer of post-mitotic pigmented
epithelial cells juxtaposed between the neural retina and the choroid. It separates the
outer surface of the neural retina from the choriocapillaris and functions as a part of
the blood-retina barrier. The RPE’s long apical microvilli surround the light-sensitive
outer segments establishing a small extracellular domain known as the subretinal space,
whereas the basolateral membrane faces Bruch’s membrane, which separates the RPE
from the choriocapillaris. The volume and chemical composition of the subretinal space
fluctuates with the light and dark cycle. Such changes are attributed to the many volume
and transport systems associated with RPE.

A healthy RPE is essential for photoreceptor survival, and maintenance of photore-
ceptor viability depends on viable RPE. The RPE functions both as a protective barrier
and a nutrient controller for the photoreceptors. In fact, RPE regulates the transport of
ions, nutrients (glucose, retinol and fatty acids) and waste products (metabolic endprod-
ucts) to and from the retina (/). In addition, RPE acts as a waste/recycling facility by
ingesting and degrading the shed photoreceptor discs, enabling outer segment renewal
(2). Furthermore, RPE absorbs the light energy focused by the lens onto the retina,
and therefore neutralizes excessive high-energy light (3). More importantly, RPE cells
secrete valuable factors necessary for growth of neighboring cells (4). Known growth
factors released by RPE cells include: vascular endothelial growth factor (VEGF), lens
epithelium-derived growth factor (LEDGF), ciliary neurotrophic factor (CNTF), fibrob-
last growth factor (FGF), transforming growth factor-f (TGF-f), insulin-like growth
factor-1 (IGF-I), platelet-derived growth factor (PDGF), and pigment epithelium-derived
growth factor (PEDF).

Equally important is the exchange between photoreceptors and the RPE. Photon absorp-
tion converts 11-cis-retinal into all-frans-retinal that cannot be changed into 11-cis-reti-
nal by photoreceptors. The RPE carries out the recycling of all-frans-retinal and delivery
services of 11-cis-retinal for the photoreceptors, a process known as the visual cycle of
retinal. Vitamin A (all-trans-retinal) uptake from the bloodstream represents a minor
additional supply to photoreceptors (5). The uptake of vitamin A occurs in a receptor-
mediated process, with recognition by a serum retinol-binding protein/transthyretin
(RBP/TTR) complex (6). Equally important, is the delivery of docosahexaenoic acid by
RPE to photoreceptors [docosahexaenoic acid (22:6m3 fatty acid) cannot be synthesized
by photoreceptors] where it is needed to build phospholipids (7).

TRANSPORT OF NUTRIENTS AND IONS
FROM THE SUBRETINAL SPACE TO THE CHORIOCAPILLARIS

Retinal pigment epithelium transepithelial transport has two unique characteristics:
firstly, RPE contains very adhesive apical tight junctions that block diffusion through
the paracellular spaces; secondly, there is a novel polarized distribution of transporters
carrying out vectorial transport across the monolayer. High metabolic turnover in the
retina produces a large amount of water that must be eliminated from the subretinal
space, and that may explain the presence of a unique adhesive force between RPE and
the retina. Published studies have estimated the paracellular resistance to be more than
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10 times higher than the transcellular resistance (&). Retinal pigment epithelium cells
need such a resistant barrier because they are subjected to varying osmotic pressures
due to light-dependent changes in the ionic composition of the subretinal space, and
because RPE cells may undergo large volume changes during phagocytosis of shed pho-
toreceptor discs. Photoreceptors shed around 10% of the length of their outer segments
daily, generating a large amount of debris that must be cleared by RPE (2). In addition,
the transition from light to dark increases the K* concentration from approximately
2 to 5SmM in the subretinal space (9). Therefore, RPE must be able to control the volume
and chemical composition of the subretinal and choroidal extracellular spaces, allowing
for a stabilization of ions that is essential for viable photoreceptor function. However,
this tight barrier may be compromised due to increased expression of metalloproteases
(MMPs) (10). It has been shown that the retinas of diabetic animals have elevated lev-
els of MMP-2, MMP-9 and MMP-14 messenger RNA (mRNA), and that high glucose
concentrations induce a significant increase in the production of MMP-9. This can be
detrimental since MMPs are known to degrade the tight junction protein occludin, and
therefore disrupt the overall tight junction complex. Compromise of transport pathways
of ion and fluid movement across the RPE is likely to cause abnormal accumulation
of fluid and ions in the subretinal space leading to pathological disorders. A key factor
in age-related macular degeneration is the development of drusen deposits. Drusen are
deposits of backed-up waste products from various layers of the retina, which are depos-
ited in Bruch’s membrane. They act as a barrier, depriving photoreceptors of oxygen and
nutrients and therefore cause retinal degeneration (/7).

MECHANISM OF TRANSPORT OF IONS
IN RETINAL PIGMENT EPITHELIUM

The transport of ions can be summarized in the following steps: firstly, a gradient is
established by the apically located Na*, K*-adenosine triphosphatase (-ATPase), which
causes sodium efflux and potassium influx, creating a driving force for K* efflux; secondly,
K* and CI- uptake is mediated by apical Na*-K*-2Cl~ and K*-CI~ contransporters.
Accumulation of CI” results in intracellular chloride concentration ([CI7],) of around 20 to
60 mM and this gradient drives uptake of Na* and HCO,™ through the Na*-HCO," cotrans-
porter, with intracellular Cl~ being extruded at the basal membranes through at least four
distinct CI- channels and K*/CI- cotransporters. Voltage-activated Cl~ channels (CIC),
calcium-activated Cl- channels, bestrophin (also activated by Ca*") and cyclic adenosine
monophosphate (cAMP)activated cystic fibrosis regulator conductance (CFTR) channel,
pump CI- extracellularly. Chloride is predominantly transported from the subretinal space
to the choriocapillaris and such activity results in an apical-positive transepithelial poten-
tial of approximately 5 to 15 mV. Potassium ions are also extruded by at least two distinct
K* channels at the basal membranes (voltage-activated K* channels and Ca**-activated
K* channels) as well as by K*/Cl~ cotransporters. In fact, the basolateral K* con-
ductance is higher than the apical K* conductance, leading to a net transepithelial K*
transport from the subretinal space to the choroidal site. Depending on changes in the
K* concentration in the subretinal space, this transport direction can be reversed. Overall,
this transepithelial transport drives water through the cell’s water channels, aquaporins,
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from the subretinal space to the choriocapillaris. As a consequence of these processes,
intracellular Ca?* is decreased by Ca?*-pumps and the Na*/Ca?* exchanger. This will deac-
tivate Ca**-dependent CI- and K* channels. In addition, apical inwardly rectifying K*
channels (K. channels) and voltage-activated K* channels (Kv1.2, Kvl.4, and Kv4.2)
mediate efflux of K*. Furthermore, a basolateral CI/HCO," exchanger extrudes HCO,~
from cells and increases intracellular CI". Finally, all cellular signaling processes and ion
fluxes are synchronized between RPE cells through gap junction proteins (e.g., connexin
43) that allow synchronization in response. Unfortunately, gap junctions are reduced in
diabetic animals, leading to the loss of such uniform responses by RPE cells (12). Figure 1
lists the transporters and ion channels involved in RPE transport, while Table 1 details the
diseases associated with impaired transporter function in retina.

Table 1 Diseases associated with impaired transporter function in the retina

Transporter affected Pathology Reference

CIC2 (voltage-gated Cl channel) Disrupted gene in mice pro-  Bosl et al. 2001 (43)
duces a phenotype similar
to retinitis pigmentosa.
cAMP-activated cystic-fibrosis trans- Patients with cystic fibrosis ~ Miller et al. 1992 (50)
membrane regulator (CFTR) Cl do not develop retinal
channel degeneration, but have
reduced amplitudes of the
fast oscillation in the EOG.

Bestrophin CI~ channel Mutation in human O’Gorman et al. 1998,
bestrophin-1 are respon- (52), Sun et al. 2002
sible for an early type (53),

of macular degeneration
called Best vitelliform
macular dystrophy.
Na*/Ca* exchanger Abnormal expression Loeffler et al. 1998 (67)
occurred in retinal pigment
epithelium that varied with
different ocular complica-

tions.
Sodium bicarbonate cotransporter-3  Although retinal pigment epi- Bok et al. 2003 (82)
(NBC3) thelium remains normal,
mice showed complete loss
of photoreceptors.

Carbonic anhydrase-IV (CA-1V) Human with missense muta-  Yang et al. 2005 (89)
tions in CA IV are suffering
from an autosomal domi-
nant rod-cone dystrophy due
to a dysfunctional NBC1.
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Table 1 (continued)
Transporter affected Pathology Reference

CI/HCO," anion exchanger (AE) Royal College of Surgeons Eichhorn et al. 1996 (96)
rats characterized by
defective phagocytosis
showed increased and
redistribution of CA activi-
ties indicating altered AE
function, since both pro-
teins colocalized together.
Monocarboxylate cotransporters MCT form a dimmer with Philp et al. 2003,
(MCT) CD147 protein. CD147 Ochrietor et al 2004,
knockout mice showed loss ~ Clamp et al 2004
of membrane expression of  (111-113)
MCTI1, MCT3, & MCT4
which results in reduction
of lactate transport.

THE Na*, K*-ATPase PUMP

Unlike most epithelial cells where the Na*, K*-ATPase is concentrated at the baso-
lateral membranes, this Na*/K*-pump is primarily localized at the apical membranes in
RPE (13-15). The pump establishes a gradient for sodium from the extracellular space
to the intracellular compartment. This Na* gradient serves to drive the uptake of K* and
CI" on the apical side resulting in a high intracellular CI- concentration. Interestingly,
removal of K* reduced the apical sodium pump levels (/3). Ouabain, a potent inhibitor
of the sodium pump, decreased transepithelial electrical resistance (TER) in human RPE
cells (/3) and inhibited elimination of water from the subretinal space (/6). More impor-
tantly, elevated glucose levels were associated with impaired sodium-pump activity in
bovine RPE; this action may explain complications related to diabetic retinopathy (17).

K* AND Na* CHANNELS

Potassium channels serve a variety of functions in epithelial cells, but in general their
activation is associated with the dampening of membrane excitability. There are at least
four main K* channel families: (i) voltage-activated K* channels (at least eight subtypes:
Kv1-Kv8, where each has different isoforms [Kv1.1, etc.]) (18,19); (ii) Ca**-activated
K* channels (classified according to their conductance into three subtypes; large con-
ductance [BK_,, also known as MaxiK], intermediate conductance [IK_ ], and small
conductance [SK . ]) (20); (iii) inwardly-rectifying K* channels (at least seven members:
K, 1-K, 7 with each subtype has different isoforms, i.e. K, 1.1 or K, 1.2 etc.) (21,22); and
(iv) adenosine triphosphate (ATP)-sensitive K* channels (unique channel formed by a
combination of inwardly rectifying Kir6.2 and sulfonylurea SUR subunit [member of
the sulphonylurea receptor family, with two known members SUR1 and SUR2]) (23).
Interestingly, all four K* channel families are expressed in RPE and play a number of
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important roles including the establishment of a membrane potential, transcellular trans-
port and balancing of K* between the subretinal space and choroid, as well as the genera-
tion of the c-wave of the electroretinogram.

Pinto et al. (24) have reported the expression of at least five voltage-activated K*
channels (Kv) in mouse RPE. While Kv1.3 and Kv1.4 are apical, Kv4.2 is localized at
the basolateral membranes. However, Kv1.2 and Kv2.1 are expressed at both membrane
surfaces. Similarly, Wollmann et al. (25) reported a delayed-rectifier K* channel (Kv1.3)
expressed in mouse RPE and Takhira et al. (26) have shown the existence of an outwardly
rectifying K* channel in bovine RPE that was sensitive to tetraethylammonium (TEA),
while Kv1.2 and Kv1.4 are inhibited by acidosis (27). Another K* channel that may
play an essential role in the regulation of membrane potential and ion transport is the
calcium-activated K* channel. Tao et al. (28) have provided evidence for the presence
of a Ca?*-activated K* channel in rabbit RPE. The channel is inhibited by iberiotoxin
and charybdotoxin, known inhibitors of Ca**-activated K* channels. Sheu et al. (29)
also reported the presence of Ca**-activated K* channels in human RPE. Known oxidiz-
ing agents (e.g., t-butyl hydroperoxide, thimerosal, and 4,4’-dithiodipyridine) appeared to
inhibit this channel, however, the membrane localization of such a channel has yet to be
determined (i.e., apical vs. basolateral).

The inwardly rectifying K* channels (K, ) are also expressed in human, rabbit and mouse
RPE (25,30-32). Tt appears there are least three subtypes of K. in RPE. While Yang et al.
(33) have demonstrated the presence of inwardly rectifying K. 7.1, but not K, 4.1, in native
bovine RPE, Kusaka et al. (34) have detected K 4.1 at rat apical RPE cells (expression
was confirmed by RT-PCR analysis, in situ hybridization and immunohistochemistry) sug-
gesting a species difference. In bovine RPE, K, 7.1 was localized at the apical membranes
and colocalized with the Na*, K*-pump suggesting synergistic function of both channel
and pump. While K. 7.1 promotes efflux of K* through the apical membrane, the Na*,
K*-pump allows influx of K*. Inwardly rectifying K* channels appear to be activated
by acidification (35) and require MgATP for sustaining their activity (36). In rats, the
expression of K. 4.1 appears at 10 days after birth in RPE cells, which correlates with the
maturation of retinal neuronal activity as represented by the a- and b-waves of the elec-
troretinogram (34). K. 6.2 is also expressed in rat RPE as part of the K, channels (37).

Ettaiche et al. (37) have also reported the expression of ATP-sensitive channels in
rat RPE (a combination of K, 6.2:SURI). These K, -sensitive channels are inhibited
by ATP (by direct interaction with K. ) as well as sulfonylurea drugs (via interaction
with the SUR subunit [e.g., glibenclamide, glipizide, tolbutamide]) (23). K -sensitive
channels help stabilize the membrane potential and act as a brake on excitability. K,
channels also act as an electrical transducer of the metabolic state of the cell and are
inhibited when cellular phosphorylation potential is high, whereas they are activated and
open when metabolism decreases. However, the contribution of K, , channels in RPE
ion transport has yet to be studied in detail.

Other voltage-activated channels that are of significance in RPE functions are the Ca**
and Na* channels. Since Ca** channels are covered in another chapter in this book, they
will not be addressed here. Botchkin et al. (38) have reported the presence of at least two
distinct Na* voltage channels in rat RPE, with one being blocked by tetrodotoxin while
the other is insensitive to tetrodotoxin (up to 10 uM). However, such expression may be
due to the differentiation of RPE and may not actually occur in vivo.
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Cl- CHANNELS

Increasing evidence indicates that intracellular chloride concentration ([CI7]) is an
important regulatory signal in epithelial ion transport and cell-volume homeostasis. As
K* continuously exits the cell, leading to a build-up of positive charges extracellularly;
the only way to neutralize the charge build-up is through the intracellular chloride pool
that can supply the neutralizing CI- to the other side of the epithelial membrane. At the
same time, in order to sustain secretion, the loss from intracellular chloride pool must
be compensated by influx from the basolateral membranes. Apical Cl- transporters and
channels are distinct from basolateral Cl- transporters and channels.

[CI'], can be modulated in RPE by the uptake of at least two different solute carriers (SLC),
a family that includes electroneutral cation-Cl -coupled cotransporters (also known as
the SLC12 family) and a bicarbonate transporter family (also known as the SLC4 fam-
ily). [CI"], can be reduced by at least four channel families that include voltage-gated C1-
channels (CIC), cAMP-activated CI~ channels [cystic-fibrosis transmembrane regulator
(CFTR)], swelling-activated CI- channels, and Ca*-activated CI- channels. This last
family has members encoded by distinct genes that include the betrophin and CLCA
families. There is still a controversy surrounding the CLCA family, as to whether it
contains the sole Ca**-activated CI~ channels or whether there are other unidentified
members that constitute the real Ca**-activated CI- channels that are occasionally termed
CaCC (see review in 39). In addition, the identity of the swelling-activated CI~ channels
is not known and therefore will not be discussed.

The CIC Family

The CIC channel is a voltage-gated CI~ channel associated with at least nine different
mammalian genes (40). CIC (around 100KDa) appears to function as a dimer with 13
potential transmembrane domains. Weng et al. (4/) have detected at least three different
CIC channels in human adult RPE. CIC-2, CIC-3, and CIC-5, were detected by RT-PCR,
Western blot, and immunofluorescence microscopy. Interestingly, the outwardly rectifying
chloride current was inhibited by the oxidant H,O,. Similar findings were reported in the
human fetal-cell line RPE, 28 SV4 (42), which expresses both CIC-3 and CIC-5. In a
transgenic mouse model with a disrupted gene for CIC-2 channels, the resulting phenotype
has retinal degeneration similar to retinitis pigmentosa. The disease is characterized by a
lack of both epithelial transport of Cl-, and transepithelial potential, in RPE (43). However,
the exact mechanism for the retinal degeneration is yet to be determined. Both CIC-1
and CIC-2 are inhibited by micromolar concentrations of Zn>* (44). Myopic patients with
retinal detachment have also elevated zinc and copper concentrations (45).

Cyclic AMP-activated Cystic-Fibrosis Transmembrane
Regulator (CFTR) Channels

Another CI~ channel that may regulate transport in RPE is the cystic-fibrosis trans-
membrane regulator (CFTR). Unlike the CIC family, CFTR is voltage insensitive but
requires ATP for maximal activation and is inhibited by adenosine diphosphate (ADP)
(46). Amino-acid sequence predicted up to 15 potential protein kinase A (PKA) phos-
phorylation sites in the CFTR. In unstimulated cells, CFTR is kept dephosphorylated
(47) and it is subsequently activated through increases in cAMP. The source for
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production of cAMP is adenylyl cyclase (AC) type 7, which appears as the only isoform
expressed in bovine RPE (48). While CFTR channels are expressed in apical mem-
branes in different epithelial cells, it appears that the majority is localized at the basola-
teral membrane in RPE (49). Cystic-fibrosis transmembrane regulator channel (CTFR)
expression has been reported in human fetal and adult RPE by RT-PCR, immunolocali-
zation, and electrophysiological techniques (4/,42) and it has been suggested that the
fast oscillation (FO) component of the electro-oculogram (EOG) is mediated directly or
indirectly by CFTR. As expected, Cl- currents were stimulated by cAMP, but inhibited
by 1mM 2,2’-(1,2-ethenediyl)bis(5-isothiocyanatobenzenesulfonic acid) (DIDS) and
the oxidative agent, hydrogen peroxide. However, CFTR may not play an essential role
in fluid transport in RPE, and only part of the transepithelial transport of CI- is depend-
ent on cAMP-activated Cl~ conductance. Patients with cystic fibrosis do not develop
retinal degeneration, but have reduced amplitude of the FO on EOG. This could be due
to compensatory activation of other Cl- channels, such as the Ca?*-dependent CI- chan-
nel or bestrophin, in the RPE (50).

CALCIUM-ACTIVATED CI- CHANNELS
The Bestrophin Family

Bestrophins are a newly identified family of calcium-activated and volume-sensitive
CI" channels with an approximate molecular weight of 68§ KDa. At least four human
bestrophin genes have been cloned. Human bestrophins 1, 2 and 4 are commonly
expressed in the eye (57). Bestrophins are localized at the basolateral membranes of RPE
and are involved in the efflux of Cl~ (49). Mutations in human bestrophin 1 (hBestl)
are responsible for a type of early-onset macular degeneration called Best’s vitelliform
macular dystrophy, characterized by the accumulation of a yellowish fluid between
the retina and RPE, suggesting impaired fluid transport (52,53). Patients with Best’s
vitelliform macular degeneration have a reduced light-peak-to-dark ratio in their EOG
suggesting that the light peak results from the activation of basolateral Cl~ conductance.
However, some patients with bestrophin mutations have normal light peaks or an onset of
light-peak reduction that occurs after the onset of macular dystrophy (54-56). In addition,
overexpression of wild-type bestrophin did not change light-peak amplitude, but desensi-
tized the luminance response in rats (57). Therefore, dysfunctional Cl~ bestorphin chan-
nels cannot simply explain all the complications observed in Best’s dystrophy patients.

As expected, bestrophin currents were activated by ionomycin (a calcium ionophore),
but, in contrast, they were inhibited by glibenclamide and 5-nitro-2-(3-phenylpr
opylamino)benzoate in basal dog RPE (58). Qu et al. (59) have shown that mouse
bestrophin-2 is also permeable to SCN-, I, Br-, Cl-, and F~. Bestrophins are also
deactivated by hypertonicity and activated by hypotonicity (59-617). The activation
by hypotonicity raises the following question: are bestrophins the ‘missing’ swelling-
activated CI- channels?

Calcium-Activated Cl Channels (CACL or CaCC)

At least four human Ca?*-activated Cl- channels have been cloned, with an estimated
molecular weight of 100KDa (62). Sequence analysis of human CACL predicts at least
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four potential transmembrane domains with multiple potential phosphorylation sites (16
sites) for protein kinase C (PKC) and Ca**-calmodulin-dependent kinase (63). Mouse
CACLS is intensely expressed in eyes, but the ocular distribution is yet to be studied
(64). Antibodies against porcine CLCA1 labeled the apical membranes of canine RPE
and its presence was confirmed by RT-PCR. Overexpression of CLCAI increased
cAMP-dependent Cl1- transport, suggesting that CLCA1 plays more of a regulatory role
for other CI- channels (58).

AGONISTS ENHANCING FUNCTION OF CALCIUM-ACTIVATED
Cl- CHANNELS

Many agonists have been shown to increase intracellular Ca?* concentration [Ca**]i
including; ATP, uridine triphosphate (UTP), P2Y2 agonists, fibroblast growth factor-3
(BFGF), neuropeptide Y, atrial natriuretic peptide (ANP), as well as hypotonicity, and
therefore these factors are likely to activate bestrophin or other Ca**-activated Cl- chan-
nels (see section on regulation of RPE transport by hormones and agonists).

Na*/Ca** EXCHANGER FUNCTIONS IN RPE TO REDUCE [Ca*],
AND ANTAGONIZES CALCIUM-ACTIVATED K* AND CI- CHANNELS

Among the known families of transport proteins that can catalyze net Ca** efflux
across the plasma membrane, is the Na*/Ca*" exchanger (also known as the SL8 fam-
ily). This antiporter was first discovered in heart (termed the cardiac antiporter) and
exchanges three Na* ions for one Ca?* ion (i.e., it is electrogeneic). It is different from
the retinal rod exchanger, which belongs to a different solute-carrier family known as
SL.C24 and works via a different stoichiometry (four Na* ions in exchange for one Ca*
ion and one K* ion). In the forward mode, it operates as a calcium pump mediating
Ca?** efflux and Na* influx. However, it can operate in the reverse mode and mediate Ca**
influx and Na* efflux (55,56). The cardiac Na*/Ca* exchanger has been detected in
human RPE (67,68). Loeftler et al. (67) reported variable staining intensities in RPE
among the different specimens with reactive RPE cells revealing the most intense labe-
ling, which leads to the assumption that there is a link between some RPE-related
diseases and abnormal expression of the Na*/Ca** exchanger.

ELECTRONEUTRAL CATION-Cl- COTRANSPORTERS (SLC12)

This family of solute carriers transport a cation (Na* or K*) and a CI ion in a one-to-one
stoichiometry and therefore, ion translocation produces no change in transmembrane potential
(that observation explains their being named electroneutral cation-CI~ coupled cotransport-
ers) (for an excellent review see 69; for the latest classification and nomenclature of
different solute carriers, see the review/08). There are at least seven members including one
gene encoding the thiazide-sensitive Na*-Cl~ cotransporter, two genes encoding bumeta-
nide-sensitive Na*-K*-2CI~ cotransporters, and four genes encoding dihydroindenyloxy-
alkanoic acid (DIOA)-sensitive K*-CI~ cotransporters. Higher concentrations of DIOA also
inhibit the Na*-K*-2CI". The K*-CI- cotransporters, while inhibited by DIOA, are activated
by swelling and N-ethylmaleimide (NEM) (70). Although this family of cotransporters are
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sometimes referred to as secondary transporters, because ion translocation is not dependent
on ATP hydrolysis but rather on gradients generated by the Na*, K*-ATPase pump, they
play important roles in regulating ion absorption, secretion, cellular volume regulation, and
adjusting [Cl"]. While changes in Na* and K* by SLCI12 cotransporters are quickly cor-
rected by Na*, K*-ATPase, that is not the case with Cl~ and therefore their activation means
the net accumulation of CI- intracellularly or extracellularly.

Hu et al. (71) have shown that bumetanide hyperpolarized and reduced net ClI- flux by
83% by reducing the unidirectional apical-to-basal CI~ flux. While some epithelial cells
possess such cotransporter activity at both apical and basal membranes, basal bumetanide
had no effect on electrical parameters in human RPE, suggesting lack of basal expression
in human RPE (7/). Epinephrine activation of apical membrane o.1-adrenergic receptors
increased [Ca*] and activated the bumetanide-sensitive Na*-K*-2CI~ uptake at the apical
membrane and K*/CI- efflux at the basolateral membrane resulting in an increased fluid
absorption across bovine RPE (72). Evidence for the presence of a K*/Cl* contransporter
in human RPE was provided by Kennedy et al. (73). A bumetanide-insensitive Rb*
influx was activated by hypotonic challenge, as well as by treatment with NEM; the
presence of known activators of the K*/CI~ cotransporter were reported in human RPE.
Unfortunately, there are no available studies into thiazide-sensitive Na*/Cl- cotransporter
presence in RPE.

REGULATION OF [CI'], AND THE RELATIONSHIP
WITH BICARBONATE TRANSPORTERS

An understanding of the regulation of CI~ concentration cannot be complete without
understanding the bicarbonate buffering system that plays a crucial role in maintaining
intracellular and extracellular pH, and cellular volume, in RPE. Bicarbonate concentra-
tion in the blood is kept at around 25mM by the kidney (74). However, bicarbonate
cannot move across the plasma membrane without selective ubiquitous proteins known
as bicarbonate transporters. Bicarbonate transporter proteins are encoded by at least
two unrelated gene families; SLC4 and SL.C26 (sulfate permease). One key difference
between the SLC26 and SLC4 families is the transport of Na* by most of the SLC4
transporters. All the SLC26 subtypes (at least 10) transport a variety of monovalent
anions (e.g., CI", I, OH", HCO,", and HCOO") and divalent anions (e.g., sulfate and
oxalate). The SLC26 family subtypes have yet to be characterized in RPE and there are
no available studies on their potential significance (see reviews 75-80).

The SLC4 family shares the common property of transporting bases (HCO,/CO,>),
but members differ in their ability to mediate the concomitant transport of Na* and or
CI". The SLC4 family is divided into three classes: (i) Na*-independent CI/HCO," anion
exchangers (AEs) mediating electroneutral exchanges (examples are: AE1, 2, 3, 4); (ii)
Na*-driven CI/HCO," anion exchangers mediating exchange of CI~ for Na* and a base
(HCO,, CO32‘), and (iii) Na*-HCO," cotransporters (NBCs) mediating cotransport of
Na* and a base (75). Na*-HCO,™ cotransporters are inhibited by stilbenes [4,4’-diisothio-
cyanostilbene-2,2 -disulfonic acid (DIDS)]. The NBC is a versatile transporter that can
operate in a forward mode (secretion of Na* and HCO,") or reverse mode (reabsorption
of Na* and HCO,"). The NBC can be either electroneutral, mediating cotransport of an
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equal ratio of anions (HCO,/CO ,>7) to positive cations (Na*) (e.g., NBC2 and NBC3),
or electrogenic, where it medlates cotransport of more negative anions (HCO,/CO,*)
than positive cations (Na*) (e.g., NBC1 and NBC4) (74,75,78,79). There are conﬂlctlng
reports regarding the stoichiometry of the Na* and HCO,™ being transported (1:3 vs. 1:2).
Such controversy can be due to species differences. More importantly, phosphorylation
by PKA has been shown to shift the stoichiometry from 3:1 to 2:1 (80). Therefore, the
phosphorylation status of the bicarbonate transporter determines the stoichiometry of its
transport. Bok et al. (81) have reported the expression of pancreatic-type NBC (pNBC1)
at the apical membranes in rat RPE. Interestingly, mutations in NBC3 cause Usher syn-
drome in mice and loss of photoreceptors, but not RPE cells (82).

BICARBONATE TRANSPORTERS IN RETINAL PIGMENT EPITHELIUM
AND FUNCTIONAL COUPLING TO OTHER RETINAL CELL LAYERS

The subretinal, as well as intracellular, pH of RPE is linked to the transepithelial transport
of HCO,". Directional HCO,™ transport is dependent on the apical transmembrane poten-
tial and mtracellular HCO, concentratlon allowing the HCO,™ transport system to regulate
the transport direction in response to pH changes. Under hlgher intracellular and subretinal
pH, HCO,™ is taken into the RPE cells by the Na*/HCO," cotransporter in the apical mem-
branes, and leaves the cell through the basolateral membrane in exchange for Cl™ in a manner
mediated by the CI/HCO,™ exchanger (subretinal to choroid directed HCO,™ transport). At
low intracellular and subretinal pH, HCO, is taken up by the CI/HCO," exchanger at the
basolateral membrane and leaves the cell through the Na*/HCO,™ cotransporter in the apical
membrane (HCO,~ transport from the choroid to the subretinal space) (84). In addition, Seg-
awa et al. (85) have shown that elevated bicarbonate concentrations, applied basally, depolar-
ized the apical membrane of cat retinal pigment epithelium-choroid tissue and decreased the
potential across the RPE. In contrast, similar doses applied apically hyperpolarized the apical
membrane of the RPE and resulted in an increase in the potential across RPE, suggesting
the importance of bicarbonate fluxes across retinal pigment epithelium (85). Furthermore,
increasing the apical extracellular K* to levels mimicking fluctuations during the light-dark
cycle have resulted in alkalinization of RPE, in a response that was attenuated by either
DIDS or removal of bicarbonate, which further supports a close relationship between
photoreceptor function and changes in intracellular pH in RPE (86).

RPE has an electrogeneic Na*/HCO,™ cotransporter that operates by secretion of
three Na* ions and one HCO,™ ion (87,88), and NBCl is specifically expressed in the
human choriocapillaris (89). Bok et al. (81) have reported the expression of pNBCl1
at the apical membranes in rat RPE. Lin et al. (8§9) have also shown that apical mem-
branes of frog RPE contain a DIDS-sensitive electrogenic Na*/HCO,~ cotransporter
and suggested that such a mechanism accounts for around 80% of acid removal
in frog RPE. Similarly, Kenyon et al. (88) have shown that explants of bovine retinal
pigment epithelium-choroid possess DIDS-sensitive electrogenic Na*/HCO," cotrans-
porters at both apical and basal membranes. Both acid and alkali recovery were HCO,"
dependent and can be blocked by DIDS applied on either apical or basal membranes
Basal CI” removal, or addition of basal HCO,", caused HCO,™ and Cl-dependent alkalini-
zations, respectively.
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BICARBONATE TRANSPORTERS CANNOT FUNCTION PROPERLY
WITHOUT FUNCTIONAL CARBONIC ANHYDRASES (CAS)

While bicarbonate transporters can be regulated through phosphorylation by pro-
tein kinases and changes in ion and pH concentrations, they lose their transport func-
tion if deprived of functional carbonic anhydrases. At least two reports have provided
evidence for a direct association between bicarbonate transporters and isoforms of
CA. Firstly, AE1 has been shown to bind carbonic anhydrase CAII, and the inhi-
bition of CAII inhibited AEI1 transport (90,91). The same acidic cytosolic domain
in AEI is present in AE2, AE3, and AE4, suggesting a similar potential interaction
(90-93). CAII has been detected in the cytoplasm of rabbit RPE (94) and may associ-
ate similarly with AE. Furthermore, Alvarez et al. (95) have shown that CA IV forms
a complex with NBC1. Humans with miss-sense mutations in CA IV suffer from
an autosomal dominant rod-cone dystrophy that is characterized by a dysfunctional
NBCI1 cotransporter (89). In fact, the inability of mutant CA 1V to form a complex
with NBC1 results in defective function. Therefore, impaired CA Il or CA IV can lead
to impaired bicarbonate flux. It appears that the activity of CA II changes with the
metabolic status of cells. Inmuno-histochemical studies have shown that healthy RPE
from rabbits stains intensely with a peroxidase-linked antibody specific for human
CAII, whereas injuried RPE stained less intensely (94). Additional evidence for irreg-
ular CA activities is documented in the Royal College of Surgeons’ (RCS) rats. These
RCS rats, characterized by defective phagocytosis of rod outer segments by the reti-
nal pigmented epithelium (RPE), also show increased and redistributed CA activity.
While in the RPE of control rats, the apical membranes were most intensely stained,
RCS rats showed intense labeling of the basolateral membrane, and surprisingly the
adjacent endothelial cells of the choriocapillaris and of retinal capillaries developed
staining for CA activity (96).

CARBONIC ANHYDRASES

Carbonic anhydrases are zinc-containing, ubiquitous enzymes that catalyze the reversible
hydration/dehydartion of CO, in the following manner.

CO, +H,0 <> HCO, +H"

Such a reaction can either generate HCO,™ for transport or may consume HCO,~
that has already been transported: in other words, CAs are suppliers or consumers
of HCO,".

There are at least 16 different mammalian isoenzymes to-date. CAs can be classified into
cytosolic and plasma membrane isoforms; CA I, II, III, V, VII and XIII are cytosolic
isoforms, whereas CA 1V, IX, XII, XIV, and XV are membrane bound. Carbonic
anhydrases IX, XII and XIV have transmembrane domains whereas CA IV and XV are
anchored to membranes via glycosylphosphatidylinositol (GPI). Although CA VIII, X,
and XI are termed CA-related enzymes, their exact function is yet to be determined as
they lack enzymatic activities and cannot carry out enzymatic hydration of CO,. Finally,
CA V is a unique mitochondrial isoform, whereas CA VI is secreted in the saliva and milk
(97-99). The levels of CA can be regulated at the point of synthesis, as well as activity.
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For example, synthesis of CAII is activated by PKC (/00), whereas PKA enhances the
activity of CA II by phopshorylation (/01). Other known natural activators of CAs include
amines and amino-acids, e.g., dopamine, noradrenaline, adrelanine, histamine, histidine,
imidazoles, and phenyalanine (98).

CARBONIC ANHYDRASE INHIBITORS OF THERAPEUTIC
VALUE IN RETINAL PIGMENT EPITHELIUM-RELATED DISEASE

Macular edema caused by damage to the blood-retina barrier has been successfully
treated by administration of inhibitors of carbonic anhydrase. Inhibition of cytosolic
CA by acetazolamide induces acidification of the subretinal space, leading to an
increase in epithelial CI- transport into the choroid, which drives the elimination of
water from the retina and therefore, increases retinal adhesiveness of RPE. Such treat-
ment has been suggested to reduce macular edema, especially in patients suffering
from cystoid macular edema due to either retinitis pigmentosa or uveitis (102,103).
However, it appears that the inhibition of membrane-bound CA is also sufficient to
enhance subretinal fluid absorption and retinal adhesiveness. Wolfenberger et al. (103)
have shown the presence of a CA activity on the apical and basolateral cell membranes
of human RPE as determined by Hansson’s technique. Immunohistochemical stud-
ies have detected the presence of membrane-bound CA IV at apical RPE membrane.
Another membrane-bound CA-XIV isoenzyme was detected on both the apical and
basal membranes of mouse RPE (/05,106). Benzolamide, a membrane-impermeable
hydrophilic CA inhibitor, induced acidification in perfused chick retina RPE-choroid
preparation. Its effect mimicked the membrane-permeable acetazolamide CA inhibi-
tor and suggests that inhibition of membrane-bound CA is sufficient to decrease sub-
retinal pH as well as volume (/07). A similar therapeutic finding was reproduced by
the same group in rabbits (102).

NA*/H* (NH) ANTIPORTERS

A key transporter that regulates intracellular pH is the Na*/H* (NH) antiporter.
Unlike the Na*/Ca®* exchanger, the NH antiporter operates with one-to-one stoichi-
ometry and therefore is electroneutral (it is also known as the SL9 family of solute
carriers). There are at least eight different isoforms of Na/H exchanger (/08). The
NH antiporter is localized at the apical membrane of dogfish, frog and bovine RPE
(86,88,109). Similar to all Na*/H* antiporters, it was blocked by amiloride, a potent
inhibitor of Na*/H* antiporters. It normally operates to extrude H* while permeates
Na*. The identity of isoforms of the Na*/H* antiporter subtypes in RPE are yet to be
determined.

MONOCARBOXYLATE TRANSPORTERS (MCT)

Photoreceptor activity is associated with high production of lactic acid. Adler et al.
(110) report that lactate concentrations can reach up to 13 mM in bovine extracel-
lular interphotoreceptor matrix (IPM, a proteoglycan-rich extracellular matrix that
lies in the subretinal space and plays a role in nutrition of the photoreceptors), around
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4 mM near the apical RPE membranes, and up to 19mM in the RPE. These results are
similar to other mammalian retinas; 18 mM in rabbit retina and 22 to 33 mM in rat and
cat retinas, respectively. Therefore, such high lactate concentrations require efficient
removal of lactate to the blood. Interestingly, lactate transport from photoreceptors
has been shown to be stereospecific. Lactate can be transported by special proteins
known as monocarboxylate transporters (MCTs, 14 subtypes have been cloned and
are known as the SL16 family of solute carriers). Monocarboxylate transporters are a
family of highly homologous membrane proteins that mediate the one-to-one trans-
port of a proton (supplied to the subretinal space by the apically located Na*/H*
exchanger) and a lactate ion. Interestingly, MCT1, MCT3, and MCT4 form het-
erodimeric complexes with the cell-surface glycoprotein CD147 and exhibit tissue-
specific polarized distributions. This is evident based on studies in CD147 knock-out
mice where MCT1, MCT3 and MCT4 are no longer expressed in RPE (/71-113). In
the RPE, MCT1/CD147 is polarized to the apical membrane and MCT3/CD147 to
the basolateral membrane in humans (//1,114,115). While lactate in the apical bath
caused intracellular acidification, basal lactate caused intracellular alkalinization that
was dependent on the presence of Na* (//6). ARPE19 cells have at least three MCTs
(MCT1, MCT4, and MCTS, with MCT1 only present at the apical membranes) (1/17).
In addition, lactic acid can be removed from the subretinal space by the Na*-depend-
ent organic-anion transporting protein (Oatp, which belongs to solute carrier family
SLC21). Oatp2 and 3 were confirmed in rat RPE by Northern blot, RT-PCR and Western
blot, but no Oatp1l was not found. Immunohistochemistry revealed that Oatp2 was pre-
dominantly expressed at the apical surface of the RPE (7//8,119). Known inhibitors
of Oatps are sulfobromophthalein, probenecid and sulfinpyrazone (/18-120). Inter-
estingly, Oatps can allow impermeable cAMP in RPE to mediate pigment-granule
aggregation (/21). Finally, lactate can be also transported via aquaporin-9 (AQP9),
which has been discovered by our laboratory in ARPE-19 cells.

AQP1, AQP9 AND EDEMA

Development of edema in the subretinal space is detrimental to retina and often associated
with retinal degeneration. Retinal edema results from swelling caused by fluid leaking
from damaged blood-retinal barrier. Therefore, the activation of AQPs in RPE is needed
to eliminate water that cannot go through paracellular spaces, but only via intracellular
routes. Such a function is crucial for the survival of the retina (/). Although AQP1 has
been cloned from a cDNA library of human RPE, three separate studies failed, using vari-
ous immunochemical techniques, to detect AQP1 protein in adult human or rat RPE prepa-
rations (122—124). However, Stamer et al. (125) reported finding AQP1 in human RPE
after enrichment of membrane proteins and it was shown that the transepithelial transport
of water was facilitated by the functional presence of AQP1. However, our laboratory also
failed to detect AQP1 in ARPE-19 cells (unpublished observations). AQP1 expression
may be there, but at too low level to be detected, which raises doubts on whether AQP1
is the sole contributor to water elimination or whether there are other aquaporins yet to
be discovered in RPE. While our laboratory failed to detect AQP1 in ARPE-19 cells, we
discovered the expression of AQP9, a novel aquaporin, in ARPE-19 cells (Fig. 2); this
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Fig. 2. Evidence for the expression of aquaporin-9 (AQP9) in ARPE-19 cells by Western
blotting and reverse transcriptase polymerase chain reaction (RT-PCR). Plasma membranes were
purified and processed for Western blotting as described by Dibas et al. 2005 (126). (A), a dou-
blet of 37 and 47KDa is seen in ARPE-19 cells. Total RNA was extracted with Trizol (Life
Technology) as described by the manufacturer. In this study, 5ug of total RNA was reverse
transcribed using the iscript kit (Bio-Rad) according to the manufacturer’s instructions. Control
RT-PCR reactions were performed in the absence of cDNA templates. Polymerase chain reaction
(PCR) products were run on agarose gels and bands were cut and sequenced to verify identity.
See Tables 2 and 3 for primer sequences and conditions. (B) AQP9 mRNA is expressed in ARPE-
19 cells (St: DNA ladder, A: ARPE-19).

Table 2 Gene-specific forward (sense) and reverse (anti-sense) primers

Primer name Forward primer (5—3") Reverse primer (5—3") Product size (bp)
Aquaporin 9 AGCCACCTCT- ATGTAGAGCAT- 167
(AQP9) GGTCTTGCTA CCCCTGGTG
B-actin TGTGATGGTGG- TTTGATGTCACG- 514
GAATGGGTCAG CACGATTTCC

Table 3 Primer optimization

Primer name Denaturation Annealing Extension Number of cycles
AQP9 96°C 15sec 60°C 60sec 72°C 90sec 40
B-actin 95°C 60sec 60°C 60sec 72°C 120sec 40

observation was confirmed by Western blotting and PCR. Interestingly, AQP9 expression
is up-regulated under hypoxic and hypotonic insults (Fig. 3). AQP9 possesses general
features of a water channel, but in addition it is permeable to a wide variety of uncharged
solutes such as lactate, B-hydroxybutyrate, glycerol, purines, pyrimidines, urea, mannitol,
and sorbitol. Therefore, AQP9 may play a significant role in water and cellular transport
in RPE cells. The membrane distribution of AQP9 is currently under investigation by our
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Effect of hypotonicity and hypoxia on
AQP9 expression in ARPE-19 cells
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Fig. 3. Effect of hypoxia and hypotonic shock on aquaporin 9 (AQP9) expression in ARPE-19
cells. This test was performed as described by Yamamoto et al 2001 (/27). After exposure to
hypoxia for the indicated periods (from one to three hours), cells were processed using reverse-
transcriptase polymerase chain reaction (RT-PCR). To evaluate the effect of hypotonic shock on
AQP9 mRNA, cells were exposed to media that was diluted 1:1 with sterile water. B-actin was used
as a housekeeping gene. See Tables 2 and 3 for primer sequences and conditions. Hypotonicity for
30 minutes increased AQP9 by 3.1 = 1 fold ("p < 0.005 vs. control). Longer times were also tested
and cells showed continued up-regulation for up to one to two hours before the mRNA appeared
down-regulated (data not shown). Unsurprisingly, hypoxia increased AQP9 expression in ARPE-19
cells by 10.9 + 0.9 fold ("p < 0.005 vs. control).

laboratory. More interestingly, in addition to AQP9 expression at the plasma membrane,
AQP?9 is enriched in the mitochondria of ARPE-19 cells, human nonpigmented epithelial
(HNPE) cells, human optic nerve head astrocytes and retinal ganglion cells (manuscript
in preparation). AQP9 transport of lactate is likely to be key in the elimination of the high
concentrations that accumulate in RPE cells (around 19 mM).

BUFFERING OF IONS IN THE SUBRETINAL SPACE
IN THE LIGHT-DARK CYCLE AND EXPLANATION
OF ELECTRORETINOGRAM (ERG) C-WAVE

AND DELAYED HYPERPOLARIZATION

Stimulation of photoreceptors by light reduces the dark current. The dark current is the
influx of Na* via open cyclic guanidine monophosphate (cGMP)-gated cation channels in
the outer segments in parallel to an efflux of K*, via K* channels in the inner segment. This
leads to a reduction in the subretinal K* concentration from around 5 to 2mM, causing
hyperpolarization of the apical membranes of RPE. Such an effect activates the inwardly
rectifying K* channels and causes a change in the ratio of apical and basolateral K* con-
ductance, leading to secretion of K* in the subretinal space to replenish the light-induced
decrease of subretinal K*. Furthermore, the Na*/K*/2Cl~ cotransporter works in the reverse
mode supplying additional K* to the subretinal space. Thus, the direction of epithelial transport
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Fig. 4. Buffering of ions in the subretinal space in the light—dark cycle and explanation of
electroretinogram (ERG) c-wave and delayed hyperpolarization.

of K* from the subretinal space to the choroidal site is now reversed. Reducing intracellular
CI" also inhibits the CI"/HCO," basolateral exchanger that normally drives CI- outside the
RPE, which results in the subsequent hyperpolarization of the basolateral membranes of
RPE. Such ion fluctuations can be monitored in the electroretinogram (ERG) as the c-wave
and delayed hyperpolarization, where the c-wave results from the hyperpolarization of the
apical RPE cell membrane and the delayed hyperpolarization results from hyperpolarization
of the basolateral membrane (Fig. 4).

OTHER IMPORTANT RETINAL PIGMENT EPITHELIUM
TRANSPORT MECHANISMS

Among key nutrients needed for the RPE cells and photoreceptors is vitamin C (ascorbate),
which plays a key role in detoxifying free radicals in the retina. Vitamin C concentrations
are more than 10 times that of plasma. Khatami et al. (/28) have shown that the transport of
ascorbate by primary cultures of cat RPE cells was Na* dependent, and the protein respon-
sible appeared to belong to the SLC23 solute carrier family. In addition, human RPE cells
have at least two Na™-myoinositol distinct cotransporters (/29). As important, is the transport
and storage of iron in RPE, which shows strong immunoreactivity for ferritin and transferrin
and appears to be the main synthesis site of transferrin receptors in rodents (/30,131). Fur-
thermore, human RPE plays an important role in providing a sufficient supply of riboflavin
(vitamin B2, which is essential for many cellular pathways) to the retina. Vitamin B2 uptake
is energy-, temperature- and pH- dependent, but not Na*-dependent. Also, vitamin B2 uptake
is inhibited by DIDS, amiloride, and the sulfhydryl group inhibitor p-chloromercuriphenyl-
sulphonate (p-CMPS) (132). Finally, one of the most important cofactors needed by retinal
cells, and all cells, is folate, which cannot be synthesized by cells; folate is essential for
DNA, RNA, and protein synthesis. The RPE has two unique, polarized folate transporters.
The folate receptor o (FRo) is located at the basal membrane, whereas the reduced-folate
transporter (RFT-1) is located at the apical membrane (/33,134). Therefore, folate is taken
from the blood by the basolateral FRa: and secreted to retinal cells by oRFT-1 at the apical
membrane (135,136). More importantly, this vectorial transport appears to be compromised
in diabetic animals. Cultured RPE in the presence of high glucose shows a reduction in
FRT-1 mRNA and protein levels (137).
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REGULATION OF RETINAL PIGMENT EPITHELIUM
TRANSPORT BY HORMONES AND AGONISTS

RPE is unique in its regulation of ion transport by autocrine and exocrine factors. For
example, growth factors, pyrimidines and changes in tonicity could trigger ATP release into
the subretinal space. Apical ATP (or UTP) increases [Ca“]i and basolateral membrane ClI-
conductance, while decreased apical membrane K* conductance, a response that is blocked
by the P2-purinoceptor blockers suramin and DIDS (/38). Activation of P2Y(2) receptors
in vivo directly stimulates rabbit RPE active transport as evidenced using the P2Y(2) recep-
tor agonist, INS542 (739). Maminishkis et al. (/40) have shown that P2Y(2) agonists (e.g.,
INS37217) increase [Ca*], and stimulate RPE fluid transport in vitro, and retinal reattach-
ment in rats, and therefore may be therapeutically useful for treating retinal disorders associ-
ated with fluid accumulation in the subretinal space. While RPE cells can release apical ATP,
they also release ATP-hydrolyzing enzymes, and ADP has been detected in ARPE-19 media
(141). Another key regulator of RPE transport is neuropeptide Y (NPY). Apical application
of NPY increases the transepithelial potential in RPE-choroid preparations (/43). Similarly,
serotonin increases CI~ transport and transepithelial transport (/44). Furthermore, Kawa-
hara et al. (/45) have shown that the adenosine agonist, 2-5 -N-ethylcarboxamidoadenosine
(NECA), at high doses, enhances the reabsorption of subretinal fluid compared with
phosphate-buffered saline (PBS). Finally, in cultured chick and human RPE cells, vasoac-
tive intestinal peptide (VIP) is the most effective stimulator of the cAMP signaling (146).
Fujiseki et al. (147) have shown that the natriuretic peptide (NP) receptor (NPR-A and NPR-
B) mRNAs were present in rabbit RPE cells with NPR-B mRNA more than 10-fold higher
than that of NPR-A mRNA. While the expression of NPR-A mRNA was not affected
by treatments that may change subretinal fluid transport, NPR-B mRNA was inhibited
by transmitters involved in light- and dark-adaptation (e.g., dopamine and melatonin).
Expression of NPR-B mRNA was also suppressed by platelet-derived growth factor and
transforming growth factor-B. Mikami et al. (/48) have shown that ANP increases [CI']. in
rabbit RPE cells via activation of cGMP-dependent kinase of the Na*/K*/2Cl- cotransporter.

UNANSWERED QUESTIONS REGARDING RETINAL PIGMENT
EPITHELIUM TRANSPORT

While RPE transporters have received great attention, there are still many unanswered
questions. The identity of the Na*/H* antiporter subtype has yet to be determined, since
different isoforms exist with distinct regulation of function. Does RPE possess Na*/CI~
cotransporter activity and where it is localized? What isoform of the K*/CI~ cotransporter
exists in RPE and where? SLC26 cotransporter family members have yet to be studied in
RPE and there is doubt as to the identity of calcium-activated Cl1 (CACL) channels. The
role of AQP9 in RPE transport is yet to be characterized. Perhaps the greatest challenge
in linking such transporters to RPE function is the lack of selective inhibitors against
RPE transporters and channels.
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SUMMARY

The retina relies on glucose for metabolic energy, but unlike systemic endothelia,
the endothelia and epithelia of the blood-brain barrier allow little glucose to diffuse
across their paracellular spaces. To compensate, these cells express high levels of glu-
cose transporters to facilitate transcellular transport. One region, the outer blood-reti-
nal barrier, has an unusual structure. The choroidal capillaries are fenestrated, and the
barrier is formed by the overlying retinal pigment epithelium (RPE). The development
of RPE is closely coordinated with the development of the neural retina and the chori-
ocapillaris. Early in development, the RPE expresses basal levels of various members
of the GLUT family of glucose transporters. Then, tight junctions begin to form and
start to restrict paracellular diffusion. Late in development, as tight junctions become
tighter still, the expression of GLUT1, GLUT11, and SGLT1 increases. This suggests
that, early in development, a collection of GLUT family members serves the needs of
the RPE for metabolic energy, but certain members are better suited for the level of
transepithelial transport required to serve the needs of the neural retina. This change in
expression also correlates with increased infolding of the RPE basal plasma membrane
and the formation of fenestrae in the choriocapillaris.
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INTRODUCTION

The retina is among the most metabolically active of tissues and derives most of
its energy from glycolysis (/). This is especially true of the chicken, where the retina
loses most of its mitochondria during development (2). There are two sources for retinal
glucose, the capillary bed of the inner blood-retinal barrier and the choriocapillaris of
the outer blood-retinal barrier. The primary difference between these two sources is
that the inner vascular bed of mammals is intimately associated with the inner layers of
the retina, but the choriocapillaris is separated from the neural retina by the retinal pig-
ment epithelium (RPE). Like most endothelia associated with the central nervous sys-
tem (CNS), endothelia of the inner retinal capillary bed must perform all the functions
of the blood-brain barrier. In contrast, the choriocapillaris is fenestrated, and therefore
very leaky. These endothelia must work in collaboration with the RPE to form a blood-
retinal barrier. Because glucose readily diffuses out of choroidal capillaries, this chapter
will focus on the coordinated formation of two opposing mechanisms within the RPE
monolayer: the formation of tight junctions that block the diffusion of glucose through
the paracellular spaces and the compensatory expression of glucose transporters that
enable the transcellular diffusion of glucose.

I will discuss the properties of glucose transporters, the structure of the outer blood-
retinal barrier and how structure and function change during the normal embryonic
development of the tissue.

PROPERTIES OF GLUCOSE TRANSPORTERS

A family of transporters facilitates diffusion of glucose across the plasma membrane.
The SGLT subfamily of sodium coupled transporters does not appear to be as promi-
nent in the CNS as the facilitated-diffusion GLUT subfamily. Fourteen members of
the GLUT family have been described (3—/4). Family members differ in their kinetic
properties and tissue distribution. For example, GLUT4 is prominent in muscle and
adipose tissue and its distribution between the plasma membrane and intracellular pools
is rapidly regulated by insulin (/5). GLUTS is the only other glucose transporter that
is regulated by insulin (6). The principal transporters found in the CNS are GLUT1
and GLUT3. These family members are widely distributed, but in the CNS, GLUT1 is
found primarily in endothelia, glia, the RPE, the epithelium of the choroid plexus and
the ependyma. GLUTS3 is found primarily in neurons. GLUT1 is expressed at high levels
in the apical and basolateral membranes of retinal endothelia and the RPE, which would
facilitate transport across the inner and outer blood-retinal barriers (16—18).

Although GLUT1 appears to be the major transporter in RPE, there is data that sug-
gests the presence of others. Busik et al. (/9) challenged primary cultures of human RPE
with a 30-minute exposure to elevated glucose. There was an approximately a twofold
increase in the V__for glucose uptake. There was no effect on the intracellular localiza-
tion or the steady-state levels of GLUT1. The increase in V_could be inhibited by the
disruption of microtubules, which would disrupt intracellular protein traffic. Possibly,
elevated glucose levels affect the subcellular localization of a regulator of GLUT1 or of
another glucose transporter. Later, I will provide direct evidence of additional transport-
ers in chick RPE.
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GLUT1 and GLUTS3 are expressed in many cell types. In rodents, GLUT3 provides
a basal level of glucose transport, but GLUT]1 is upregulated in response to mitogens or
oncogenes. In the studies described below, it is important to note one of the differences
in the expression of GLUT1 and GLUT3 in chickens, as opposed to mammals: chickens
upregulate GLUT3 in response to the oncogene, v-src (20,21). The authors of these studies
suggest that during evolution, the GLUT3 promoter assumed functions in avian species
that are performed by the GLUT1 promoter in mammals. This raises the question of
whether all functions of the mammalian GLUT1 promoter are expressed by the chick
GLUTS3 promoter, or whether oncogenes regulate GLUT expression by a mechanism
that differs from the mechanisms of embryonic development. I will return to this when
discussing the development of RPE tight junctions and transcellular glucose transport.

STRUCTURE OF THE OUTER BLOOD-RETINAL BARRIER

In contrast to the bulk of the blood—brain barrier, the outer blood—retinal barrier is formed
by a collaboration of two tissues: the choriocapillaris and the RPE. Because the two tissues
form a functional unit, they should be considered together (Fig. 1). The choriocapillaris is
fenestrated, which prevents these capillaries from forming a tissue barrier. The interaction
of the choriocapillaris with the RPE is reflected by the RPE’s ability to induce the forma-
tion of the fenestrae, and the location of the fenestra on the side of the capillaries that face
the RPE (22,23). Interposed between the RPE and the capillaries, lies a thick basement

Outer limiting
Y8~ membrane

inner segment
outer segment

I Tight junctions

Melanin granules
within RPE

Basal infoldings

Bruch's
Membrane

NANS N SANNNAANSNTSIANNNAANS TSI ANNANANS N SANNANNANSN

Fenestrated
capillaries

Fig. 1. Structure of the outer blood—retinal barrier. At the top, the inner and outer segments
of photoreceptors are depicted interspersed with the apical pole of Muller cells. These cells are
bound together by an adherens-containing apical junctional complex, the outer limiting mem-
brane. The outer segments interdigitate with the microvilli of the retinal pigment epithelium
(RPE), which includes tight junctions within its apical junctional complex. Pigment granules fill
the RPE cytoplasm. The basal infoldings of the RPE sit on a pentilaminar, Bruch’s membrane.
Fenestrated capillaries underlie Bruch’s membrane. The fenestrae are localized at the capillary
face adjacent to Bruch’s membrane.
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membrane, called Bruch’s membrane, which is produced by a collaboration of both
tissues. The basal plasma membrane of RPE sits directly on Bruch’s membrane. It is highly
infolded to enhance the exchange of nutrients and wastes between the choriocapillaris and
the retina. At the opposite, apical, pole of the RPE, long microvilli interdigitate with the
outer segments of photoreceptors.

Typically, the apical membrane of an epithelium faces a lumen rather than a solid tis-
sue. The unusual structure of the RPE is best understood by recalling its embryonic devel-
opment. The RPE and neural retina form from a diverticulum of the neurotube called the
optic vesicle. The neuroepithelium that lines the optic vesicle is a pseudostratified epithe-
lium whose apical surface faces the lumen. To understand how the apical surface of the
neural retina comes to appose the apical surface of the RPE, imagine a fist pushing into
the optic vesicle, which pushes in until the surface covering the fist contacts the opposite
surface. The result is a two-layered cup with the apical surfaces of each layer apposed
to one another. The inner layer proliferates to form the multilayered neural retina, while
the outer layer forms a simple monolayer, the RPE. This intimate association allows the
neural retina to regulate the development and function of the RPE (24,25).

Near the apical surface, each cell is bound to its neighbors by an apical junctional com-
plex. The apical junctional complex encircles each cell much like the plastic rings that hold
together a six-pack of canned beverage. In the neural retina, this apical junctional complex
is the outer limiting membrane, which binds photoreceptors and Muller cells together
(Fig. 1). The outer limiting membrane contains adherens junctions, but lacks tight junc-
tions. Accordingly, it allows the diffusion of solutes smaller than serum albumin (26).

The apical junctional complex of the RPE is actually a complex of three types of junc-
tions (tight, adherens and gap) whose functions are intertwined. The adherens junctions
bind neighboring cells together, as in the outer limiting membrane, while the tight junc-
tions form a partially occluding seal that semiselectively retards diffusion through the
paracellular spaces of the monolayer (27-31). Both portions of the complex participate
in signal transduction pathways that regulate cell size and proliferation and help polar-
ize the distribution of plasma membrane proteins. To enable these diverse functions, the
apical junctional complex is an extraordinarily complex assembly of proteins.

Tight junctions were thought to block diffusion through the paracellular spaces of
neighboring epithelial or endothelial cells, which gave rise to the name zonula occlu-
dens or tight junction. Some epithelia, such as the urinary bladder, do form a nearly
occluding seal, but most epithelia and endothelia require the junctions to be leaky to
some degree in order to properly perform their function (32,33). By retarding diffu-
sion, tight junctions enable endothelia and simple, transporting epithelia to use active
transport mechanisms to regulate transmonolayer transport and establish concentration
gradients across the monolayer. Although a leaky tight junction would allow gradients to
dissipate, some transport mechanisms rely on a semiselective ‘leakiness’. Accordingly,
the selectivity and the permeability of the tight junctions depend upon the physiologic
role of the epithelium. For any given epithelium, it is controversial whether selectivity
and permeability are regulated by normal physiologic changes within a tissue, although
these properties can be altered pharmacologically (25,34,35). Recent studies of kidney
collecting tubules demonstrate that aldosterone regulates the phosphorylation and
selectivity of tight junctions on a physiological time scale (36). Because selectivity
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and permeability can be regulated independently, single measures of function alone,
such as the transepithelial electrical resistance (TER) or permeability to a particular sol-
ute, e.g., glucose, fail to define this function of the tight junction fully (37—41).

Unlike the capillaries of the blood—brain barrier, the RPE is moderately leaky. The
TER depends upon the species and ranges from 138 Q-cm? in the chick to 426 Q-cm? in
the frog (42), as compared to the 1500-2000 Q-cm? observed in capillaries within the pia
mater (43). This difference reflects the different physiological roles played by the inner
and outer blood—retinal barriers. The outer blood-retinal barrier is specialized to support
the unique needs of the photoreceptors that abut its apical surface. From this perspec-
tive, it is not surprising that the tissue—tissue interactions that regulate the tight junctions
of the RPE differ from those that regulate endothelial cells of the CNS (35,44,45). The
secretions of the neural retina that increase the tightness of the RPE barrier have different
physical properties than the endothelial-active factors secreted by astrocytes, and they
do not act via a cyclic adenosine monophosphate- (cAMP-) mediated pathway. Despite
the differences in TER, the tight junctions of RPE and CNS endothelial cells strongly
resist the diffusion of small organic tracers, including glucose, through the paracellular
spaces of the epithelial or endothelial monolayer.

COORDINATE DEVELOPMENT OF RETINAL PIGMENT EPITHELIUM
TIGHT JUNCTIONS AND TRANSCELLULAR GLUCOSE TRANSPORT

The development of RPE tight junctions in relation to the expression of GLUT trans-
porters has been studied in chick. These studies were facilitated by the slow time course
for the development of RPE tight junctions. In mammals and chick, regardless of the
time of gestation, development of the retina and choroid can be tied to developmental
milestones of the photoreceptors (25,46). This observation suggests that basic interac-
tions among these tissues are conserved among species. The early phase of develop-
ment is defined as the period before the penetration of the outer limiting membrane by
the inner segments of the photoreceptors. The late phase is defined as the period that
follows the first appearance of the outer segments (Fig. 2). Because the development of
the choroid and the neural retina are coordinated in chick and mammals, and because the
RPE influences and is influenced by the development of its neighbors, it follows that
the development of the RPE in chick should be a model for development in other
species. In this section, I will discuss the data that support this hypothesis and relate it
to the expression of glucose transporters.

Briefly, the expression of glucose transporters rises during the late phase of develop-
ment and correlates with the formation of fenestra in the choriocapillaris. In the RPE,
this increase correlates with the formation of basal membrane infoldings and maturation
of tight junctions.

Development of Tight Junctions in Chick Retinal Pigment Epithelium

There is a substantial delay between assembly of the adherens junction and assembly
of the tight junction. Although they will be remodeled, adherens junctions are already
present in the neuroepithelium that formed the RPE on embryonic day 3 (E3), days
before rudimentary tight junctions began to form on E7 (47-51). In this early period,
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Developmental Age
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=
| |
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Fig. 2. Three stages in the development of the outer blood-retinal barrier. Two milestones
of retinal development subdivide developmental events into early, intermediate and late stages.
These temporal relationships among the neural retina, RPE and choroid also hold for mammalian
and chick development. (For a review of this subject see 25,46)

there is the presence of the tight junctional proteins, ZO-1 and occludin, and assem-
bly proteins, such as AF-6, JAM-A, PAR3 or PARG (52). Nonetheless, tight junctional
strands were absent until claudins were expressed on E7 (47,53). This is an important
point, because the expression of ZO-1 and occludin is often taken as evidence of the
presence of tight junctions (28,30), and although their presence is necessary, it is insuf-
ficient. ZO-1 is found in all cells, where it participates in different types of cell junction
(48,54-57). Cogent examples are the apical junctional complex of the ependyma and
outer limiting membrane, which are also derived from the neuroepithelium. Here, ZO-1
is found in an apical junctional complex that lacks tight junctions (48,58,59). Simi-
larly, occludin is expressed in some cells that lack tight junctions, such as primordial
RPE cells and the precursors of astrocytes and neurons in culture (47,48,60). In these
circumstances, occludin might function as a regulator of the TGF-f receptor (61). In
cultures of chick RPE and some strains of the ARPE-19 cell line, zonular rings of ZO-1
and occludin are evident even when the tight junctions are discontinuous and therefore,
nonfunctional (47,62).

Tight junctions require the incorporation of claudins into the apical junctional com-
plex. The 24 claudin family members form the strands of the tight junction and determine
its selectivity and permeability (37). Slowly, between E7 and E14, tight junctional strands
grow in number and length to gradually coalesce into a complex, continuous network that
encircle the cell (47). The tight junction first becomes functional between E10 and E12
(48). This event correlated with a switch in the expression of ZO-1 isoforms, an event
that was also observed during tight junction formation in pre-implantation embryos (63).
After the active period of strand formation, structural modifications continue between
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E14 and E18 (64). As the fine structure of the tight junctions was remodeled during devel-
opment, there was a gradual change in the relative expression of different claudin family
members. This remodeling of composition would be expected to change selectivity and
permeability of the junctions to different ionic solutes (3/). This slow process allows us
to explore the assembly of the adherens junction and tight junction semi-independently.

A parallel development is observed in the pecten, a tuft of capillaries at the optic
nerve head that serves as the avian inner blood—retinal barrier. In the pecten, junctional
strands increase in number and complexity after E15, when the permeability of lan-
thanum nitrate decreases (65). In both the pecten and the RPE, the greatest increase in
GLUT]1 correlate most closely with the tightening of the blood-retinal barrier that occurs
in the late phase of development.

Expression of Glucose Transporters In Vivo

As the neural retina develops, its demand for glucose increases. However, this occurs
when the outer blood-retinal barrier is maturing and restricting diffusion through the
paracellular pathway. To compensate, the RPE expresses glucose transporters to facili-
tate transcellular diffusion. Previous studies established that mammalian RPE expresses
GLUTI, but other isoforms were not investigated (4). Using the reverse-transcriptase
polymerase chain reaction (RT-PCR), we amplified the mRNAs for GLUT1, GLUT2
and GLUT3 (66). As expected, GLUT2, an intestinal family member, was not detected
in the RPE, but the more-ubiquitous GLUT 1 and GLUT 3 were evident. Northern blot
analysis indicated that GLUT1 is the predominant isoform on E14. These findings
allowed us to address two fundamental questions. Which isoform is regulated during
development, and how is its expression coordinated with the increase in barrier function
of the RPE?

The regulation of GLUT 1 and GLUT 3 is a little unusual in chick. Studies using
oncogenes indicate that the signaling pathways that upregulate GLUT1 expression in
rodents upregulate GLUT3 instead in chick (20,21). This suggests that the chick uses
GLUT!1 to provide a basal level of transport and GLUT3 when transport needs to be
upregulated, as in actively dividing cells. It further implies that the GLUT3 promoter of
chick evolved to assume functions that the GLUT1 promoter performs in mammals.

RPE development provided a test of the hypothesis that GLUT 3 replaces GLUT
1 in chick (66). Total RNA was isolated from the RPE of E5, E7, E14, and E18 chick
embryos. GLUT1 mRNA rose during development relative to 18S rRNA, but GLUT3
showed little change. There was a sixfold increase in RT-PCR product for GLUT1, as
determined by semi-quantitative RT-PCR. The steady-state level of GLUT1 protein
also increased 8-fold, as determined by immunoblotting. Both experiments indicate
that expression increased most during the late phase of tight junction development.
The upregulation of GLUT1 was also observed in the inner blood-retinal barrier of
chick, the pecten (65). These data demonstrate that GLUT1 and GLUT3 can each
be regulated under different circumstances. Although v-src upregulates both GLUT3
and cell proliferation, the glucose transporters of RPE must be upregulated in quiescent
cells. Mitotic figures in the RPE monolayer are greatly diminished by E6 and nearly
absent by E12 (67). In the absence of pathology, RPE cells no longer divide during
the life of the animal. Therefore, the regulatory targets of certain proto-oncogenes
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Fig. 3. Developmental regulation of the expression of GLUT family members. Total mRNA
was isolated from the retinal pigment epithelium (RPE) of chicken embryos of the indicated age
and used to probe Affymetrix microarrays of the chick genome. For comparison, semi-quantita-
tive reverse transcriptase polymerase chain reaction (RT-PCR) data for GLUT1 and GLUTS3 is
included (66).

may have diverged, but other regulatory features of the GLUT1 gene appear to be
conserved between chick and rodents: these could include features of the 3" and 5
untranslated regions of the mRNA (68,69).

Subsequent studies identified additional GLUT family members that were expressed
in RPE. The entire chick genome was analyzed using Affymetrix gene microarrays.
Changes in mRNA levels, relative to the expression on E7, are shown for each family
member in Fig. 3. Like GLUT1, the expression of GLUT11 increased during develop-
ment. The rise in GLUT11 preceded GLUT1, but followed the closure of discontinuities
in the tight junctions (approximately E11, Fig.2). The other glucose transporters that
were expressed in RPE either did not change during development or perhaps showed a
slight, transient peak of expression. Besides GLUT?3, these included GLUTS, 9, 10 and
12. Other transporters expressed in chick, but not detected in RPE included GLUT?2, 4,
6, and 7.

One family member of the sodium-coupled glucose transporters, SGLT1, was identi-
fied in the chick genome. SGLT1 was not detected on the microarray until E10. Between
E10 and E18 the expression of SGLT1 mRNA increased 2.5-fold. Although the micro-
array data needs to be verified by RT-PCR, it is notable that all the observed increases
of glucose transporters occurred soon after functional tight junctions were formed. The
presence of sodium-coupled glucose transporters has not been previously reported in
RPE. The proposed localization of SGLT1 (Fig. 4) is based on an analogy with the
distribution of the transporters in the intestine. In that case, the SGLT1 is in the apical
membrane where glucose would be coported into the cell down a sodium gradient cre-
ated by the Na,K-ATPase. The GLUT2 transporter facilitates the passive diffusion of
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Fig. 4. Mediators of transepithelial glucose transport. The subcellular distribution of
glucose transporters and the Na, K-ATPase are indicated for (A) intestine and (B) retinal pigment
epitheilium (RPE). The localization of SGTLI in the RPE is postulated, as described in the text.
Double arrows indicate the paracellular and transcellular pathways.

glucose across the basolateral membrane and into the blood stream (4). In the RPE, the
situation would need to be reversed with SGLT1 in the basolateral membrane. Although
a number of sodium coporters and antiporters function in the apical membrane of RPE,
the need for glucose derives from apical secretion, not apical absorption. The net secre-
tion of sodium is in the apical direction, which requires a mechanism for sodium uptake
across the basolateral membrane (42). This basal membrane flux of sodium could drive
glucose through SGLT1. Unlike GLUT?2 in the intestine, the distribution of GLUT1 has
been identified in the apical and basolateral membranes of RPE (16,17). This suggests
the main force driving a basal to apical flux of glucose would be the rapid metabolism of
glucose by the retina. This suggests the role of SGLT1 would be to augment the facili-
tated diffusion that could occur by GLUT1 and GLUT11 alone.

Effect of the Neural Retina on the Expression of Glucose Transporters

To examine the hypothesis that GLUT1 (and by extension GLUT11 and SGLT1) is
involved in transepithelial transport rather than RPE cell maintenance, the expression
of GLUT1 and GLUT3 was examined in a primary cell-culture model of RPE develop-
ment (38,47,70). In this model, the permeability of tight junctions decreases when RPE
is cultured in the presence of retinal secretory products. The rationale was that if the
developing neural retina satisfied its increased need for glucose by regulating GLUT
expression, then retinal factors should regulate expression the GLUT that increased dur-
ing development. As noted earlier, this would be GLUT1 instead of GLUTS3.
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When RPE was isolated from the late—early (E7) or late—intermediate (E14) stages
and cultured on laminin-coated filters, the cells formed a monolayer with an apical junc-
tional complex consisting of adherens junctions and a rudimentary tight junction. Tight
junctional strands were present, but like the intermediate stage of tight junction assembly
in vivo, the network of strands was discontinuous. Consequently, the junctions were
leaky to tracers as large as horseradish peroxidase. These discontinuities were sealed
when the cultures were incubated in a medium that was conditioned by organ cultures
of E14 neural retinas (47). Further, these secretions of the neural retina, presented to the
apical side of the RPE monolayer, acted synergistically with various factors presented
to the basal membrane, which supports the hypothesis that communication between the
RPE and surrounding tissues regulates each other’s development (25,46,70).

With retinal-conditioned medium, the fine structure of the tight junctions closely
resembled that of RPE in vivo, as viewed by freeze-fracture electron microscopy (47).
The remarkable finding was that despite the similar structure, the E14 junctions had
a higher TER than the E7 cultures. This finding was explained by examination of the
members of the claudin family that were expressed. The relative expression of the vari-
ous claudins differed in each culture and the effect of retinal-conditioned medium on
claudin expression also varied. For example, retinal-conditioned medium induced the
expression of claudin 1 in both cultures, but induced the expression of claudin 2, and
decreased the expression of claudin 4L.2, only in E14 cultures. These different responses
by the two cultures may reflect the expression of different signaling pathways. For
example, the E7 cultures respond to a labile factor that has a mass of less than 10kDa,
while the E14 cultures respond to a protein of 49 kDa. Notably, these active factors have
different properties from the astrocyte factors that induce the formation of tight junc-
tions in endothelial cells (35,45,71).

Despite these differences in the permeability of ions, the paracellular pathways of E7
and E14 RPE cultures are equally impermeable to small organic tracers such as man-
nitol. Their permeability to these solutes is comparable to that of endothelial cells in
the presence of astrocytes-conditioned medium plus cAMP analogues, even though the
TER of the endothelial cells is fivefold higher. Several laboratories have demonstrated
independent regulation of the flux of ions and uncharged organic compounds with a
hydrodynamic radius similar to glucose (37—40). Several models have been proposed to
explain the differential regulation of ions and organic tracers (31,39,46).

To determine whether retinal factors affect transcellular glucose transport, the
diffusion of 3-O-methylglucose and mannitol was measured. Both compounds have
similar hydrodynamic radii, but mannitol is restricted to the paracellular pathway.
3-O-methylglucose uses paracellular and transcellular pathways (72,73). In both the
E7 and E14 cultures, retinal-conditioned medium failed to affect the transepithelial
diffusion of 3-O-methylglucose despite a decrease in the diffusion of mannitol. To
block transcellular transport, glucose transporters were inhibited by phloretin (74),
which has no effect on the paracellular pathway of rabbit gall bladder (75). In this
circumstance, retinal-conditioned medium reduced the permeation of 3-O-methylglucose
to that of mannitol (66). By subtracting this measure of paracellular transport from
total transport, we observed that the level of transcellular glucose transport increased
by 40% in the presence of retinal conditioned medium (p < 0.05). To determine
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whether the increase in activity results from increased mRNA or protein expression,
immunoblotting and semiquantitative RT-PCR were performed. In three experiments,
no significant increases were observed, nor was there an observable change in the
intracellular distribution of GLUT1.

CONCLUSIONS

The outer blood—retinal barrier needs to tightly regulate transepithelial flux by
severely restricting the movement of some solutes, and actively or passively facilitating
the movement of others. The tight-junction portion of the barrier restricts the paracellu-
lar flux of organic compounds, but is leaky to certain ions. This means that glucose must
traverse the transcellular portion of the barrier. The neural retina regulates both portions
of the barrier by regulating the structure and function of tight junctions, and presumably
by inducing the expression of transporters that enhance a basal-to-apical transcellular
flux of glucose. Notably, the tight junctions do not fully mature until other mechanisms
are in place: infoldings of the basal plasma membrane are elaborated to enhance basal
uptake, choroidal capillaries are fenestrated to enhance egress of serum components and
retina-induced glucose transporters are expressed.

The limitation of our experimental model is that the major increase in the expression
of GLUTT occurs on E18, which may explain why no discernable effect on gene expres-
sion was observed. The assays for transcellular transport are more sensitive than those
for gene expression. There are several reasons why the increase in transport activity was
greater than was accounted for by changes in GLUT1 expression. As noted above, Busik
et al. (19) found that an increase in glucose concentration increased the V. of transepi-
thelial glucose transport without any discernable effect on the expression or distribution of
GLUT]1. In their experiments and ours, the kinetic properties of GLUT1 could have been
modulated. However, genomic analysis indicates that a number of transporters are present
that could have been affected. We now know that GLUT11 and SGLT1 also increase during
development and are candidates for regulation by retinal-conditioned medium. It appears
that RPE constitutively expresses a number of GLUT family members that mediate a basal
level of glucose uptake to meet the RPE’s specific needs. The formation of a functional
outer blood-retinal barrier is accompanied by the expression of additional transporters,
including an energy-driven transporter, to serve the needs of the outer retina.
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CALCIUM

Ca®* has a high affinity for proteins (/—4). Ca** binding to proteins subsequently
results in three-dimensional changes in the protein structure and function (/—4). With
respect to these properties, Ca** ions differ from many other ions. Thus, Ca** can regulate
protein and cell function, and can serve as a second messenger in regulatory signalling
pathways (2,3,5-7). To fulfil this function cells keep a large Ca?* concentration gradient
between intracellular and extracellular space. Using active transporters and metabolic
energy, cells maintain an intracellular Ca®* concentration that is 10,000 times smaller
than that of the extracellular space (5,6). To achieve regulatory changes in cell function,
even small increases in intracellular free Ca** are sufficient (5,6). This occurs either by
release of Ca®* from cytosolic Ca** stores or by influx of Ca** into intracellular space.
Ca?* channels play a central role in the latter process.

Ca?>*-REGULATED FUNCTIONS OF THE RETINAL
PIGMENT EPITHELIUM

Retinal pigment epithelium (RPE) cells contain a high concentration of Ca*, of
which most is bound to the melanin and stored in melanosomes (8—14). The retinal pig-
ment epithelium closely interacts with photoreceptors and fulfils many functions that
are essential for visual function (/5—17): these are the absorption of light, control of the
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ion homeostasis in the subretinal space, regeneration of all-frans retinal, phagocytosis
of shed, destroyed photoreceptor outer segments, the establishment of a barrier to ensure
the immune privilege of eye is maintained, and the secretion of a variety of growth fac-
tors. Most of these functions have been found to be regulated by increases in intracel-
lular free Ca’* (Fig. 1A).

Light energy focused by the lens causes the destruction of proteins, lipoproteins, and
lipids in photoreceptor outer segments (/6—/8). This necessitates constant renewal of
photoreceptor outer segments. New photoreceptor outer segments are built from the
base while the destroyed tips are shed. The shed outer segments are phagocytosed by the
RPE. Activation of the inositol triphosphate (InsP3)/Ca** system seems to play a role in
the initiation of phagocytosis, and increases in intracellular free Ca** with subsequent
activation of protein kinase C were found to represent the shut-off signal for phagocyto-
sis. Thus, both Ca?* signalling pathways regulate phagocytosis in concert.

A major mechanism maintaining the ion homeostasis in the subretinal space is the
transepithelial transport of ions and water (15). Increases in intracellular free Ca?*, acti-
vated by a variety of different extracellular stimuli, were found to increase transepithelial
transport of ions and water across the RPE (7/9-29). Comparable effects were achieved
by usage of Ca** ionophores to increase intracellular free Ca** (20). The modulation of
transepithelial ion transport results in the subsequent activation of Ca**-dependent CI-
channels and Ca?*-dependent K* channels (20,25,27,30-38).

The secretion of growth factors by the RPE is essential for the maintenance of
the structural integrity of photoreceptors and the endothelium of the choriocapillaris
(15,39,40). In addition, the secretion of immune suppressive factors by the RPE is a
major mechanism by which the RPE participates in the establishment of the immune
privilege of the eye (4/—47). Furthermore, secretion is a process that is central to the
coordination of all other functions of the RPE. Phagocytosis, transepithelial transport
and regeneration of all-trans retinal require a close communication between the RPE
and the adjacent tissues (/5). The receptor-controlled secretion of a variety of factors
represents an important part of this communication. In many different tissues transmit-
ter release or exocytotic processes are triggered by increases in intracellular free Ca?*
(7,48-51). Thus, it is likely that the same applies to the regulation of secretory activity
in RPE cells. Although this is not extensively studied, many factors which are known to
stimulate secretion by the RPE cells are also known to increase intracellular free Ca®'.
For example, basic fibroblast growth factor (bFGF) causes an increase in intracellular
free Ca** and the secretion of vascular endothelial growth factor (VEGF) (52). The same
applies for insulin-like growth factor 1 (IGF-1) (53).

Thus, increases in intracellular free Ca** are not only essential in the regulation of the
different functions, but also contribute to the coordination of these functions between
the RPE and the adjacent tissues. Ca?* channels contribute to increases in intracellular
free Ca** by providing a pathway for Ca** to enter the cell along the favorable electro-
chemical gradient. Even a small increase in the Ca’* conductance caused by activation
of Ca* channels, results in efficient changes in the intracellular Ca?* concentration. Thus
the study of the types of ion channels present in RPE cells, their characteristics and
their regulation, which permits the participation in signalling pathways, are essential to
understanding RPE function in health and disease.
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Fig. 1. Function of the retinal pigment epithelium (RPE) and Ca?* channels. (A) Summary
of different functions of the RPE that are known to be regulated by increases in intracellular free
Ca?*. (PEDF = pigment epithelium-derived factor; VEGF = vascular endothelial growth factor).
(B) Ca** channels in the RPE and their regulation. Note that the localization within either the
apical membrane or the basolateral membrane is not defined. ATP = adenosine triphosphate;
bFGF = basic fibroblast growth factor; FGFR2 = fibroblast growth factor 2; Gocq 1,= G protein
o-subunit g/11; IP3 = inositol-1,4,5-trisphosphate; L-type = L-type voltage-dependent Ca** chan-
nel; NMDA = N-methyl-D-aspartate; P2X = purinergic receptor 2X; VEGF = vascular endothelial
growth factor.
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Ca** CHANNELS IN GENERAL

Ca?* channels are membrane-spanning proteins that are highly specifically for the
conduction of Ca* ions. They can be either activated by changes in the membrane
potential, by intracellular or extracellular binding of specific ligands, or by a variety of
different physical stimuli such as temperature.

The voltage-gated channels are members of a gene family of 10 homologous proteins
(50,54,55). All these channels are composed of four homologous domains, of which each
consists of six membrane-spanning domains. The extracellular loop between the fifth
and the sixth membrane-spanning domain dips into the membrane. All four homologous
domains are arranged in such a way that the four loops which dip into the membrane form
the membrane-spanning Ca** pore. The family of voltage-dependent Ca®* channels contains
three groups: L-type, P/N-type and T-type channels. The voltage-dependent Ca** channels
differ in their voltage-dependence, time-dependent kinetics, and blocker sensitivity.

Another large group of Ca** channels are ligand-gated channels. This group is rep-
resented by the different ionotropic transmitter receptors. These include, for example,
glutamate receptors (56,57) and adenosine triphosphate (ATP) receptors (58,59). Extra-
cellular binding of the specific ligand results in the activation of channel and an influx
of Ca* into the cells. Other ligand-gated channels are activated by intracellular ligands.
For example, cyclic guanidine monophosphate (cGMP)-gated channels are involved in
the phototransduction cascade in the photoreceptor outer segments (60). Some of the
ligand-gated channels are not true Ca* channels, because they can also conduct other
ions such as Na*. Nevertheless, the Ca** that enters the cell serves to provide the major
regulatory effects via the ligand-gated channel.

A third group of Ca**-conducting channels is the large family of TRP channels (61-63).
The gene was first identified in Drosophila where the mutant form leads to the transient
receptor potential phenotype (trp). The family of the TRP channels in humans consists
of six groups, whose members differ in the many ways through which they can be acti-
vated, e.g., via a-subunits of G-proteins, (cADP-ribox) cADP-ribose, intracellular Ca*,
release of Ca?" from cytosolic stores, acidic pH or changes in the temperature. With
these many different activation mechanisms, TRP channels are involved in many impor-
tant sensory and regulatory signalling pathways.

Ca?>* CHANNELS IN THE RETINAL PIGMENT EPITHELIUM

So far, voltage-dependent Ca?* channels, a member of the TRP family of channels and
ligand-gated Ca?* channels have been identified in RPE cells (Fig. 1B). Of these chan-
nels, the voltage-dependent channels have been most extensively investigated.

Voltage-Dependent Ca** Channels

Early patch-clamp experiments with either freshly isolated or cultured RPE cells from
rat and human indicated the functional presence of voltage-dependent Ca?* channels in
the RPE (64-72). These were identified as Ba*" currents in whole-cell patch-clamp exper-
iments. The currents were activated at rather positive membrane potentials, showed in
some cases slow inactivation kinetics and were influenced by dihydropyridine compounds
such as nifedpine, a Ca?* channel blocker, and BayK8644, a Ca?* channel activator. Owing
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to these electrophysiological properties, these currents could be identified as currents
through L-type Ca** channels (73). Furthermore, systemic application of the dihydropy-
ridine nimodipine, an L-type channel blocker, reduced the amplitude of the light-peak in
the rat and mouse DC-electroretinogram (ERG) (74). This indicates the functional pres-
ence of L-type channels in the intact eye. Further molecular biological analysis of the
Ca?channel proteins and Ca** channel genes indicate that RPE cells primarily express a
neuroendocrine subtype of L-type Ca** channels, which is represented by the presence of
the at1D or Ca, 1.3 subunit in RPE cells (66-69). Reverse-transcriptase polymerase chain
reaction (RT-PCR) analysis showed that RPE cells express, exclusively, a splicing variant
of the neuroendocrine L-type channel that has not been reported in other studies of other
tissues (66).

The Functional Role of Neuroendocrine L-Type Ca**Channels
in the Retinal Pigment Epithelium

To understand the functional role of these high-voltage-activated channels in reti-
nal epithelial cells, which can be considered as nonexcitable cells, several questions
have to be answered. The first is whether these Ca** channels can contribute to changes
in intracellular free Ca?*, because L-type channels are high-voltage-activated channels,
which need rather positive membrane potentials to be activated, and RPE cells show a
resting potential of between —40 and —-50mV (25,33,66,70,72,75-80). An answer arises
from heterologous expression studies in which currents through Ca, 1.3 subunits were
investigated. Here, these channels appeared to be subtype of L-type channels with the
most negative activation thresholds among L-type channels, which can be as negative as
—40mV (81-83). These characteristics found in heterologous expression systems were
confirmed in studies with native cells which exclusively express this L-type channel
subtype (82). Furthermore, these channels can contribute to changes in intracellular free
Ca* not only by altering the membrane potential, but also by shifts in their voltage-
dependent activation towards more negative potentials by phosphorylation of the Ca, 1.3
subunit (66,67). In a combined study of patch-clamp measurements of the L-type chan-
nels currents together with changes in intracellular free Ca?* in the same cell, it could be
demonstrated that Ca** can enter the cell through L-type channels at a fixed membrane
potential of —40mV (84). This is enabled by phosphorylation of the Ca** channel by
tyrosine kinases. The cytosolic subtype of tyrosine kinase, pp60°**, appeared to be a
housekeeping kinase which physically interacts with Ca, 1.3 subunit and is responsi-
ble for the basic activity of the L-type channel in these cells (68,69). However, this
kinase also seems to integrate L-type channels into the InsP3/Ca?* second messenger
system. Intracellular application of InsP3 to cultured RPE cells resulted in an increase
in cytosolic free Ca?*, caused by an influx of Ca** through L-type channels activated by
shifts of the voltage-dependent activation into a more negative voltage range (84). This
was dependent on activation of tyrosine kinase. Another tyrosine kinase which leads
to activation of L-type channels through a shift in the voltage dependence is the bFGF
receptor FGFR2 (67). Application of bFGF leads to an increase in intracellular free Ca**
by Ca** influx through L-type channels (85). This is enabled by physical interaction of
FGFR2 with the Ca, 1.3 subunit, which also results in a shift in the voltage dependence
towards more negative potentials (67). The participation of pp60°™ could be excluded
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in this signalling pathway. Among serine/threonine kinases, protein kinase C appears
to be an important regulator of L-type channels in the RPE. Protein kinase C is, on the
one hand, an activator of L-type channels in the RPE (69), however, activation of PKC
seems to influence the tyrosine kinase-dependent activation of the L-type channels. In
cells with stimulated PKC, pp60c* then exerts an inhibitory effect on L-type chan-
nel activity. The nature of this process is not understood, but it is likely that different
isoforms of PKC might contribute to these different effects. Finally, we could identify
bestrophin-1 as a regulator of L-type channel activity, which also results in shifts in the
voltage-dependence and in the kinetic behaviour of the L-type channels (66). It is not
clear whether this effect relies on a physical interaction or on an indirect stimulation
based on phosphorylation-dependent processes.

In summary, L-type channels in RPE cells are capable of contributing to changes in
intracellular free Ca?*, not by changing the membrane potential, but by phosphorylation-
dependent changes in the voltage-dependence of these channels. With these properties,
L-type channels in the RPE are linked to many different signalling processes that can
be initiated by tyrosine phosphorylation, for example by growth factors, or by stimula-
tion of the InsP3/Ca*" second-messenger system. Thus, the next question arises from the
effects resulting from activation of L-type channels in RPE cells.

Intracellular application of InsP3 to rat RPE cells resulted in an increase in the mem-
brane conductance for Cl- (36,86). This effect is based on the activation of Ca**-dependent
CI- channels. The underlying increase in intracellular free Ca** partially results from
activation of L-type channels (36,86). A close regulation of CI- conductance and L-type
channel activity is supported by a study in which the regulatory effect of bestrophin-
1 on L-type channels was demonstrated (66). Bestrophins were also identified as CI~
channels, among which bestrophin-1 could represent a Ca*-dependent Cl- channel
in RPE cells (37,87). Thus, the two ion channels are not only coupled by Ca*, but
also by direct interactions that provide a close feedback loop in the control of transepi-
thelial CI- transport. This hypothesis is supported by the observation that both L-type
channels and bestrophin-1 are involved in a regulatory manner in the generation of the
light-peak in the electro-oculogram (74,88). This signal was shown to arise from activa-
tion of CI- channels in the basolateral membrane of the RPE in response to activation
of a second-messenger cascade that is probably initiated by stimulation of purinergic
receptors (24,89,90). However, the exact contribution of the two proteins, L-type chan-
nels and bestrophin-1, to the light peak is not understood. As stated above, the L-type
channels are regulated by protein tyrosine kinase (68). This links these ion channels to
growth-factor-dependent signalling. Even a growth factor receptor, the bFGF receptor
FGFR2, is able to interact directly with the ol-subunit of the Ca** channel (67). Since
growth factors are able to change cell differentiation and behaviour by changing the
gene expression profile, it might be possible that growth-factor-dependent activation
of L-type channels can also contribute to changes in the gene expression of RPE cells.
This idea is supported by observations in neurons, in which activation of L-type chan-
nels leads to increased expression of the immediate—early gene c-fos, whose product
functions as a transcription factor (9/). Indeed, direct opening of L-type channels by the
Ca*-channel opener dihydropyridine compound BayK8644 increased the expression
rate of c-fos in RPE cells (52). However, the bFGF-induced increase in the c-fos expression
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rate is independent of activation of FGFR2 and L-type channels (52). Thus, only very
distinct signalling pathways would be able to change c-fos expression via stimulation of
L-type channels, while the L-type channel-dependent change in gene expression acts as
a general mechanism.

The last effect L-type channels might have in RPE cells is implied by the subclass
of L-type channels expressed in the RPE, the neuroendocrine channels. These L-type
channels have been described in pancreatic beta islet cells (55,83) and were found to
trigger the release of insulin by these cells (48,92). Thus, L-type channels might have a
comparable function in the RPE, where they may regulate secretory activity (93). One
important function of the RPE is the secretion of growth factors, but also of other sub-
stances, that are of importance to coordinate RPE function with that of adjacent tissues
(15,39). As stated above, bFGF can stimulate, via FGFR2, L-type channels in the RPE,
resulting in a subsequent increase in intracellular free Ca** in these cells. In addition,
bFGF is able to stimulate the secretion of VEGF. Indeed, the bFGF-stimulated increase
in the VEGF secretion rate is dependent on the activation of L-type channels. It is very
likely that L-type channels regulate the secretion of other important factors that repre-
sent the basis for the communication with adjacent tissues.

L-type Channels and Disease in the Retinal Pigment Epithelium

As regulators of secretion, which stands in the centre of the communication of the
RPE with adjacent tissues, L-type channels are likely to play a role in pathophysiologic
processes leading to loss of vision. One factor that is released under the control of
L-type channels, and which might play a central role in pathophysiologic processes, is
VEGEF (93). The effect of VEGF depends on its concentration (94); at lower concentra-
tions VEGF is important for maintenance of structural integrity of the endothelium of
blood vessels, such as maintaining fenestrated structure, at higher concentrations VEGF
initiates neovascularisation. In age-related macular degeneration, the major cause for
loss of vision is choroidal neovascularisation (95). It is generally accepted that this
process is caused by increased levels of VEGF (40,96). Anti-VEGF strategies have
been recently established as a successful therapy to treat choroidal neovascularisation
(97). A considerable body of evidence demonstrates that the RPE is the major source
of VEGEF in this process (94,96,95-101). Since L-type channels regulate the secretion of
VEGEF, they must play an important role in the initiation of choroidal neovasculari-
sation. Indeed, in a study of freshly isolated RPE cells from surgically removed neovas-
cular tissues we were able to demonstrate that these cells show functional presence
of L-type channels (93). Furthermore, these channels seem to have different tyrosine
kinase-dependent regulatory properties, causing a higher VEGF secretion rate, even in
cultured cells.

Another role of L-type channels in pathophysiological processes might be an
involvement in a rare inherited form of macular degeneration, Best’s vitelliform macu-
lar degeneration. As stated above, bestrophin-1, the product of the VMD2 gene, which
causes Best’s disease, can regulate the activity of L-type channels (66). In an initial
study that explored the function of bestrophin-1, it was shown that the mutant forms
known to cause the disease display no Cl~ channel activity (37). Thus, is it was con-
cluded that the loss of Cl~ channel activity represents the major cause of the disease



208 Strauss

and explains the absence of the light-peak in the patients’ electro-oculograms. How-
ever, several reports show that carriers of VMD2 mutations can have normal light-
peaks, or decreases in the light-peak amplitude, that occur secondary to the onset of
macular degeneration (/02—-106). Furthermore, bestrophin-1 knockout mice show no
decrease in the light peak amplitude and no retinal degeneration (74). Thus, the loss
of Cl-channel activity in mutant bestrophin-1 is not necessarily the major cause of
both macular degeneration and changes in the patients’ electro-oculograms. Since the
light-peak is also dependent on the activity of L-type channels, and since bestrophin-1
is able to change the activity of L-type channels, it could be that a mutation-dependent
change in the L-type channel activity and a subsequent change in the Ca’* homeos-
tasis are involved in the chain of events leading to the disease (66). This alternative
hypothesis is supported by the observation that mutant bestrophin-1 displays different
effects on the activity of L-type channels than the wild type (66). These effects result
in a prolonged activity of L-type channels or, by another mutant form, faster inactiva-
tion kinetics.

Finally, there are some indications that L-type channels possibly participate in the
retinal degeneration of the Royal College of Surgeons (RCS) rat (85). The retinal degen-
eration in this animal model for retinitis pigmentosa is caused by a mutation in a gene
for a receptor tyrosine kinase, leading to a loss of the ability to phagocytose shed pho-
toreceptor outer segments (/07—111). RPE cells of the RCS rat show increased activity
of L-type channels due to altered regulation by tyrosine kinase, and subsequent faster
activation of InsP3-dependent activation of Ca**-dependent CI- channels. It is not clear
whether these changes are directly involved in the chain of events leading to the retinal
degeneration or whether these are secondary effects.

TRP Channels

A recent study using ARPE-19 cells indicated the presence of the TRPC1 Ca?* chan-
nel (/12). This is the first report of the expression of TRP channels in the RPE. The
authors could demonstrate a physical interaction with proteins of the cytoskeleton. With
such an interaction, the presence of TRP channels in cell membrane, and thus the Ca*
permeability of the cell membrane, could be regulated. The TRPC1 channel is further
known to be regulated by a-subunits of G proteins (6/-63,113). The presence of these
channels could explain observations that the activation of a non-specific Ca**-conducting
ion channel in RPE cells is initiated by purinergic stimulation (27,114). The activation
of the Ca** conductance was found to be G-protein dependent. Also an investigation of
InsP3/Ca®* second-messenger system in RPE cells indicated the participation of other
Ca** channels than L-type channels (84). Since TRP channels are known to be stimu-
lated by metabolites of the InsP3 second-messenger system, it is likely that TRPC1
represents this additional Ca?*-conducing channel (67,63). TRP channel s are known to
be activated by Ga, | subunits. Thus it is likely that these channels contribute to changes
in the RPE function, which result from stimulation of Gor,| i subunits coupled receptors.
These changes in transepithelial ion transport are increased by stimulation of muscarinic
P2Y ATP receptors, or adrenergic receptors. Others changes also influence phagocytic
activity by P2Y or adrenergic receptor activity (113). Thus the TRPC1 channels in the
RPE might represent another type Ca?* channel of importance for the communication of
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the RPE with the adjacent tissues. However, the paper by Bollimuntha et al. (/12) is a
first initial report about TRP channels in the RPE and the definition of their functional
role requires further experimental evidence.

Ionotropic Receptors
Purinergic Receptors

In many studies the importance of purinergic signalling in the RPE has been dem-
onstrated (22,24,25,27,29,115-117). Most of the studies describe the involvement of
metabotropic ATP receptors. However, earlier studies indicated the presence of iono-
tropic ATP receptors, also, in the RPE (27). Although not shown on a molecular basis,
investigation of ATP-dependent Ca** signalling in the RPE, together with measure-
ments of the membrane conductance, showed the ATP-dependent activation of a cation
conductance in conjunction with rises in intracellular free Ca** as a second-messenger
(27). This cation conductance showed properties of ionotropic ATP receptors, the P2X
receptors (59).

The source of ATP for stimulation of purinergic signalling in RPE cells might be the
retina or the RPE itself (22,117). It is likely that stimulation of the retina by light results
in the release of ATP by the retina, which diffuses to the RPE. Stimulation of RPE
cells by bFGF or ATP leads to the release of ATP from RPE cells (22,177). Stimula-
tion of RPE cells by ATP results in a lot of different changes in RPE cell function, such
as transepithelial transport of water and ions, or phagocytosis (22). The presence of
metabotropic receptors has been demonstrated on a functional and molecular basis. The
additional presence of ionotropic receptors is likely. The presence of both types of ATP
receptors might help us to understand how ATP can contribute to these different changes
in RPE cells function.

Glutamate Receptors

Astonishingly, ionotropic glutamate receptors were described in RPE cells on both a
functional and molecular basis (1/8-120). These glutamate receptors were identified as
N-methy-D-aspartate (NMDA) receptors and kainate receptors (/20), which are normally
known to function as neurotransmitter receptors in the postsynaptic membrane of synaptic
clefts. Activation of NMDA receptors results in a fast, inactivating depolarisation of the
cell accompanied by fast, transient Ca®* influx into the cell, which can be expected in RPE
cells as well. However, it is unclear as to which changes in cell function glutamate-depend-
ent stimulation of RPE cells results in. Only for kainate receptors, which cannot conduct
Ca?, could it be shown that these can regulate phagocytosis by the RPE (720).

SUMMARY

The RPE closely interacts with its adjacent tissues and helps to maintain their struc-
tural integrity. The interaction with photoreceptors is of importance for the maintenance
of visual function. The coordinated interaction needed to fulfil these tasks requires a
close communication between the RPE and the photoreceptors on one side, and the
endothelium of the choriocapillaris on the other side.
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INTRODUCTION

The crucial role played by taurine in maintaining the mammalian visual system has
been highlighted by the observation that a nutritional deficiency in cats is associated
with severe retinal degeneration. Other animal species were more resistant to dietary
manipulation, but either drug-mediated inhibition of the taurine transporter or the con-
struction of models with disrupted transporter genes resulted in severe retinal degen-
eration. In man also, taurine deficiency, as a consequence of pathological conditions,
has been associated with abnormal ocular function. Abnormal taurine homeostasis has
also been suggested in some forms of human retinitis pigmentosa, since the pattern of
visual loss was very similar to that in the taurine-deficient cat. In the present analysis,
the transport pathway for delivery of plasma taurine to photoreceptors of the retina has
been examined and the effects of ageing of individual compartments on the integrity
of the transport system assessed. Our results suggest that in diseases of aging such as
macular degeneration, associated histopathological alterations of the transport pathway
may precipitate a localized taurine deficiency that may act synergistically in the pro-
gression of the disease.
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TAURINE: GENERALIZED DISTRIBUTION,
INTRA-RETINAL LOCALIZATION

Taurine (2-aminoethane sulphonic acid) is widely distributed in mammalian species,
and in the rat it has been estimated that taurine constitutes nearly 0.15% of its body
weight (7). This sulphonic amino acid is particularly enriched in excitable tissues, such
as neuronal, contractile and secretory structures (2).

The visual system maintains high concentrations of taurine, while the frontal and
occipital lobes contain the highest levels in brain. In the retina, taurine accounts for
nearly 40-50% of the total amino acid pool and retinal subfractionation techniques have
localized most of this content to photoreceptor cells, the concentration in various spe-
cies lying within the range 50 to 80 mM (3,4). Since plasma levels of taurine are in the
region of 40 to 60 UM, photoreceptor cells seem capable of maintaining a thousand-fold
concentration gradient with respect to their extracellular environment (5,6).

The major pathway for the biosynthesis of taurine in mammalian tissues, particularly
liver and brain, is via cysteine sulphinic acid decarboxylase (CSD), a vitamin B6-
dependent enzyme that catalyzes the conversion of cysteine sulphinic acid to hypotaurine
(7). Hypotaurine is then converted to taurine in a reaction catalyzed by hypotaurine oxidase.
In the livers of cats, monkey and man, although the synthetic pathway is present, taurine
biosynthesis is limited by low activity of CSD. In fact, human levels of CSD are particu-
larly low, about a tenth of that in the cat (/). The synthetic pathway has also been shown
to be present in the retinas of various species (8,9). Despite this presence, the activity of
CSD is considerably low, requiring blood-borne import of the amino acid to maintain
the high levels of retinal taurine.

Circulating taurine passes rapidly from the plasma to the retina. Autoradiographic
studies have shown an initial rapid accumulation into the retinal pigment epithelium
(RPE), followed by a slower exchange with retinal pools (/0,11). In rats, inhibition of the
taurine transport mechanism by administration of the potent antagonist guanidoethane
sulphonic acid (GES) decreased retinal taurine content by 75%, confirming that the
transport of taurine across the blood-retinal barrier, rather than biosynthesis, is the major
mechanism for maintaining taurine levels (12,13).

Identifying the intra-retinal distribution of taurine uptake sites is one possibility in
determining which of the retinal cell types relies on transport, rather than de novo syn-
thesis, for maintaining its level of the amino acid. Generally, intravascular or intravitreal
administration of *H-taurine, apart from labelling RPE, results in predominant accumu-
lation by photoreceptor and Miiller cells with diffuse labelling of inner retinal neurones
(10). Similarly, in many species, in vitro incubations show either a photoreceptor-Miiller
cell or photoreceptor-amacrine cell distribution, but in all these studies, ganglion cells
were poorly labeled (4,11,14).

FUNCTIONAL IMPORTANCE OF TAURINE IN THE RETINA

Given its universal distribution, it is not surprising that taurine has been associated
with many functional attributes. Apart from the established role in bile acid conjuga-
tion, these include anti-arrhythmic effects on induced arrhythmias, modulation of sperm
motility and anticonvulsant actions in experimentally induced epilepsy (/5-17). Many
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of the other protective effects against toxic insults have led to taurine being classified as
a membrane stabilizer (/8,29). In the retina, taurine has depressant effects on the
b-wave of the electroretinogram (ERG) (19,20). However, uncertainties remain as to
the specificity of this response, since similar inhibition can be obtained with glycine
and gamma-amino butyric acid (GABA). Synaptosomal localization and release follow-
ing depolarizing stimuli have demonstrated a role for taurine in neurotransmission in the
inner retina (21,22).

Roles attributed to taurine that may be very important for maintaining the visual
system include membrane stabilization, anti-oxidant properties, and osmoregulation.
Briefly, photoreceptors operate in an environment high in polyunsaturated fatty acids,
oxygen tension and light, an explosive mixture for the generation of free radicals, lead-
ing to membrane damage (23,24). In the long term, the resulting damage is dealt with
by shedding of the outer segment tips and renewal at the base, with full renewal of the
rod outer segment taking about 10 days, a process that is active for the entire lifetime of
an individual (25-27). However, taurine may protect outer segment membranes directly
against radical-induced damage in the following sequence. Absorption of light results
in release of taurine from outer segments such that the level in the interphotoreceptor
matrix (IPM) surrounding outer segments is transiently elevated. Taurine as a taurine-
zinc or taurine-calcium complex appears to protect against this type of oxidative damage
by attaching to the membrane and quenching peroxidative products (28,29).

The antioxidant properties of taurine have been documented in many tissues (/8).
Toxic oxidants such as the superoxide radical are rendered slightly less reactive by super-
oxide dismutase, resulting in the production of hydrogen peroxide, which is then reduce
to water by catalase. However, the myeloperoxidase of neutrophils and other tissue per-
oxidases catalyze the formation of hypochlorous acid from hydrogen peroxide and the
chloride anion. Hypochlorous acid is a strong oxidizing agent that will oxidize carbo-
hydrates, nucleic acids, peptide linkages, and amino acids. Hypochlorous acid will react
primarily with o-amino acids to form mono- or dichloroamines. These are unstable and
spontaneously deaminate, decarboxylate, and dechlorinate to form the respective alde-
hydes, which are highly toxic. Taurine can compete for chlorination by the myeloper-
oxidase/H,0 /Cl~ system to form stable monochlorotaurine (30). Monochlorotaurine is a
less-severe oxidant than hypochlorous acid, and will oxidize sulphahydryls such as glu-
tathione to regenerate taurine. Taurine can also abstract the chlorine from other amino
acid N-chloroamines, thereby preventing the formation of toxic aldehydes (37). This is
an important role for taurine in the highly oxidative environment of the retina since RPE
cells are known to produce and release chloroamines.

Most cells maintain their volume by accumulating or releasing small organic osmo-
lytes such as taurine and myo-inositol (32,33). During the light response for example,
due to ionic changes, receptor outer segments swell. The compensatory response is the
release of taurine. Similarly, nursery cells such as RPE and Miiller cells that need to regu-
late their extracellular microenvironments utilise taurine as an osmolyte (34). Taurine, as
an osmolyte, therefore plays an important role in the maintenance of the neural retina,
and researchers into disease states indicative of abnormal osmotic regulation such as cen-
tral serous retinopathy, some diabetic complications and macular degeneration have often
queried the involvement of this amino acid in the pathophysiological process (34-36).
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Mammalian Taurine Deficiency

As outlined above, the retina is highly dependent on adequate provision of taurine for
normal visual function and structural maintenance. Since endogenous synthesis plays a
relatively small part, the retina is dependent on an adequate supply of this amino acid
from the circulation.

Photoreceptor cells are particularly susceptible to taurine deficiency and in cats, a
diet lacking this amino acid causes tissue depletion with progressive reduction in ERG
amplitudes and severe photoreceptor degeneration (37,38). Cone photoreceptors are the
first to show signs of abnormality and are also less capable of recovery following return
to a taurine-supplemented diet. Thus, in the early stages, when rod implicit times are
normal, cone ERGs show both lowered amplitudes and delays in a- and b-wave implicit
times. As the degeneration advances, the rod dark-adapted response-intensity profile
becomes abnormal together with the delayed implicit times. During the early stages of
the deficiency, when retinal taurine is reduced by 70-80%, retinal DNA, protein and
funduscopic appearance remain normal. The early receptor potential (ERP) remains
normal at a time when the ERG a- and b-waves are barely detectable, suggesting that
photoreceptors, though still present (at least 90%), are functionally decoupled. Progres-
sion results in the shortening and disappearance of outer segments followed by loss of
photoreceptor nuclei.

Most mammalian species, however, are resistant to dietary manipulation. In rats and
mice, tissue taurine depletion has been achieved by use of the taurine transport inhibitor
guanidoethane sulphonic acid (GES). Administration of GES caused a rapid depletion
of retinal taurine resulting in decreased ERG amplitudes and photoreceptor degenera-
tion (12,13,39).

In human infants, pathologically induced reductions in plasma taurine were associated
with abnormalities of the ERG (40,41). In this study, eight patients with non-functioning
bowels or extensive bowel resection were placed on home total parenteral nutrition (TPN)
for an average of 2.3 years. Of the eight patients, six were children with an average age
of two years. Five of the six had minimal food intake and their taurine levels decreased
to about 17 uM, compared to control levels of 58 £ 19uM. Although four showed diffuse
mild granularity of the RPE and retina, all showed prolonged rod b-wave implicit times.
The adult patients showed no ocular changes even though their plasma taurine levels were
reduced. These results demonstrate the greater susceptibility of infants to taurine defi-
ciency. Administration of 1.5-2.25g/day taurine to three children returned their plasma
taurine levels and ERG parameters to normal within five months.

The importance of the taurine transporter in visual function has been highlighted by a
study that developed a mouse model with a disrupted gene coding for the transporter (42).
The model was characterized by severe retinal degeneration, suggesting that transport of
taurine was important not only for visual function but also for retinal development.

TRANSPORT PATHWAYS FOR DELIVERY OF RETINAL TAURINE

The human retina is supplied by two vascular networks. Branches of the central retinal
artery permeate the inner retina and choriocapillaris of the choroidal circulation supply
the outer retina. From measurements of blood flow and oxygen extraction, it has been
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shown that in those regions of the fundus with a dual supply, the choroidal contribution
accounts for over 90% of the metabolic requirements of photoreceptor cells (43,44). In
the foveolar region of the human fundus, the absence of inner retinal capillaries means
that the choroidal circulation must provide metabolic support to the whole retina. The
importance of the choroidal circulation in the macular area is emphasized by the nearly
eightfold higher blood flow in this region compared with the peripheral fundus (45).

The outer retinal transport system for the delivery of blood-borne taurine to pho-
toreceptors is presented in schematic form in Fig. 1. Characteristics of individual steps
within the pathway are discussed.

<\4b

Y

Fig. 1. Schematic representation of the transport pathway for the delivery of plasma taurine
to photoreceptor cells of the retina. Following release from the fenestrated endothelium of the
choriocapillaris (1), taurine diffuses passively across Bruch’s membrane down its concentration
gradient (2). It is then taken up by a Na*- and Cl~-dependent high-affinity transporter on the
basolateral surfaces of the retinal pigment epithelium (RPE) cell (3). Little is known about the
release mechanism at the apical surface of the RPE, but taurine released in the region ensheathed
by apical processes is taken up rapidly by high-affinity carriers located on the outer segment
membranes (4a). Similarly, taurine released into the interphotoreceptor matrix (4b) is taken up
by both photoreceptor and Miiller (M) cells (5 and 5a). There is also the potential for intra-retinal
distribution of the amino acid (6). A, photoreceptor layer; B, retinal pigment epithelium (RPE)
layer; C, Bruch’s membrane and D, the choriocapillaris.
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The endothelium of the choriocapillary network (1) displays numerous fenestrations and
therefore allows easy passage of taurine out for presentation to the outer aspects of Bruch’s
membrane (46). Having exited the choriocapillary network, the first barrier encountered by
the amino acid is Bruch’s membrane (2). Bruch’s is an acellular pentalaminated extracellular
matrix (ECM) and can therefore only sustain passive transport down concentration gradi-
ents with rates being subject to Fick’s laws of diffusion. The presence of glycosaminoglycans
may also impart ion-selective properties to the membrane, but their effects on the move-
ment of the zwitterionic taurine molecule have yet to be evaluated (47—49).

Further inward movement of taurine is then dependent on the functional integrity of
the RPE (3). Adjacent RPE cells are coupled by extensive junctional complexes called
zonulae occludentes and these constitute the anatomical site of the outer blood-retinal
barrier (50,51). The basolateral aspect of the RPE cell rests in intimate contact with
Bruch’s membrane and thereby minimizes the diffusional distance, allowing rapid
movement of released taurine. More importantly, convolutions of the RPE basal mem-
brane greatly increase the surface area over which transport can occur. High affinity,
(Na*/CI)-dependent taurine carriers have been identified in RPE cells to facilitate rapid
uptake of the amino acid (52-54). The human (Na*/CI")-dependent taurine transporter
has been cloned and sequence homology has shown it to be a member of the (Na*/CI")-
dependent neurotransmitter transporter family (55,56). Its polypeptide chain comprises
619 amino acids and has 12 transmembrane domains.

Having entered the RPE cell, taurine may be sequestered by binding to melanin gran-
ules or may diffuse down its concentration gradient to reach the apical surface of the
cell. Little is known of the release processes at the apical surface of the RPE cell, but the
finding of a low-affinity sodium-independent carrier (53), suggests that taurine may exit
by passive carrier-mediated diffusion (4a,b). The intimate relationship between the RPE
cytoplasmic extensions (microvilli) and the distal part of the outer segment may promote
rapid uptake by minimizing the diffusional distance (4a). In addition, taurine may dif-
fuse across the interphotoreceptor matrix for final uptake into photoreceptor and Miiller
cells (5, 5a). High-affinity uptake of taurine by these and RPE cells has been shown
by autoradiographic studies outlined earlier and the presence of corresponding taurine
transporters has also been demonstrated (35,54,57-61). The figure also shows the con-
siderable scope for intercompartmental redistribution of taurine within the retina. Thus
taurine released by photoreceptor cells following light stimulation can be taken up by
both the RPE and Miiller (M) cells (6). More importantly, Miiller and RPE cells, because
of their ability to sequester and release taurine, can maintain a homeostatic environment
for the neuronal elements of the retina.

Taurine Transport by Retinal Pigment Epithelium

Many anomalies exist regarding the transport of taurine across the RPE. Little is
known of the release mechanism at the apical surface, and the possibility of bidirec-
tional transport across the RPE monolayer has yet to be decided. We have previously
elucidated the entire transportation pathway for translocation of the sulphur amino acid
taurine across the bovine RPE cell layer and a schematic showing the mechanism of
vectorial transport is given in Fig. 2 (53).
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Fig. 2. The vectorial transport system for translocation of taurine across the bovine retinal
pigment epithelium (RPE) (after Kundaiker et al. 1996 53). Values of V _are given as pmol/5
min/4 mm disc of tissue. The basolateral membrane houses a Na*-dependent high-affinity trans-
porter (H, , Na*) that delivers plasma taurine into the cell and is characterized by a K of 29uM
and V__of 54.7. Also housed at this surface is a low-affinity Na*-independent carrier with a K _
of 507uM and V_ of 234 and its activity is governed by the taurine gradient at the basolateral
surface, i.e., TeT e The apical surface contains one Na*-dependent high-affinity carrier (K
and V_ of 23.2uM and 34, respectively) and one Na*-dependent low-affinity carrier (K and
V.. of 507uM and 55, respectively). Both carriers can only transport taurine into the RPE cell.
In addition, the apical surface possesses a Na*-independent low-affinity carrier (Lap, with K of
507uM, and V_ _of 55) that can move taurine in response to the trans-apical gradient of taurine.
Such a polarized distribution of carriers means that taurine can be transported in either direction
depending on the concentration gradient across the RPE cell. Calculations have shown the pres-
ence of a large pool of bound taurine (T,) that is in equilibrium with the free pool (T)).

Using Ussing chambers to isolate apical and basal surfaces, and short radiochemi-
cal incubations to minimise loss of accumulated label, we were able to characterise
the transporters on the two surfaces. The transport process was governed by the dif-
ferential presence of high- and low-affinity, active and passive carriers on the polarized
surfaces of the RPE cell. Since the sodium electrochemical gradient is always directed
inwards, sodium-dependent carriers can only transport taurine into the RPE cell. Thus
the high-affinity carrier on the basal surface transports plasma-derived taurine into the
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cell. Similarly, the high- and low-affinity sodium-dependent carriers on the apical surface
transport taurine into the cell from the IPM.

The low-affinity sodium-independent carriers can only transport taurine down its
concentration gradient. If the free intracellular concentration of taurine is higher than
that in the extracellular space, then these sodium independent transporters can move
taurine out of the RPE in either direction.

The kinetics of the transporters have been characterized (see Fig. 2), and by equat-
ing the input and output elements for given concentrations of extracellular taurine,
it is possible to calculate vectorial fluxes and the intracellular concentration of free
taurine. Thus, at physiological taurine concentrations of 62uM for plasma (5), and
6 UM for IPM (62), the free concentration of intracellular taurine was determined to be
147 uM (about threefold higher than in plasma) with net transport in the basal-to-apical
direction. High-performance liquid chromatography showed the level of taurine in the
RPE to be 19.5 + 3.6 mM, nearly 300 times higher than in plasma. However, the free
concentration of 147 uM implies that most of the taurine in the RPE remains bound.
Having the ability to sequester an osmolyte means that the cell can regulate its external
environment.

AGEING OF THE TAURINE TRANSPORT SYSTEM:
IMPLICATIONS FOR DISEASE

After release from the choriocapillaris, taurine must traverse Bruch’s membrane by
passive diffusional processes prior to uptake and delivery by active transporters in the
RPE to primarily the photoreceptors of the retina. Ageing-related changes within these
compartments are therefore likely to influence the trafficking of this amino acid, and the
degree of modulation is expected to impact on both age-related diseases such as macular
degeneration and other pathological alterations where the requirements for taurine are
particularly exaggerated.

An analysis of the taurine transport system in the ageing human eye is complicated by
uncontrollable post-mortem delays prior to analysis. For a transport system that relies on
the energy status of the cell, such delays are expected to alter its functional characteris-
tics. Since Bruch’s membrane is an extracellular matrix, short post-mortem delays are
expected to cause minimal damage and many studies have now confirmed the utility of
such a preparation for transport studies (63—65). The stability of the high affinity taurine
transport system in the retina/RPE of baboon and man has been investigated and results
displayed in Fig. 3.

Baboon eyes were obtained fresh and stored on ice immediately after enucleation.
Human donor eyes were enucleated at the earliest opportunity, but those within six hours
were obtained from surgical enucleations for melanomas. Although some stability of
transport was observed in baboon retinas, human retinal preparations showed a rapid fall
in transport capability soon after death of donor. Kinetic analyses of human retinas showed
a stable K for the high affinity carrier of 47 £ SuM but the V__ of the transport process
diminished rapidly as a function of post-mortem time. As Fig. 3 demonstrates, the RPE
was resistant to post-mortem delays and the tissue compartment was viable for the 48 hours
of experimentation shown. Probing with a substrate concentration of 1 to 60 UM taurine,
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Fig. 3. The effect of age on the diffusion of taurine across the isolated human Bruch’s-choroid
complex. In these experiments, isolated samples of Bruch’s-choroid were clamped in an Ussing
chamber apparatus, and taurine, at a concentration of 10mM, was added to one half-compart-
ment. The opposing half-compartment was sampled at regular intervals and the amount of taurine
traversing the preparation quantified by high-performance liquid chromatography. The respective
diffusional fluxes were calculated and plotted as a function of age of donor. This showed a signifi-
cant age-related decline in transport of taurine across Bruch’s membrane (p < 0.05).

a high-affinity carrier was identified in human RPE cells with kinetic characteristics of
K =50+10uMand V_ =267 +48 pmol taurine/10 mins/5 mm disc of tissue. Thus, the
status of taurine transport across Bruch’s membrane and the RPE can be evaluated in rela-
tion to the ageing process.

Bruch’s membrane undergoes age-related morphological and compositional altera-
tions, with its thickness increasing two- to threefold over the life span of an individual
(66,67). The increase in the thickness of Bruch’s membrane alone is expected to decrease
the driving concentration gradients across the membrane for diffusional transport of tau-
rine. Compositional alterations include the deposition of lipids (68), proteins, and carbohy-
drate-associated moieties such as glycolipids, glycoproteins, and proteoglycans (69). The
insoluble collagen content of Bruch’s membrane was shown to increase linearly with age
(70) and over a 10-decade period accounted for nearly 50% of membrane collagen. The
insolubility is indicative of denaturation and subsequent chemical modification including
greater cross-linking and formation of advanced glycation endproducts (AGEs). All these
age-related changes compromise membrane porosity and their effects on the diffusion of
taurine are shown in Fig. 4. Ageing was associated with a significant decline in diffusional
transport of taurine (p < 0.05). This has ramifications not only for normal ageing, but more
so for advanced changes associated with macular degeneration or in Sorsby’s fundus dys-
trophy where Bruch’s membrane is considerably thickened (71).
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Fig. 4. Post-mortem survival of the Na*-dependent high-affinity taurine transport system in
the retina and retinal pigment epithelium (RPE) of baboon and human donors. Donor samples of
retina and RPE were obtained as free-floating 5mm discs. Preliminary studies had established
linearity of radiolabel uptake for at least 20 minutes of the incubation period at 1 uM taurine
substrate concentration. Samples were then routinely incubated for 10 minutes followed by rapid
quenching in ice-cold, taurine-free medium. They were then processed for scintillation counting
to determine the amount of amino acid taken up. Filled circles, retina; open circles, RPE. Retinal
tissue from baboons showed some stability with regards to high-affinity taurine transport and
may have resulted from optimum storage conditions following enucleation. Human retinal sam-
ples degenerated rapidly highlighting the difficulties in obtaining reliable transport data. How-
ever, the taurine transport system in the RPE was very resilient to post-mortem deterioration and
maintained stability for at least 72 hours (full data not shown).
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The RPE also undergoes considerable age-related alterations in its structural organization
and function. The most obvious morphological alteration capable of directly affecting
transport processes is the age-dependent decrease in the number, size, and organization
of membrane convolutions at both apical and basolateral surfaces of the RPE (72). The
decreased surface area for exchange will be associated with a corresponding reduction
in the total number of membrane carriers, resulting in a lowered maximum capacity for
transport. It is highly unlikely that the reduced area would maintain its original content
of carriers since this would drastically reduce membrane fluidity, a parameter essential
for normal operation of a host of carriers, receptors, and ionic channels. The decreased
number of active transporters is perhaps reflected in the reduced concentration of mito-
chondria in the basal region of the RPE cell. Another important parameter is the accu-
mulation of lipofuscin. Lipofuscin granules are discernable by the age of 10 years and
occupy nearly 20% of cytoplasmic volume by the age of 80 years (73). Decreased cyto-
plasmic volume may have ramifications for the storage potential for diffusible metabo-
lites. Despite these gross morphological alterations, our analysis of a restricted ageing
population (62 to 93 years) did not show any significant changes in RPE capacity for
uptake of taurine (54).

If we know the taurine diffusional characteristics of Bruch’s membrane and the kinetic
constants of the taurine transporters on the basal surface of the RPE cell, then plotting
these transport processes as a function of substrate concentration (i.e., plasma taurine)
can help to identify the rate-limiting compartments for delivery of plasma taurine to
photoreceptor cells. In the case of the bovine eye, Bruch’s membrane parameters were
evaluated by Hillenkamp et al. (74) and the kinetic parameters of the sodium-dependent
high-affinity taurine transporter by Kundaiker et al. (53). The corresponding plot over
plasma taurine concentrations of 0 to —100uM is shown in Fig. 5.

When taurine is transported in the plasma-to-retina direction, the concentration at the
basal surface of the RPE will always be lower than that in plasma because of the concentra-
tion gradient across Bruch’s membrane and clearance of the amino acid by the RPE. Using
the constants of the diffusion process through Bruch’s and the kinetics of the transporter at
the basal surface of the RPE, a sophisticated analysis could calculate the quiescent taurine
concentration at the junction of Bruch’s and RPE for a given concentration in the plasma.
Since this concentration will be lower than in plasma, for a correct comparison, the taurine
transport curve for the RPE in Fig. 5 needs to be translated to the right, i.e., the intersec-
tion of the two plots is shifted to the left. For the purposes of simplicity, and to explain the
idea of a rate-limiting compartment, this correction has been ignored. Thus in Fig. 5, for
taurine concentrations below the intersection of about 42 uM, transport through Bruch’s
would be the limiting step, whereas above this concentration, uptake by the RPE becomes
the limiting step in the overall transport to the retina.

A similar analysis can be undertaken for the human Bruch’s—RPE compartment, but
the data is scanty. Age-related changes in the diffusion of taurine across human Bruch’s-
choroid preparations can be utilized to calculate diffusion rates at various concentra-
tions of plasma taurine, and these have been plotted in Fig. 6 (54,65). An analysis of the
kinetics of the taurine transporter at the basal surface of the RPE has yet to be attempted.
Many studies have previously characterized the kinetics of the sodium-dependent taurine
transporter in human cell lines and have determined K values in the range 2.0-8.9uM
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Fig. 5. Comparative analysis of transport rates for taurine across bovine Bruch’s-choroid
(Br-Ch) and the basal surface of the retinal pigment epithelium (basal RPE) as a function of
plasma taurine concentration. Diffusional transport data for Bruch’s-choroid was obtained from
Hillenkamp et al. 2004 (74) and the Michaelis—Menten plot for the RPE was calculated from the
kinetics of the high-affinity basal taurine transporter (K,_=29uM, V= 54.7 pmol/5 min/4 mm
disc) characterized by Kundaiker et al. 1996 (53). The data shows that above a plasma taurine
concentration of about 42uM (marked by the vertical dotted line), the basal membrane of the
RPE cell is the rate limiting compartment for delivery of taurine to the retina.

(35,58,61,75). Our previous determination in intact donor tissue produced K values of
50+ 10uMandaV__ of 267 + 48 pmol taurine/10 mins/5 mm disc, a value nearly five-
fold higher than the results from the cell lines. This determination sampled both apical
and basal surfaces of the preparation and therefore the composite V _ obtained would
be much higher than that just for the basal surface. In the absence of more-specific data,
we have plotted this higher transport function in Fig. 6 to compare with diffusion rates
across ageing Bruch’s membrane. Given the reservations that the plotted RPE rates are
higher (apical plus basal) and the understanding that the RPE profile should be shifted
to the right (analogous to the situation in the bovine eye explained earlier), it is obvious
that, even with an age-related decline in transport across Bruch’s membrane, the RPE
remains the rate-limiting compartment for the delivery of plasma taurine to the photore-
ceptors of the retina (Fig. 6).

These results relate to the normal ageing human eye. Under pathophysiological con-
ditions where there may be oxidative stress, the expression of the taurine transporter can
be upregulated in RPE cells (35,58,76). Upregulation is characterized by an increase in
the number of transporters and hence in V__, shifting the RPE curves upwards. Simul-
taneously, gross alterations in Bruch’s membrane in patients with macular disease will
severely compromise the diffusional transport of taurine across the Bruch’s membrane
compartment, shifting the diffusional profiles across Bruch’s membrane downwards.
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Fig. 6. Comparative analysis of transport rates for taurine across human Bruch’s-choroid
and the retinal pigment epithelium (RPE) as a function of plasma taurine concentration. The
diffusional fluxes for Bruch’s-choroid at various substrate concentrations together with the age-
related changes were calculated from Hussain et al. 2002 (65) and are represented by the dotted
lines. Transport data for taurine uptake was obtained from the kinetics of the Na*-dependent
high-affinity carrier given by Hillenkamp et al. 2004 (54). Since the V__represents both basal
and apical contributions, the RPE plot (continuous line) is an overestimation of the transport
across the basal surface. Despite this, the RPE is observed to be the rate-limiting step in the
retinal delivery of taurine. As explained in the text, pathophysiological conditions can upregulate
the RPE transport process and reduce transport across the Bruch’s-choroid complex. Under these
circumstances, Bruch’s could dictate the rate at which taurine is transported from the plasma.

The possibility then exists for transport across Bruch’s becoming the rate-limiting factor
in the retinal delivery of taurine. Thus, despite normal plasma levels of the amino acid,
the retina can undergo a nutritional deficiency, an insult that will compound the already
degenerative status of photoreceptor cells.

CONCLUSIONS

Considerable work is required to clarify the existence of a vectorial transport system
for taurine in human RPE. The presence of a (Na*/Cl")-dependent taurine transporter of
high affinity has been demonstrated, but the distribution between apical and basal sur-
faces of the RPE cell needs quantification. Little attention has been paid to the possibil-
ity of low-affinity carriers. All the high-affinity carriers characterized to date are sodium
dependent and therefore can only transport taurine into the RPE cell. Since taurine is a
charged molecule at physiological pH, it is highly unlikely to cross the lipid-rich plasma
membrane of the RPE cell. It requires a membrane carrier for release by the RPE. The
nature of this carrier needs urgent clarification. Finally, the RPE taurine carrier is
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amenable to up- or down-regulation, but the physiological signals that modulate this
process are poorly understood. More importantly, the status of the taurine carrier in
various disease states needs to be determined. The scanty data available at present sug-
gests that Bruch’s membrane in age-related macular degeneration may compromise the
delivery of the much-required taurine, leading to a localized deficiency, augmenting the
degenerative process in this disease.
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