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A microscopic interaction model of the gel-to-fluid chain-melting phase transition of fully hydrated lipid 
bilayer membranes is used as a basis for modelling the temperature dependence of passive transmembrane 
permeabilily of small ions, e.g. Na +. Computer simulation o[ the model shows tltat the phase transition is 
accompanied by strong lateral density fluctuations which manifest themselves in the formation of inbomoge- 
neous equilibrium ~tructures of coexisting gel and fluid domains. The interfaces of these domains are found 
to be dominated by intermediate lipid-chain conformations. The interracial area is shown to have a 
pronounced peak at the phase transition. By imposing a simple model for ion diffusion through membranes 
which assigns a high relative permeation rate to the domain interfaces, the interracial area is then identified 
as a mem'ur'~Je property which hat the proper temperature variation to aeeounl for ihe peculiar experimental 
observation of a strongly enhanced passive ion permeability at the phase transition. The excellent agreement 
with the experimental data for Na~'-permeation, taken together with recent experimelttal results for the 
phase transition kinetics, provides new insight into the micropbysical mechanisms of reversible electric 
breakdown. This insight indicates that there is no need for aqueous pore-formation to explain the 
experimental observation of a dramatic increase in ion cend,,eenn.~e ~-b~e.~ue,-.t t~, c|ectric pulses. 

Introduction 

lon transport in biological membranes is pre- 
dominantly mediated by specific protein channels 
or ion pumps which selectively direct the ionic 
current across the membranes [1]. The lipid bi- 
layer matrix of the membrane is by itself, how- 
ever, not impermeable to ions which cart passively 
diffuse through the bilayer in an ion-specific way 
[2]. A particularly striking observation was made 
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some years ago by Papahadjopoulos et al. [3] who 
measured a dramatic peak-rather than a discon- 
tinuous increase-of the passive Na+-permeability 
through vesicles of dipalmitoylphosphatidylcho. 
line (DPPC) near the gel,to-fluid phase transition 
at Tra = 314 K. Obviously, biological membranes 
do not suffer from such anomalous behaviour and 
other membrane components, e.g. cholesterol [4], 
often function so as to seal the membranes. Still, a 
description of tile mechanisms responsible for the 
thermal peak in the passive ion permeabiIity in 
lipid bilayers is important for a general under- 
standing of membrane structure and dynamics. 

In this paper we provide quantitative theoreti- 
cal support to the idea, first advanced by Papa- 
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hadjopoulos et al. [31 and later investigated by 
several other workers [5-111, that the permeability 
peak at T,~ for certain ions and molecules may be 
related to specially leaky interracial regions be- 
tween gel and fluid lipid domains which are formed 
near the phase transition. By using a rather realis- 
lic microscopic interaction model of the phase 
transition and by simulating the numerically exact 
propertie~ of this model, taking full account of the 
thermal fluctuations of the many-particle corre- 
lations, we show for the first time quantitatively 
that the temperature variation of the interracial 
area may be the key property for describing the 
peak in the passive ion permeability. Our ap- 
proach should be considered as a kind of minimal 
model description involving the fewest possible 
assumptions. It furthermore provides a basis for 
discussing the mierophysicat phenomena underly- 
ing electric-field effects on membranes, such as 
reversible electrical breakdown and subsequent 
irreversible mechar, ical breakdown. We conclude 
f.'cm this discussion that there is no need for 
itwoking aqueous pores to describe either the 
anomalous ion permeability or the phenomenon 
of reversible electric breakdown in lipid mem- 
branes. 

2. Model of phase transition and simulation tech- 
niques 

Our numerical calculations of the lipid mem- 
brane properties near the gel-to-fluid phase transi- 
tion are based on the ten-state model due to Pink 
and collaborators [12,13]. This model has had 
considerable success in describing bulk thermody- 
namic and spectroscopic experimental data for 
pure lipid bilayers [12-14] as well as effects of 
lipid-protein [15-17] and lipid-cholesterol inter- 
actions [18] ia lipid membranes. Furthermore, ex- 
lensive computer-simulation studies of this model 
have shown that the first-order phase transition is 
accompanied by late:-al density fluctuations of an 
intensity which resembles pseudo-critical phenom- 
ena [19 21], also in accordance with a variety of 
experimental studies using different techniques 
[22-251. 

The 10-state model [12] is a pseudo-two-dimen- 
sional lattice model which neglects the transla- 

tional modes of the lipid molecules [26] and focuses 
on the eonformational degrees of freedom of the 
acyl chains. The conformational chain states and 
their statistics are the main determinants of the 
equilibrium properties of the phase transition 
which predominantly is a chain-melting transition. 
The model is formulated in terms of ten confor- 
mational states, of which one is the fully ordered 
alt-trans conformation and one is a highly excited 
fluid state which is characteristic of the high-tem- 
perature thermodynamic fluid phase ( / ) .  The eight 
remaining states are intermediate chain states 
which may be viewed as low-energy excitations of 
the alt-trans slate. These eight states together with 
the all-trans state are all characteristic of the 
thermodynamic gel phase (g). The interactions 
between the acyl chains are modelled by aniso- 
tropic van tier Waals forces, and the model fur- 
thermore includes an internal lateral pressure to 
assure interfacial stability. The values of the vari- 
ous model parameters are the same as those used 
in earlier simulation studies of the ten-state model 
for DPPC bilayers 11439,20]. 

The statistical mechanical and thermodynamic 
properties of the model are calculated nuinefically 
by Monte Carlo computer-simulation techniques 
I211. By these techniques, which fully allow for the 
thermal fluctuations in a many-particle system, 
very accurate numerical statistics are sampled for 
the microconfigurations typical of the model for 
any given set of thermodynamic parameters, in the 
present case the temperature. From these grates- 
tics, the thermodynamic properties are readily de- 
rived as functions of temperature. Furthermore, 
and more importantly for the present problem, the 
simulations give access to the spatial structure of 
the microconfigurations and thus permit possible 
membrane heterogeneity and domain formation to 
be revealed directly. Any such heterogeneity is 
thus derived from first principles and is not a 
consequence of any initial assumption. 

The calculations are carried out on triangular 
lattices with N = L X L lattice points. An acyt 
chain is positioned at each lattice site. The system 
is subject to periodic boundary conditions in order 
to minimize the effects of finite size. A series of 
different lattice sizes, N--400, 1600, and 10000, 
is studied systematically in order to evaluate such 
possible size effects. Precautions are taken so as to 



ensure that the statistics generated correspond to 
thermodynamic equilibrium [27]. 

3, Ousters and interfaces 

In Fig,. 1 is shown a series of snapshots of 
microconfignrations typical for temperatures on 
both sides of the phase transition temperature, Tin. 
The figure, which distinguishes between chains in 
gel states (the nine low-lying states) and chains in 
the fluid state, deafly shows that the thermally 
induced lateral density fluctuations lead to an 
instantaneously heterogeneous membrane struc- 
ture: below T~, clusters of the fluid phase (i.e. of 
chains in the fluid conforma:iaaal state) are 
formed in the gel matrix (i.e. in a sea of chains in 
the all-~'rans or the intermediate conformational 
states); above T m, dusters of the gel phase (i.e. 
chains in all-trans or intermediate states) are 
formed in the fluid matrix (i.e. the phase of chains 
in the fluid state). These dusters are dynamic 
entities and tlt~y fluctuate in position and size. 
Nevertheless, they are described by an equilibrium 
distribution function n~(T)[20], ~z =g,  f ,  where 
n~ denotes the number of a.clusters (or domains) 
encompassing I lipid chains. The dusters are de- 
fined via a nearest-neighbour connectivity crite- 
rion consistent with the nearest-neighbour chain- 
chain interaction range. The distribution function 
has a tail towards the larger clusters which raises 

6~ 

as T~ is approached from either side. The average 
cluster size is then obtained as 

I(T) = ~t /n~(T)/~/ n~(T) ( t )  

where ~z = f  in the gel phase and a = g in the fluid 
phase. The results for I are shown in Fig. 2 which 
shows that / has a dramatic peak at T m, The 
figure includes data for different system sizes and 
demonstrates that the large system with N = 10 000 
chains without any doubt represents the thermo- 
dynamic limit (N --* oo) as far as the cluster statis- 
tics are concerned. In the rest of the paper we 
shall therefore refer to data obtained exclusively 
for the N = 10000 system• 

It should at this point be mentioned that the 
inhomogeneous membrane states pictured in Fig, 
! for T+ T~ do not correspond to two-phase 
coexistence in the thermodynamic sense. For a 
or,e-component system, Gibbs' phase rule forbids 
this except at T-- T m. The dusters of the opposite 
phase formed by density fluctuations in the equi- 
librium bulk background phase are not macro- 
scopic entities and they are stabilized by the inter- 
play between configurational entropy and interra- 
cial free energy. 

In order to quantitatively characterize the hi- 
layer heterogeneity as pictured qualitatively in Fig. 
1, we divide the membrane plane into three re- 
gions: the background matrix (the bulk), the clus- 
ters, and the interface between the clusters and the 
bulk. The thermalization of the system within the 
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Fig, I. Snapshots of microconfiguradons typical of a series of temperatures around the lipid bil~yer gel-to-fluid phase transilion. 
T,n = 3]4 K. The system contains 10000 acy] chains of DPPC on a triangular lattice and the [atlice parameter has been scaled so as 1o 
display the tateral expansion of the bilayer as the temperature is increased. Black symbols denote lipid acyl chains in gel 
conformations (a|l-trans and intermediate states) and blank areas denote chains ia the fluid confonnational slate. The figure clearly 

shows the cluster formation in the pha~e transition region. 
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Fig. 2. Average cluster size, ](T) Eqn. 1, as a function or 
temperature for lipid membrane models of different sizes. 
N = 400 (A), N = 1600 {[]), and N = !0000 ( o )  ~.cyl chains, 
The model parameters am pertinent for DPPC. The lower 
cut-off elusler size was chosen m be three chains for this figure+ 

computer simulation is technically performed by 
coupling the system to a heat bath by stochastic 
single-chair, excitations [27]. In ordel to exclude 
very localized random cvemts which arise due to 
this stochastic dynamics, we have chosen (some- 
what arbitrarily) to on]y consider clusters which 
contain more than about fourteen chains (i.e. seven 
DPPC molecules in e.g. a hexagon) for our cluster 
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Fig. 3. Snapshot of the microcon[iguration for a Lipid bilayer 
system with 10000 chains at T =  312 K. Only the interracial 

region is shown. 
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Fig. 4, Temperature dependunce of total membrane area per 
molecule and fractional arc-as o[ the membrane in the hulk, in 
the clusters, and in the interLaces. The interface is defined as 

the fi[st Jnlerr,~cial layer or [ipid chains. 

analysis, The results we report below arc only 
slightly sensitive as to how this lower cut-off is 
actually chosen. The cluster-bulk interface is now 
probed via a series of molecular layers. The first 
layer is defined as those chains which are con- 
necte, d by nearest-neighbour bonds to the cluster 
boundary, the second layer as those chains which 
axe nearest-n¢i&hboa~s tu the first layer, etc. As an 
example, Fig. 3 illustrates how the interracial re- 
gion, given as the first layer, is typically distrib- 
uted at T =  312 K. 

With the above definitions of the three mem- 
brane regions, the membrane heterogeneity as a 
function of temperature may be described by the 
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Fig. 5. Relative occurrence of all-trans ( . . . . .  ), intermediate 
( ), and fluid ( . . . . . .  ) chain-eonformational st : tes of 
the first interracial layer. Due to the cluster definition the 
occurrence of the fluid state is zero below i'm and unity aheve 
T~. Similarly, there is no intermediate gel states in the first 

interracial layer of gel clu~ters above Tuv 

relative amounts of the membrane area in the 
three regions. Fig. 4 shows the results in the ease 
of the interface being defined as the first layer of 
chains. This figure also shows the temperature 
variation of the total membrane area per molecule, 
A(T)/N. There is a clear tendency for the duster 
fractional area to increase strongly around T m. 
Simultaneously, the inter facial area has a distinct 
peak at T m. The peak in the cluster qrea is less 
broad than the peak in the interfaeial area because 
the increase in duster area is accomplished by an 
increase in the average size of the clusters (el. Fig. 
1) and not through a proliferation of small dus- 
ters. This observation has important consequences 
for the ion permeability. 

1.0- 

O.B- 

o.6J 

o .4 -  

o .2-  

o.o 

I I | I 

I 

36o 3;o m 3 ,o 
"rlK I 

Fig. 6. Relative occurrence of al'.trans ( . . . . .  L intermediate 
( ), and fluid ( . . . . . .  ) c'min-conformational states of 

die. second int,.ri',Lcial layer. 
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Fig. 7. Kelative occurrence of ail-trans ( . . . . .  ), intermediate 
( ), and fluid ( . . . . . .  ) chain-conformati0nal states in 

the bulk. 

The question now arises whether the interracial 
region has certain characteristics regarding the 
chain-couformational states. This question is ex- 
plored in Figs. 5 and 6 which show the tdative 
occurrence of all-tram, intermediate, and fluid 
chain-conformational states of the. chains con- 
stituting the first (Fig. 5) and second (Fig. 6) 
interfacial layers, respectively, as compared with 
the bulk (Fig. 7). These figures demonstrate un- 
equivocally that the first interracial layer is 
strongly domine.ted by chains in intermediate con- 
formational states. Conversely, the oceurenees of 
the states in the second interracial layer are close 
to the values for the bulk. This is a very conspicu- 
ous finding which gives strong quantitative sup- 
port to previous conjectures [19]. It shows that the 
interface is soft, although rather sharp and 
well-localized in space, and it acts as a sink for 
excited gel-like chain conformations. In the fol- 
lowing sections we shall relate this special interra- 
cial environment to the transport properties of the 
lipid bilayer. 

4. Model of passive ion transport 

In line with the work of Kanehisa and Tsong 
[7] we propose a simple model of passive ion 
diffusion across membranes. The model assumes 
that the bulk and cluster regions of the membrane 
each have their characteristic rates of diffusion 
which both are. less than the diffusion rate in the 
interface. In the case of a liposome of volume 
V(T)" wffh a certain internal ion concentration, 
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e(t)=N(t)/V(T), the number dN(t) of ions 
leaving the liposome at tim~ t can be expressed as 

d N ( t )  ~x c(t ) v ( T ) A ( T ) P ( T )  dt (2) 

where v(T) is the velocity of the impinging ion, 
A(T) is the internal area of the liposome, and 
P(T) is the probability that an ion crosses the 
membrane once it hits it. From the kinetic theory 
we know that the velocity of the ions has a 
Maxwellian distribution and hence v(T) = (knT/ 
2~rm) !/2 where m is the ion mass. Substitution of 
this expression for v(T) into Eqn. 2 gives 

d N ( t )  o~ CA(T) -  1/2N(t)T~/2P(t) dt (3) 

with 

C . t ' 2 k B ~ / 2  
-- ' l - - ~ -  J ~4) 

We shall now assume that the probability, 
P(T), of an ion crossing the membrane can be 
written as a sum of three terms 

P(T)  = ab(T)p b + a~(T)p¢ + ai(T)p i (5) 

where ab, a~, and a~ a~e the fractions of tbe 
membrane area occupied by the bulk, the dusters, 
and the interfa~s, r~p~tively. Pb, P~, and p, 
denote the corresponding regional probabilities of 
transfer. As indicated by Eqn. 5 only the area 
fractions, a, are considered to be temperature 
dependent. This is in contrast to the approach by 
Kanehisa and Tsong 17] who take the area frac- 
tions as well as the regional probabilities to de- 
pend on temperature. Integration of Eqn. 3 then 
leads to the simple expression for the fraction, 
f(t), of ions retained in the liposome 

N(t) =e..xp( C'A(T)-t/r~Ti/2P(T)t) (6) f(t,T) = ?¢(r = 0) 

In the work by Papahadjopoulos et al. [3] it is the 
fraction, 1 - f ( t ) ,  of ions leaving the liposome 
which is measured. 

5. Temperattme dependence of passive ion permea- 
biliff: comparison with experiments 

Using the simple model of passive ion transport 
of Section 4, viz. Eqns. 5 and 6, we can now 

predict the temperature variation in the passive 
ion pern,eability by inserting into Eqn. 5 the com- 
puter-simulation results ot Section 3 for the frac- 
tions of the membrane areas, abfT ), a¢(T), and 
ai(T), occupied by the bulk, the clusters, and the 
interfaces (eL Fig. 4). This calculation requires 
values of the so far unknown temperature-inde- 
pendent regional transfer probabilities, p~, Pc, 
and p,. We have at present no way of calculating 
these numbers from basic principles and similarly 
we are not aware of any pertinent experimental 
results. Consequently, we are left with these three 
parameters to be fitted to the experimental data 
for the global permeability. However, we are going 
to impose a constraint by assuming that the in- 
terracial area is associated with a very high rela- 
tive regional permeability, p~ >>Pb, Pc" This as- 
sumption is motivated by the presence of high 
defect density in the interfacial region which is 
likely to lead to bad packing and leakiness. 

To facilitate the comparison with the experi- 
ments of ReL 3 we focus on the quantity log jr(t) 
and normalize the theoretical as well as the experi- 
mental results relative to the results at a selected 

"1 o temperature, T = ,.90 K. Hence we study the ratio 

R{T)  log f (T)  A(T)  1/2TI/2P(T) 

l o g / ( T  = 298) A(298)-u2(298)bqP(r = 298) 

(7) 

which we refer to as the relative permeability. In 
Fig. 8 are shown the experimental results [3] for 
R(T) in the case of Na+-permeation compared 
with the theoretical prediction. In the theoretical 
calculation we have used Pi = 1 and (Pb, Pc = 
0.0066, 0.11) below T m and (0.11, 0.0066) above 
Tin. The overall fit to the experimental data is 
rather satisfactory considering the considerable 
uncertainty in the experimental data, in particular 
above T= [3]. The details of the fit are, however, 
sensitive to the values chosen for the regional 
transfer probabilities, whereas the overall shape of 
the curve is not as long as Pi ~Pb, Pc. The 
preci~ values of the regional transfer probabilities 
are peculiar to the specific type of ion in question. 
The lower cut-off in cluster size used for determin- 
ing ti~e interracial area, ai Fig. 4, also has some 
infiucnc_" on the width of the theoretical peak. We 
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Fig. 8. Relative permeability, R(T) Eqn. 7, of Na ~ ions in 
]iposomes as measured I~y radioactive 2;~'Na-techniques (0) and 
as calculated theoretically in the presenl paper using the tern- 
petal-re variation of the interracial area ( - ~ - ) .  The experi- 
mental data are reproduced from the work of Papahadjopoulos 
et al. [3]. The permeability scale is in this representation chosen 
relative to the experimental value of the: permeability at 

T=298 K. 

conclude from Fig. 8 that the minimal model of 
passive ion diffusion in combination with accurate 
numerical data for the interracial area near the 
lipi_d-hilayer main phase tre, psition is capable of 
accounting for the striking, thermal anomaly in 
passive Na +-permeability. 

6. Reversible declric breakdown 

In addition to the 'thermal anomaly, another 
type of anomalous behaviour in the per',neability 
of membranes is ob~ecved when electric pulses of 
short duration are applied to the membrane [28,291 . 
On the basts of the results presented above on 
cluster formation and its relation to passive ion 
transport we shall in this section examine a possi- 
ble relationship between the two t:pes of anoma- 
lous behaviour. In the case of a voltage between 
0.6 and 1 V, corresponding to an electric field of 
(2-3)- 106 V- cm -1, applied over a period of 0.5. 
10 -6 s, a decrease within 10 -s s of membraa¢ 
resistance of up to a factor of 109 is observed. 
This striking phenomenon is called reversible dec- 
tile breakdown (REB). in pure lipid bilayer mem- 
branes REB is followed by irreversible (mechani- 
cal) breakdown by which the membrane raptures 
irreversibly within a period of 10 -3 s o," longer 
[30}. However, oxidized cholesterol membranes 

and lipid bilayers with high cholesterol content 
show REB only [28,29]. 

The interpretatio~t of REB has conventionally 
been closely connected with that of irreversible 
(mechanical) breakdown. The latter being easily 
rationalized as the result of aqueous-pore forma- 
tion, REB is also thought to be dL:e to ion diffu- 
sion through aqueous pores which are either con- 
sidered to be induced directly by the electric field 
[28,31] or enhanced from a pre-existing population 
of thermally induced small pores [32-34j. While a 
permanent population of aqueous pores is hard to 
justify on energetic grounds [35] and seems con- 
tradictory to the high resistance of unperturbed 
lipid bilayers and what i; known about bilayer 
structure and dynamics, an electrically induced 
population is not without problems either. Al- 
though it is possible and indeed quite probable 
that a sufficiently prolonged electric pulse induces 
aqueous pores, the kinetics of REB seems too fast, 
i.e. it is hard to imagine the formation of such 
pores in a time less than 10 -8 s which is the time 
it takes for the membrane resistance to drop by a 
factor of 109 [28]. 

We are here going to argue, together with 
Abidor et al. [30], that irreversible breakdown and 
REB, although causally re!a:ed (i.e, the latter al- 
ways precedes the first), are two different process,-.s 
of different kinetics. This point of view gets strong 
support from recent experimental studies of lipid 
merabraxte phase-transition kinetics. Holzwarth 
anti eoworkers [36], using a laser temperature-jump 
technique which within less than 10 -9 s induces a 
l K change in the lipid bilayer temperature, de- 
tected via a turbidity measurement the existence 
of five separate relaxation times in the time range 
from 10 -9 to 10 -3 s. Holzwarth interpreted these 
timings in terms of five kinetic processes in the 
bilayer: (i) Rotational isomerization (e.g. kink for- 
mation) of the acyl chains, ¢, = 4 .10  "9 s. (it) 
Chain-length and headgroup.dependent bilayer 
expansion via headgroup rotation, ¢2 ~- 3.10-7 s. 
(iii) Lateral diffusion and onset of cooperative 
interactions, % = 10 -5 s. (iv) Ouster formation, 
• 4 "~ 3.10 -4 s. (v) Melting of clusters, es ~ 3.10 -3 
s. Holzwarth [36] also studied the effect of 
cholesterol, protein, and polypeptides on the dif- 
ferent relaxation processes and found that the 
processes 6) and (it) were not altered but that (iv) 
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and (v) were strongly suppressed by cholesterol 
and almost eliminated by grar~icidin..A and 
baetefiorhodopsin. These kinetic data discredit the 
possibility that a deformation like the one needed 
for aqueous-pore formation can occur on a time 
scale shorter than 10-s s. Instead, if we consider 
the coupling of an electric field to the different 
kinetic processes, then REB, taking place in less 
than 10 -s s, involves at most the two fastest 
processes (i) and (ii). On the other hand, irreversi- 
ble breakdown, which takes place on the scale 
10 -3 s, can be related to the cluster-formation 
process (iv) which is the process most likely to 
induce large-scale heterogeneity in the membrane. 

On the basis of the above considerations, we 
propose the following interpretation of the phe- 
nomena following the application of electric pulses 
to lipid bilayers. First, processes (i) a~.d (ii) are 
activated and REB is associated with these 
processes which take place on a time scale be- 
tween 10 -9 and 10 7 s. Second, and mudl later 
on a scale of 10 -3 s, processes (iv) and (v) come 
into play and generate large-scale hydrophobic 
defects which develop into aqueous pores and 
i ~ .  . : k l ~  k , - . . l - ~ -  ~ -  . .  t l l t d  ,.,~¢c~s.,,,. ,_,~.a~.~tv,,vzi. Tiffs proposal explains .L. 
kinetics of REB and irreversible breakdown. It 
furthermore explains the fact that cholesterol-con- 
taining lipid bilayers survive REB simply because 
processes (iv) and (v) are inhibited by large 
amounts of cholesterol and cluster Iomiation will 
not take place. The lack of cooperativity and 
cluster formation is moreover consistent with re- 
cent progress obtained in understanding the 
lecithin-cholesterol phase diagram [18]. 

The ideas underlying our proposal can be sub- 
jected to experimental tests. For example, it could 
be investigated whether other membrane compo- 
nents, in addition to cholesterol and the prc,~eins 
already studied which suppress membrane 
processes related to cluster formation, permit REB 
but prevent irreversible breakdown. 

The kinetic studies by Holzwarth [36] arc in 
perfect accordance with the cluster formation seen 
in the computer simulation of the ten-state model 
of the lipid bilayer gel-to-fluid phase transition as 
discussed in Section 3, although computer simula- 
tions of the Monte Carlo type do not permit an 
absolute determination of the various time scales 
[27]. Following the interpretati~0n of REB sug- 

gested in the present section, we suggest a parallel 
interpretation of the increased passive ion permea- 
bility at the phase transition as being due to 
increased intensity of the fast kinetic processes (i) 
and (ii) in the interracial region where there is a 
high relative occurrence of intermediate acyl-chain 
conformational states (kinks and jogs). Hence the 
two types of lipid membrane anomalies in the 
ionic conductance are caused essentially by the 
same mechanism and there is no need to invoke 
aqueous-pure formation in any of the two cases. 
We therefore conclude that a proper model of 
passive ion transport in lipid bilayers must be able 
to account for increases in permeability due to 
rotational isomedzation via gauche bond forma 
ti~n and membrane expansion. 

7, Conclusions 

Lipid bilayers are generally characterized by 
very low permeability to small ions such as Na + 
and K +. An anomalous result was first obtained 
by PaprJhadjopoalos etal. [31 who found a dramatic 
peak -- rather than a monotonic increase - of the 
pera~,,:ability of Na ÷ at the phase transition of 
lipesomes, of. Fig. 8. Papahadjopoulos e ta l .  ex- 
plained this striking phenomenon as being caused 
by coexistence of gel and fluid domains near the 
phase transition. The interface which is formed by 
this mechanism should then permit leakage of the 
ions. This explanation was later questioned by 
other authors [6,8] who argued that such interfaces 
could not exis: on thermodynamic grounds. Yet 
still others [2,5] proposed that the peak is a result 
of enhanced lateral density fluctuations. As we 
have seen in the present work, membrane het- 
erogeneity and the formation of dynamic inter- 
faces will indeed take place (of. Figs, 1 and 3) and 
are mere consequences of the diversity of lipid- 
chain conformations and their thermal coop- 
erative fluetuatic, ns. The interfaees are stabiEz~,xl 
kinetically by the intermediate lipid-chain con- 
formations [19]. it is difficult to provide a direct 
experimental verification of the existence of clus- 
ters in a lipid membrane due to problems with 
time resolution of the fluctuation dusters. Recent 
careful analysis of fluorescence lifetime het- 
erogeneity [25] has been interpreted in terms of gel 
clusters above ~l~e pha~e transition. The most con- 
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vi~cing indicalion of cluster formation is indirect 
and comes from analyses of bulk fluctuating 
quantities in terms of membrane softening [20] 
and pseudo-critical behaviour [22-2b], 

We have in this work related the t~,mperature 
dependence of the interracial area to the passive 
ion permeability via a simple model of ion diffu- 
sion. The model has proved capable of reproduc- 
ing the experimental data for permeation of Na +- 
ions across liposomes, cf. Fig. 8. We therefore 
believe it contains the essential physics for char- 
acterizing the passive permeability. The model 
should be considered a minimal model in the 
sense :hat it incorporates the fewest possible as- 
sunlptioils abou~ file diffusion i~c~hani~m. It has 
considerably fewer free parameters to fit than 
previous approaches focusing on the special im- 
portance of the interface between fluid and gel 
domains [3,71. Formation of dynamic clusters and 
interfaces is related to lateral density fluctuations 
and lateral bilayer compressibility. Still, our ap- 
proach is conceptually different from the ap- 
proach which directly relates the permeability to 
the global lateral density fluctuations, aA2(T), 
via a standard Eyring rate proportional to 
exp(-¢aA2(T)/kBT) [2,5,6,13]. In our view, it is 
the local event of formation of an interface of 
defects rather than the global fluctuation in area 
which is linked to enhanced ion permeation. It is, 
however, not possible, considering (i) the limited 
aeeuraey of the experimental data currently avail- 
able for e.g. Na÷-permeation [2,3] and (it) the 
persisting parameters of the theoretical models, to 
rule out the validity of either of the approaches. 

The approach taken in the present work sug- 
gests that it is the special nature of the interracial 
regions, e.g. the structural defects and the mis- 
match in molecular packing, which is responsible 
for the leakiness and enhanced permeation of ions 
near the phase transition. This suggestion is not 
restricted to the permeation of Na+-ions but 

. . . . .  • _ t  , | .  4 should have a more general sphere of ~pplic~tt, i,i~y 
to other ions and molecules. This is in line with 
the ideas put forward by other workers [7,10] and 
it is furthermore corroborated by the experimental 
observation of permeability peaks for e.g. other 
alkali metal ions [2,11], TEMPO (2,2,6,6-tetra- 
methylpiperidinyl-l-oxy)choline i10], ANS (8- 
anilino-l-naphthalinesulfonate) [71, and water [371. 

Similarly, the lateral heterogeneity implied by the 
interfaces formed in binary lipid mixtures would 
facilitate transport of matter [8,38,39], In biologi- 
cal membranes, interracial regions could possibly 
facilitate the insertion of newly synthesized pro- 
teins and lipids [38]. The width of the permeability 
peak predicted for the various substances would 
depend on the size of the defect required for 
passage, i.e. within our model it would depend on 
the lower cut-off for the cluster size. It is reassur- 
ing to note that a larger cut-off leads to sharper 
peaks, in accordance with the experimental find- 
ing for the large ANS-molecule [7]. 

The enhanced ion permeability near the lipid 
membrane phase transition can be m+ppressed hy 
cholesterol [3] in sufficient concentration. Since 
cholesterol in high concentrations eliminates the 
phase transition, lowers the area compressibility, 
and leads to more mechanically stable and cohe- 
sive membranes [4,40], it is likely that it will 
inhibit permeation in general. Preliminary com- 
putersimulation results (Mouritsen, O.G., Hjort 
Ipsen, J. and Cruzeiro-Hansson, L., unpublished 
data) show that cholesterol is distributed inhomo- 
geneously in the membrane plane and is predomi- 
nantly found at the gel-fluid interfaces of the 
clusters formed near the phase transition. This 
finding is consistent with fluorescence microscopy 
studies of lipid monolayers where it was found 
that cholesterol stabilizes solid-liquid interfaces 
[41]. This changes the structure of the interfaces 
and may explain the suppression of the permeabil- 
ity peak. 

Finally, we wish to point out that the approach 
to passive transport described in the present work 
does not assume a specific microscopic physical 
mechanism by which the transport is actually per- 
formed, Such molecular mechanisms have been 
previously proposed for passive transport along 
the lipid hydrocarbon chains, both invoking 
quantum-mechanical tunnelling [42,1 and classical 
kink-defect carriers [43]. 
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Biltonen (Biltoaen, R., personal communication) has 
pointed out that the cluster size distribution function (Fig. 2) 
obtained from the microscopic interaction model used in this 
work is quantitatively similar to that obtained experimentally 
[441 f r ~  ~,-~nning calorimetric data, without a.0,suming a par- 
ticular model of the ch.~h:.melti;tg icansition (see Fig. 2 of ReL 
:-4L 
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