
REVIEW

Functions of Cholesterol and the Cholesterol Bilayer Domain
Specific to the Fiber-Cell Plasma Membrane of the Eye Lens

Witold K. Subczynski • Marija Raguz •

Justyna Widomska • Laxman Mainali •

Alexey Konovalov

Received: 30 August 2011 / Accepted: 29 November 2011 / Published online: 30 December 2011

� Springer Science+Business Media, LLC 2011

Abstract The most unique feature of the eye lens fiber-

cell plasma membrane is its extremely high cholesterol

content. Cholesterol saturates the bulk phospholipid bilayer

and induces formation of immiscible cholesterol bilayer

domains (CBDs) within the membrane. Our results (based

on EPR spin-labeling experiments with lens-lipid mem-

branes), along with a literature search, have allowed us to

identify the significant functions of cholesterol specific to

the fiber-cell plasma membrane, which are manifest

through cholesterol–membrane interactions. The crucial

role is played by the CBD. The presence of the CBD

ensures that the surrounding phospholipid bilayer is satu-

rated with cholesterol. The saturating cholesterol content in

fiber-cell membranes keeps the bulk physical properties of

lens-lipid membranes consistent and independent of chan-

ges in phospholipid composition. Thus, the CBD helps to

maintain lens-membrane homeostasis when the membrane

phospholipid composition changes significantly. The CBD

raises the barrier for oxygen transport across the fiber-cell

membrane, which should help to maintain a low oxygen

concentration in the lens interior. It is hypothesized that the

appearance of the CBD in the fiber-cell membrane is

controlled by the phospholipid composition of the

membrane. Saturation with cholesterol smoothes the

phospholipid-bilayer surface, which should decrease light

scattering and help to maintain lens transparency. Other

functions of cholesterol include formation of hydrophobic

and rigidity barriers across the bulk phospholipid-choles-

terol domain and formation of hydrophobic channels in the

central region of the membrane for transport of small,

nonpolar molecules parallel to the membrane surface. In

this review, we provide data supporting these hypotheses.

Keywords Lens lipid � Lens cortex � Lens nucleus �
Cholesterol bilayer domain � Spin label �
Electron paramagnetic resonance

Introduction

The eye lens is an avascular structure which, in conjunction

with the cornea, focuses light on the retina and, thus, must

remain transparent throughout an individual’s life. The

human lens is 9 mm in diameter and 4 mm thick and

contains 1,000–3,000 layers of fiber cells (Fig. 1). To

prevent excessive light scattering and compromised lens

transparency, fiber cells lose all of their subcellular

organelles during maturation (Beebe 2003). Newly formed

fiber cells in the periphery displace existing fiber cells near

the center of the lens (Beebe 2003). Thus, the line from the

lens surface to its center is the age axis. Fiber cells are not

homogeneous in terms of composition, metabolism or age.

The adult lens contains two kinds of fiber cells: those

located in the cortex (the outer layers of the lens), which

are not yet mature and still contain organelles (including

mitochondria), and those located in the nucleus (the core of

the lens), which are mature and do not contain organelles

(Fig. 1). The nuclear region contains the embryonic lens,
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the fetal fibers and the juvenile and adult nuclear fibers (Li

et al. 1985). Due to minimal cell turnover, cells in the

nucleus of the human lens are considered the longest-living

cells in the human body (Peterson and Delamere 1992).

Consequently, they require functional mechanisms to pro-

tect them from damage.

Membranes of fiber cells, which build the human eye

lens (Fig. 1), are overloaded with cholesterol, which not

only saturates the phospholipid bilayer but also leads to the

formation of cholesterol bilayer domains (CBDs) within

these membranes (Jacob et al. 1999, 2001). The appearance

of these domains is usually a sign of pathology (Tulenko

et al. 1998). However, only in the eye lens can CBDs play a

positive physiological function, maintaining lens transpar-

ency (Borchman et al. 1996; Jacob et al. 1999; Mason et al.

2003) and, therefore, possibly protecting against cataract

formation (Jacob et al. 1999; Mason et al. 2003). The

significance of cholesterol in the eye lens is further

emphasized by observations that inherited defects in

enzymes of cholesterol metabolism and the use of choles-

terol biosynthesis–inhibiting drugs cause cataract forma-

tion in humans and other animals (Borchman et al. 1989;

Cenedella 1996; de Vries and Cohen 1993; Kirby 1967;

Mosley et al. 1989). These effects indicate that cholesterol

plays an important physiological role in the eye lens. A

better understanding of the physiological functions of

cholesterol requires an increased understanding of choles-

terol function at the molecular level, which can be shown

through cholesterol-induced changes in the properties of

the lipid-bilayer portion of the fiber-cell plasma membrane.

Changes in cholesterol content in the fiber-cell plasma

membrane, which occur during aging, are indicated by an

increase in the total cholesterol/phospholipid (Chol/PL)

molar ratio and as a higher Chol/PL molar ratio in the

nucleus compared to the cortex (Borchman et al. 1989;

Fleschner and Cenedella 1991; Li and So 1987; Raguz et al.

2009; Rujoi et al. 2003). Interestingly, animals with a long

life span exhibit a higher Chol/PL molar ratio than animals

with a shorter life span (Borchman et al. 1989; Fleschner and

Cenedella 1991; Li et al. 1987). Also, the phospholipid

composition of the eye-lens membrane changes significantly

with age (Huang et al. 2005; Paterson et al. 1997; Truscott

2000; Yappert et al. 2003), between regions of the lens

(Raguz et al. 2009, 2004) and between animal species

(Borchman et al. 2004; Deeley et al. 2008). In contrast, there

is not much difference in the lipid composition of most

organs from one species to another (Rouser et al. 1969,

1971) or with age (Rouser and Solomon 1969). Such great

variation with age in phospholipid composition and cho-

lesterol content suggests difficulties in maintaining fiber-

cell-membrane homeostasis as well as homeostasis within

the fiber cell, which is required for lens transparency. This is

especially true for fiber cells in which the plasma membrane

is basically the only membranous structure. Lens fiber cells

lose their intracellular organelles soon after they are formed

(Rafferty 1985), and the plasma membrane accounts for

essentially all lens lipids.

The need for a high cholesterol content in the lens is

unclear. Borchman et al. (2004), based on their measure-

ments and data from the literature, hypothesized that lens

membranes are highly ordered because of high sphingo-

lipid and cholesterol contents and suggested that choles-

terol provides buffering properties for membrane fluidity

by ordering fluid phospholipids and disordering ordered

lipids (Li et al. 1987; Truscott 2000). They concluded that

the physiological role of cholesterol is to increase the

structural order of cortical membrane lipids and decrease

the order of nuclear lipids so that the two membranes have

a similar order (Borchman et al. 1996). Because cholesterol

is relatively stable and resistant to oxidation compared with

unsaturated phospholipids, it is suggested that it may also

add chemical stability to the membrane (Borchman and

Yappert 2010). Additionally, the high cholesterol level

may be related to gap junctions. Cholesterol is understood

to be associated with gap junctions (Biswas et al. 2009,

2010; Biswas and Lo 2007), and the lens contains more gap

junctions than any other tissue. Cholesterol content in

protrusions, which are specialized, interlocking membrane

domains between lens fiber cells, is very high. It has been

suggested (Biswas et al. 2010) that the high cholesterol

content in protrusion membranes makes them less

Fig. 1 Diagram of the eye lens section showing the location of the

lens cortex and nucleus. Values of the oxygen partial pressure at the

surface of the anterior and posterior cortex of the lens in the healthy

eye are taken from Siegfried et al. (2010). Arrows indicate the oxygen

flux into the lens, toward the lens center. The Chol/PL mole ratio in

cortical fiber-cell membranes is from 1 to 2 and that in nuclear

membranes is from 3 to 4 (Li et al. 1987). The basic phospholipid

composition (taken from Yappert et al. 2003 for a 25 year old human)

of the cortical and nuclear lens lipid membrane is 3.2% PC, 14% PE,

1.5% PS and 42.8% (DHSM ? SM) and 0.7% PC, 6% PE, 3.1% PS

and 49.8% (DHSM ? SM), respectively. PC, phosphatidylcholine;

PE, phosphatidylethanolamine; PS, phosphatidylserine; SM, sphin-

gomyelin (including dihydrosphingomyelin)
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deformable and more suitable to maintain fiber-to-fiber sta-

bility during visual accommodation. The relationship

between lens cholesterol and lens cataracts has been

reviewed (Cenedella 1996) with an ultimate focus on the

effect of statin drugs on the lens in humans and other animals.

We present data that support the main hypothesis of this

review: a high cholesterol content and the presence of the

CBD are necessary to maintain lens-membrane homeosta-

sis throughout the life of an individual. It should be stressed

here that, due to minimal cell turnover, cells in the lens

nucleus may be the longest-lived cells in the human body

(Peterson and Delamere 1992). Please note that hypotheses

presented in this review regarding the purported functions

of cholesterol and CBDs are based on measurements for

lens-lipid membranes and model lipid membranes—i.e.,

membranes without a protein component. In these mea-

surements, we have mostly used electron paramagnetic

resonance (EPR) spin-labeling methods. The unique abili-

ties of these methods will first be described, to provide

guidelines for a clear understanding of our experimental

results and our interpretation of data.

EPR Spin-Labeling Approaches for Profiles

of Lens-Lipid Membrane Properties

EPR spin-labeling methods provide a unique opportunity to

determine the lateral organization of lipid bilayer mem-

branes, including coexisting membrane domains or coexis-

ting membrane phases (Ashikawa et al. 1994; Kawasaki et al.

2001; Raguz et al. 2008; Subczynski et al. 2007a, 2007b).

These methods also provide a number of approaches to

determine several important membrane properties as a

function of bilayer depth, including alkyl-chain order (Marsh

1981), fluidity (Subczynski et al. 2010), hydrophobicity

(Subczynski et al. 1994) and the oxygen diffusion-concen-

tration product (called the ‘‘oxygen transport parameter’’)

(Kusumi et al. 1982). In some cases, these properties can be

obtained in coexisting membrane domains without the need

for their physical separation (Subczynski et al. 2007a, 2010).

We will briefly explain how EPR spin-labeling methods can

be used to obtain profiles of the above-mentioned properties

across lens-lipid membranes and simple model membranes,

which resemble the basic lipid composition of lens mem-

branes (Mainali et al. 2011b; Raguz et al. 2008, 2009;

Widomska et al. 2007a).

In these studies, phospholipid- and cholesterol-analogue

spin labels are incorporated in the membrane with the

nitroxide moiety, which gives rise to the observed EPR

signal, at specific depths and in specific membrane

domains. The physical/chemical properties of the micro-

environment in the immediate vicinity of the nitroxide are

then characterized using EPR spectroscopic methods. The

spin labels used here have molecular structures similar to

phospholipids or cholesterol and, therefore, should

approximate cholesterol–phospholipid and cholesterol–

cholesterol interactions in the membrane as well as be

distributed between different membrane domains similarly

to parent molecules (Raguz et al. 2008, 2009; Widomska

et al. 2007a). Figure 2 is a schematic drawing that shows

possible cases of spin-label distribution that may be rele-

vant to eye-lens-lipid membranes.

When the cholesterol concentration in the membrane is

close to its solubility threshold, the entire membrane should

be in the liquid-ordered-like phase. In this case, separate

domains are not expected (Fig. 2a). Profiles of the order

parameter, fluidity, hydrophobicity and the oxygen trans-

port parameter can be obtained in this homogeneous

membrane. In the case of membranes oversaturated with

Fig. 2 Schematic drawings showing organization of lipids and spin-

label distributions that may be relevant to eye-lens lipid membranes.

The distribution and approximate localization of the nitroxide moiety

of lipid spin labels (phospholipid analogues 5-, 10-, 16- T-PC and

9-SASL and cholesterol analogues ASL and CSL) in membranes with

a cholesterol content close to the CST (a, model of the lens lipid

membrane from young animals and the cortical membrane) and in

membranes oversaturated with cholesterol, when the bulk PCD

coexists with the CBD (b, model of the nuclear membrane). The

nitroxide moieties of spin labels are indicated by black dots
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cholesterol, in which CBDs are formed, the distribution of

lipid spin labels is unique (Fig. 2b). The phospholipid-

analogue spin labels should partition only into the bulk

phospholipid cholesterol domain (PCD, the phospholipid

cholesterol membrane saturated with cholesterol before

formation of the CBD or the phospholipid cholesterol

membrane coexisting with the CBD), and the cholesterol

analogues should distribute between the two domains.

Thus, only cholesterol-analogue spin labels can discrimi-

nate the two coexisting domains. The unique distribution of

phospholipid-analogue spin labels allows profiles of the

order parameter, fluidity, hydrophobicity and oxygen

transport parameter to be obtained in the bulk PCD without

‘‘contamination’’ from the CBD. These two cases are rel-

evant to lens-lipid membranes that are near the cholesterol

solubility threshold (CST) in the lenses of young animals

and in the cortex of lenses from older animals and humans

(Fig. 2a) and are oversaturated with cholesterol (the

coexisting CBD and PCD are present) in the lens nucleus

(Fig. 2b).

The CBD Saturates the Surrounding Phospholipid

Bilayer with Cholesterol

The lipid composition of the lens fiber-cell membrane

changes as both humans and other animals age (Borchman

et al. 1994; Broekhuyse 1973; Broekhuyse and Kuhlmann

1974, 1978; Huang et al. 2005; Li and So 1987; Li et al.

1985, 1987; Roy et al. 1982; Rujoi et al. 2003; Truscott

2000; Yappert et al. 2003). Usually, such notable changes

would result in alteration of the physical properties of the

membrane, which would then affect the function of pro-

teins immersed in the lipid bilayer (Epand 2005). Based on

results obtained for lens-lipid membranes from different

species (a 6 month old calf and pig [Raguz et al. 2008;

Widomska et al. 2007a]), from animals at different ages

(6 month old and 2 year old cow and pig [Mainali et al.

2011b; Raguz et al. 2009; Widomska et al. 2007a]) and

from different eye regions (the cortex and nucleus of a

2 year old cow and pig [Mainali et al. 2011b; Raguz et al.

2009]), we conclude that the extremely high (saturating)

content of cholesterol in the fiber-cell membrane keeps the

bulk physical properties of the lipid-bilayer portion of the

membrane consistent and independent of changes in the

phospholipid composition. The phospholipid composition

of fiber-cell membranes significantly changes not only

between species (Deeley et al. 2008; Yappert and Borch-

man 2004; Yappert et al. 2003) and with age (Yappert and

Borchman 2004) but also between different regions of the

lens (Li and So 1987; Li et al. 1987; Raguz et al. 2009).

Surprisingly, independent of these differences, profiles of

the bulk membrane properties across PCDs were very

similar (practically identical) in all of the investigated

membranes. Bulk membrane properties included the order

parameter, fluidity, hydrophobicity and the oxygen trans-

port parameter (oxygen diffusion-concentration product).

As we stated in the Introduction, a similar conclusion was

made by Borchman et al. (1996) using the structural order

parameter as a measure of fluidity in bovine cortical and

nuclear lens-lipid membranes. They showed that at a sat-

urating amount of cholesterol the structural orders of

nuclear and cortical membranes are very similar and con-

cluded that the physiological role of cholesterol is to

increase the structural order of cortical membrane lipids

and to decrease the order of nuclear lipids so that the two

membranes have a similar order. This finding agrees with

our main conclusion.

To illustrate this conclusion, profiles of the order

parameter (Fig. 3a–d), fluidity (Fig. 3e–h), hydrophobicity

(Fig. 4a–d) and the oxygen transport parameter (Fig. 4e–h)

across the PCD of the lens-lipid membrane from a 6 month

old pig and calf (Figs. 3a, e and 4a, e) and from the cortex

and nucleus of a 2 year-old pig (Figs. 3c, g and 4c, g) and

cow (Figs. 3d, h and 4d, h) are presented. With this method,

we can compare the differences between species as well as

age-related and/or topographical differences, if any, in the

bulk properties of the lens-lipid membrane. All profiles

were obtained with phospholipid-type spin labels, which

describe properties of the PCD. We should reiterate that in

all investigated membranes the cholesterol content was

close to or in excess of the CST. Small differences in the

hydrophobicity profiles shown in Fig. 4a, d suggest that

6 month old pig and 2 year old cow cortex membranes are

not yet saturated with cholesterol (Raguz et al. 2008, 2009).

All profiles for membranes with a saturating amount of

cholesterol differ drastically from profiles across mem-

branes without cholesterol. This is illustrated in Figs. 5a, d

Fig. 3 Independently of the differences in the phospholipid compo-

sition of lens-lipid membranes derived from the eyes of different

species, different animal ages and different region of the lens, the

profiles of the membrane order (the alkyl-chain order parameter) and

the membrane dynamics (spin–lattice relaxation time) across these

membranes are very similar. Profiles of the alkyl-chain order

parameter (a–d) and the membrane fluidity (spin–lattice relaxation

time, T1, for deoxygenated samples) (e–h) obtained at 35�C across the

PCD of lens-lipid membranes made of lipids extracted from a

6 month old pig and calf (a, e), a 6 month old pig after addition of

excess cholesterol (b, f) and the cortex and nucleus of a 2 year old pig

(c, g) and cow (d, h). Approximate localizations of the nitroxide

moieties of spin labels are indicated by arrows. The order parameter

is a measure of the amplitude of the wobbling motion of the alkyl-

chain fragment to which the nitroxide moiety is attached (Hubbel and

McConnell 1968), while T1 depends primarily on the rate of motion of

the nitroxide moiety within the lipid bilayer and, thus, describes the

dynamics of the membrane environment at a depth at which the

nitroxide fragment is located (Mainali et al. 2011a). Data compiled

from Raguz et al. (2008, 2009) and Widomska et al. (2007a)

c
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and 6a, d, where profiles for the POPC membrane and the

POPC membrane saturated with cholesterol are shown; in

Figs. 5b, e and 6b, e, which show profiles for the egg

sphingomyelin (ESM) membrane and the ESM membrane

saturated with cholesterol; and in Figs. 5c, f and 6c, f,

which display profiles across the model membrane, made

from a phospholipid mixture that resembles the composi-

tion of the pig lens-lipid membrane (Deeley et al. 2008),

without cholesterol and saturated with cholesterol.

Profiles of the order parameter (Fig. 5a–c) indicated that

in membranes saturated with cholesterol, including lens-

lipid membranes (Fig. 3a–d), lipids are strongly ordered at

all depths, which is in contrast to the low order of mem-

branes without cholesterol (Fig. 5a–c). All profiles show a

gradual decrease in alkyl-chain order with an increasing

depth in the membrane. Values of the order parameter

measured at the same depth are always significantly greater

for membranes saturated with cholesterol than for mem-

branes without cholesterol. Thus, an ordering effect of

cholesterol in fluid-phase membranes is observed at all

depths from the membrane surface to the membrane center.

The order parameter, which is most often used as a mea-

sure of membrane fluidity, describes the amplitude of the

wobbling motion of alkyl chains relative to the membrane

normal and does not explicitly contain time or velocity

(Hubbell and McConnell 1968). Thus, this parameter can

be considered nondynamic.

The structural order determined by the static value of the

trans/gauche rotamer ratio in the hydrocarbon chains (with

special attention paid to the role of cholesterol) has been

evaluated by other groups for lens-lipid membranes (Bor-

chman et al. 1993, 1996, 1999). Thus, the structural order

describes membrane properties averaged across membrane

depths and domains, which is less informative than the

profiles of the order parameter presented here. These pro-

files reflect the local order of hydrocarbon chains at dif-

ferent depths in the membrane.

The spin–lattice relaxation time (T1) obtained from

saturation-recovery EPR measurements of lipid spin labels

in deoxygenated samples depends primarily on the rota-

tional correlation time of the nitroxide moiety within the

lipid bilayer. Thus, T1 can be used as a convenient quan-

titative measure of membrane fluidity that reflects local

membrane dynamics (Mainali et al. 2011a, b, c). T1 pro-

files, which we call ‘‘profiles of membrane fluidity,’’

obtained for membranes saturated with cholesterol

(Fig. 5d–f), including lens-lipid membranes (Fig. 3e–h),

are very similar. When compared with fluidity profiles

without cholesterol (Fig. 5d–f), they reveal that cholesterol

has a rigidifying effect only to the depth occupied by the

rigid steroid-ring structure and a fluidizing effect at deeper

locations. These effects cannot be differentiated by profiles

of the order parameter.

Profiles of hydrophobicity (Fig. 6a–c) and the oxygen

transport parameter (Fig. 6d–f) in membranes saturated

with cholesterol and in lens-lipid membranes (Fig. 4a–h)

have a characteristic rectangular shape with an abrupt

change between the C9 and C10 positions, which is

approximately where the rigid steroid-ring structure of

cholesterol reaches into the membrane. At this position,

hydrophobicity increases from the level of methanol to that

of hexane and the oxygen transport parameter increases by

a factor of *2.5 (from the level observed in gel-phase

membranes to that observed in fluid-phase membranes).

These profiles are bell-shaped in phospholipid membranes

without cholesterol (Fig. 6a–f). These results indicate that

a high, saturating cholesterol content is responsible for

these unique profiles and unique properties of lens-

lipid membranes. These profiles are also characteristic of

liquid-ordered-phase membranes saturated with cholesterol

(Mainali et al. 2011c, d; Subczynski et al. 1994, 2007b;

Widomska et al. 2007a), which allows us to conclude that

the entire PCD in the lens-lipid membrane is in the liquid-

ordered-like phase.

The above conclusions were based on profiles obtained

for lens-lipid membranes with Chol/PL molar ratios of *1,

in which the CBD was not observed and lipids were

organized as in Fig. 2a. Figures 3 and 4 contain profiles

obtained for lens-lipid membranes with Chol/PL molar

ratios of *2 (from the nucleus of 2 year old cow and pig

Fig. 4 Independently of the differences in the phospholipid compo-

sition of lens-lipid membranes, all these membranes have a very

similar shape of the hydrophobic barrier, with hydrophobicity in the

membrane center close to that of hexane (e = 2). Also, profiles of the

oxygen transport parameters are nearly identical with low oxygen

transport close to the membrane surface and high oxygen transport in

the membrane center. Hydrophobicity profiles (obtained at -165�C)

(a–d) and profiles of the oxygen transport parameter (obtained at

35�C) (e–h) across the PCD of lens-lipid membranes made of lipids

extracted from a 6 month old pig and calf (a, e), a 6 month old pig

after addition of cholesterol (b, f), and the cortex and nucleus of a

2 year old pig (c, g) and cow (d, h). Profiles of the oxygen transport

parameter across the CBD, which is formed in lens-lipid membranes

made of lipids extracted from a 6 month old pig after addition of

cholesterol (f) and from the nucleus of a 2 year old pig (g) and a

2 year old cow (h), are also included. Broken lines indicate the

appropriate value in the aqueous phase. Approximate localizations of

nitroxide moieties of spin labels are indicated by arrows. Hydropho-

bicity profiles (2AZ) are obtained for frozen samples to eliminate the

motional contribution. Smaller 2AZ values (upward changes in the

profiles) indicate higher hydrophobicity. Usually, the local hydro-

phobicity as observed by 2AZ is related to the hydrophobicity (or e) of

the bulk organic solvent by referring to Fig. 2 in Subczynski et al.

(1994). An oxygen transport parameter was introduced as a conve-

nient quantitative measure of the collision rate between the spin label

and molecular oxygen (Kusumi et al. 1982). It is useful to monitor

membrane fluidity, which reports on translational diffusion of small

molecules. The oxygen transport parameter is normalized to an

oxygen concentration that corresponds to the sample equilibrated with

atmospheric air. Data compiled from Raguz et al. 2008, 2009) and

Widomska et al. (2007a)

b
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lens and from 6 month old pig lenses with the addition of

excess cholesterol), in which the CBD was present and

lipids were organized as in Fig. 2b. Profiles of the order

parameter, fluidity, hydrophobicity and the oxygen

transport parameter across the bulk PCD surrounding the

CBD are very similar to those observed for membranes

with a lower cholesterol content when the CBD is not yet

observed. Similarly, profiles presented in Figs. 5 and 6 for

Fig. 5 An ordering effect of the saturating amount of cholesterol is

observed at all depths from the membrane surface to the membrane

center. However, profiles of membrane dynamics reveal that choles-

terol has a rigidifying effect only to the depth occupied by the rigid

steroid-ring structure and a fluidizing effect at deeper locations.

Profiles of the alkyl-chain order parameter (a–c) and membrane

fluidity (spin–lattice relaxation time, T1, for deoxygenated samples)

(d–f) obtained at 35�C across POPC membranes (a, d) without

cholesterol (POPC) and with cholesterol at cholesterol/POPC mixing

ratios of 1/1 (CHOL/POPC-1/1) and 3/1 (CHOL/POPC-3/1), across

ESM membranes (b, e) without cholesterol (SM) and with cholesterol

at cholesterol/SM mixing ratios of 2/1 (CHOL/SM-2/1) and 3/1

(CHOL/SM-3/1) and across model membranes made from a phospho-

lipid mixture resembling the composition of the pig lens-lipid

membrane (PL, 30% SM, 36% PC, 12% PE, 22% PS) (c, f) without

cholesterol (PL), saturated with cholesterol at a cholesterol/PL mixing

ratio of 1.1/1 (CHOL/PL-1.1/1) and oversaturated with cholesterol at a

cholesterol/PL mixing ratio of 2.1/1 (CHOL/PL-2.1/1). Approximate

localizations of nitroxide moieties of spin labels are indicated by

arrows. Data compiled from Widomska et al. (2007a)
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model membranes with saturating amounts of cholesterol

(the CBD was not yet present) and profiles for the same

membranes containing coexisting PCDs and CBDs were

nearly indistinguishable.

These data suggest that the CBD has some function

specific to the fiber-cell plasma membrane. The CBD

provides buffering capacity for cholesterol concentration in

the surrounding phospholipid bilayer, keeping it at a

Fig. 6 The saturating amount of cholesterol is responsible for

changing the bell-shaped hydrophobicity and oxygen transport

parameter profiles to the rectangular shape with an abrupt change

between C9 and C10 positions, which is approximately where the

rigid steroid-ring structure of cholesterol reaches into the membrane.

Hydrophobicity profiles (obtained at -165�C) (a–c) and profiles of

the oxygen transport parameter (obtained at 35�C) (d–f) across POPC

membranes (a, d), SM membranes (b, e) and model membranes

resembling the pig lens-lipid membrane (c, f) with different

cholesterol contents (see the caption for Fig. 5 for details). Profiles

are also included of the oxygen transport parameter across the CBD,

which is formed in the POPC membrane, with a cholesterol/POPC

mixing ratio of 3/1 (d, POPC-CBD), the ESM membrane with a

cholesterol/SM mixing ratio of 3 (e, SM-CBD) and across model

membranes resembling the pig lens-lipid membrane oversaturated

with cholesterol at a cholesterol/PL mixing ratio of 2.1/1 (f, PL-

CBD). Broken lines indicate the appropriate value in the aqueous

phase. Approximate localizations of nitroxide moieties of spin labels

are indicated by arrows. Data compiled from Widomska et al. (2007a)

and Mainali et al. (2011b)
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constant saturating level and, thus, keeping the physical

properties of the membrane consistent and independent of

changes in phospholipid composition. Our conclusions are

especially significant for human lenses because among

mammalian lenses those from humans are of the longest

life span and changes in lens phospholipid composition

with age are most pronounced (Estrada et al. 2010). Human

lens fiber cells undergo minimal cell turnover. They do not

regenerate, and cells in the center of the nucleus of an adult

human lens are as old as the individual. Membrane proteins

that perform several functions in young human lenses

perform the same functions in older lenses with altered

phospholipid compositions. Thus, the CBD plays a crucial

role in maintaining homeostasis of the lens membrane, the

only membranous structure of mature fiber cells.

Phospholipid Composition Controls Formation

of the CBD

Phospholipids surrounding the CBD cannot affect the

properties of its interior because it is a pure cholesterol

bilayer (Raguz et al. 2011a, b). However, the phospholipid

composition of the fiber-cell plasma membrane can deter-

mine the cholesterol concentration at which the CBD is

formed. This is a new and uninvestigated mechanism

through which cholesterol-dependent processes in the eye

lens could be regulated. Our hypothesis is based on the fact

that the threshold of cholesterol solubility (expressed here

as a Chol/PL molar ratio) differs significantly for simple

phospholipid membranes. The values for Chol/PS, Chol/

PC, Chol/PE and Chol/SM are 1/2, 1/1, 1/1 and 2/1,

respectively (Bach and Wachtel 2003; Epand 2003; Epand

et al. 2002; Huang et al. 1999). Here, PS, PC, PE and SM

are phosphatidylserine, phosphatidylcholine, phosphati-

dylethanolamine and ESM, respectively. Above these

concentrations, cholesterol forms CBDs in these mem-

branes. PS, PC, PE and SM are major lens phospholipids in

humans and other animals (Deeley et al. 2008). Figure 7

presents the hypothetical phase diagram for the mixtures of

these lens phospholipids, which shows the cholesterol

concentration above which the CBD is formed. It is

assumed that the CST value in the phospholipid mixture is

a weighted sum of individual thresholds with a weight

equal to the mole fraction of the individual phospholipid in

the mixture. Thus, the CBD can be formed, depending on

the composition of the mixture, already at a cholesterol

concentration of 33 mol% (for PS membranes [Raguz et al.

2011a]) up to a cholesterol concentration of 66 mol% (for

SM membranes [Mainali et al. 2011d]).

Based on these differences in the CST in different

phospholipid bilayers, we can speculate that in animals

with a long life span the phospholipid composition of the

lens membrane (Deeley et al. 2008) ensures formation of

CBDs at significantly higher cholesterol concentrations

than in animals with a shorter life span. This is illustrated

in Fig. 8, where the evaluated value of the CST in the lens-

lipid membranes of different animals is plotted as a func-

tion of animal life span. It is worth noting that in animals

(including humans), the lens phospholipid composition

changes with age in a way that delays formation of the

CBD. For example, in human lenses the most notable age-

related trend is the preferential depletion of glycerol-

phospholipids in older fiber cells and the consequent

enrichment of sphingolipids (Yappert and Borchman 2004;

Yappert et al. 2003). Thus, the CST in lens-lipid mem-

branes from old donors should be greater than that for

young donors. The cholesterol content in lens membranes

also increases with age, reaching conditions for CBD for-

mation at a certain age. Thus, the delicate balance between

changes in the lens-membrane phospholipid composition

and changes in the cholesterol content controls the for-

mation of the CBD. It is also possible that the size of the

CBD and the cholesterol exchange rate between the CBD

and the PCD are controlled by the lens-membrane

phospholipid composition. Most unexpectedly, recent

Fig. 7 Hypothetical phase diagram for mixtures of the most abundant

lens phospholipids (PS, PC, PE and SM, including dihydrosphing-

omyelin) and cholesterol. Shaded surface indicates the CST for the

mixture. For cholesterol contents above this surface, the CBD is

formed. It is assumed that the CST value in the phospholipid mixture

is a weighted sum of CSTs for individual phospholipids with a weight

equal to the mole fraction of the individual phospholipid in the

mixture. CSTs in PS, PC, PE and SM membranes are taken from Bach

and Wachtel (2003), Epand (2003), Epand et al. (2002) and Huang

et al. (1999)
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results have shown the high dynamics of cholesterol mol-

ecules in the CBD (Raguz et al. 2011a, b), which differ

from the rigid organization of cholesterol molecules in

cholesterol crystals (Borochov et al. 1995; Cheetham et al.

1989; Epand 2003; Knoll et al. 1985; Mason et al. 2003;

Wachtel et al. 1991). This new molecular-level data will

help us to better understand the physiological functions of

CBDs.

Adult human lenses exhibit extremely high cholesterol

contents, with a Chol/PL molar ratio as high as 4, which is

much higher than in the lenses of other animals and young

humans (Li et al. 1985, 1987; Rujoi et al. 2003; Zelenka

1984). This suggests that in humans, because of an

increased amount of sphingolipids, CBDs are formed in

aged lenses (first in the lens nucleus, where the cholesterol

content is extremely high), while in animals with a shorter

life span, the phospholipid composition (high amounts of

PS, PC and PE) allows formation of CBDs at much lower

cholesterol concentrations (see Deeley et al. 2008 for ani-

mal-lens phospholipid compositions).

The CBD Forms a Barrier to Oxygen Transport

Oxygen concentration in the lens is very low, reaching a

value close to zero in the lens nucleus (Eaton 1991;

Harding 1991; McNulty et al. 2004). Detailed information

about oxygen distribution within the lens is scarce: a few

measurements have been made that report oxygen partial

pressures in the human anterior cortex as low as

0.8–4.0 mmHg (Helbig et al. 1993). At the lens surface,

oxygen concentration is low as well (Fig. 1); values of *3

and *9 mmHg have been reported, respectively, at the

surface of the anterior and posterior cortex of the lens in the

healthy eye (Barbazetto et al. 2004; Bassnett and McNulty

2003; Beebe 2008; Briggs and Rodenhauser 1973; Fitch

et al. 2000; Jacobi and Driest 1966; Ormerod et al. 1987;

Shui et al. 2006; Siegfried et al. 2010). An increase in

oxygen concentration in the lens is thought to be respon-

sible for cataract formation (Borchman et al. 2000; Chung

et al. 2001; Freel et al. 2003; Harocopos et al. 2004; Hsuan

et al. 2001; Huang et al. 2006, 2008; Palmquist et al. 1984).

Thus, understanding the processes that control oxygen

transport, concentration and distribution in the lens is very

important.

Because oxygen is constantly consumed and oxygen

consumption reactions are located inside the eye lens

(McNulty et al. 2004), it is concluded that there must be a

gradient in the oxygen concentration across fiber-cell lay-

ers that builds the eye lens and creates oxygen flux into the

lens interior (Fig. 1). Oxygen consumption is necessary to

maintain a low oxygen concentration inside the eye lens

(otherwise the concentration of oxygen would be equal to

that outside the lens). Mitochondrial respiration accounts

for approximately 90% of oxygen consumption by the lens

(McNulty et al. 2004). This suggests that the outer layers of

cortical fiber cells (not yet mature and containing organ-

elles, including mitochondria) could be responsible for a

low oxygen concentration in the lens nucleus. Some

investigators have proposed that the major function of

mitochondria in the lens cortex is not to generate ATP but

to maintain lens clarity by keeping the oxygen content very

low and preventing proteins and lipids from being oxidized

(McNulty et al. 2004). The value of the oxygen concen-

tration difference across certain fiber-cell layers is deter-

mined by the rate of oxygen consumption by cells confined

inside this concentric fiber-cell layer and the oxygen per-

meability coefficient of the cell layer. A hypothetical high

barrier to oxygen permeation located at the fiber-cell

plasma membrane should help to keep oxygen concentra-

tion within the eye lens at a very low level. This is espe-

cially important for the lens nucleus. A high barrier to

oxygen permeation can help to lower oxygen partial pres-

sure in this region to even below that in the cortex if a

system to remove oxygen from the nucleus exists. This

system should depend on nonmitochondrial oxygen con-

sumption and can be formed by ascorbate- (Eaton 1991;

McNulty et al. 2004) or glutathione-dependent oxygen

consumption reactions (Beebe et al. 2011). High barriers

formed by the membranes of nuclear fiber cells can help to

maintain a low oxygen partial pressure in the lens nucleus

even at a very low oxygen consumption rate (Fig. 1 helps

to illustrate oxygen diffusion into the lens). It should be

Fig. 8 The relationship between the CST in the lens-lipid membrane

and the maximum life spans for different species. CSTs (above these

cholesterol contents the CBD should be formed) for lens-lipid

membranes were evaluated based on the phospholipid compositions

taken from Deeley et al. (2008) and the phase diagram presented in

Fig. 7. Points are for mouse (3), rat (4), chick (6), sheep (20), pig (23),

cow (30) and human (70) (maximum life-span values are indicated in

parentheses)
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stressed that oxygen must pass through thousands of fiber-

cell membranes on its way from the lens surface to its

center and a very small oxygen concentration difference

across each membrane can significantly contribute to the

oxygen concentration gradient across the eye lens. Evalu-

ation of how the main lipid domains of fiber-cell mem-

branes contribute to the resistance to oxygen transport into

the lens interior is a timely task.

Values of the permeability coefficients for oxygen

across the calf (Widomska et al. 2007b), porcine (Raguz

et al. 2008), bovine (Raguz et al. 2009) and pig (Mainali

personal communication) bulk PCD of the lens-lipid

membrane have been reported. At 37�C, they lay in the

region from 57.2 to 69.2 cm/s, compared with a value of

69.3 cm/s across a water layer of the same thickness as the

membrane. These measurements provide the upper limits

for oxygen permeability across the PCD in intact fiber-cell

membranes because proteins located in native membranes

can decrease oxygen permeability. These problems were

discussed by Widomska et al. (2007a).

Oxygen transport across the lens membrane is also

affected by CBDs that are formed in the oxygen-permeable

lipid bilayer portion of the fiber-cell membrane (Raguz

et al. 2008, 2009). However, details of oxygen transport

across the CBD are not known and need explanation. As

indicated in Fig. 2b, only cholesterol-analogue spin labels,

androstane spin label (ASL) and cholestane spin label

(CSL), can probe the CBD located within the bulk PCD.

Values of the oxygen transport parameter obtained with

ASL and CSL for the CBD allowed us to draw an

approximate profile of the oxygen transport parameter

across this domain (Figs. 4f–h and 6d–f) and calculate its

permeability coefficient for oxygen as described in Raguz

et al. (2008) and Widomska et al. (2007b). At 37�C, these

values lay in the region from 34.4 to 42.5 cm/s, compared

with the value of 85.9 cm/s across a water layer of the

same thickness as the CBD. The CBD is significantly

thinner than the bulk PCD. These data strongly suggest that

the major permeability barrier for oxygen transport into the

lens interior in the lipid bilayer portion of the fiber-cell

plasma membrane is located at the CBD. This should help

to maintain a low oxygen concentration in the lens interior

and, especially, in the human lens nucleus, where the Chol/

PL mole ratio is as high as 4 (Li et al. 1985, 1987) and the

CBD should occupy a significant part of the membrane

surface. Interestingly, age-related changes in the lipid

composition of the human lens (Borchman et al. 1994;

Huang et al. 2005; Li et al. 1985, 1987; Rujoi et al. 2003;

Truscott 2000) indicate that the resistance of the fiber-cell

plasma membrane to oxygen permeation should increase

with age and should be greater in the lens nucleus than in

the lens cortex (see also discussions in Raguz et al. 2008,

2009; Widomska et al. 2007a, b).

Saturation with Cholesterol Smoothes the Surface

of Lens-Lipid Membranes

Another significant structural feature of lens-lipid mem-

branes is the notable steepness of the profiles of the oxygen

transport parameter (Fig. 4e–h). These profiles were

obtained at 37�C when the lens-lipid membranes (which

are saturated with cholesterol) were in the fluid phase. In

these membranes, the oxygen transport parameter from the

membrane surface to the depth of the ninth carbon is as low

as in gel-phase membranes and at locations deeper than the

ninth carbon as high as in fluid-phase model membranes

without cholesterol. This very sharp (*2.5 times) increase

in the oxygen transport parameter occurs within the dis-

tance of one carbon–carbon bond (i.e., 1.3–1.5 Å) along

the alkyl chain. This transition is smooth and bell-shaped

for membranes without cholesterol (Fig. 6d–f) or that

contain a small cholesterol concentration (*30 mol%)

(Subczynski et al. 1989, 1991, 1998, 2003, 2007b). Abrupt

changes that occur in the properties of the fluid-phase

membrane are difficult to explain unless it is assumed that

at a saturating cholesterol content (1) vertical fluctuations

of membrane components are much smaller than in mem-

branes without cholesterol, (2) alignment of all membrane

components is high and (3) all cholesterol rings are

immersed to the same membrane depth, which is close to

the position of C9 in phospholipid alkyl chains. These

findings also indicate that by using saturation-recovery

EPR and lipid spin labels the main features of the oxygen

transport parameter profile can practically be obtained at

atomic resolution. Models created through molecular-

dynamics simulations (Plesnar et al. 2011) also confirm

that saturation with cholesterol narrows the distribution of

vertical positions of atoms in phospholipid and cholesterol

molecules at any bilayer depth and, as a result, smoothes

the membrane surface. Bettelheim and Paunovic (1979)

suggested that in a clear human lens most light scattering

comes from fiber-cell membranes, whose refractive index

is higher than that of the surrounding cytoplasm. Based on

this suggestion and data described above, we hypothesize

that cholesterol-induced smoothing of the membrane sur-

face should decrease light scattering and help to maintain

lens transparency.

Permeability Barriers and Hydrophobic Channels

in Membranes Saturated with Cholesterol

The lipid bilayer represents the fundamental permeability

barrier to the nonspecific passage of polar molecules into

and out of a cell due to its high hydrophobicity. The

incorporation of saturating amounts of cholesterol into

lens-lipid membranes ensures the rectangular shape of the
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hydrophobicity profile across the PCD, with the hydro-

phobicity in the membrane center comparable to that in

hexane and dipropylamine (e from 2 to 3) (Fig. 4a–d). This

greatly increases the activation energy required for polar

and small ionic molecules to pass through the membrane.

Thus, the rate-limiting step for the permeability of small

polar molecules is likely to be the process of crossing the

hydrophobic barrier at the membrane center.

The incorporation of saturating amounts of cholesterol

also creates resistance to the permeation of small hydro-

phobic molecules (like oxygen) across the membrane. To

better illustrate the transport of oxygen and other small

hydrophobic molecules within the lens-lipid membrane

saturated and oversaturated with cholesterol, we con-

structed Fig. 9, in which the inverse of the oxygen trans-

port parameter (which is a measure of resistance to oxygen

permeation [Widomska et al. 2007b]) is plotted as a

function of the position across the lens-lipid cortical and

nuclear membrane of a 2 year old cow. It can be seen that

in the PCD of cortical and nuclear membrane, a rather high

permeability barrier to oxygen transport is located in the

polar headgroup region and, in the hydrophobic region, to

the depth of the ninth carbon, which is approximately

where the rigid steroid-ring structure of cholesterol reaches

into the membrane. Resistance to oxygen permeation in

this region is much higher than resistance in the water

phase. However, resistance to oxygen permeation in the

membrane center is much less than in the water phase and

comparable to the resistance in pure phospholipid mem-

branes (see profile for pure POPC bilayer included in

Fig. 9). Thus, the rate-limiting step for permeation of

small, nonpolar molecules across the membrane (including

molecular oxygen) is likely to be the process of crossing

the rigidity barrier located near the membrane surface

(Raguz et al. 2008, 2009; Widomska et al. 2007b). Similar

conclusions can be made for the PCDs of other lens-lipid

membranes.

These results indicate that the locations of permeation

barriers are different for polar and nonpolar molecules. For

polar molecules, the major resistance to permeation is the

hydrophobic barrier in the central part of the membrane.

For nonpolar molecules, the major resistance to permeation

is the rigidity barrier near the membrane surface. We can

conclude that cholesterol has some functions specific to

lens fiber-cell membranes, which are saturated or oversat-

urated with cholesterol. Since the layers of fiber cells

separate the lens interior from the external environment,

the membrane barrier must be very high to block nonspe-

cific permeation of small molecules across the membrane

into the lens interior. Incorporation of cholesterol into the

membrane serves this purpose well because cholesterol

simultaneously raises the hydrophobic barrier for polar

molecules and increases the rigidity barrier for nonpolar

molecules.

Figure 9 also includes the profile of resistance to oxygen

permeation across the CBD, coexisting with the PCD, in

the nuclear membrane. The resistance to oxygen perme-

ation in this domain is higher than in water and in the

surrounding PCD at all depths. In the membrane center, the

difference between resistance in the CBD and the PCD is

as great as seven times.

Results presented in this review can help us to better

understand the molecular nature of the internal barrier to

diffusion of small molecules that is formed in the human

lens during middle age and is hypothesized to be a key

event in the development of age-related nuclear cataract

(Moffat et al. 1999; Sweeney and Truscott 1998). The

binding of denatured proteins to the fiber-cell membrane as

the mechanism responsible for the barrier (Friedrich and

Truscott 2009) (possibly by occluding membrane pores and

channels) is more probable than a recent hypothesis which

states that changes in membrane lipids with age may be

responsible (Deeley et al. 2010). The latter mechanism was

proposed based on results that revealed that sphingomyelin

levels increased with age in the barrier region, until

reaching a plateau at approximately 40 years of age.

Deeley et al. state that such changes in lipid composition

will have a significant impact on the physical properties of

Fig. 9 Profiles of the resistance to oxygen permeation (the inverse of

the oxygen transport parameter) across the PCD of lens-lipid

membranes made of lipids extracted from the cortex and nucleus of

a 2 year old cow at 35�C are plotted to show the oxygen permeability

barriers. The profile across the CBD that is formed in lens-lipid

membranes made of lipids extracted from a 2 year old cow is also

included. To emphasize the effect of cholesterol, the profile of the

resistance to oxygen permeation across the pure POPC membrane is

shown. The resistance to oxygen permeation in the aqueous phase is

indicated as a broken line. Oxygen transport parameter values were

taken from Fig. 4d, h
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fiber-cell membranes. This contrasts with our conclusion

that membrane properties, including barrier properties, are

independent of phospholipid composition until the mem-

brane is saturated with cholesterol. However, when the

cholesterol concentration is low (*30 mol%), these

membranes (especially those composed of saturated

sphingomyelin) can be very rigid (Borchman et al. 1996;

Kusumi et al. 1986; Wisniewska and Subczynski 2008).

The striking similarity between profiles of the oxygen

transport parameter (Figs. 4e–h and 6d–f) and profiles of

hydrophobicity (Figs. 4a–d and 6a–c) in lens-lipid mem-

branes and model membranes saturated with cholesterol

suggests a possibility for lateral transport of molecular

oxygen and other small, nonpolar molecules along the

inner core of the membrane (parallel to the membrane

surface), which is referred to as ‘‘hydrophobic channeling.’’

As shown in Fig. 9, the resistance to the transport of

oxygen and other small, hydrophobic molecules in the

membrane center is much lower than in the water phase

and the solubility of small, hydrophobic molecules is much

higher (as indicated by the high hydrophobicity in this

region [Figs. 4a–d and 6a–c]). To better illustrate the

phenomenon of hydrophobic channeling in lens-lipid

membranes, we constructed Fig. 10, in which we display

the temperature dependence of the permeability coefficient

for oxygen across the membrane region, where the major

resistance to oxygen permeation is located (from the

membrane surface to the depth of the ninth carbon), and for

the membrane center, where oxygen transport is enhanced

(between the tenth carbons in each leaflet). To compare the

permeability properties of certain membrane regions with

those of water, we display these data as a ratio of oxygen

permeability across the appropriate membrane region to

oxygen permeability across a water layer of the same

thickness. We observed that centers of membranes satu-

rated with cholesterol (both lens lipid and model) can serve

as channels for oxygen transport as they have a much

higher oxygen permeability than water. To escape from

these channels, oxygen has to cross high barriers, with low

oxygen permeability existing on both sides of the mem-

brane. Additionally, the activation energy for oxygen

translational diffusion in the lens-lipid membrane is sig-

nificantly greater in the region where the rigidity barrier is

located than in the membrane center (Raguz et al. 2009).

This supports our hypothesis that in the lens-lipid mem-

brane a high cholesterol content is responsible for creating

hydrophobic channels for oxygen transport parallel to the

membrane surface and, at the same time, a high cholesterol

content is responsible for creating the rigidity barrier to

oxygen transport across the membrane.

Finally, the following question is raised: Is high cho-

lesterol content in the fiber-cell plasma membrane benefi-

cial or harmful to the lens? We addressed this ‘‘conflict’’ of

membrane properties in the paper entitled ‘‘Membranes:

Barriers or Pathways for Oxygen Transport’’ (Subczynski

and Hyde 1998). This conflict is evident in the eye lens,

where the barrier to oxygen transport created by fiber-cell

plasma membranes can be beneficial, helping to maintain

low oxygen partial pressure in the lens nucleus. On the

other hand, the hydrophobic channel makes it possible for

the system of fiber-cell membranes to form conduits for

oxygen molecules from the anterior and posterior surfaces

into the deeper regions of the lens. This phenomenon could

be harmful to the lens, especially when the low oxygen

level around the lens is disturbed. Such an event can occur

after vitrectomy, when the partial pressure of oxygen at the

posterior of the human lens increases to *13 mmHg

(Siegfried et al. 2010). This increase in oxygen partial

pressure is associated with rapid (less than 2 years) opac-

ification of the lens nucleus. Also, in older individuals,

when the structure of the vitreous body breaks down

(Harocopos et al. 2004), decreasing the rate of ascorbate-

dependent oxygen consumption within the vitreous fluid

(Shui et al. 2009), the posterior of the lens is exposed to the

increased oxygen partial pressure (Beebe et al. 2011). In

these conditions, pathways for oxygen transport provided

by the fiber-cell membranous system supply more oxygen

to the lens center, disturbing the delicate balance between

oxygen consumption and oxygen delivery and increasing

Fig. 10 The permeability coefficient for oxygen across a specific

membrane region, P0M(EPR), relative to that across a water layer of

the same thickness as the membrane region, P0W(EPR)—i.e.,

P0M(EPR)/P0W(EPR)—for cortical and nuclear lens-lipid membranes

of a 2 year old cow plotted as a function of temperature. Both

P0M(EPR) and P0W(EPR) were obtained by the EPR method. Open
symbols indicate the membrane region from the membrane surface to

the depth of the ninth carbon (measurements with T-PC, 5-PC, 7-PC

and 9-SASL), and closed symbols indicate the membrane region

between the tenth carbons in each membrane leaflet (measurements

with 10-, 12-, 14- and 16-PC)
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oxygen partial pressure in the lens nucleus, which, as a

consequence, leads to cataract development.

Concluding Remarks

In our opinion, the amount of data collected for lens-lipid

membranes and model membranes saturated and oversatu-

rated with cholesterol is sufficient to determine the signifi-

cant functions of cholesterol and CBDs specific to the

fiber-cell plasma membranes of the eye lens. Mechanisms of

these functions, which manifest themselves through cho-

lesterol-induced changes in the properties and organization

of the lipid bilayer portion of the fiber-cell plasma

membrane, are explained on the molecular level. This was

possible thanks to the abilities of molecular probe methods

(EPR spin labeling) using phospholipid- and cholesterol-

analogue spin labels. The local information coming from the

small nitroxide moiety (attached to a specific position of the

lipid molecules) allowed us to build a fairly complete three-

dimensional dynamic structure of the lens lipid membrane

and to obtain three-dimensional distribution of membrane

properties. In this case, ‘‘three-dimensional’’ means the

ability to get information about the lateral organization of the

membrane (including coexisting domains) and to obtain

membrane properties in each domain as a function of the

third dimension (namely, the membrane depth).

We are aware of the limitations of the conclusions and

hypotheses presented in this review, which were made

based on measurements using lens-lipid membranes

formed from lipids extracted from eye lenses. Intact eye-

lens membranes are loaded with membrane proteins, which

raises questions and concerns as to what extent the con-

clusions presented above can apply. These concerns outline

the future direction of our work, which requires that

experiments are performed with intact membranes and,

possibly, with simple reconstituted membranes made of

lens-lipid extracts and lens-membrane proteins.

Our study of the functions of cholesterol in simple models

should also help us to better understand its functions in intact

membranes. Such steps in the investigation of the properties

and organization of the lipid-bilayer portion of fiber-cell

plasma membranes are necessary. Without this research, it is

not possible to understand clearly the mechanisms by which

intrinsic proteins affect the properties of the lipid bilayer. We

will investigate the properties of the lipid-bilayer portion of

intact lens membranes further; but it is not an easy task, and it

will take some time to clarify existing methodological

problems before results can be obtained with the same con-

fidence we have in our lens-lipid membrane measurements.

However, based on data from the literature and our own

studies, we can predict major changes in the properties of the

lipid-bilayer portion of intact fiber-cell plasma membranes

(which are dense with integral membrane proteins)

compared to the properties of lens-lipid membranes. Lipids

around monomers of integral membrane proteins are more

immobilized than bulk lipids (Jost et al. 1973; Ryba et al.

1987), and even more immobilized are lipids trapped within

aggregates of integral membrane proteins (Ashikawa et al.

1994). Additionally, oxygen permeability across boundary

and bulk lipid domains is strongly reduced (Ashikawa et al.

1994; Kawasaki et al. 2001). Because proteins are nearly

impermeable to oxygen (Altenbach et al. 1994; Subczynski

et al. 1992), the effective oxygen permeability coefficient

across the fiber-cell plasma membrane should be equal to the

oxygen permeability coefficient evaluated for the lipid-

bilayer portion of the membrane multiplied by a factor pro-

portional to the surface area of the lipid-bilayer portion and

divided by the surface area of the entire membrane. Thus, we

can conclude that the intact fiber-cell membrane forms a

significantly greater barrier to oxygen permeation than the

lens-lipid membrane.

At this stage, the conclusions presented here are valid

for model membranes, and our investigations have filled a

gap in membrane research by providing profiles of physical

properties across membranes saturated and oversaturated

with cholesterol. Profiles are also valid for membranes that

contain a small amount of membrane proteins, where the

amount of bulk lipids exceeds the amount of lipids in

immediate contact with proteins.
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