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Summary

The influence of cholesterol on simple and facilitated transport processes
across the membrane of intact human erythrocytes was studied after graded
depletion or enrichment of membrane cholesterol by incubation of the cells in
phospholipid or phospholipid/cholesterol suspensions.

1. The carrier-mediated transfer of L-lactate and of L-arabinose proved to be
enhanced by cholesterol. In the case of L-lactate, a decrease in K,,, seems to be
involved in this effect. In contrast, the self-exchange of SO?~, mediated by the
inorganic anion-exchange system, and the simple diffusion of erythritol via the
lipid phase of the membrane are inhibited by cholesterol.

2. Reversibility of these two opposite effects of cholesterol was demon-
strated by measurements on cells depleted again after cholesterol enrichment
and enriched again after previous depletion.

3. Certain phospholipids used for preparing the lipid dispersions that are
required for cholesterol variation have effects on permeability of their own,
due, for example, to traces of contaminants. A discrimination of such artifacts
from the effects of cholesterol is only possible by demonstrating reversibility.

4. The opposite effects of cholesterol on various facilitated transfer pro-
cesses, which have a correlation in the opposite effects of other modifications
of the membrane lipid phase (Deuticke, B., Grunze, M. and Haest, C.W.M.
(1979) Alfred Benzon Symposium 14, Munksgaard, Copenhagen, in the press),
are indicative of different types of lipid-protein interaction in the erythro-
cyte membrane.

* Present address: Medizinische Klinik, Universitat Heidelberg, D-6900 Heidelberg, F.R.G.



861

Introduction

The functional significance of cholesterol, a major constituent of the lipid
domain of biomembranes, has aroused the interest of biologists for a long
time. Numerous studies applying physical techniques have established that
cholesterol modulates the structure and dynamic properties of the lipid part of
membranes [1].

The relevance of cholesterol in terms of permeability became evident from
studies on model systems and biological membranes, e.g., of micro-organisms
and erythrocytes. In these systems cholesterol reduces the simple non-elec-
trolyte permeability of the lipid domain at physiological temperatures [2—4].
This effect has been attributed either to a decrease in membrane fluidity or
to a ‘tightening’ of the ‘hydrogen belt’ which has been claimed to form the
rate-limiting barrier for solutes penetrating the membrane via the lipid part of
the membrane [5]. These cholesterol-induced changes of non-electrolyte
transfer are reversible, as could be demonstrated in studies using erythro-
cytes [6].

The permeation of lipophilic ions through model membranes is also affected
by the presence of cholesterol: anion conductance is enhanced and cation
conductance inhibited [7,8]. These opposite effects of cholesterol have been
ascribed to cholesterol-induced changes of the dipole potential at the mem-
brane interface.

In contrast to the fairly well characterized effects of cholesterol on ‘trans-
lipid’ diffusion of non-electrolytes, the influence of cholesterol on protein-
mediated facilitated transport processes has only been studied to a limited
extent. Certain facilitated diffusion processes across the erythrocyte mem-
brane were reported to be enhanced by the removal of cholesterol [9], while
others proved to be inhibited [9]. The ouabain-sensitive active transport of
K' and Na' was shown to be enhanced by cholesterol depletion [10,11]
while cholesterol enrichment had no effect on this process. On the other
hand, the ouabain-insensitive, furosemide-sensitive cotransport of Na' and
K’ is inhibited by cholesterol enrichment [12].

In order to gain further insight into the influence of cholesterol on protein-
mediated transport processes we have now studied the self-exchange of SOZ-,
L-lactate and L-arabinose in erythrocytes after experimental variation of mem-
brane cholesterol.

The two anions penetrate via two different transport systems [3,13,14]
which might sense changes of membrane fluidity or of interfacial dipole poten-
tial induced by changes of cholesterol content. L-Arabinose transfer occurs
via the common monosaccharide carrier [15] which has been claimed, on the
basis of net flux measurements, to be inhibited after extensive cholesterol
depletion [8,16] but to be enhanced by lower extents of depletion [16].

In our investigation the reversibility of the cholesterol-induced changes of
transport processes served as a criterion for the causal involvement of choles-
terol in the effects observed.
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Materials and Methods

Materials

Human blood was obtained from the local blood bank and anticoagulated
by heparin. Lipids used for cholesterol depletion and cholesterol enrichment
were: cholesterol (Sigma, Artic. No. CH-S, or Merck, Artic. No. 24622),
dipalmitoyl phosphatidylcholine (DPPC) (Sigma, Artic. No. P 6138), purified
egg lecithin (Sigma, Artic. No. P 5763) and commercial grade egg lecithin
(Sigma, Artic. No. P 8640). All other chemicals used were of analytical grade.

Incubation procedures

Erythrocytes were washed three times in 154 mM NaCl prior to incubation.
Variation of membrane cholesterol was achieved, following a procedure
described before [4] by incubating red cells at 37°C (hematocrit 10%) in
suspensions of sonicated lipids in a saline medium of the following composi-
tion: KCl 100 mM, NaCl 50 mM, sucrose 40 mM, NaH,PO,/Na,HPO, 12.5
mM, glucose 5 mM (medium A). The standard phospholipid concentration was
2 mg/ml, cholesterol concentration was varied from 0 to 3 mg/ml depending on
the extent of cholesterol depletion or enrichment intended. Incubation times
varied from 18 to 60 h. To prevent bacterial growth, penicillin (8 mg/100 ml)
and streptomycin (30 mg/100 ml) were added. Subsequently, various transport
processes were studied under equilibrium conditions by measuring tracer back-
exchange from preloaded cells as described previously [12]. The media used
had the following composition: KCl 100 mM, NaCl 50 mM, Na,HPO,/
NaH,PO, 6 mM, glucose 5 mM, and test substance as given in the figure legends
(Medium B). For experiments on L-arabinose transfer, glucose-free medium
B was used. Cells pre-incubated in saline media for corresponding time periods
served as controls,

Lipid determinations

Washed erythrocytes were hemolysed with 2 vols. of water, the hemoglobin
content of the hemolysate determined and 2 ml of the hemolysate extracted
with chloroform/isopropanol [17]. A precisely measured amount of cis-
androstane (Sigma, Artic. No. A-9755), which served as internal standard for
cholesterol determinations, was added to the extract. Lipid phosphorus was
determined [18] in an aliquot of the extract after removal of non-lipid phos-
phorus from the extract [19].

Cholesterol was determined by gas-liquid chromatography using a Packard
Becker 419 chromatograph equipped with a 1.5 m, 2 mm inner diameter glass
column filled with 2% QF1 (WGA, Diisseldorf) on Gas Chrom Q (oven tem-
perature 225°C; carrier gas, N,; flame ionization detector). Calculations were
carried out on the basis of an internal standard procedure, using an automatic
integrator for peak area measurements (Minigrator, Spectra Physics).

The cholesterol-to-phospholipid ratio of the normal erythrocyte membrane
determined by this procedure was 0.7 + 0.07 (n = 6). A set of determinations
was also carried out by using the Lieberman-Burchardt method [20]. Values
obtained with this colorimetric assay were approx. 10% higher than those
obtained by gas-liquid chromatography due to a nonspecific reaction between
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the extract and the colour reagent. This finding and our cholesterol-to-phos-
pholipid ratio are in agreement with recent observations of Johnson [21]. The
cholesterol-to-phospholipid ratio of the erythrocyte membrane is thus appar-
ently lower than claimed previously.

Results

Studies with dipalmitoy! phosphatidylcholine dispersions

In a first series of experiments the simple, non-mediated permeation of
erythritol was studied as an indicator of permeability changes of the lipid part
of the membrane after cholesterol variation. This process can be investigated
by measuring erythritol exchange in the presence of cytochalasin B or other
inhibitors of monosaccharide transfer, which completely block the mediated
component of erythritol transfer. For pertinent evidence concerning this
notion see Ref.3. Non-mediated non-electrolyte permeability served as a
reference for the subsequent study of the influence of cholesterol on protein-
mediated transfer processes.

Simple erythritol permeability proved to be enhanced by cholesterol deple-
tion and slightly reduced by cholesterol enrichment, in agreement with previ-
ous findings in porcine and bovine erythrocytes [4,6]. As is evident from
Fig. 1A, cholesterol depletion to 0.5 (arbitrary units relative to control) results
in an enhancement of transfer to approx. 1.4 (arbitrary units relative to con-
trol), whereas cholesterol enrichment to 1.9 only causes a diminution of the
transfer rate to 0.75. These changes are not due to an alteration of the affinity
of the monosaccharide carrier for cytochalasin B, since they were also observed
at much higher concentrations of the inhibitor (data not shown).

The cholesterol-induced changes of non-electrolyte transfer via the lipid
phase are reversible. If, for instance, cells were first enriched with cholesterol
to 1.75 and then depleted again to 1.15 in a subsequent incubation, the rate
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Fig. 1. Cholesterol dependence of membrane transport processes in human erythrocytes. Experimental
variation of cholesterol and r ts of equilibrium exchange were carried out as described in
Materials and Methods. Data are given in arbitrary units, relative to the controls. (A) m-Erythritol 5 mM,
35°C, pH 7.35 + cytochalasin B 1 - 10~5 M; (B) sulfate 5 mM, 35°C, PH 7.35; (C) L-arabinose 5 mM,
10°C, pH 7.35; (D) L-lactate 5mM, 10°C, pH 7.35.
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of transfer increased from 0.8 to 0.91. On the other hand, cells first depleted
to 0.45 had an erythritol transfer rate of 1.4, which after subsequent enrich-
ment of cholesterol to 1.54 shifted to a transfer rate of 0.85 (see Fig. 2A).

The major set of experiments dealt with facilitated transport processes.
SO2%~ was studied as a probe for the inorganic anion-exchange system which is
supposed to be localized in the major intrinsic membrane-spanning protein,
band 3, according to the nomenclature of Steck [22]. SO}  self-exchange
depends on membrane cholesterol level as shown in Fig. 1B. Cholesterol enrich-
ment has an inhibitory effect, cholesterol depletion enhances SO3" transfer. In
the range between cholesterol depletion to 0.5 and cholesterol enrichment to
2.0, a linear relationship is evident between the rate of SO}~ exchange and the
cholesterol content of the membrane. Fluxes are reduced to 0.65 at a choles-
terol level of 2.0, while flux acceleration reaches a value of 1.15—1.2 at a cho-
lesterol level of 0.5. Qualitatively, these results agree with those observed for
the simple, non-mediated transfer of erythritol. Quantitatively, however, there
is a difference between the two, since SO?” exchange depends on membrane
cholesterol in a linear fashion while erythritol permeability changes non-
linearly with membrane cholesterol. Cholesterol-induced changes of SO%~
transfer are reversible like those of erythritol transfer (Fig. 2B).

Essentially similar results, namely enhancement by cholesterol depletion
and inhibition by cholesterol enrichment, were obtained for the transfer of
oxalate, a divalent organic anion penetrating the human erythrocyte mem-
brane via the anion-exchange system [23]. Increasing the cholesterol content
from 0.45 to 1.8 decreases the rate of equilibrium exchange by a factor of
about 2 (mean value from four experiments). The transfer of oxalate was
measured at 10°C to allow comparison with the solutes studled in the follow-
ing experiments.

In contrast to the effects of cholesterol on SO;™ and oxalate exchange, the
mediated transfer of L-arabinose is inhibited reversibly by cholesterol depletion
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Fig. 2. Reversal of cholesterol-induced changes of permeability. Fluxes were measured on the same
batch of cells after enrichment (or depletion) and subsequent depletion (or enrichment) of cholesterol.
Further experimental detalls as in Fig. 1; data from one representative experiment out of a series of
four. The dashed line corresponds to the line drawn in Fig, 1.
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and enhanced by cholesterol enrichment (Figs. 1C and 2C). At a cholesterol
level of 0.5, fluxes are decreased to 0.7—0.8, while cholesterol enrichment
to 2.0 enhances the transfer to 1.2—1.3.

The monovalent organic anion, L-lactate, has been shown to penetrate the
erythrocyte membrane predominantly via a specialized, SH-dependent mono-
carboxylate carrier which exhibits Michaelis-Menten kinetics. Only some 5% of
the transfer involves the inorganic anion-exchange system, while approx. 2—3%
penetrates by simple non-ionic diffusion via the lipid phase of the membrane
under the prevailing experimental conditions [14]. According to the data
shown in Fig. 1D, cholesterol depletion inhibits L-lactate transfer, while cho-
lesterol enrichment has essentially no effect. Cholesterol depletion to 0.5
results in a reduction of lactate transfer to approx. 0.65. The results of a
typical experiment carried out to demonstrate the reversibility of this phenom-
enon are shown in Fig. 2D.

In order to decide whether changes of affinity or changes of maximal trans-
port rates (V) are responsible for the alteration of L-lactate transfer after
cholesterol depletion, the concentration dependence of L-lactate equilibrium
exchange was studied in a series of experiments on cells of different choles-
terol content. The data obtained were evaluated according to the procedures
of Eadie and Hofstee [24] and of Eisenthal and Cornish-Bowden [25]. In
spite of a considerable scatter of the data, which is probably due to the pro-
longed incubation of the cells necessary for cholesterol depletion, it seems
likely (Fig. 3) that the K, value increases with decreasing cholesterol content
and is therefore responsible for the observed inhibition of transfer. Changes
of V observed were smaller and of varying extent. No consistent evidence
for an involvement of this parameter could be obtained.
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Fig. 3. Influence of variation of membrane cholesterol on the Ky, value of L-lactate equilibrium exchange.
Cholesterol variation and measurements of equilibrium exchange as described in Materials and Methods.
Lactate concentrations: 5, 10, 20, 36, 70 and 140 mM; 10°C, pH 7.35. 150 uM 4,4’ dinitrostilbene-
2,2'-disulfonate were added in order to inhibit lactate exchange via the inorganic anion-exchange system.
Data were evaluated according to the method of Eisenthal and Cornish-Bowden {256] by computer analy-
sis. Experiments on erythrocytes from the same donor are connected by the lines.

Fig. 4. Comparison between the cholesterol dependence of L-lactate transfer after cholesterol variation
by treatment with dipalmitoyl phosphatidylcholine (dashed lines) and egg lecithin dispersions (data
points). For details see text,
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Studies with egg lecithin dispersions

In a number of experiments egg lecithin was used instead of DPPC for
cholesterol depletion and enrichment. All other conditions were as in the
experiments in which DPPC was used for preparing the lipid dispersions. In
the case of arabinose transfer, the results obtained with egg lecithin dispersions
were not different from those obtained with DPPC. In the case of SO%™ and
lactate transfer, however, differences were observed. SO?” equilibrium
exchange lost its cholesterol dependence when cholesterol was varied by treat-
ment with egg lecithin. L-Lactate exchange, on the other hand, seemed to be
more sensitive to changes of cholesterol under these conditions (Fig. 4). Other
than in the case of changes produced by DPPC suspensions, these alterations
of lactate transfer were not reversible upon enrichment again with cholesterol
and are therefore obviously not due to changes of cholesterol levels.

Discussion

The data reported in this paper clearly show that variation of membrane
cholesterol reversibly alters simple and facilitated diffusion processes in human
erythrocytes. The findings for simple diffusion via the lipid phase are in line
with data for model systems [1,2], micro-organisms [2,3] and porcine and
bovine erythrocytes [4,6]. Concerning protein-mediated, facilitated transport
processes, effects of cholesterol have previously been reported only for certain
non-electrolytes [9] and for cations [9—12]. Our study adds anion transfer
to the list of cholesterol-sensitive transport phenomena and demonstrates
selectivity in the influence of cholesterol, since even the two different anion-
transfer systems of the erythrocyte membrane respond in opposite directions
to the variation of cholesterol.

The reversibility of the transfer changes unequivocally relates the effects
observed to an influence of cholesterol and excludes an involvement of mem-
brane alterations caused by the procedure required for changing membrane
cholesterol, but independent of cholesterol variation per se. Demonstration of
reversibility is mandatory in experiments on the effects of cholesterol, since
it has been demonstrated that incubation of erythrocytes in phospholipid
dispersions (liposomes), the most common method to achieve cholesterol
variation, may cause extraction of other membrane constituents, e.g., proteins,
and thereby interfere with membrane permeability [26,27]. Furthermore,
any constituent of the liposomes which is exchangeable between cells and lipo-
somes may be delivered to the cells and have effects of its own. This phenom-
enon has been used to alter the sterol pattern of erythrocytes [28] or to
insert long chain fatty acids and long chain alcohols into cells (Grunze, M.
and Deuticke, B., unpublished results). In analogy, contaminants of phospho-
lipid liposomes, such as traces of fatty acids or lysolecithin, known to inhibit
L-lactate transfer [14], may contribute to the lack of reversibility of the
transfer changes in egg lecithin-treated cells. This interpretation is supported
by our observation that treatment of such cells with albumin, known to extract
fatty acids and lysolecithin from the membrane [14,29], partially restored
L-lactate transfer (data not shown).

Before discussing molecular events which might underlie the effects of
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cholesterol, it should be emphasized that the transport changes induced by
cholesterol in the erythrocyte membrane are small in relation to the pro-
nounced changes of the composition of the lipid phase of the membrane.
A 4-fold change of the cholesterol level from 45 to 190% of the normal value
only alters the permeability of the lipid phase by a factor of 2, effects on pro-
tein-mediated transport processes are even smaller. Nevertheless, transpert
properties may be a very sensitive indicator for direct or indirect interactions
between cholesterol and erythrocyte membrane proteins that were not
detected by other experimental approaches [30—32].

A number of phenomena may underlie the influence of cholesterol on
transport functions. In the case of ‘trans-lipid’ permeation, for which passage
through the interface or through the core of the membrane is rate limiting,
cholesterol could act, in principle, via a decrease in the fluidity of the hydro-
phobic core [33], or an increase in rigidity of the interfacial ‘hydrogen belt’
[5]. Membrane ‘microviscosity’, which is a measure of the fluidity of the core
as well as of the rigidity of the hydrogen belt [34], increases by a factor of
2 when cholesterol is raised from 50 to 150% of its normal value [33]. This
change correlates well with that of erythritol permeability, Moreover, from the
inverse Stokes-Einstein relationship between viscosity and diffusion coefficient,
a non-linear dependence of trans-lipid permeation on cholesterol content is
predicted, in agreement with the data in Fig. 1A.

As a further alternative, a cholesterol-induced increase in the thickness of
the phospholipid bilayer [35] could affect permeability.

Protein-mediated, facilitated transport systems are influenced by cholesterol
in a dual way. The carrier systems for monocarboxylates (L-lactate) and mono-
saccharides (L-arabinose) are activated by cholesterol and thus respond in a
direction opposite to that observed for the inorganic anion-exchange system
(SO%", oxalate) which is inhibited by cholesterol. From these results and the
data already available on effects of cholesterol on mediated transport systems
in the erythrocyte membrane, the scheme given in Table I emerges. No corre-
lation can be established between the direction of the cholesterol dependence
of a transport process and any other of its properties, or the chemical nature
of its substrate. The opposite action of cholesterol on different protein-medi-
ated transport systems has a correlation in its effects on membrane enzymes,
which can be inhibited [36—38] or activated [39,40] by the sterol.

In terms of enzyme kinetics, the influence of cholesterol on transport

TABLE I

INFLUENCE OF CHOLESTEROL ON PROTEIN-MEDIATED TRANSPORT PROCESSES IN THE
ERYTHROCYTE MEMBRANE

Inhil?ited Ref. Activated Ref,
Inorganic anion exchange This work Monosaccharide transfer (9,16; and this work)
Cation leak fluxes (10) Monocarboxylate transfer This work
Quabain-insensitive, furosemide- Choline transport 9)

sensitive (Na*, K")-cotransport (12) Thiourea transfer )
Ouabain-sensitive Na* transport (11)

Leucine transfer 9)
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systems may result from changes of affinity, of maximal transport rates, or
both, which could even lead to a compensation. In the case of L-lactate, cho-
lesterol depletion seems to lower the affinity of the carrier for its substrate
(Fig. 3). For the transport systems studied by other authors (see Table I),
changes of affinity as well as of maximal transport rates were reported without
any relationship to the direction of cholesterol dependence.

The cholesterol sensitivity of protein-mediated transport systems can be
caused by a number of mechanisms. Besides direct cholesterol-protein interac-
tions [41—43], cholesterol-induced changes of the physical state of lipids
which are sensed by the protein have to be considered. The following observa-
tions and hypotheses support the possibility of such an indirect action. (1)
Changes of membrane ‘microviscosity’ apparently influence the conformation
of membrane proteins [44,45] and may account for effects of cholesterol
on transport ATPases [36—38]. (2) Kinetic constants of enzymes are influ-
enced by the viscosity and the polarity of their environment [46,47]. (3) The
dipole potential at a phospholipid interface, which increases in the presence
of cholesterol [8], has been shown to influence carrier-mediated transport
through artificial lipid bilayers [48]. (4) Proteins have been claimed [5] to
sense changes in the ‘hydrogen belt’ at the membrane interface.

Studies using other techniques of modifying the membrane lipid phase,
such as phospholipid degradation by phospholipase A, [53], as well as experi-
mental insertion of the split products of this treatment into the membrane
[14], have also revealed differences in the extent and the direction of the
response of the transport systems studied here. A different reaction of protein-
mediated transport functions to modification of one particular membrane
lipid constituent may thus be a more general phenomenon.
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