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1. Introduction

Both the exchange of cholesterol between erythro-
cytes and plasma lipoproteins, and the depletion of
erythrocyte cholesterol in the presence of plasma of
lowered cholesterol content have been extensively
studied over the last 25 years ([1-11], reviewed [12]).
The results obtained are sometimes different from
one study to the other. For instance it has been
reported that only a fraction of total cholesterol is
exchangeable in pig and rat erythrocytes [6,8]. How-
ever in the other studies, it is generally shown that all
erythrocyte cholesterol is available for exchange
[1,3—5,7,9] and that this exchange proceeds with a
single rate constant, i.e., that all cholesterol molecules
behave as a single kinetic pool {1,5,9]. Another
interesting characteristic is the fact that cholesterol
can be partially removed from the erythrocyte mem-
brane and that this second process, depletion, exhibits
the same rate constant as does exchange [10].

Here we have studied exchange and depletion of
human erythrocyte cholesterol using unilamellar
lipid vesicles, a method first proposed [13] and
further used [14—16). Over a wide range of vesicle
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concentrations, complete exchange of erythrocyte
cholesterol with a single rate constant was observed.
The same rate constants were found for both
exchange and depletion. But, the value of the rate
constant for both processes was markedly dependent
on the vesicle concentration. These results are
explained assuming that cholesterol transfers occur
through collisions between cells and vesicles.

2. Materials and methods

7(n)-[*H] Cholesterol was purchased from CEA
(France), [choline-methyl-*C]dipalmitoylphospha-
tidylcholine and glycerol-tri 9—10 (n)-[*Hloleate
from the Radiochemical Centre (Amersham). Egg
phosphatidylcholine (Fraction VE) and cholesterol
were obtained from Sigma. Unilamellar egg PC and
PC-C vesicles were prepared in PBS (for composition
see [16]) by probe sonication and ultracentrifugation
as in [16]. Human erythrocytes obtained from fresh
blood under heparin, were washed 3 times with PBS
before use. Cell-vesicle incubations were at 37°C
under gentle agitation. Cholesterol exchange experi-
ments were done with PC-C vesicles labelled with
[3H]cholesterol and [**C]DPPC (C/P=0.9) at
0.1—-6 mM PC, incubated for 24 h with erythrocytes
at 3-30 X 107 cells .ml~'. At different time inter-
vals, samples were centrifuged and aliquots of the
supernatant (vesicles) and of the erythrocytes, after
3 washes, were taken for scintillation counting.
[*C]DPPC was used as a marker of the vesicles to
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measure their uptake by the cells and to make the
corresponding correction on the cell radioactivity,
and to measure the vesicle recovery in the super-
natant, In two experiments carried out at 6 vesicle
concentrations, the recovery of ['*C]DPPC was
compared to that of [°H] Triolein (the usual non-
exchangeable marker of the vesicles). Cholesterol
depletion experiments were done with PC vesicles
(04—11 mM PC, 50—170 X 107 cells .m1™!) for
2—7 h so that the depletion was < 40% and the
extent of hemolysis was very low. At different time
intervals, samples were centrifuged and erythro-
cytes were washed 3 times. Their cholesterol content
was measured as previously {16] and expressed as
their C/P assuming that their phospholipid content
did not change [14,15].

The rate contant for cholesterol depletion (k)
was calculated according to the model proposed [10]
in which the unidirectional flux of cholesterol from
cell to vesicles is proportional to the cell (C/P), until
a C/P equilibrium is reached ((C/P) ,):

(C/P), = (C/P), at time O
and

(C/P), = (C/P).. at time o

The classical formulae for such a two-closed compart-
ment system were used to calculate the apparent rate
constant (k, + k) the sum of the actual rate con-
stant in each direction (cells to vesicles, k ; vesicles to
cells, k. ):

Log [(C/P); - (C/P).] =

Log [(C/P)y — (C/P)] — (kpy + Ky ) t )
(C/P)., is calculated from: (C/P),. =

(C/P), . P,/ +P,) )

in which P, and P, are, respectively, the phospho-
lipid content of cells and vesicles, and k., is given by:

koy = (koy + kye) - (1= (C/P).[(C/P), ] 3)
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The rate constant for cholesterol exchange was
calculated in similar way but with the simplification
that the cholesterol specific activity of the vesicles
(a,) remains constant during the incubation (see
fig.1b). This was due to the fact that the vesicles/cell
cholesterol pool ratio was always between 50 and
100:

Log (ay —a.y) = Loga, — k.t 4)

where a; is the cholesterol specific activity of the cells
at time ¢.

3. Results

3.1. Vesicle uptake by erythrocytes: kinetics and
concentration dependence

Figure 1a shows the time-course of DPPC and
cholesterol uptake by the cells, when incubated with
([*C]DPPC + [*H]cholesterol) PC-C vesicles. The
vesicle uptake, estimated from the DPPC uptake,
increased along a near saturable function. The time
required to reach the maximal value, and the value
itself, were dependent on the vesicle concentration.
This is illustrated by the results of the recovery
experiments shown in table 1. At low vesicle con-
centrations, the vesicle recover in the supernatant
(R) was not changed between 15 min and 24 h. At
high concentrations of vesicles, Ry, 5, Was signifi-
cantly lower than R 5 ..., indicating that more
vesicles become cell-associated with time. The uptake
also increased with the vesicle concentration since
~10% of the vesicles were taken by the cells at all
concentrations tested. Thus, in all conditions the
vesicle concentration at the cell surface was always
higher than that in the medium. In two further experi-
ments carried out with [*H] Triolein + [**C]DPPC
PC-C vesicles at 6 concentrations, the recovery of
[**CIDPPC was compared to that of [*H] Triolein
(non-exchangeable lipid). The **C/*H ratio did not
change during the course of incubation (see values in
parentheses in table 1) suggesting that under our
experimental conditions, the exchange of [**C]DPPC
with the cell phopholipids is negligible compared to
the uptake of vesicles by the cells and obviously with
the exchange of cholesterol.
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Fig.1.Exchange experiment: erythrocytes(8 X 107 cells.ml™!
were incubated with (['*C]DPPC + [*H]C) PC-C vesicles

(1.9 mM PC, C/P = 0.9, *H/*C = 1). At different time
intervals, samples were centrifuged at 12 000 X g for 1.5 min.
Aliquots of supernatant were taken for counting. The cell
pellet was washed 3 times with PBS and counted. (a) (0) *H
radioactivity of the pellet; (¢) *C radioactivity of the pellet.
(b) ay, Vesicle cholesterol specific activity; a, cell cholesterol
specific activity. The plot Log (a, — @) as a function of the
time is used to calculate (K, + kyc) and then oy (see
section 2).

3.2. Cholesterol transfers from erythrocytes to vesicle
depletion and exchange. Kinetics and concentra-
tion dependence

Incubation of erythrocytes with PC-C vesicles

(molar ratio C/P = 0.9) results in an exchange without

any net movement of cholesterol between cells and

vesicles. Incubation with PC vesicles (C/P = 0) causes

a net flux of cholesterol from the cells to the vesicles

until an equal C/P is reached in the two membranes

(see section 2). In exchange experiments, the cho-
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Table 1

Vesicle recovery: time and concentration dependence
Vi 15 min 24h
mM PC “*C/°H R “CfH R “Cf*H
0.06(1.13) 0.94 (1.09) 0.93 (1.10)
0.12(1.19) 0.96(1.13) 093117
0.54 (1.20) 098 (1.13) 0.89 (1.16)
1.10 (1.15) 0.99 (1.14) 0.88 (1.13)
2.80(1.14) 0.99 (1.15) 091(1.18)
5.55(1.14) 0.99 (1.17) 0.90 (1.17)

Erythrocytes (10 X 107 cells .ml~! were incubated with ([ '*C}-
DPPC) PCC vesicles (1 expt) or ([ *C]DPPC + [ *H] Triolein)
PCLC vesicles (2 expt) at different concentrations {V']. At the
time indicated, samples were centrifuged at 12 000 X g for
1.5 min and the concentration of radioactive vesicles was mea-
sured in the supernatant [V']. Theratio [V'}/[V] isdefined as
the recovery (R). R values are means of triplicates in 3 differ-
ent experiments. SD on R were always < 0.015 (not shown).
Values in parentheses (mean of triplicates in 2 different
experiments) are the **C/°H ratios of the vesicle suspensions.
Their constancy during the incubation suggests that in our
experimental conditions the possible exchange of ['*C]DPPC
with cell phospholipids is negligible as compared to the
uptake of the vesicles by the cells

lesterol specific activities of the cells (¢,) and of the
vesicles (2,) were equal after 24 h incubation (fig.1b).
The plot of Log (a, — @) as a function of time gave

a straight line (fig.1b). These results show that at
physiological and constant C/P, all cholesterol of the
cell membrane is exchangeable with that of artificial
membranes as 4 single pool. Similarly in depletion
experiments (up to 40%) the plot of the Log [(C/P), —
(C/P),.] as a function of time gave straight lines
(results not shown). Therefore both processes,
exchange and depletion (at least for the first 40% of
depletion) affect the same kinetically homogeneous
pool of membrane cholesterol in erythrocytes as already
demonstrated in the same cells incubated with plasma
[10]. These experiments were carried out over a very
large range of vesicle concentrations, from 0.1—6 mM
PC for exchange and 0.4—11 mM PC for depletion.
Again, at all concentrations tested, total exchange
and monoexponential kinetics were observed. But the
value of the actual rate constant of the cholesterol
efflux from erythrocyte (k) was found to be depen-
dent on the vesicle concentration [V]. Figure 2 shows
the effect of a 110-fold increase in the vesicle con-
centration on K ,: the k., — [V'] function first
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Fig.2. Rate constant of cholesterol transfers (kcv) from
erythrocytes to vesicles as a function of the vesicle concentra-
tion [V]. () Cholesterol exchange (PC-C vesicles, C/P = 0.9),
(o) cholesterol depletion (PC vesicles). The rate constants for
cholesterol depletion concern experiments in which the
maximal depletion was < 40% of the initial cholesterol con-
tent. Each point represents an individual experiment. k, for
exchange and depletion was calculated as outlined in section 2.
In one depletion experiment the rate constant (0.3 h™') was
higher than the mean value of the plateau. The point is not
shown on the figure. It does not significantly modify the
mean plateau value calculated on 13 exp.

increased with [V'], then saturated when [V'] ~ 2 mM.
For both exchange and depletion the points fell on
the same curve.

4. Discussion

The present experiments carried out with vesicles
show that all cholesterol molecules of the erythro-
cyte membrane are exchangeable and behave as a
single kinetic pool. A similar conclusion was reached
for the cholesterol exchange between erythrocytes
and plasma [1,5,9]. Moreover the maximal value of
cholesterol exchange rate constant found in our
experiments is in good agreement with that reported
when erythrocytes are incubated in plasma: ~ 0.1 h™!
[5,7.9,10]. These findings indicate that these
exchanges do not depend on the nature of the
external receptor.

It has been reported that cholesterol is present
within each leaflet of the bilayer in the erythrocyte
membrane, about 2/3 external and 1/3 internal [17].
Thus a transbilayer movement of cholesterol exists
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which proceeds at a higher rate than that correspond-
ing to the cholesterol exchange with an external
receptor. The observation of such a single pool with
a rate constant of 0.1 h™ (see fig.2) could thus imply
that the rate constant of the transbilayer movement
is markedly higher than 0.1 h~!, This observation is
consistent with the estimate obtained by different
approaches and reported in the same membrane [18]
(k>0.83h"')and [19] (k= 0.69 h™') or for the
sterophenol translocation rate in PC vesicles [20]
(k0.57h7).

The cholesterol depletions affect also an homoge-
neous pool at least for the first 40% removed in our
conditions. However, the maximal depletions
reported are ~60—-70% (C/P=0.3 —0.2) [15]. Since
all cholesterol is exchangeable at C/P = 0.9, these
results indicate that there is a drastic reduction in the
rate of cholesterol transfer when C/P reaches these
values, This may be interpreted as the result of an
increase in the activation energy of the cholesterol
molecules (see below, eq. (5)) which would become
more tightly bound to phospholipids when the C/P
approaches 0.2—0.3. But as far as the first 40% of the
molecules are concerned, the rate constant for
cholesterol depletion is independent of the membrane
cholesterol content. This is also deduced from the
results of exchange and depletion experiments shown
in fig.2. The rate constants for both processes follow
the same relationship over a wide range of vesicle
concentrations.

The simplest hypothesis to explain an interaction
between k., and [V] (see fig.2) is to assume that the
cholesterol transfers occur through collisions between
cells and vesicles. Such a proposal has already been
offered in other studies but was supported by little
experimental evidence [21-24]. A collisional mecha-
nism would imply the number of cholesterol mole-
cules transferred per time unit to be proportional to
the collision frequency. Accordingly the unidirec-
tional cholesterol flux from cells to vesicles at steady-
state (®_,) would obey the Arrhenius equation [25]:

®,,=P.Z. e~ ERT (5)

in which Z is the collision frequency between cells
and vesicles, P a steric factor, E, the activation
energy of the cholesterol molecules and R and T
have their usual meanings. ®, and Z are both
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expressed per time and volume unit. Z is itself pro-
portional to the product of the particle concentra-
tions, vesicies [V] and cells [C]:

Z=q.[V].[C] (6)

a is a factor depending on the particle characteristics
and on the viscosity of the medium. In our condi-
tions ¢,P,R and T are constants. E, is taken as a con-
stant for depletions up to 40%. Thus:

@, =constant . [V] . [C] @)
® ., is also given by:
Doy =key - [C].q (8)

where g, the cholesterol content of a single erythro-
cyte at time 0, is a constant.
Finally:

k.y = constant . [V] ©)

So the collision theory predicts that &, should be
a linear function of [V}, whereas if a collision mecha-
nism was not involved, &, should be independent
of [V]. It is clear that k., depends on [V] but
according to a saturating function (fig.2). When [V]
~ 2 mM PC k_, no longer increases. If the collision
hypothesis is assumed, the saturation of the function
indicates that the frequency of the efficient collisions
responsible for the transfers reaches a limit value.
This limitation, observed at high vesicle concentration,
may be due to a steric hindrance of vesicles at the cell
membrane caused by a contact time of cells with
vesicles greater than the diffusion time of the vesicles
in the surrounding medium. Consistent with this
view, is the fact that the vesicle concentration in the
microenvironment of the cell membrane is greater
than that found in the medium (table 1). Such a
process could occur whether or not there is a limited
number of vesicle-binding sites. Cholesterol transfer
was suggested [12] to occur through the transitory
fusion of the membranes (erythrocytes and
lipoproteins in their model) creating an hydrophobic
channel, where the less polar molecules, i.e.,
cholesterol could diffuse more easily. In such a model
the time of transitory fusion would impose the limit
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to the frequency of efficient collisions, i.e., to the
rate of cholesterol transfers above a certain concentra-
tion of vesicles in the medium.
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