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Abstract. A model of the clastic behavior of a biomem-
brane in response to intercalation of amphiphiles into the
bilayer is developed. This model takes into account the
bilayer couple hypothesis (Sheetz and Singer 1974), and
assumes that incorporation of amphiphiles into one layer
of the membane exerts mechanical work on the elastic
biomembrane. The model accounts for an apparent ex-
perimental discordance noted by several authors: the
variation in area observed upon incorporating am-
phiphiles is smaller by a factor of about 2 than the varia-
tion expected using previous models.
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Introduction

In good qualitative agreement with the bilayer couple
hypothesis (Sheetz and Singer 1974) and geometrical
analysis of red blood cell shape transformations (Beck
1978), intercalation of drugs or exogenous phospholipids
in the outer leaflet of the erythrocyte bilayer results in
echinocytosis (Lange and Slayton 1982; Kuypers et al.
1984; Ferrell et al. 1985; Allan et al. 1989). Conversely,
depletion of the outer layer, or intercalation of am-
phiphiles in the inner layer, produces stomatocytosis
(Isomaa et al. 1987; Rosso et al. 1988; Haest et al. 1981).
However, quantitative assessments have shown that the
expansion (or the constriction) of the treated layer is
not as large as one would expect taking into account
the number of molecules incorporated (or removed),
and the average area per molecule (Ferrell et al. 1985;
Haest et al. 1981; Allan et al. 1989). The authors ob-
served variations in surface area which were half the ex-
pected values. Several explanations have been put for-
ward in the above quoted papers to explain this differ-
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ence. Some of these explanations speculated that choles-
terol redistributed across the bilayer. Other explanations
concern the mechanical properties of the membrane. In
the present paper, we propose a simple mechanical analy-
sis of the membrane elastic response to intercalation (or
depletion) of amphiphiles into the bilayer, which accounts
for the numerical discrepancy between observed and pre-
dicted variations of area.

Theory

We consider that the membrane behaves as if it were made
of two coupled layers. For two coupled layers, bending
(or shape change) is associated with the compression or
dilation of each leaflet. So each layer is described as a
two-dimensional elastic surface, with its own set of elastic
moduli: we shall only make use of the elastic area com-
pressibility moduli K; (K, for the inner layer, and K, for
the outer layer). For the sake of simplicity, we shall focus
our attention on the situation wherein amphiphiles
(drugs, phospholipids or lysophospholipids) are interca-
lated in the outer layer. The results obtained in this case
will easily be transposed to the other situation where
amphiphiles are depleted from the outer layer.

The mechanical work needed to vary the area of each
elastic surface can be written as follows (Evans 1974):

W, =12Ka7; W,=1/2K,0} (1)
where
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So, and S, are respectively the areas of the inner and
the outer leaflet in their unconstrained state, whereas S,
and S, are the actual areas of same leaflets in any given
state.

Intercalation or depletion of amphiphiles in the outer
layer of the bilayer provides an external mechanical work
dW*e*, producing the bending of the membrane and its
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shape change (echinocytosis in the case we are interested
in). This work is due to the change of the unconstrained
outer area S, and can be written:
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The mechanical work dW™° received by the two
leaflets expresses the resistance of the membrane to bend-
ing. It is due to compression (or extension) of their surface
relative to the unconstrained area, and is the following:

ow,

oy

ow.
da, + —2

So1 0o,

dwre = dot, . (4)

So2

The bending of the bilayer as a consequence of the
unconstrained area S,, variation is a purely mechanical
and adiabatic transformation. Therefore, the energy con-
servation leads to a conservation equation for the me-
chanical work wherein external given work must be equal
to received work:
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or, taking (1) into account:

dsS,,
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One may go one step further, by noticing that, since

the two layers are coupled, extension of S,, leads the

membrane to a bending equilibrium state. At this bending
equilibrium, the stresses of each layer must be equal:

K,da, =K,da,.

K o do, + Ko, doa, = — K, o, (0t, +1) (5)

Ko, =K,ua, or
Then, (5) becomes:
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Finally, taking (2) into account, (6) can be written:

%_ K, dS,
S, —K2+K1 Soz

()

Relative variations of the area are on the order of a
few percents: this justifies the infinitesimal notation em-
ployed in (7).

Formula (7) shows that the relative variation of the
outer area dS,/S, is not equal to the relative variation of
the corresponding unconstrained area dS,,/S,,. In the
situation we are interested in, the variation of the uncon-
strained area actually equals the average area per mole-
cule times the number of incorporated, or extracted,
molecules. Thus, we find that, taking into account the
elastic properties of both layers of the membrane, the
variation of the outer layer area is necessarily smaller
than the average area per (added or extracted) molecule
times the number of molecules.

Moreover, if K, =K, we have dS,/S,=1/2 dS;,/S,3,
which is in good agreement with the measurements per-
formed by Ferrell et al. (1985) and by Allan et al. (1989).

Discussion

Several explanations have been put forward in order to
account for the difference between the experimental eval-
uations of the outer leaflet expansion, and the theoretical
estimates based on the cross-sectional area of the inter-
calated molecules. We discuss hereafter two major pro-
posals:

1. The cholesterol hypothesis

It has been suggested (Haest et al. 1981) that cholesterol
translocation could compensate for the imbalance in-
duced by intercalation (or depletion) of amphiphiles in
the outer leaflet. This model is based on the assumption
that the transbilayer movement of cholesterol is very fast
(see Lange et al. 1981). But these data have recently been
challenged (Van Meer 1987). Moreover, a direct study of
the effect of cholesterol on lysolecithin-induced red cell
crenation (Lange and Slayton 1982) showed that the
amount of lysolecithin required for echinocytosis de-
creases as the membrane cholesterol content increases.
One would expect the opposite if cholesterol redistribu-
tion accross the bilayer would occur, and act as a partial
compensatory mechanism for the lysolecithin-induced
excess of the outer leaflet area: the less cholesterol present
in the membrane, the less efficient should be the compen-
sation.

2. The dilation hypothesis

The other main explanation is purely mechanical, involv-
ing an expansion of the inner lipid leaflet in response to
the outer leaflet expansion (Allan et al. 1989). But here,
one must realize that the outer leaflet expansion following
intercalation of amphiphiles is related to an increase of
the unconstrained area S,,, whereas the actual area S, is
likely to increase less than S,,. As for the hypothetical
inner leaflet expansion, it can be related to an increase of
the actual area S, with respect to a fixed S, . In this case,
one would have a, <0 and «, >0, and thus, the tensions
in the two leaflets would have opposite directions. Hence,
a torque would persist, and the bilayer would not be in
mechanical equilibrium. Bending would result, and lead
the membrane to an equilibrium state with both layers
compressed.

Intuitively, if the surface does not extend — or diminish
— as much as it should, elastic compression — or dilation
—may effectively occur, and one must take into accout the
elastic properties of the biomembrane. We have devel-
oped a model of elastic response of a biomembrane to
amphiphiles intercalation, which resolves quantitatively
experimental discordances in the above cited publica-
tions. The present model allows us to make some consid-
erations on an hypothetic mechanical asymmetry in bio-
logical membrane, on its consequences and its origin.



3. The bilayer elastic response

In our model, the bilayer couple hypothesis is expressed
by the equilibrium condition K, o; =K, «,. This condi-
tion expresses equality between the tensions 7', and T, of
the two layers, which is the definition of mechanical equi-
librium between two coupled layers related by shape
changes: this is the bending equilibrium state. Then we
write the external mechanical work received by the bilay-
er because of amphiphiles incorporation into a leaflet.
Writing the energy conservation equation as an equality
between received and external work, and introducing the
bilayer couple hypothesis leads us to show that when S,
is increased by intercalation of amphiphiles, then both o,
and o, are negative, namely both leaflets are compressed
with respect to their unconstrained area. Depletion of the
outer leaflet and decrease of .S, would rather lead to o,
and o, positive and to an expansion with respect to the
unconstrained area.

This model allows us to give a quantitative answer to
the publications mentioning a discrepancy of about 2
between dS,,/S,, (the expected value of area variation)
and d5,/S, (the observed value). Assuming K, =K, and
introducing this condition in (7), one finds: dS,/S, =(1/2)
dS,./Sy, » which is the result obtained in the experiments,
account being taken of the inaccuracies.

4. A putative mechanical asymmetry

Moreover, if one considers the fact that in the quoted
experiments the factor is not exactly equal to 2, our model
provides the possibility of estimating a putative mechan-
ical asymmetry of compressibility moduli across the
membrane. The asymmetric transverse repartition of the
phospholipids is already known to involve physical
asymmetric properties across the bilayer: this is the case
for the lateral diffusion of phospholipids in the membrane
which is faster by about a factor 5 in the inner layer than
in the outer layer of the red blood cell membrane (For a
review see Zachowski and Devaux 1989). Such an asym-
metry could be the cause of differences in the elastic phys-
ical properties between the two layers. It has been shown
in model membranes that there is a close correlation be-
tween phospholipid composition and elastic compression
moduli (Evans and Needham 1987). Each layer, charac-
terized by its own phospholipid composition, could con-
sequently have its own elastic behavior, and thus different
elastic moduli K, and K,.

Deuling and Helfrich have pointed out that such an
asymmetry may play a role in the spontaneous curvature
of the membrane (Deuling and Helfrich 1976). Also it has
been shown theoretically, with a bending energy minimi-
sation method (Svetina and Zeks 1989), that the value of
the difference between external area of the two layers can
be correlated to some red blood cell shape changes, like
discocyte or cup formation. A similar hypothesis has been
put forward to explain vesicle shape changes (Sackmann
et al. 1986).

Thus, one could imagine that mechanical asymmetry
could control changes in membrane curvatures, and pos-
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sibly play a role in phenomena involving local shape
changes which are involved in the early stage of endocyto-
sis. In conclusion, modulation of the difference in area
between the inner and outer layers of eukaryotic cell
membranes via the putative aminophospholipid translo-
case may play an important physiological role (Devaux
1990).

The mechanical asymmetry could either be purely re-
lated to the properties of the lipid bilayer or involve the
cytoskeleton. As an instance of the second case, one can
consider an experiment (Haest et al. 1980) wherein the
addition of diamide cross-links the spectrin network and
decreases its compliance, increasing the K, value. In this
situation, the effective area variation under amphiphile
depletion of the outer layer (dS,/S,) tends to 0. Using
formula (7) with K, > K, leads to the same result. Our
model, taking into account the elastic asymmetry is, thus,
in good agreement with this diamide experiment too,
where the cytoskeleton is involved as the internal layer.
Noticing that echinocytic shape change can be conceptu-
alised as an expansion of the bilayer in respect to the
cytoskeleton, properties of the cytoskeleton may also be
involved in mechanical asymmetry for such a transforma-
tion.

A consequence of our model is that shape changes
induced by incorporation or depletion of amphiphiles re-
spectively lead the membrane to a compressed or dilated
equilibrium state. Consequently, the surface tension of
the membrane should be non-zero. A non-zero tension is
known to inhibit flickering phenomenon, the thermal
fluctuations of the membrane (Brochard and Lennon
1975). According to our model, shape change should then
imply inhibition of flickering. However, because of the
very low value of the bending elastic modulus — about
1072° N - m - tensions due to bending are probably to
small to involve any detectable inhibition of flickering.
This could be the reason why the discocyte-echinocyte
shape transformation does not experimentally exhibit
any inhibition of the flickering (Zeman et al. 1990).
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