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Abstract

The association of ethanol at physiologically relevant concentrations with lipid bilayers of different lipid composition has
been investigated by use of isothermal titration calorimetry (ITC). The liposomes examined were composed of combinations
of lipids commonly found in neural cell membranes: dimyristoyl phosphatidylcholine (DMPC), ganglioside (GM1),
sphingomyelin and cholesterol. The calorimetric results show that the interaction of ethanol with fluid lipid bilayers is
endothermic and strongly dependent on the lipid composition of the liposomes. The data have been used to estimate
partitioning coefficients for ethanol into the fluid lipid bilayer phase and the results are discussed in terms of the
thermodynamics of partitioning. The presence of 10 mol% sphingomyelin or ganglioside in DMPC liposomes enhances the
partitioning coefficient by a factor of 3. Correspondingly, cholesterol (30 mol%) reduces the partitioning coefficient by a
factor of 3. This connection between lipid composition and partitioning coefficient correlates with in vivo observations.
Comparison of the data with the molecular structure of the lipid molecules suggests that ethanol partitioning is highly
sensitive to changes in the lipid backbone (glycerol or ceramide) while it appears much less sensitive to the nature of the head
group. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since Meyer and Overton [1,2] made their obser-
vations about anaesthetic potency and the correla-
tion with the solubility of anaesthetic compounds

in olive oil, a large number of models regarding the
hydrophobic lipid^membrane core as the target for
anaesthetic drugs have been proposed. However, it is
still an unsettled question as to which extent speci¢c
membrane bound receptors are involved in the toxic
action of ethanol or if the lipid bilayer is a target for
ethanol [3]. The role of lipid composition in the func-
tion of biological membranes is not fully understood
either, but the well-established regulation of lipid
composition in cells combined with the increasing
elucidation of the diversity of lipid physical proper-
ties provides strong evidence for the importance of
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the unique physical properties of individual lipid spe-
cies for speci¢c membrane functions [4]. Further sys-
tematic studies on well-de¢ned lipid bilayer model
systems of various compositions are a prerequisite
for a quantitative characterisation of the e¡ects of
ethanol on the physicochemical properties of the lip-
id bilayer part of the membrane.

Numerous investigations have indicated that an
ethanol-induced perturbation of the mechanical and
structural properties of the cell membrane are impor-
tant mechanisms underlying alcohol intoxication [5^
7]. Focus has been on the membrane interior as the
putative region of ethanol action, because ethanol-
induced disordering of the membrane interior occurs
at pharmacologically relevant concentrations of etha-
nol [5,8,9]. However, detailed structural information
on alcohol^membrane interactions from NMR stud-
ies [10^13] and £uorescence spectroscopy [14] has
shown that ethanol resides predominantly in the lip-
id-water interface near the glycerol backbone and it
has been suggested [15,16] that alcohol as well as
anaesthetics compete with water for the same hydro-
gen bonding sites in membrane systems. This struc-
tural information is clearly of immediate importance
but also raises new questions about the thermody-
namics of ethanol^liposome interactions.

Intermolecular interactions are generally a concept
of microscopic nature and information on molecular
behaviour is usually obtained by spectroscopic tech-
niques. Thermodynamics, on the other hand, does
not depend on explicit details of molecular behaviour
but is often visualised in this way. Koga and co-
workers have extensively described the evaluation
of molecular interactions in solution from precise
measurements of partial molar quantities such as
partial molar enthalpies or chemical potentials [17^
20]. In a recent study we used the same methodology
to evaluate the interactions of short-chain alcohols
with unilamellar DMPC liposomes [21]. This work
showed that the alcohols have approximately the
same enthalpy in the lipid bilayer as in the pure
liquid alcohol. In the present paper we have inves-
tigated the enthalpic interactions of ethanol with lip-
osomes of di¡erent lipid composition, including chol-
esterol and ceramides, by isothermal titration
calorimetry in order to elucidate the possible
role of lipid speci¢city in alcohol^membrane interac-
tions.

2. Materials and methods

Dimyristoyl phosphatidylcholine, DMPC (purity
s 99%), cholesterol (purity s 98%) and sphingomye-
lin (egg, purity s 99%) were purchased from Avanti
Polar Lipids (Birmingham, AL). Monosialoganglio-
side, GM1 (bovine brain, purity s 99%) was sup-
plied by Matreya (Pleasant Gap, PA). All lipids
were used without further puri¢cation. Anhydrous
ethanol (purity s 99.9%) was obtained from Merck
(Darmstadt, Germany).

2.1. Preparation of unilamellar vesicles

For each series of calorimetric measurements a
concentrated (50^70 mg/ml) suspension of unilamel-
lar liposomes was prepared. The mixtures studied
were as follows: pure DMPC, DMPC with choles-
terol (30 mol%), DMPC with sphingomyelin (10
mol%) and DMPC with ganglioside GM1 (10
mol%). After weighing, the dry lipids were co-solu-
bilised in a chloroform/methanol 2:1 mixture (or hy-
drated immediately in the case of pure DMPC).
Chloroform/methanol was driven o¡ by a nitrogen
stream, and the samples were stored under vacuum
for at least 72 h. The resulting dry lipid ¢lms were
then dispersed in a 50 mM Hepes bu¡er (pH 5.1)
with 10 mM NaCl and 60 WM EDTA. The temper-
ature was kept at 40³C for 1 h during which the
suspensions were shaken vigorously several times.
Unilamellar vesicles were produced by standard ex-
trusion techniques [22] (Lipex Biomembranes, Van-
couver, Canada). Twelve repeated extrusions
through two stacked polycarbonate ¢lters were per-
formed (Nucleopore, 0.1 Wm pore size) using a hy-
drostatic pressure of 25 atm at 40³C. The ¢nal con-
centration of lipid was determined gravimetrically by
freeze drying 100 Wl aliquots of the suspensions.

A second set of experiments was performed for
preparations of DMPC and DMPC/sphingomyelin
(10 mol%) in phosphate-bu¡ered saline (pH 7.4).
No e¡ect of the pH change was observed.

2.2. Preparation of ethanol solutions for ITC
method II

Ethanol^bu¡er solutions were prepared from
aqueous bu¡er (50 mM Hepes at pH 5.1, or phos-
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phate-bu¡ered saline at pH 7.4) by weighing. The
solutions were mixed using a stirrer magnet and
then sonicated for 20 min to ensure complete mixing.
After mixing, the apparent pH of the ethanol solu-
tions was measured and if necessary readjusted to
pH 5.1 (or pH 7.4).

2.3. Isothermal titration calorimetry

ITC were conducted by two di¡erent methods.
Method I. The excess partial molar enthalpy of

ethanol in solutions with various liposome contents
was measured directly by heat conduction ITC
(TAM 2277, ThermoMetric, Ja«rfa«lla, Sweden). Small
aliquots (3 Wl) of neat ethanol were titrated into 3-ml
solutions of a ¢xed liposome concentration. These
experiments were done with increasing liposome con-
centrations (0, 66, and 100 mmol/kg H2O).

Method II. The excess partial molar enthalpy of
liposomes at in¢nite dilution in dilute ethanol-bu¡er
mixtures was measured by high sensitivity ITC
(MSC-ITC, MicroCal, Northampton, MA).

To measure the enthalpy change associated with
transferring liposomes from bu¡er (the standard
state) to an ethanol^bu¡er mixture, Hess' law is
used. The overall enthalpy change is the sum of the
reaction enthalpies of the individual reactions into
which the reaction may be divided. In Fig. 1A^D,
the four-step procedure adopted to measure this en-
thalpy change is illustrated. The procedure is de-
scribed in further detail elsewhere [21].

The heats measured in each step (qA, qB, qC, and
qD) are used to calculate the transfer enthalpy,
vHtrans,

vHtrans �

�M=bwL��qA=VA � qB=VB � Xw�qC=V C � qD=VD��
�1�

Vi is the volume titrated in step i (i : A, B, C, or D),
M is the molar mass of the lipids, b is the density of
the concentrated lipid solution removed in step A,
and wL and vw are, respectively, the weight fraction
of lipid and the volume fraction of bu¡er in the
concentrated solution. The value of b= 0.99 g/ml
was measured for DMPC (100 mmol/kg H2O) by
densitometry. We assume the density to be independ-

ent of the lipid composition. The contributions from
step A and D to the cycle are found to be negligible.
Thus, the di¡erence between the heats in step B and
C represents the total amount of heat absorbed by
transferring liposomes from aqueous solution to the
ethanol^bu¡er mixture. As argued below this is the
partial enthalpy of the liposomes with respect to a
standard state in which liposomes at in¢nite dilution
are dispersed in pure water.

Further, we have adopted the method developed
by Zhang and Rowe [23] to determine partitioning
coe¤cients of ethanol into DMPC and DMPC/
sphingomyelin bilayers. The method is based on the
so-called solvent null method. The syringe is loaded
with a lipid^ethanol^bu¡er suspension and the reac-
tion cell with a ethanol^bu¡er solution. When ali-
quots from the syringe are added to the sample cell
heat is absorbed if the free ethanol concentration in
the cell is higher than in the suspension; when the
concentration in the cell matches the free ethanol
concentration in the syringe, no heat is generated,
and when the concentration in the syringe is higher
than in the sample cell heat is released (see Zhang
and Rowe [23], for a detailed discussion of these

Fig. 1. Schematic illustration of the ITC procedure. Four sepa-
rate measurements (A^D) are made in order to determine the
transfer enthalpy of liposomes (L) at in¢nite dilution, from
water (white) to an ethanol solution (shaded). The heats of
process A (qA) and B (qB) are obtained by titrating the concen-
trated liposome solution into water and ethanol solutions, re-
spectively. Similarly, qC and qD are measured by titration of
water and the water^ethanol^liposome mixture with pure water.
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e¡ects). The amount of partitioned ethanol is calcu-
lated by subtraction of the free ethanol concentration
in the bulk solution from the total ethanol concen-
tration of the suspension.

3. Data treatment

It has previously been argued [17] that since the
excess partial molar enthalpy1 of a component A in
solution, HE

A, constitutes the enthalpic contribution
of A to the total (integral) excess enthalpy of the
system,

HE
A � �DHE=D nA�T ;p;nB �2�

the sign of the derivative

HE
A3A � �DHE

A=D nA�T ;P;nB �3�
may be used to elucidate intermolecular interactions.
In general, composition derivatives of partial molar
functions are referred to as interaction functions or
interaction parameters. These interaction functions
are macroscopic (average) quantities but have previ-
ously been used for the understanding of the struc-
tural nature of simple solutions of non-electrolytes
[18] as well as to investigate the intermolecular inter-
actions of small organics with macromolecules [20].
Recently, the application of the approach to mem-
brane partitioning has been discussed [21].

The slope in a plot of HE
A against the concentra-

tion of another component, mB, (for practical rea-
sons molalities, mB, is used throughout this study)
indicates how additional B-molecules enhance or de-
crease the average enthalpy of species A in the sol-
ution. Hence DHE

A=DmB (i.e., HE
A3B in a system con-

taining 1 kg of solvent water) is a measure of the
enthalpy change generated from mutual A^B inter-
actions. A situation where HE

A3B s 0 implies that
additional B makes the contribution of A to the total
enthalpy of the solution more positive; in other
words, A^B interactions are associated with a posi-
tive enthalpy change. In such a case it may be said
that A^B interactions are unfavourable in terms of
enthalpy, i.e., endothermic. Since this is a purely

thermodynamic approach, which makes no assump-
tions about the underlying molecular mechanism, de-
rivatives similar to Eq. 3 may be applied to homo-
genous (A^A type) as well as heterogeneous (A^B
type) interactions. In the following we will use such
slopes, DHE

lipid=Dmethanol and DHE
ethanol=Dmlipid (i.e.,

HE
alcohol3lipid or HE

lipid3alcohol), to elucidate enthalpic
e¡ects of membrane^ethanol interactions.

4. Results

The results of adding ethanol to solutions of lip-
osomes of di¡erent lipid composition at 26³C are
shown in Fig. 2 (method I). In reasonable agreement
with previous reports on mixtures with pure water
[24,18], the partial enthalpy of ethanol in bu¡er is
about 39.7 kJ/mol in the limit of in¢nite dilution.
This value increases (i.e., becomes less negative) in
solutions containing liposomes indicating endother-
mic liposome^ethanol interactions. The e¡ect of lip-
osomes on the partial enthalpy of ethanol depends
strongly on the lipid composition. Cholesterol acts as
to decrease HE

ethanol from 39.2 kJ/mol in solutions

Fig. 2. The partial enthalpy of ethanol in solutions of liposomes
of di¡erent lipid composition as a function of the ethanol mol-
ality, mEthanol at 26³C. (a) Bu¡er; (E) DMPC; (O) DMPC/cho-
lesterol ; (P) DMPC/sphingomyelin; (W) DMPC/ganglioside.
The concentration of lipid in all liposome solutions are 100
mmol/kg H2O.

1 For convenience we will refer throughout to the excess par-
tial molar enthalpy as the partial enthalpy.
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with pure DMPC liposomes to 39.5 kJ/mol in sol-
utions with liposomes containing 30 mol% cholester-
ol. Conversely, incorporation of sphingomyelin or
ganglioside to the DMPC bilayer (both 10 mol%)
strongly increases HE

ethanol to values of 37.9 and
38.1 kJ/mol, respectively. The linear ¢ts to the
data in Fig. 2 are nearly parallel. This suggests that
the enthalpy of ethanol^liposome interaction is inde-
pendent of the ethanol concentration over the range
studied (0^500 mmol/kg H2O). Thus, there is no sign
of saturation of ethanol `binding sites' in 100 mmol/
kg H2O liposome solutions corresponding to physio-
logically relevant ethanol concentrations. A similar
behaviour is obtained from the data in Fig. 3 where
the partial enthalpy of ethanol is plotted as a func-
tion of the ethanol concentration for di¡erent con-
centrations of pure DMPC liposomes. It appears that
the large, negative enthalpy of ethanol becomes grad-
ually less negative with increasing liposome concen-
tration.

In Fig. 4 the partial enthalpy of ethanol in the
limit of in¢nite dilution as a function of the lipid
concentration is illustrated. The graphs were ob-
tained by extrapolation of the linear ¢ts in Fig. 3
and similar ¢ts for the other lipid compositions
(not shown) to methanol = 0 and normalised to

HE
ethanol = 0 for methanol = 0. The slope for all types

of liposomes (DMPC, DMPC/cholesterol, DMPC/
sphingomyelin, and DMPC/ganglioside) is positive,
HE

ethanol3lipid s 0, i.e., ethanol^liposome interactions
are unfavourable in terms of enthalpy. In accordance
with the results discussed above, this suggests that
the well-documented association of ethanol with lipid
membranes generates an increase in the enthalpy of
the system (the associated complex is energetically
less stable than the dissociated components). The
slopes of the curves in Fig. 4, HE

ethanol3lipid, may be
considered as a measure of the average enthalpy of
ethanol^liposome interactions. Slopes for the four
investigated types of liposomes are listed in Table
1. For liposomes containing cholesterol the enthalpy
of ethanol^liposome interaction is reduced by a fac-
tor of about 3 in comparison with pure DMPC lip-
osomes. Incorporation of sphingomyelin or ganglio-
side in the liposomes, on the other hand, enhances
the unfavourable interactions between liposomes and
ethanol by a factor of about 3.

Enthalpic e¡ects of liposome^ethanol interactions
are further elucidated in Fig. 5, which shows the
partial enthalpy of liposomes, HE

lipid, as a function

Fig. 3. Partial enthalpy of ethanol in solutions of pure DMPC
liposomes as a function of the ethanol molality, mEthanol. (a)
Bu¡er; (O) DMPC 66 mmol/kg H2O; (E) DMPC 100 mmol/
kg H2O.

Fig. 4. Partial enthalpy of ethanol in solutions of liposomes of
di¡erent composition as a function of the lipid concentration,
mlipid, obtained by method I. The enthalpies are calculated by
extrapolating linear curves to graphs like those in Fig. 5 to
mEthanol = 0. (a) DMPC; (E) DMPC/cholesterol ; (P) DMPC/
ganglioside; and (O) DMPC/sphingomyelin.
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of the alcohol concentration at 26³C (method II).
For all four lipid compositions, transfer of liposomes
from water into the most dilute ethanol solution is
accompanied by an increase in the partial enthalpy
of the liposomes. Hence, as pointed out in the data
analysis section, the contribution of liposomes to the
enthalpy of the entire solution is higher in dilute
ethanol solution than in pure water. In other words,
the interaction between liposomes and ethanol is un-
favourable in terms of enthalpy, HE

lipid3ethanol s 0.
Consequently, any binding of ethanol to liposomes
must be entropy driven in the range of temperature
and composition studied. Comparison of Figs. 4 and
5 shows HE

ethanol3lipidwHE
lipid3ethanol (see Table 1).

Clearly, for symmetry reasons, these two derivatives
should be equal since they can both be expressed as
D 2H=�D nlipidD nethanol�, where H is the total enthalpy
of the system. The fact that two independent meth-
odologies (methods I and II) give the same result
supports the consistency of the experimental meth-
ods.

Fig. 6a shows the titration calorimetry results ob-
tained by applying the method of Zhang and Rowe
[23]. Sixty-three mg/g (90.4 mM) DMPC suspensions
containing 27.3 mg ethanol pr. gram solvent water
(0.59 mmol/kg H2O) was injected into the reaction
cell, which contained di¡erent concentrations of
ethanol from 10 mg/g to 40 mg/g (22 and 87 mmol/
kg H2O) at 26³C. Heat is released for ethanol con-
centrations below 26 mg/g (0.56 mmol/kg H2O) and
heat is absorbed for concentrations above 26 mg/g
(0.56 mmol/kg H2O). The null concentration (or free
concentration of ethanol in the lipid suspension in
the syringe) is therefore at 26 mg/g. The amount of
ethanol partitioned into the DMPC bilayer is deter-
mined by subtraction of the free concentration from
the total concentration, and the partitioning coe¤-
cient is calculated from

Kp � X L=X W �4�
where XL is the mole fraction of ethanol in the lipid
phase and XW is the mole fraction of ethanol in the
solvent. This gives a partitioning coe¤cient of
Kp = 29. In a similar fashion Kp = 83 is determined
for the partitioning of ethanol into DMPC/sphingo-
myelin bilayers (10 mol%) in Fig. 6b.

5. Discussion

The main purpose of the present study is to discuss
molecular interactions between ethanol and model

Table 1

% Bound ethanol at 100 mM liposome Kp HE
ethanol3lipid

(kJ/mol2)
HE

lipid3ethanol
(kJ/mol2)

DMPC 5.2 28 (29) 4.8 4.2
Cholesterol (30%) 2.3 12 1.9 1.7
Sphingomyelin (10%) 16 85 (83) 13.7 12
Ganglioside (10%) 18 87 14.9 10

Partitioning coe¤cients, Kp, and interaction functions, HE
ethanol3lipid and HE

lipid3ethanol, for the four di¡erent lipid compositions studied.

Fig. 5. Measured values of the partial enthalpy of liposomes of
di¡erent lipid composition, HE

lipid in ethanol solutions calculated
according to Eq. 1 and plotted as a function of the ethanol
molality, mEthanol. (a) DMPC; (E) DMPC/cholesterol ; (O)
DMPC/ganglioside; (P) DMPC/sphingomyelin. The data are
obtained by method II.
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membranes as well as to determinate partitioning
coe¤cients of ethanol into lipid bilayers even at
physiological relevant ethanol concentrations. The
discussion will be based on estimated values of the
interaction functions, Eqs. 2 and 3. The results dem-
onstrate that calorimetry can be an e¡ective tool for
the investigation of weak binding of solutes to mac-
romolecules.

In Table 1 interaction functions, HE
alcohol3lipid, sig-

nifying the overall enthalpic e¡ect of ethanol^lipo-
some interactions are summarised. The data show
that HE

alcohol3lipid depends strongly on the lipid com-

position. Incorporation of 30% cholesterol in the
DMPC bilayer reduces the interaction function by
a factor of 2^3. This result suggests that the interac-
tion enthalpy of ethanol with DMPC liposomes is
signi¢cantly reduced by the addition of cholesterol
to the bilayer. This reduction could either be due
to changes in the standard enthalpy of association
or to reduced a¤nity of the bilayer for the alcohol.
Conversely, addition of 10% sphingomyelin or gan-
glioside to the bilayer increase the interaction func-
tions by a factor of 3, suggesting an enhanced a¤nity
of ethanol for the bilayers. Since both sphingomyelin
and ganglioside have a ceramide backbone, the dif-
ference in the way these two lipids respond to etha-
nol compared to pure DPMC bilayers, indicates that
ethanol interaction with the liposomes may be sensi-
tive to the bilayer surface con¢guration. Previous
structural studies [11,25] have shown that the binding
of ethanol to lipid^bilayer surfaces is enhanced by
gangliosides, presumably due to the hydrophilic sug-
ar residues located in the head group, whereas the
e¡ect of sphingomyelin was found to be only negli-
gible [11]. In contrast to the calorimetric experiments
where dilute aqueous lipid suspensions are used,
NMR experiments are traditionally performed with
only a small excess of bulk water. These di¡erences
in sample preparation may lead to a di¡erent distri-
bution and position of ethanol in the lipid bilayer.

The membrane to water partitioning coe¤cient is
the equilibrium constant for the distribution of a
solute between the membrane and aqueous phases.
The partitioning of ethanol into the lipid bilayer has
been studied by several direct and indirect methods,
including di¡erential scanning calorimetry [26], ra-
dioactive labelling [27,28] and £uorescence spectro-
scopy [14]. Recently, Rowe and co-workers [23,29]
introduced titration calorimetry for the measurement
of partitioning coe¤cients of long chain alcohols into
lipid bilayers. The simplest and most commonly used
approach for a thermodynamic characterisation of
the process is based on the assumption that alcohol
can be in only two states, bound or in aqueous sol-
ution. In a recent work [21] we applied titration cal-
orimetry to the study of molecular interactions of
small chain alcohols with pure DMPC bilayers.
One of the essential results of this work was that
the variation of enthalpy for the process of transfer-
ring alcohol from water into the lipid bilayer was

Fig. 6. Measured values of the heat of reaction when (a)
DMPC suspensions containing 27.3 mg ethanol/g bu¡er is in-
jected into the sample cell which contained di¡erent concentra-
tions of ethanol solutions from 15 to 40 mg/g at 26³C; (b)
DMPC/sphingomyelin suspensions containing 28.47 mg ethanol/
g bu¡er is injected into the sample cell which contained di¡er-
ent concentrations of ethanol solutions from 15 to 40 mg/g at
26³C. The squares (E) in each ¢gure indicates the concentration
of ethanol in mg/g solvent bu¡er in the liposome suspensions in
the syringe.
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found to be of same magnitude but opposite sign as
the enthalpies of transferring alcohol from the pure
liquid into bu¡er. This indicates that dehydration of
the alcohol upon association with the membrane
governs the energetics of the interaction. In other
words, partitioned alcohol has approximately the
same enthalpy as pure liquid alcohol. Based on this
result and the partitioning model mentioned above,
we have used the data in Figs. 4 and 5 to estimate
partitioning coe¤cients of ethanol into liposomes of
di¡erent lipid composition. The amount of ethanol
bound to liposomes is simply calculated as the rela-
tive reduction in the partial enthalpy of ethanol in
solutions of liposomes. In the case of pure DMPC
the data in Fig. 4 thus indicate that approximately
5% of the total amount of ethanol molecules have
been removed from the bu¡er upon an increase in
the liposome concentration from 0 to 100 mmol/kg
H2O. Under this assumption the partitioning coe¤-
cient of ethanol into pure DMPC bilayers is esti-
mated to be 28. This value is in reasonable agree-
ment with results of radiolabelled tracer studies by
Katz and Diamond [30] who reported Kp = 17. Par-
titioning coe¤cients for ethanol into mixed lipid bi-
layers based on the data in Figs. 4 and 5 were found
to be 12, 85 and 87, for DMPC/cholesterol, DMPC/
sphingomyelin and DMPC/ganglioside, respectively
(see Table 1). The applicability of methods I and II
to estimate Kp values was further tested by the calo-
rimetric technique introduced by Zhang and Rowe
[23]. By this technique, partitioning coe¤cients are
calculated from estimates of the free (bulk) ethanol
concentration in a liposome suspension and do not
rely on any assumptions about the enthalpy of the
partitioned solute molecule. The observation that
this method yielded Kp values very close to those
estimated from Figs. 4 and 5 (see the values in the
brackets in Table 1) further supports the validity of
the assumption that the enthalpy of a partitioned
ethanol is similar to that of neat ethanol. One of
the advantages of methods I and II introduced in
this study is that they allow for the determination
of partitioning coe¤cients even at very low (physio-
logical relevant) ethanol concentrations. This can be
seen, for example, in Fig. 5 where the slope of the
linear ¢ts (i.e., the value of HE

lipid3alcohol) can be rea-
sonably quanti¢ed at ethanol concentrations down to
20^40 mM (0.1^0.2%).

Table 1 lists the partitioning coe¤cients estimated
from Fig. 4 for the four di¡erent liposome systems
examined in this study. Comparison of the chemical
structure of the classes of lipids used in this study
can provide some indication of the location of par-
titioned ethanol in the lipid bilayer. The partitioning
coe¤cient of ethanol into bilayers containing sphin-
gomyelin or ganglioside is three times as large as for
pure DMPC bilayers. All three lipids have two fatty
acid chains. Sphingomyelin and DMPC on the one
hand have the same choline head group, but di¡er by
having a ceramide and a glycerol backbone, respec-
tively. Sphingomyelin and ganglioside, on the other
hand, have di¡erent head groups but the same back-
bone. The observation that the two ceramides have
high, approximately equal Kp values, while no corre-
lation between Kp and the chemical nature of the
head groups can be established suggests that ethanol
interaction with lipid bilayers may be sensitive to the
bilayer interface con¢guration.

The composition dependence of ethanol interac-
tion with bilayer preparations suggests the potential
importance of a complex interplay between ethanol
association and membrane composition and struc-
ture. Ample precedence exists in the literature of
this relationship. It is well known that cholesterol
acts as a natural antagonist against the perturbing
e¡ect of ethanol on the physical properties of the
membrane [31], and that gangliosides sensitise synap-
tic plasma membranes to the e¡ect of ethanol [25]. In
addition, an enhanced content of cholesterol re-
ported in membranes in in vivo experiments after
chronic ethanol treatment has been reported [32].
Our results show a strong correlation to in vivo stud-
ies in the sense that cholesterol on the one hand
reduces the sensitivity of the membrane to ethanol,
and ganglioside, on the other hand, enhances this
sensitivity.

The thermodynamics and the temperature depend-
ence of ethanol partitioning into lipid bilayers are
important aspects of ethanol^membrane association,
and a well-established way of evaluating alcohol^
membrane interactions relies on an assumption
where the partitioning coe¤cient is considered being
the equilibrium constant for the distribution of a
solute between the aqueous phase and a homogene-
ous lateral bilayer, respectively. However, there
might be some limitations to this approach. First,
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the structural state of the lipid system, and hence the
partitioning coe¤cient, is dependent on the temper-
ature. Experimental observations have shown that
the passive ion permeability as well as the partition-
ing of small organics are enhanced in the vicinity of
the main gel to £uid phase transition [33], and com-
puter simulation studies have demonstrated that the
formation of heterogeneous lateral bilayers com-
posed of £uctuating lipid domains at temperatures
close to the main phase transition enhances the par-
titioning of small molecules [34]. The partitioning
equilibrium is linked to such structural equilibria in
the lipid membrane (i.e., the measured enthalpy is a
product of the number of partitioned alcohol mole-
cules and the enthalpy of partitioning). Hence, tem-
perature-induced changes in HE

lipid3alcohol cannot be
directly interpreted as signifying vCp of the parti-
tioning process as the case would be for partitioning
of small organics between oil and water [24]. This
has recently been illustrated [21,35] in a study of
the partitioning of small alcohols into pure DMPC
bilayers. It was found that HE

lipid3alcohol decreases
strongly in a non-linear fashion with increasingly
temperature from 26³C to 40³C [35]. This re£ects
primarily structural changes in the membrane leading
to an enhanced a¤nity of the bilayer for alcohols at
temperatures close to the phase transition tempera-
ture [36]. Hence, measured thermal e¡ects signify a
complex interplay between several linked equilibria
and cannot be readily described to a simple model
comprising only one equilibrium constant (Kp). Ther-
modynamic parameters will di¡er from those found,
just assuming that the association process is equiva-
lent to the partitioning into bulk non-polar phases.

We have discussed the association of ethanol with
lipid bilayers of di¡erent natural membrane compo-
nents and shown that compositional di¡erences in
the membranes alter the membrane^ethanol interac-
tion. The in£uence of di¡erent lipids on bilayer re-
sponse to ethanol has been reported before [11,31],
and an interesting hypothesis to further explore con-
cerns the possible long-term adaptive response in the
composition of the membranes during long-term ad-
ministration of alcohol. Such a change in the lipid
composition might be regarded as an attempt to
compensate the perturbing e¡ect of ethanol on the
membrane properties, trying to keep a balance be-
tween order and function.
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