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Abstract The lens is the largest organ in the body that

lacks a vasculature. The reason is simple: blood vessels

scatter and absorb light while the physiological role of the

lens is to be transparent so it can assist the cornea in

focusing light on the retina. We hypothesize this lack of

blood supply has led the lens to evolve an internal circu-

lation of ions that is coupled to fluid movement, thus cre-

ating an internal micro-circulatory system, which makes up

for the lack of vasculature. This review covers the mem-

brane transport systems that are believed to generate and

direct this internal circulatory system.

Keywords Ion transport � Fluid transport � Volume

regulation � Glucose transport � Amino acid transport

Introduction

The lens circulation was previously reviewed by Mathias,

Rae & Baldo (1997) and Donaldson, Kistler & Mathias,

2001), so we will provide a less detailed summary of the

older data and a more intuitive description of how these

data and more recent studies link to the lens circulation.

The review begins with the basic biophysical properties of

the lens and how they affect the circulation and then re-

views the molecular identification and localization of a

wide variety of channels and transporters that underpin

fluid movement. Lastly, we review functional experiments

that provide direct evidence of how this unique circulation

system enables the fiber cells buried deeply in the lens core

to take up nutrients and antioxidants for the maintenance of

tissue transparency.

Structure and Development

The cellular architecture of the adult lens is sketched in

Figure 1 (Kuszak & Rae, 1982; Zampighi, Eskandari &

Kreman, 2000). This structure is in place by birth and

continues to grow throughout the lifetime of the animal,

though growth slows considerably in the adult (reviewed in

Maisel et al., 1981). The anterior surface of the lens is a

single layer of epithelial cells. At the equator, these cells

begin to elongate and differentiate into the fiber cells that

make up the bulk of the lens. As the fiber cells elongate and

become completely internalized, their ends are joined by

collagen at sutures that run from the lens center to anterior

and posterior poles (reviewed in Kuszak et al., 1984). New

shells of fiber cells are continually laid on top of the older

cells, so depth within the lens relates to cell age and stage

of development.

Localization of Cellular Properties

Our current state of understanding of the functional and

morphological variations within the lens is probably still

too simple, but the localizations described below are the

minimum that need to be addressed. The morphology of
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the epithelial cells in the mammalian lens changes from flat

at the anterior, where the cells are inert, to cuboidal at

halfway between pole and equator in the zone of cell

division to elongated at the equator, where epithelial-fiber

cell differentiation is initiated (Menko, 2002). Although

Figure 1 is not drawn to scale, it illustrates these changes in

epithelial cell shape. Membrane transport also varies in the

epithelium as one looks from the equator to the anterior

pole (Gao et al., 2000; Candia & Zamudio, 2002; Tamiya

et al., 2003).

The differentiating fiber cells (DF in Fig. 1) contain

intracellular organelles and are able to perform protein

synthesis. There are a number of DF-specific membrane

transport systems (Donaldson et al., 2004). Moreover,

within the DF there are also angular variations in transport

as the gap junction coupling conductance varies from

equator to both poles (Baldo & Mathias, 1992).

At about 15% of the distance into the lens, the fiber cells

lose their organelles (Bassnett, 2002), many membrane

transport proteins are modified through cleavage, gap

junction plaques are reorganized and several membrane

proteins are inserted into the plasma membrane from a pool

of endosomal vesicles (Ball et al., 2004; Donaldson et al.,

2004; Jacobs et al., 2004; Yin, Gu & Jiang, 2001a,b; Lin

et al., 1997). The loss of organelles minimizes light scat-

tering; however, it means the inner core of organelle free

mature fibers (MF in Fig. 1) must survive the lifetime of

the animal without de novo synthesis of proteins.

Studies of cellular transport properties in the lens require

the specification of spatial location, which we will define

using spherical coordinates. The radial coordinate, r (cm),

gives the distance from the lens center (r = 0) to the surface

(r = a). The DF-to-MF transition is sufficiently abrupt that

it can be defined as r = b (b � 0.85a). The angular coor-

dinate, h (degrees), gives the distance from the anterior

pole (h = 0o) to the equator (h = 90o) to the posterior pole (h
= 180o). Insofar as we are aware, the lens is structurally and

functionally symmetric about a line passing through the

anterior and posterior poles (sutures in Fig. 1); hence, two

coordinates are sufficient to determine functional and

structural locations.

Anisotropies, Morphometrics and Transport

The fiber cell structure of the lens creates significant dif-

ferences in the h vs. r direction for the diffusion of solutes

and flow of ionic current. Figure 2a illustrates the structure

and packing of the fiber cells. In cross section, each cell is a

flattened hexagon whose dimensions are approximately 3 x

9 lm. Thus, intracellular current flow in the r direction

must cross a gap junction every 3 lm (Fig. 2b). Though the

cells are exceptionally well coupled, gap junctions must be

traversed so frequently that they are rate-limiting for

intracellular diffusion or ionic current flow. The effective

intracellular radial resistivity (Rir, Wcm) is defined exper-

imentally by injecting a current and measuring the induced

intracellular voltage gradient in the radial direction. By

Ohm’s law in a continuum,

ir ¼ �
1

Rir

owi

or
ð1Þ

The radial resistance is primarily due to gap junctions,

which occur at discrete locations, so the intracellular

compartment is not a continuum. However, because the

radial distance between gap junctions (3 lm) is short in

comparison to the length constant for radial current flow

(600 lm; Baldo & Mathias, 1992), the intracellular com-

partment can be treated as a continuum with an effective

radial resistivity:

Rir � Rj=3x10�4 ð2Þ

where Rj (Wcm2) is the gap junction coupling resistance

of a unit area of cell-to-cell contact and 3 x 10–4 cm is the

radial distance between gap junctions.

In contrast, in the h direction, the axes of fiber cells

extend from anterior to posterior sutures (Fig. 1); hence,

intracellular current flow or diffusion does not traverse

any gap junctions and the resistivity is that of cytoplasm.

In a mammalian lens, the average effective resistivity in

the r direction of the DF is about 3,000 Wcm and in the

MF about 6,000 Wcm (reviewed in Mathias et al., 1997),

whereas the resistivity of cytoplasm qi (Wcm, qi = Rih) is

Fig. 1 A sketch of the lens structure. Membrane transport differs in

the radial zones identified as epithelium, differentiating fibers and

mature fibers. Moreover, within each radial zone there are differences

in angular locations between the equator and poles. A spherical

coordinate system is defined to identify location in terms of distance

from the lens center, r (cm), and angular distance from the anterior

pole, h (radians)
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on the order of 150 Wcm. Hence, voltage gradients in the

h direction will be 20–40 times smaller than those in the r

direction. Mathias & Rae (1985) reported there were

intracellular radial voltage gradients on the order of 10

mV/mm in the frog lens, but no measurable gradients in

the h direction have been reported by any investigator

studying the lens resting voltage (reviewed in Mathias

et al., 1997). Hence, when Robinson & Patterson (1982)

first reported significant h dependence for the lens cir-

culating currents (reviewed in the next section), there was

widespread surprise and reservation. In retrospect, con-

sideration of the anisotropic structure of the lens should

have made their finding less surprising, but hindsight is

always clearer.

Current also circulates through the lens along the

narrow tortuous extracellular spaces between cells. When

deriving equations to describe current flow in a syncy-

tium like the lens, it is convenient to analyze a cuboid of

tissue (Fig. 2a) that contains a number of cells as well as

extracellular space yet is small relative to the length

constants for current flow (Mathias, Rae & Eisenberg,

1979; Peskoff, 1979). Thus, the coordinate location r,h
defines the position of a small cuboid of tissue, and

intracellular and extracellular current flows share the

same location. About 99% of the volume of the cuboid

is intracellular space, so we assume the intracellular

volume fraction Vi/VT � 1.0 and ignore it. The effective

extracellular radial resistivity within the cuboid depends

on the cross section and radial length of cleft, which is

assumed to depend on the volume fraction Ve/VT times a

tortuosity factor, sr. Thus, if qe (Wcm) is the resistivity

of extracellular saline, then the effective extracellular

resistivity in the radial direction is given by

Rer ¼ qe= sr
Ve

VT

� �
ð3Þ

Mathias (1983) showed that the tortuosity factor de-

pends on a branching factor times a length factor. If one

considers the sketch in Figure 2c for radial extracellular

current flow, about two-thirds of the clefts branch in a

direction perpendicular to radial flow; thus, the first com-

ponent of the tortuosity factor is 1/3 to account for the

fraction of the extracellular volume that conducts radial

flow. The second component, which accounts for the extra

length of flow, is about 1/
ffiffiffi
2
p

, assuming the ends of the

hexagons are near to right triangles. Thus, the tortuosity

factor is sr = 1/6, or sr � 0.17. The width of the clefts is 30–

40 nm, which implies a volume fraction Ve/VT � 0.015.

Thus, Rer � 400qe. Mathias et al. (1997) review data from

impedance experiments on intact lenses; the experimental

value of Rer in mammalian lenses is about 26,000 Wcm,

which is consistent with the above-described morphology

of the extracellular spaces and a resistivity qe = 65 Wcm.

The effective extracellular resistivity in the h direction has

not been measured; however, there is no effect of tortuosity

Fig. 2 Packing of lens fiber cells and its effect on ion fluxes. Within

the lens, ion fluxes can exist in either the intracellular or extracellular

compartments. (a) A cuboid of lens tissue. For analysis of ionic

current flow, such a cuboid is assumed to be small in comparison to

the length constant for current flow but large enough to contain a

representative segment of fiber cells and extracellular space. (b) Gap

junctions connecting fiber cells in the radial direction. The effective

intracellular radial resistivity, Rir (Wcm), is determined by the gap

junction resistance, Rj (Wcm2), divided by the radial distance between

gap junctions (about 3 lm). (c) Path for radial extracellular current

flow. About two-thirds of the extracellular volume does not contribute

to the effective extracellular radial resistivity, Rer (Wcm), and the path

that does is not a straight line
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in this direction, so the value should be Reh = qe/(Ve/VT),

which would be around 4,300 Wcm.

An important point of this analysis is that by defining an

experimentally measurable effective extracellular resistiv-

ity we have transformed the current density within a cleft to

an average in a unit volume of tissue. Thus, the radial

current density within the clefts is actually about 400 times

greater than that calculated using the effective resistivity.

In other words, the extracellular equation for Ohm’s law in

the syncytium:

ier ¼ �
1

Rer

owe

or
ð4Þ

where we is the voltage in the extracellular clefts, is

valid for the current density entering a cuboid of tissue.

Since the clefts are a small fraction of the cuboid, the actual

current density within a cleft is much larger than that

calculated using equation 4. This becomes particularly

important when we consider water flow, which is rather

slow when calculated for a unit volume of lens tissue but

becomes respectably fast when one considers the actual

velocity within a cleft.

In the lens, the epithelium carries out essentially all of

the active transport (Paterson & Delamere, 2004); how-

ever, there is a large discrepancy between the amount of

epithelial cell membrane compared to that of fiber cells.

The total area of fiber cell membrane is given by the vol-

ume (4pa3/3) times the average surface of membrane in a

unit volume of tissue (Sm/VT � 6,000 cm–1; Mathias et al.,

1997). If the epithelial cells were simple cubes with six

smooth sides, then the surface area of epithelial cell

membrane would be 6 · 2pa2. Thus,

fiber membrane

epithelial membrane
� a

9

Sm

VT
ð5Þ

For a small mouse lens whose radius a = 0.05 cm, the

epithelium represents about 3% of the total membrane,

whereas for a rabbit lens of radius a = 0.5 cm, the epi-

thelium is only 0.3% of the total fiber cell membrane. The

relatively large area of fiber cell membrane means that

even a small current in each individual fiber cell becomes a

large total current at the surface of the lens, and this is the

basis of the lens circulation.

The Lens Circulation

Figure 3a illustrates the net current entering the lens at

each pole and exiting at the equator. The lines of current

flow are not intended to be exact, and they are almost

certainly too simple within the lens, owing to the aniso-

tropies just described. However, they illustrate continuity

of current flow and equality between what enters and exits.

This pattern of current was first detected by Robinson &

Patterson (1982) using a vibrating probe to measure

extracellular current around the rat lens. It has subsequently

Fig. 3 The lens circulation. (a) Pattern of current flow. Current enters

the lens at both poles and exits at the equator. (b) Factors responsible

for generating current flow. The transmembrane sodium gradient,

which is generated by the Na/K pumps, pulls sodium across fiber cell

membranes from the extracellular to the intracellular space. Thus,

inward radial current is extracellular, whereas outward radial current

is intracellular. (c) Factors responsible for directing the pattern of

current flow. DF gap junctional coupling conductance, GDF (S/cm2),

is highest at the equator and directs the outward radial intracellular

current to the equatorial surface. Na/K pump current density, IP (lA/

cm2), is highest at the equatorial surface, where the pumps are

concentrated to transport the circulating flux of sodium out of the lens
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been measured in other species by other investigators,

using both the vibrating probe and an Ussing-like chamber

to isolate sections of the lens surface (Parmelee, 1986;

Candia & Zamudio, 2002).

Mechanisms Generating the Lens Circulation

Na+ currents

For the moment, the pattern of flow will be ignored and we

will focus on the factors that generate the circulation. Our

hypothesis is that it is a circulation of Na+ (Fig. 3b). This

hypothesis is based on the following observations. The Na/

K pumps are located in the surface epithelial cells (re-

viewed in Delamere & Tamiya, 2004; Mathias et al., 1997).

These pumps generate a typical low intracellular Na+

concentration and a high intracellular K+ concentration

(Paterson, 1972; Paterson et al., 1974) in all cells of the

lens. The lens resting voltage is typically –70 mV; hence,

there is a large electrochemical gradient for Na+ influx into

all cells of the lens. All lens cells have a small Na+ per-

meability (Mathias et al., 1985), but because of the large

number of fiber cells, this small permeability leads to a

significant total influx of Na+. All fiber cells are intercon-

nected by a network of low-resistance gap junctions (re-

viewed in DeRosa et al., 2005). Thus, when Na+ enters fiber

cells from the extracellular spaces within the lens, it flows

from fiber cell to fiber cell through gap junctions to the

surface epithelial cells, where it is transported out of the

lens by the Na/K pumps. In this model of circulating Na+

current, extracellular current flows inward from the lens

surface toward the center, whereas intracellular current

flows outward from the center toward the surface.

This model suggests there are three major components

of the lens circulation: epithelial Na/K pumps, fiber cell

gap junctions and fiber cell Na+ channels. Of these, the

molecular identity of only the Na+ channels remains un-

known. One possibility is that Na+ enters the fiber cells

through gap junction hemichannels. Both of the fiber cell

connexins, Cx46 and Cx50, can form hemichannels that, if

open, would cause a nonselective leak channel (Ebihara,

2003a,b). Under normal physiological conditions, hemi-

channels have a very low open probability, which is con-

sistent with the fiber cell membrane Na+ conductance being

very low (~1 lS/cm2). To put this into context, the cell-to-

cell conductance is about 1 S/cm2, and assuming each

channel has a conductance on the order of 200 pS, this

would require 50 open channels/lm2. If we assume an open

hemichannel has twice this conductance, the membrane

conductance would require only 1 open channel/40,000

lm2. Obviously, such a rare event is difficult to study;

hence, there is no direct evidence on the molecular identity

of the channel.

K+ currents

The other major cation, K+, appears to be handled quite

differently. Mathias et al. (1985) suggested the fiber cells

lack the high K+ conductance present in most cells, and this

conclusion has subsequently been supported by more direct

patch-clamp studies of isolated fiber cells (Webb, 2006).

The lens epithelial cells, however, appear to have a more

typical high K+ conductance (Cooper et al., 1990; Cooper,

Watsky & Rae, 1992; Miller, Zampighi & Hall, 1992; Rae

& Rae, 1992). Thus, the K+ that is transported into lens

cells by the Na/K pumps mostly leaks out of the same cells

(Fig. 3b), contributing little to the net circulation (Mathias

et al., 1985; Candia & Zamudio, 2002). If the fiber cells did

indeed have a significant K+ conductance, the resulting K+

current would flow in the opposite direction to the Na+

current, thus reducing the net current; so the surface

localization of K+ channels is a key feature of the circu-

lation.

The molecular identity of the lens K+ channels is an

interesting story that illustrates a general issue in using

animal models for human diseases. Lenses from all species

studied express more than one type of K+ channel, and each

species expresses different types (early studies reviewed in

Mathias et al., 1997; Shepard & Rae, 1998,1999; Rae &

Shepard, 1998–c, 2000a,b). One view would be that there

is no appropriate animal model for the human lens. How-

ever, from a different perspective, all lenses express their

K+ channels exclusively in the epithelium and have a cir-

culation. Thus, from the perspective of the forest, all lenses

become the same, but if one looks at the trees, differences

appear. The reason for this diversity is not known, but one

simple factor could be size. Total Na+ conductance in-

creases with the volume of the lens, whereas total K+

conductance depends on the surface area of the epithelium.

As a consequence, as lenses from large mammals grow, the

volume-located Na+ conductance increases more rapidly

than the surface-located K+ conductance and they tend to

depolarize. Delayed rectifier-type K+ channels would act as

a brake on this depolarization, and they are indeed found in

the larger lenses from humans, cows and pigs (Cooper

et al., 1990; Rae, 1994; Rae & Rae, 1992), whereas lenses

from smaller animals tend to express inward rectifier-type

K+ channels (Cooper, Rae & Dewey, 1991).

Cl– currents

The major anion, Cl–, also acquires a unique steady state,

which has a significant role in lens cell volume regulation

but not in the lens circulation under basal conditions. The

fiber cell Cl– conductance appears to have a value similar

to that of the Na+ conductance (Mathias et al., 1985), both

being on the order of 1 lS/cm2 in a mammalian lens
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(Table 1 of Mathias et al., 1997). The transmembrane Cl–

gradient, however, is close to electrochemical equilibrium,

whereas the Na+ gradient is far from equilibrium; hence,

Cl– currents are relatively small and have only a small

modulatory effect on the circulation. The lens handling of

Cl– is therefore reviewed later (see Lens Cell Volume

Regulation).

Summary

The ultimate source of energy for the lens circulation is Na/

K-ATPase, which generates the transmembrane electro-

chemical gradient for Na+. The circulation occurs because

the site of leak of Na+ down its gradient into the intracel-

lular compartment (the fiber cells) is spatially distinct from

the site of active transport of Na+ out of the intracellular

compartment (the epithelium). These ideas are summarized

in Figure 3b. The transmembrane fluxes of other ions have

relatively minor effects on the net current generated by the

transmembrane fluxes of Na+.

Factors Directing the Lens Circulation

Gap junctions

Mammalian lens gap junctions are made from three dif-

ferent connexins: Cx43, Cx50 and Cx46 (reviewed in

DeRosa et al., 2005). The epithelial cells synthesize Cx43

and Cx50, but at the E-DF transition, Cx43 expression is

lost. In the DF, Cx46 and Cx50 are expressed and both

appear to make functional channels, but at the DF-MF

transition, functional Cx50 channels appear to be lost

(Gong et al., 1998; Baldo et al., 2001; Martinez-Wittinghan

et al., 2004), although the Cx50 protein remains present in

a truncated form (Kistler & Bullivant, 1987; Kistler,

Kirkland & Bullivant, 1985).

Baldo & Mathias (1992) performed impedance studies

to determine membrane conductance and gap junction

coupling conductance at different h locations around the

intact rat lens. There was no correlation between mem-

brane conductance and the pattern of the circulation;

however, the gap junction coupling conductance of DF

(GDF S/cm2) was found to be highest at the equator and

lowest at either pole (Fig. 3c). In contrast, they could not

detect any significant h dependence for the coupling con-

ductance of the MF. For simplicity, we assume the tran-

sition from uniform coupling in the MF to h-dependent

coupling in the DF occurs in a step-like manner at the DF-

MF transition. When a current is injected into a central

fiber cell, the experimental measurement of the h depen-

dence of the induced voltage is greatly smoothed because

the highest current density occurs where the coupling

conductance is highest. Furthermore, the anisotropic

structure of the fibers tends to even out the h dependence of

the induced voltage. For these reasons, the estimate of GDF

is subject to considerable uncertainty. We assume GDF is a

smooth function of h and it varies from its minimum value

at either pole (Gmin) to its maximum value at the equator

(Gmax), as shown in Figure 3c. At h = 45o or 135o, the

current density and the coupling conductance should be

close to the angular average. Since the estimated value of

GDF at these locations is about 1 S/cm2, the maximum

should be about twice that and the minimum can be no less

than zero. Figure 3c and equation 6 are based on these

assumptions.

GDF ¼ Gmin þ ðGmax � GminÞ sin2 h ð6Þ

This representation of GDF is almost certainly too sim-

ple, but it provides a picture that one can use to think about

the properties of coupling in DF of the lens.

Mathias et al. (1997) suggested the angular variation in

conductance might be due to higher expression levels of

connexins in the newly developing equatorial fiber cells, but

this is probably not the mechanism as immunostaining of

lens connexins does not show a dramatic loss of signal at the

poles (Gruijters et al., 1987; Berthoud, Cook & Beyer, 1994;

Dahm et al., 1999). Le & Musil (2001) provided an alter-

native explanation: they showed that fibroblast growth factor

(FGF) upregulated gap junction coupling in primary cultures

of chick lens epithelial cells undergoing epithelial-to-fiber

differentiation. An FGF-like factor was indeed present in the

vitreous, and FGF-signaling occurred in the equatorial cells

of the intact lens. They suggested an FGF-mediated increase

in the number of open gap junction channels in the equatorial

DF, whereas the total number of channels was more uniform

around the DF. This fits more reasonably with the rather

abrupt switch from h-dependent conductance in the DF to h-

independent coupling in the MF. One can easily conceive of

posttranslational modifications or a reduction in FGF sig-

naling at this transition generating a more uniform open

probability. It is much more difficult to conceive of channels

being absent from the polar regions of DF but suddenly

appearing in the polar regions of MF.

Na/K pumps

Na/K-ATPase comprises an a- and a b-subunit (reviewed in

Gick et al., 1993; Sweadner, 1989) and sometimes a c-

subunit referred to as ‘‘phospholemman’’ (Geering, 2006).

The a-subunit uses the energy of one ATP to transport

three Na+ out of a cell and two K+ into the cell, whereas the

b- and c-subunits appear to have modulatory roles. The a1,

a2 and a3 isoforms are widely expressed throughout the

body as well as in the eye. The isoform distribution in the

lens depends on the species.

6 J Membrane Biol (2007) 216:1–16
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Candia & Zamudio (2002) used an Ussing-like chamber

to isolate different regions of the rabbit lens surface and

measure the local current densities. By local application of

ouabain, a specific inhibitor of Na/K-ATPase, they were

able to map the surface distribution of Na/K pump current

(IP, lA/cm2). They concluded that Ip was too small to

detect at either pole but reached a maximum of 10 lA/cm2

at the equator (sketched in Fig. 3c and given by equation 6

with substitution of IP for GDF, of Imax for Gmax and of Imin

for Gmin). This equatorial concentration of IP was consis-

tent with whole-cell patch-clamp studies of isolated epi-

thelial cells from the equatorial and polar regions of the

frog lens (Gao et al., 2000) and porcine lens (Tamiya et al.,

2003). As sketched in Figure 3b, most of the K+ trans-

ported into the epithelial cells by the Na/K pumps is

essentially balanced by an equal and opposite leak of K+

out of these same cells; hence, the net current leaving the

lens at the equator will be carried mostly by Na+. Since the

Na/K pump has a stoichiometry of 3Na:2K, its outward

Na+ current will be 3IP, or about 30 lA/cm2, which is near

the value of the lens circulating current detected at the

equator using either the vibrating probe or an Ussing-like

chamber (Robinson & Patterson, 1982; Parmelee, 1986;

Candia & Zamudio, 2002).

The isoform expression of Na/K-ATPase is species-

specific (Garner & Horowitz, 1994; Gao et al., 2000; Pat-

erson & Delamere, 2004), whereas its localization to the

equatorial epithelium has been found in all species exam-

ined (specifically in rabbit, frog and pig) and is likely to be

a ubiquitous property. As was the case with lens K+

channels, if one views the Na/K pumps as a component of

the entire lens circulation system, then it is consistent in all

species studied; but if one looks closer, species-related

differences appear. The reasons for this heterogeneity be-

tween species are not known, but one possibility is that

different isoforms are separately regulated, as is known to

occur in the heart (reviewed in Mathias, Cohen, Gao &

wang, 2000).

Summary

Na+ that enters the central fiber cells initially flows back

toward the surface in essentially a spherically symmetric

pattern, but as it approaches the DF, it is directed to the

equator by the relatively high gap junction coupling con-

ductance of the equatorial DF. When this intracellular flow

of Na+ reaches the equatorial epithelial cells, it is trans-

ported out of the lens by the relatively high concentration

of Na/K pumps in this population of cells. Thus, the cou-

pling conductance of the DF and the Na/K pump distri-

bution in the epithelium appear to be the key features

directing the current to flow in its dramatic circulating

pattern.

The Physiological Role of the Lens Circulation

Circulating currents have been found in lenses from every

species studied. One therefore assumes that such a system

must be a central component of homeostasis for the normal

lens. Our working hypothesis is the transport of Na+ is

linked through local osmosis to the movement of fluid

(Mathias, 1985; Mathias et al., 1997; Mathias & Wang,

2005), which circulates in the same pattern as Na+ (Fig. 4).

As fluid moves into the lens along the extracellular spaces,

it carries metabolites such as glucose, antioxidants such as

ascorbate and amino acids to the deeper lying fiber cells,

providing them with the factors needed for homeostasis.

The circulating pattern of flow ensures maximum stirring

of the fluid entering the extracellular spaces so that solution

depleted of the above factors will not be recirculated.

Lens fluid transport

The above hypothesis is based on model calculations

(Mathias, 1985) around standard thermodynamics of sol-

Fig. 4 Circulation of solute and fluid. As described for Figure 3, a net

flux of sodium, jm (moles/cm2/s), enters the lens along the

extracellular spaces, crosses into the fiber cells and then flows back

to the surface from cell to cell via gap junctions. The circulation of

sodium generates small transmembrane osmotic gradients, Dc (moles/

cm3), which cause a fluid flux, um (cm/s), to follow the solute flux
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ute/solvent coupling through osmosis (Mathias & Wang,

2005). When a standing current is flowing, fluid will also

move; the question is how much fluid will move and

whether this movement will be physiologically relevant. In

biological tissues where all fluxes are generated by trans-

membrane transport, this question reduces to how large the

membrane water permeability is relative to solute flux.

Mathias & Wang (2005) showed that the dimensionless

ratio (jm/co)/(pmco) must be small, where jm (moles/cm2/s)

is solute flux, pm [(cm/s)/(mole/cm3)] is membrane water

permeability and co = 300 x 10–6 (moles/cm3) is the

osmolarity of mammalian plasma. Varadaraj et al. (1999,

2005) measured the membrane water permeability of fiber

cells from frog, rabbit and mouse lenses and found values

that indicated the above ratio is about 10–4, so fluid flow

should approach its maximal limit of isotonic transport (see

equation 8).

Fischbarg et al. (1999) reported that monolayers of

cultured lens epithelial cells from bovine or mouse actively

transported fluid in the basolateral to apical direction,

which in the intact organ would be directed toward the lens

core. They also observed fluid transport in the same

direction when a rabbit lens was placed in an Ussing-like

chamber that blocked the equatorial exit path.

Candia & Alverez (2006) reviewed their work on the

bovine lens, where the circulating current is much less

symmetric than in rabbit, rat or frog lenses, with the

majority of the inward current flowing at the anterior pole.

They also measured fluid transport and found it followed

the same pattern. Thus, several direct measurements sup-

port the presence of fluid transport in the same pattern as

the circulating currents. However, as described in the fol-

lowing section, the methodology used for intact lens

studies may have significantly reduced the amount of fluid

movement.

Mathias et al. (1997) modeled fluid and Na+ moving into

the lens strictly along the extracellular spaces. This is likely

to be true within the fiber cell mass, but the work by Fis-

chbarg et al. (1999) on isolated tissue cultured lens epi-

thelium suggests the initial entry across the epithelial layer

at the anterior surface is transcellular, as is the case in other

fluid-transporting epithelia. If so, the fluxes would become

extracellular only after they exit the epithelium. This path

is consistent with transport by other epithelia which have

tight junctions at their apical side; however, there have

been questions on whether or not the lens epithelium has

tight junctions (Goodenough, Dick & Lyons, 1980).

Mechanism of generating fluid transport

Most epithelia transport in the open circuit state, so there

must be an electrically neutral transepithelial flux of NaCl

to generate fluid transport. The lens is unique in that the

salt transport is in the short circuit state with the extra-

cellular solutions at the polar and equatorial surfaces being

at the same voltage. Thus, at steady state, each Na+ that

crosses the membrane is replaced by the Na+ behind it, so

at no point in the loop is the steady-state Na+ concentration

changing. To set up this standing circulation, as Na+ is

pulled by its electrochemical gradient into a fiber cell, there

is depletion of Na+ from the extracellular space and

accumulation within the fiber cell. This separation of

charge generates a negative voltage in the extracellular

space and moves the resting voltage in the cell somewhat

more positive. As a consequence of these standing volt-

ages, Cl– tends to be depleted in the extracellular space and

accumulates in the cell, even though it is not necessarily

crossing the membrane. This standing transmembrane

gradient of NaCl (Dc in Fig. 4) pulls water across the

membrane to follow the flow of Na+. As described previ-

ously, there is some modulation of the net transmembrane

solute flux, jm (moles/cm2/s), due to Cl– flux, but even in

the complete absence of Cl- movement, a circulation of just

Na+ could set up a circulation of fluid. Fischbarg et al.

(1999) and Candia & Alverez (2006) used Ussing-like

chambers, which open circuit the lens surfaces; hence, only

electrically neutral NaCl can flow. Thus, the Na+ can move

no faster than Cl–, which is close to electrochemical

equilibrium, and the flux of Na+ would be much less than

that in the short circuit state. Accordingly, the fluid flux is

also expected to be much less than in a free standing (short

circuit) lens.

The transmembrane flow of water depends on the

membrane water permeability (pm, cm/s/M) times the os-

motic gradient:

um ¼ pmDc ð7Þ

If pm is doubled, um will increase but will not double

because the increase in water flow sweeps away some of

the salt and reduces Dc. In the limiting case where pm fi
¥ and Dc fi 0, the maximum fluid flow velocity is given

by its isotonic limit (Mathias & Wang, 2005):

Isotonic transport : um ¼ jm=co ð8Þ

The concentration of the transported solution is given

by the transmembrane solute:water flux ratio, which is co

in equation 8. The name ‘‘isotonic transport’’ is given

because the bathing solutions and transported solution

have the same tonicity. While the isotonic water flow

velocity given in equation 8 cannot be attained, model

calculations in Mathias & Wang (2005) suggest fluid

transport in the lens will be within a few percent of

isotonic.
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The role of fluid transport

In general, an uncharged solute will move into and out of

the lens through a combination of diffusion and convection.

The time constant for diffusion depends on distance

squared, whereas that for convection depends linearly on

distance; hence, diffusion always dominates over short

distances, whereas convection always dominates when the

distance scale is long. To determine the physiological

significance of each, we have to define the length scale of

interest. An accurate comparison would require solving a

set of rather intractable partial differential equations

describing the circulating fluxes in the lens. Even approx-

imate solutions to these equations are quite complex

(Mathias et al., 1997). A simpler approach is to select a

length scale and then compare the time constants for simple

diffusion vs. convection.

If one analyzes a simple chamber with constant inflow

and outflow, the time constant to change the composition

of the fluid in the chamber is given by its volume divided

by the rate of inflow. This would be the time constant for

the change in concentration through convection of solute.

We can think of the intracellular and extracellular com-

partments of the lens as being similar to such a chamber, so

we need to estimate the rate of inflow.

Electrophysiological studies of the rat lens have pro-

vided reasonable estimates of jNa and jCl, so we can esti-

mate jm = jNa + jCl = 10–12 moles/cm2/s, which is relatively

uniform regardless of depth (Baldo & Mathias, 1992;

Mathias et al., 1985). Assuming near isotonic transport, this

will generate a transmembrane fluid flow velocity of um =

jm/co = 3.3 x 10–9 cm/s, where co = 300 x 10–6 moles/cm3.

For a rat lens of radius a = 0.2 cm, the total fluid flow will

be

UTotal ¼
4

3
pa3 Sm

VT
um ¼ 0:7x10�6 cm3=s ð9Þ

The time constant to clear the extracellular fluid com-

partment is given by the lens extracellular volume divided

by UTotal, which is just 8 min. The Einstein relationship

predicts the time constant for diffusion to the center of a

sphere of radius a (cm), given by a2/(6De). The diffusion

coefficient of glucose is about 5 x 10–6 cm2/s; however,

diffusion into the extracellular spaces within the lens de-

pends on the tortuosity factor s = 0.25, as derived from

equation 3. The time constant for diffusion into the extra-

cellular spaces is therefore 1.5 h, whereas the time constant

for convection to turn over the extracellular solution is 8

min. A realistic model of glucose movement into the lens

would require a much more complex calculation that takes

into account the rate of uptake by the fiber cells. Never-

theless, the above simple calculation illustrates the signif-

icant advantage of convection in the delivery of glucose to

central fiber cells.

The above calculations were for the entire lens, so the

length scale was the lens radius a. For sufficiently small

length scales, diffusion will always dominate convection,

so it is also of interest to estimate the distance into the lens

at which diffusion and convection contribute equally to the

delivery of glucose. We can calculate the time constant for

fluid inflow to turn over the extracellular volume sur-

rounding an outer shell of fiber cells of thickness Dr

[(4pa2DrVe/VT)/UTotal], then set this equal to the time

constant for one dimensional diffusion (Dr 2/2De) into the

same volume. The result is Dr = 180 lm, or about 60 cell

layers. Hence, for the outer fiber cells fewer than 60 cell

layers from the surface, diffusion will be more effective

than convection in the delivery of glucose; but for fiber

cells deeper into the lens, convection becomes progres-

sively more important.

The intracellular fluid flow velocity varies from a

maximum angular average of UTotal/(4pa2) = 0.6 lm/min at

the lens surface to 0 lm/min at the lens center. Thus, the

intracellular fluid flow velocity is quite slow and will be

difficult to detect. However, with a length scale of the lens

radius, diffusion is also very slow, so convection does have

a potential impact on the movement of waste products from

the lens center to surface. Intracellular diffusion, like cur-

rent flow, must move through gap junctions. The effective

radial intracellular resistivity is about 60-fold greater than

that of cytoplasm. If we assume the diffusion coefficient is

reduced by the same factor, then for a small solute whose

diffusion coefficient is on the order of 10–5 cm2/s, the

effective intracellular diffusion coefficient would be Di =

1.7 x 10–7 cm2/s. The time constant to clear the intracel-

lular compartment is 11 h for diffusion vs. 13 h for con-

vection. Thus, both can potentially have an impact.

However, in order for solute to move from cell to cell by

convection, fluid and solute must share the same cell-to-

cell path. The only known path that could fulfill this role is

gap junctions. Although gap junction channels are thought

to be capable of carrying water, for near isotonic transport,

each channel would have to carry 183 water molecules

with each ion. No one has demonstrated that gap junctions

are capable of carrying such a large fluid flux, so this re-

mains an unanswered question.

Lens water channels

Membrane water permeability is enhanced by a family of

integral membrane proteins called the aquaporins (AQPs).

A functional water channel is formed by the oligomeriza-

tion of four AQPs, though each subunit has its own pore

that is permeable to water and some neutral solutes but not

to ions. Preston & Agre (1991) discovered the first such
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channel (AQP1) in red blood cell membranes. AQP1 is also

expressed in the lens epithelium but degraded at the E-DF

transition and replaced by AQP0 (initially known as MIP).

The abruptness and completeness of this transition (Va-

radaraj et al., 2005) suggest AQP0 has some specific role in

fiber cell homeostasis. Knockout of AQP0 supports this

idea since these lenses have degenerate fiber cells and

opacify (Al-Ghoul et al., 2003; Shiels et al., 2001).

Exogenous expression of cloned AQP0 in Xenopus oo-

cytes produced functional water channels (Mulders et al.,

1995; Kushmerick et al., 1995; Chandy et al., 1997). Va-

radaraj et al. (1999) showed that fiber cell membranes have

significant water permeability. They also showed that water

permeability was greatly reduced in lenses from mice that

expressed an AQP0 mutant protein unable to traffic to the

plasma membrane. Subsequently, Shiels et al. (2001) found

that fiber cell membrane water permeability was similarly

reduced in AQP0 knockout lenses. Varadaraj et al. (1999)

reported that water permeability of isolated lens epithelial

cells was about fourfold larger than that of fiber cells.

Moreover, epithelial cell membrane water permeability was

mercury-sensitive, a property of AQP1 but not AQP0.

Chandy et al. (1997), using freeze fracture electron micros-

copy to count the number of AQP channels in connection

with water permeability measurements in oocytes, estimated

AQP1 has about a 40-fold higher single-channel water per-

meability than AQP0. However, the water permeability of

AQP0 was subsequently shown to be regulated, so it is not

solely determined by the number of channels.

When exogenously expressed in oocytes, the water

permeability of AQP0 was increased by about threefold in

low external pH or low [Ca2+]i and the calcium effect was

shown to be calmodulin-dependent (Nemeth-Cahalan &

Hall, 2000; Nemeth-Cahalan, Kalman & Hall, 2004).

AQP0 water permeability in fiber cell membranes had the

same pH effects, but the calcium/calmodulin effect was

opposite: high rather than low intracellular calcium caused

about a threefold increase that depended on calmodulin

(Varadaraj et al., 2005). In a recent conference abstract,

Kalman et al. (2006b) reported that the calcium/calmodulin

effect in oocytes could be reversed to be the same as in lens

fibers by replacing serine 235 with a phosphomimetic

residue, which is presumably not phosphorylated in oo-

cytes but is phosphorylated in the lens.

Upregulation of AQP0 water permeability by elevated

internal calcium might be relevant in the lens since Gao

et al. (2004) suggested that Ca2+ circulates in a manner

similar to Na+. Furthermore, they recorded a diffusion

gradient in which the [Ca2+]i is higher in central fiber cells

than in peripheral cells, where active transport takes place.

Gonen et al. (2004a,b, 2005) showed that the cleaved form

of AQP0 in the lens core tends to form plaques in which the

channels are closed. Thus, the amount of AQP0 that can

function as a water channel is reduced in central fibers but

might be compensated by the elevated [Ca2+]i, which might

increase the permeability of remaining channels and

maintain a more uniform overall water permeability. For

technical reasons, it has not been possible to make water

permeability measurements in membranes from central fi-

bers. However, Kalman et al. (2006a) created a mouse that

expressed both wild-type and mutant AQP0, and the lenses

from these mice developed nuclear cataracts. Exogenous

expression of the two proteins showed a normal value of

membrane water permeability, but calcium regulation was

lost, suggesting the possibility that cataracts were caused

by the lack of calcium regulation. The mechanism of reg-

ulating the water permeability of AQP0 and the physio-

logical role of regulation are interesting issues that await

further experimentation.

Lens Cell Volume Regulation

Cells maintain volume by having a negative resting voltage

to inhibit the influx of Cl–. Thus, ion concentrations in most

cells are maintained in a steady state whereas water is in

equilibrium across the cell membrane. Because of the cir-

culating ionic currents in the lens, there are radial voltage

gradients in both the intracellular compartment (wi, mV)

and the extracellular spaces (we, mV); hence, there is no

single resting voltage. Figure 5b sketches typical center-to-

surface voltage gradients that have been recorded in several

types of lenses (Mathias et al., 1997; Gong et al., 1998;

Baldo et al., 2001; Martinez-Wittinghan et al., 2004). The

transmembrane voltage is given by wi – we, which varies

from around –30 mV in the lens center to –70 mV in sur-

face cells, at least in small lenses from rodents and frogs.

Furthermore, water is not in static equilibrium; rather, it is

in a dynamic steady state in which the amount of water

entering each cell is balanced by the water leaving that cell.

Despite this dynamic steady state, membrane water per-

meability is sufficiently high that the osmolarity of the

intracellular compartment and extracellular spaces is ex-

pected to be relatively uniform (Mathias & Wang, 2005).

If Cl– is the only anion, then it must contribute half the

extracellular osmolarity and some smaller fraction of the

intracellular osmolarity; hence, the Nernst potential, ECl,

will be relatively uniform. Based on an extracellular con-

centration of 150 mM and an intracellular concentration of

around 20 mM (Paterson & Eck, 1971), ECl � –50 mV, as

shown in Figure 5b. The transmembrane voltage therefore

crosses ECl such that there is an outward Cl–flux (jCl) in the

cortex and an inward jCl in the more central fiber cells. This

spatial change in direction for Cl– fluxes has important

consequences for fiber cell volume regulation and the

maintenance of lens transparency.
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Lenses placed in hypotonic medium initially swell but

then undergo a regulatory volume decrease (RVD) via the

loss of K+ and Cl– ions and obligatory water loss (Patter-

son, 1980). In other cell types, the efflux of KCl associated

with the RVD is mediated by the activation of K+ and Cl–

channels (Niemeyer, Cid & Sepulveda, 2001; Sardini et al.,

2003) and/or potassium chloride cotransporters (KCCs)

(Lauf & Adragna, 2000). The relative contributions of Cl–

channels and KCCs to volume regulation have been

examined in cultured rat lenses using reagents that modu-

lated the activity of Cl– transport proteins (Chee, Kistler &

Donaldson, 2006; Merriman-Smith et al., 2002; Tunstall

et al., 1999; Webb et al., 2004; Young et al., 2000). Lenses

exposed to the Cl– channel inhibitor 5-nitro-2-(3-phenyl-

propylamino)benzoic acid (NPPB) increased their volume

and exhibited light scattering (Tunstall et al., 1999). Thus,

under normal isotonic conditions, the lens has a constitu-

tively active Cl– flux, which regulates fiber cell volume and

maintains lens transparency.

Histological analysis of NPPB-treated lenses cultured

under isotonic conditions revealed that blocking Cl–

channels induces two spatially distinct tissue damage

phenotypes (Young et al., 2000). Initially, a band of

extracellular space dilations, located ~150 lm in from the

capsule (Fig. 5c, inset), developed and progressed to more

extensive tissue breakdown (Fig. 5c). Subsequently, a zone

of cell swelling developed in peripheral tissue. Since cells

will swell when Cl– efflux is blocked whereas the spaces

between cells will expand when Cl– influx is blocked, the

NPPB-induced zones of peripheral cell swelling and deeper

accumulations of fluid between cells provided evidence for

a circulating Cl– flux, as predicted by the circulation model

(Fig. 5a,b) of the normal lens.

Further experiments with lenses cultured under isotonic

conditions and using more specific lower concentrations of

NPPB, the KCC inhibitor [(dihydronindenyl)oxy]alkanoic

acid (DIOA) or the Na+, K+, 2 Cl–cotransporter (NKCC)

blocker bumetanide also produced spatially distinct dam-

age phenotypes (Chee et al., 2006). These series of

experiments not only supported the contribution of a cir-

culating Cl– flux to the maintenance of steady-state lens

volume but also indicated that this flux is mediated by

interplay between a variety of Cl– channels and transport-

ers (Fig. 6). The primary effect of blocking Cl– influx via

NKCC with bumetanide was the formation of a localized

zone of extracellular space dilations between inner cortical

fiber cells. In contrast, the predominant effect of inhibiting

KCC with DIOA was the induction of cellular swelling in

peripheral fiber cells, indicating that KCCs mediate Cl–

efflux in these cells. With DIOA, some deeper extracellular

space dilations were also observed, suggesting that KCC

may also contribute to Cl– influx in deeper fiber cells or

alternatively that DIOA blocks some other Cl– influx

pathway. To distinguish between these possibilities, addi-

tional morphological experiments were performed on or-

gan cultured lenses exposed to N-ethylmaleimide (NEM),

an activator of KCC (Lauf & Adragna, 2000). NEM in-

voked cell shrinkage in peripheral cells but cell swelling in

Fig. 5 Chloride fluxes in the lens. The direction of jCl changes where

the fiber cell transmembrane voltage becomes more positive than the

Nernst potential for chloride. (a) The fiber cell transmembrane

potential varies as a function of radial distance into the lens. By

superimposing a plot of the Nernst potential for Cl- (ECl
- ), model

calculations suggest that in peripheral fiber cells Cl- efflux is favored

while in deeper fiber cells Cl- influx occurs. (b) Schematic diagram

depicting the circulating flux of Cl- ions proposed to be generated by

the gap junction-mediated coupling of Cl- influx in deeper fiber cells

and Cl- efflux in peripheral fiber cells. (c) An equatorial section taken

from a rat lens organ cultured under isotonic conditions for 18 h in the

presence of 100 lM of the Cl- channel inhibitor NPPB. Membranes

are labeled with the wheat germ agglutinin (Young et al., 2000).

Blocking Cl- fluxes with NPPB resulted in two morphologically

distinct zones of damage. Initially, extracellular spaces between fiber

cells (inset), located in a discrete zone some 100–150 lm in from the

capsule, expanded and by 18 h developed into a zone of extensive

tissue breakdown. In contrast, peripheral fiber cells exhibited cell

swelling. This pattern of a peripheral intracellular volume increase

but deeper extracellular volume increase is consistent with the model

of a circulating chloride flux presented in a and b
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deeper fiber cells, consistent with the idea that KCC indeed

plays a role in both Cl– efflux and influx in the different

regions of the lens (Chee et al., 2006). These results are

summarized in Figure 6.

So far, we have shown how biophysical calculations

have led to informed experimentation with pharmacologi-

cal reagents – together generating an emerging molecular

model for the maintenance of steady-state lens volume.

The pharmacologically induced changes in the morphology

of lenses have been interpreted with reference to the lens

circulation system. This model has gained further support

from molecular localization studies and electrophysiolog-

ical functional experiments performed on isolated fiber

cells. Chee et al. (2006) have shown that both KCC and

NKCC1 are expressed in the rat lens. In the case of KCC,

the three isoforms detected (KCC1, KCC3 and KCC4) not

only are expressed in a differentiation-dependent manner

but exhibit isoform-specific changes in their subcellular

distribution in response to changes in fiber cell volume.

Fiber cell swelling evoked either isosmotically by the

DIOA-induced blockage of Cl– efflux in peripheral fiber

cells or via hypo-osmotic challenge caused a noticeable

increase in membrane insertion of KCC1 and KCC4 but

not KCC3. This observed translocation of KCCs indicates

that the ability of KCC to regulate fiber cell volume is a

dynamic process that responds to lens stress.

While the molecular identity of Cl–channels in the lens

remains unknown, patch-clamp experiments on isolated

fiber cells have allowed their functional characterization.

By relating fiber cell length to fiber cell position (cell

layers) in lens sections, Webb et al. (2004) were able to

show that isolated fiber cells longer than 120 lm originated

from the zone of extracellular space dilations. This type of

cell exhibited an outwardly rectifying chloride conductance

that was blocked by Cl– channel inhibitors. These cells also

exhibited a lypotrophic anion selectivity sequence (I– >

Cl–), reminiscent of volume-sensitive Cl– conductances

seen in many cell types. In contrast, shorter fiber cells

isolated from the lens periphery lacked constitutively ac-

tive Cl– channels. These are the same cells that became

swollen upon treatment of isotonic lenses with DIOA

(Donaldson et al., 2005), suggesting a more important role

for transporters than channels.

Nutrient and Antioxidant Uptake

Mature fiber cells lack cellular organelles, but they still

require nutrients for anaerobic metabolism and antioxi-

dants to maintain lens transparency. The circulation system

may carry these nutrients and antioxidants into the lens

core via an extracellular route. If so, fiber cells need

membrane transporters to accumulate the molecules

delivered to them by the circulation system.

Molecular studies have indeed shown that fiber cells

express transporters that mediate the uptake of glucose

(Merriman-Smith et al., 2003; Merriman-Smith, Donaldson

& Kistler, 1999) and amino acids involved in the synthesis

of the antioxidant glutathione (GSH) (Li et al., 2007; Lim

et al., 2005, 2006). Furthermore, immunocytochemical

localization of these transporters suggests that differences

exist in the complement of transporters expressed in the

cortex and core of the lens (Fig. 7). Since fiber cells are not

capable of de novo protein synthesis, the old dogma was

that they had to utilize the same complement of membrane

transport proteins for the life of the animal. New data

suggest this is not true. The outer DF express plasma

membrane transport proteins that are appropriate for that

location but also synthesize transport proteins that are more

appropriate for the environment in the MF. These (MF)

transport proteins appear to be stored in a pool of intra-

cellular vesicles, which, at the appropriate stage of fiber

differentiation, fuse with the plasma membrane and insert a

new complement of membrane transporters.

The facilitated glucose transporter GLUT1 is expressed

in the lens epithelium; however, at the E-DF transition,

immunostaining for GLUT1 is lost and staining for GLUT3

as well as the sodium-dependent glucose transporter

SGLT2 is observed. GLUT3 is inserted into the plasma

membranes of DF, but plasma membrane staining for

SGLT2 is not observed until the DF lose their organelles

and become MF. The SGLT family has a higher affinity for

glucose than the GLUT family, so insertion of SGLT in the

membranes of interior fiber cells may allow uptake of

glucose from extracellular solution that has been depleted

of glucose due to uptake by more cortical cells.

GSH is synthesized from the amino acids cysteine,

glycine and glutamate. Cysteine is generally the rate-lim-

iting substrate (Beutler, 1989; Burdo, Dargusch & Schu-

bert, 2006; Davis et al., 1993; Deneke & Fanburg, 1989).

Fig. 6 Schematic diagram summarizing our current understanding of

the cellular mechanisms mediating Cl- fluxes in the rat lens. Cylinders
are meant to indicate Cl- channels, whose molecular identity is not yet

known. KCC represents the K+, Cl- cotransporter. NKCC represents

the Na+, K+, 2 Cl- cotransporter
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Cysteine is a sulfur-containing amino acid that is inherently

unstable in free solution. Cystine, the dimeric oxidized

form of cysteine, is more stable and more abundant than

cysteine in the aqueous humor (Mackic et al., 1997; Wang

& Cynader, 2000). In the lens core, where little if any GSH

synthesis takes place, cysteine may act as a small molec-

ular weight antioxidant by maintaining the free sulfhydryl

groups of proteins in their reduced state (Lou, 2003). By

analogy to the GSH/GSSG (reduced GSH) cycle (Reddy,

1990), a similar antioxidant role for cysteine/cystine may

exist.

In the rat lens, uptake of cystine from the aqueous hu-

mor is mediated by the amino acid transporter Xc- (Lim

et al., 2005), which exchanges extracellular cystine for

intracellular glutamate (Fig. 7). This exchange system re-

lies on the maintenance of a high intracellular glutamate

concentration, and in other tissues this is mediated by

members of the XAG amino acid transport family (McBean,

2002; McBean & Flynn, 2001). The XAG transporters are a

multigene family of Na+-dependent amino acid transport-

ers, which include the excitatory amino acid transporters

(EAAT1-5) and the alanine serine cysteine transporters

(ASCT1-2) (Gegelashvili & Schousboe, 1997). In the rat

lens, Xc- is expressed in combination with different

members of the XAG family. In the outer cortex, Xc-

expression was shown to overlap with EAAT4/5 expres-

sion, while in the core, Xc- expression colocalized with

ASCT2 expression (Lim et al., 2005; Lim et al., 2006). The

observed switch in glutamate uptake mechanisms from

EAAT4/5 to ASCT2 may reflect the ability of ASCT2 to

preferentially accumulate glutamate at low intracellular pH

(Utsunomiya-Tate, Endou & Kanai, 1996), which prevails

in the lens core (Baldo & Mathias, 1992).

Based on immunostaining, the glycine transporter

GLYT1 is expressed exclusively in the plasma membranes

of DF (Lim et al., 2006). However, Lim (personal com-

munication) has found evidence for glycine uptake in the

lens core. An antibody for GLYT2 provided immuno-

staining evidence that GLYT2 is present in the plasma

membranes of MF and, thus, may mediate glycine uptake

in the core. Though the glycine study is in a more pre-

liminary state than those for cysteine and glutamate, the

pattern appears to be the same: there are fiber cell trans-

porters that differ from epithelial cell transporters, and the

complement of fiber cell transporters in the DF differs from

that in the MF. This pattern strongly suggests an extra-

cellular delivery pathway, consistent with the circulation

system delivering the solutes.

A Model for Nuclear Cataract

As indicated in Figure 7, fiber cells express a variety of

transporters that either directly or indirectly utilize energy

stored in the Na+ gradient to drive the accumulation of

nutrients against their concentration gradients. The Na+

gradient is ultimately maintained by the active removal of

Na+ at the lens equatorial surface. Thus, in addition to gen-

erating the circulating ion fluxes that underpin the convective

delivery of nutrients to deeper fiber cells, Na+ efflux at the

lens surface serves to maintain the transmembrane Na+

gradient utilized by secondary active transporters to accu-

mulate nutrients in the lens core. One assumes, therefore, that

any dissipation of the Na+ gradient in the core of the lens will

reduce nutrient uptake in this region. Interestingly, age-re-

lated nuclear (ARN) cataract is associated with a progressive

fall in cysteine and GSH levels in the core but not the cortex

(Rathbun & Murray, 1991; Sweeney & Truscott, 1998). This

suggests that, with advancing age, the ability of the circu-

lation system to maintain appropriate nutrient and antioxi-

dant levels in the lens core declines and exposes crystallin

proteins in the lens core to the oxidative damage that may

precipitate cataract formation.

While cumulative oxidative damage to any component

of the circulation system (surface Na/K pumps, fiber cell

ion/water channels or fiber cell gap junctions) could lead to

Fig. 7 Schematic of regional

differences in the expression of

transporters involved in the

uptake of glucose and amino

acids. DF differentiating fiber,

MF mature fiber, ASCT alanine

serine-cysteine Na+-dependent

cotransporter family, EAAT
Na+-dependent excitatory amino

acid transporter family, Xc-
cystine/glutamate exchanger,

GLYT Na+-dependent glycine

cotransporter family, GLUT
facilitative glucose transporter

family, SGLT Na+-dependent

glucose cotransporter family
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cataract formation, ARN cataract may become more likely

simply due to an inability of the circulation system to

compensate for the decades of continuing lens growth. The

lens grows throughout life by laying down new fiber cells

that internalize the older cells. Since each additional fiber

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 to maintain ionic homeostasis. The surface area of

the lens available for mediating Na+ efflux, however, does

not increase at the same rate (see equation 5). This line of

reasoning is supported by measurements in human lenses

which have depolarized voltages and increased intracellu-

lar Na+ with advancing age (Duncan et al., 1989). This age-

dependent decline in the Na+ gradient continues throughout

life and may eventually contribute 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 circulation

system. Stimulation of the circulation system in the ageing

lens will not only increase the delivery of nutrients and

antioxidants to the lens core but also enhance their uptake

by restoring the Na+ gradient utilized by the transporters

expressed in this region of the lens. This mechanistic

hypothesis for the onset of ARN cataract illustrates the

potential benefits of pursuing basic research into the cel-

lular and molecular mechanism responsible for lens trans-

parency. Novel insights into the initiation of lens cataract

highlight the value of integrative functional models in

furthering our understanding of organ function and the

potential for innovative new drug design.
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