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Abstract

The effects of the insecticide lindane on the phase transition in multilamellar bilayers of saturated diacylphosphatidylcholines of
different acyl chain length (DC,,PC, DC,¢PC, and DC,3PC) have been studied by means of differential scanning calorimetry (DSC), as
well as computer-simulation calculations on a molecular interaction model. The calorimetric data show that increasing concentrations of
lindane lower the transition temperature and lead to a broadening of the specific heat in a systematic way depending on the lipid acyl
chain length. Kinetic effects in the observed calorimetric traces indicate that the incorporation of lindane into multilamellar lipid bilayers
is slow, but faster for the shorter lipid species. Large unilamellar vesicles do not show such kinetic effects. The transition enthalpy is for
all three lipid species found to be independent of the lindane concentration which implies that the entropy of mixing is vanishingly small.
This lends support to a microscopic molecular interaction model which assigns the absorbed lindane molecules to interstitial sites in the
bilayer. Computer-simulation calculations on this model, which assumes a specific interaction between lindane and certain excited acyl
chain configurations, lead to predictions of the lipid—water partition coefficient in qualitative agreement with experimental measurements
(Antunes-Madeira and Madeira (1985) Biochim. Biophys. Acta 820, 165-172). The partition coefficient has a peak near the phase

transition which is a consequence of enhanced interfacial adsorption of lindane at lipid-domain interfaces.
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1. Introduction

Considerable effort has been devoted to elucidate the
molecular mechanisms responsible for the toxic effects of
insecticides [1,2] such as DDT, lindane, parathion, and
malathion. These compounds are generally non-polar and
it is therefore expected that their site of action is at the
lipid-bilayer component of the cell membrane, in particular
at the membranes of nerve cells. It is still an unsettled
question whether specific membrane receptors are in-
volved in the toxic action or if the lipid bilayer is a target

Abbreviations: DC,PC, saturated diacylphosphatidylcholine with n
carbon atoms in each acyl chain; DSC, differential scanning calorimetry;
lindane, y-1,2,3,4,5,6-hexachlorocyclohexane.
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for the insecticides. In this sense, the situation resembles
that of general anaesthesia and the effects of various drugs
and alcohols on biological membranes [3] where a similar
controversy exists regarding the molecular mechanisms
involved. In order to clarify the problem of insecticide
action it is important to carry out systematic studies on
well-defined model systems involving synthetic lipid bilay-
ers and native membranes by which it is possible to
quantitatively characterize the effects of the insecticide on
the bare physicochemical properties of the membrane.
Such information will be essential for making further
progress in our understanding of the molecular mecha-
nisms of the toxic action of insecticides in living cells.

A substantial body of experimental literature exists on
the change in the physicochemical properties of simple
membrane systems due to the interaction with insecticides,
such as lindane [1,4-6], DDT [1,7-11], parathion [12,13],
and malathion [14]. In particular the group of Antunes-
Madeira and Madeira [4-6,10—14] has made a series of
systematic studies using different techniques involving ra-
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dioactive labelling and fluorescence spectroscopy leading
to information on partition coefficients and the influence
of insecticides on membrane structure and fluidity.

In the present paper we are going to study the effects of
lindane on synthetic phospholipid bilayers using a com-
bined experimental and theoretical approach, involving
DSC and computer-simulation calculations on a molecular
interaction model. The influence of lindane on lipid-bilayer
properties has not been studied previously with any of
these techniques. The combined approach leads to a de-
tailed picture of the way lindane interacts with the lipid
bilayer. Similar to a large number of previous studies of
the interaction of membrane-active molecular agents with
lipid bilayers, we shall focus on the gel-fluid main phase
transition of phospholipid bilayers [15] and investigate
how the interaction of the active molecules with the bi-
layer manifests itself in alterations of the transitional prop-
erties.

Different effects of the interactions between lipid bilay-
ers and lindane have been studied by radioactive labelling
[4] and fluorescence spectroscopy [1] to determine the
partitioning of lindane between the lipid bilayer and the
aqueous phase. Fluorescence spectroscopy has also been
used to evaluate the bilayer fluidity changes that are
induced by lindane [5,6]. It has been reported that the
partitioning in the gel phase is very low and considerably
higher in the fluid phase [4]. Furthermore, the incorpora-
tion of lindane into the lipid bilayer was found to increase
and display a broad maximum in a temperature range
around the main transition. This enhanced absorption in
the transition region was found to increase with decreasing
acyl chain length of phospholipids in the series DC,,PC,
DC,(PC, and DC4PC. The fluorescence spectroscopic
studies showed that lindane tends to broaden the phase
transition and shift it to lower temperatures [5]. The lipid
acyl chain order in the gel phase was found to decrease
whereas lindane showed no discernable effect in the fluid
phase. Cholesterol in large amounts was found to reverse
the disordering effect of lindane in the gel phase [5].
Similar effects have been observed for other insecticides,
such as DDT [11], malathion [14], and parathion [13].

Guided by these and related results for the effect of
certain local and general anaesthetics on phospholipid
bilayers [16], a general molecular interaction model has
been proposed to account for the effect of insecticides on
the physical properties of lipid bilayers [17,18]. The results
from computer-simulation calculations on the model sug-
gested that the increased absorption of insecticides in lipid
bilayers may be explained by the occurrence and enhance-
ment of dynamic bilayer heterogeneity in the transition
region [19,20). Dynamic heterogeneity implies formation
of lipid domains and interfaces between the lipid domains
and the bulk bilayer phase. The domain interfaces act as
sinks for the insecticides. We shall in this paper elaborate
further on this picture and demonstrate how it is capable of
accounting for the systematics of lindane effects on phos-

pholipid bilayers with different chain length, specifically
DC,,PC, DC,(PC, and DC,,PC.

2. Materials and experimental methods
2.1. Preparation of multilamellar vesicles

Multilamellar vesicles of each of the phospholipids
DC,,PC, DC,(PC, and DC,;PC were prepared, one at the
time, by suspending 25 pwmol pure dry lipid into 5.00 ml
of a KCl solution consisting of 50 mM KClI and 1.0 mM
NaN,. The resulting suspension was heated to about 20°C
above the transition temperature, T, , for the lipid species
in question. The temperature of the suspension was kept
constant for at least 1 h. Every 15 min the suspension was
shaken vigorously by vortexing. The final lipid concentra-
tion was 5 mM. The dispersions were then stored at 5°C.

2.2. Preparation of unilamellar vesicles

Large unilamellar vesicles of DC,;PC were prepared
from the multilamellar vesicles by standard extrusion tech-
niques [21]. Ten repeated extrusions through two stacked
membranes of pore size 100 nm were performed.

2.3. Preparation of lindane solution

A saturated lindane solution was prepared by adding 50
pmol dry lindane to 1000 ml of the KCI solution men-
tioned above, and then heating to 60—-80°C for several
hours, before cooling to room temperature (22°C). Only a
minor part of the added lindane was not dissolved by this
procedure. We have not determined the absolute lindane
concentration in the saturated solution. Previous work has
indicated that the lindane concentration at saturation is 25
uM [22] but larger values have also been quoted [23].
Hence, we conclude that the absolute concentration in our
saturated lindane solution is in the range 25-50 uM. For
convenience, we shall here denote the lindane concentra-
tion in the lipid samples to be described below in terms of
a percentage of saturation (%sat.), i.e., the percentage of
the sample volume that is made up of the saturated lindane
solution. This is an internally consistent and well-defined
measure which allows a systematic comparison between
different types of lipids.

2.4. Preparation of samples

Samples for DSC studies were prepared at room tem-
perature (22°C) immediately before scanning by mixing
lipid dispersion with lindane solution and KCl solution to
obtain a final lipid concentration of 200 uM and lindane
concentrations of 0%, 24%, 48%, 72% and 96% of satura-
tion. The samples were vortexed shortly before they were
loaded into the calorimeter. This type of sample prepara-
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tion where lindane is added from the aqueous phase rather
than by co-solubilization was chosen in order to be able to
control the lindane content in the aqueous phase.

2.5. Differential scanning calorimetry

Differential scanning calorimetry was performed using
a MC-2 Ultrasensitive Scanning Calorimeter from Micro-
cal (Northhampton, MA, USA). The calorimeter is of the
power-compensating type with cell volumes of 1.2 ml.
During scanning the reference cell contained the KCl
solution. Three or more successive upscans were per-
formed on each sample. The scanned temperature ranges
were 17-27°C for DC,,PC, 35-45°C for DC,(PC, and
50-60°C for DC 4 PC. The scan rate was always 13°C/h.
Before the beginning of each scan, the sample was equili-
brated during 50 min at the starting temperature. Immedi-
ately after the end of a scan the system was cooled to the
starting temperature of the following scan in order to
equilibrate. The samples were subject to a hydrostatic
pressure of about 3 atm. (absolute) during scanning. In the
DSC experiment the excess heat capacity is measured. We
shall throughout this paper refer to this quantity as the
specific heat, C,.

2.6. Reagents

DC,,PC, DC,,PC, and DC;PC, at least 99% pure,
were obtained from Avanti Polar Lipids. Lindane was
obtained from Sigma and was of commercial grade. All
reagents were used without further purification.

2.7. Data analysis

MicroCal Origin™ software was used to subtract ap-
propriate baselines from the obtained excess specific-heat
curves and subsequently used to integrate the curves and to
determine the peak position, T, and the peak width at half
maximum, T, ,.

3. Microscopic model and calculational techniques
3.1. Microscopic model

The microscopic model that we use to describe the
partitioning of lindane into lipid bilayers and the interac-
tion between lindane and the lipid molecules is the one
proposed by Jgrgensen et al. [17,18] for lipid—insecticide
interactions. This model is an extension of the ten-state
model by Pink et al. [24] used to describe the transitional
properties of phospholipid bilayers [25]. Within this model
the acyl chains of the phospholipids are situated on a
triangular lattice. The lattice is a mere topological con-
struction which assures that each lipid chain has six near-
est neighbors which, however, need not be in the same

distance from the chain in question. The lindane molecules
are interstitially intercalated between the acyl chains. Hence
the absorption sites for lindane formally form a honey-
comb lattice imbedded in the triangular lipid lattice. Since,
by this construction, the lindane molecules and the lipid
molecules exist on separate lattices, the entropy of mixing
is automatically zero, which is consistent with our experi-
mental findings (cf. Section 4). Within this model no
specification is made of the actual position of the lindane
molecules in the lipid hydrophobic bilayer core. The Pink
model distinguishes between different acyl chain states,
m=1,2,...,10, each characterized by an internal confor-
mational energy, E,, a cross-sectional area, A,, and a
degeneracy, D,,, which is related to a single-chain entropy.
The 10 states include the m =1 fully ordered state (the
all-trans state), the m = 10 disordered (fluid) state, to-
gether with eight intermediate states characterized by a
certain degree of acyl chain disorder. The model includes
only nearest-neighbour interactions: lipid—lipid, lipid—lin-
dane, and lindane-lindane, characterized by the interaction
constants J; , J, and J,,. We have explicitly assumed
that the lindane molecule interacts in a selective way with
the lipid acyl chain, i.e., in a way that depends on the
conformational state, m, of the chain.

The energetics of the model is described by the effec-
tive Hamiltonian

x=Y io‘, (E,+1IA,) %

i m=1
J
=y Z 1,1, %,
<l ]> m,n= 1
+3 Z I Em L
i m=1 1
Jan
- LA —#Z-% (1)
Lk
where %, =0, 1 is a variable indicating the conforma-

tional state of the chain at site i of the lipid lattice and
Z =0, 1 is a variable indicating the occupancy of the /th
site of the lindane lattice. I,, is a nematic shape factor [25].
IT=30 dyne/cm (e, 3-1072 N/m) is an interfacial
pressure added to assure bilayer stability [25]. The model
parameters for pure phospholipid bilayers with different
acyl chain length, which have previously been discussed
by Ipsen et al. [26], are given in Table 1. The interaction
constants, J7,, initially chosen for the lipid—lindane inter-

Table 1
Parameters for the ten-state Pink model in Eq. (1)

Phospholipid Eip /1073 erg Dy, Ji /107 B erg
DC,,PC 1.94 6x38 0.618
DC,4PC 2.78 6x 310 0.709
DC,sPC 3.62 6x312 0.815
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actions are given in Table 2. The values reflect a weak
repulsion to the all-trans state, a stronger repulsion to the
lower-lying gel-like states, whereas there is an attractive
interaction between lindane and some of the more excited
chain states that involve kink formation. This selective
interaction between lindane and certain lipid chain states
reflect a steric interaction corresponding to the assumption
that the lindane molecules fit better to certain chain confor-
mations (e.g., those involving kinks) [18]. Lindane is as-
sumed to have a weakly attractive interaction with the
fluid state. Other values of these parameters will be con-
sidered in Section 5. Finally, the interaction constant for
lindane—~lindane interactions is chosen as slightly attrac-
tive, Jo, = 0.1- 10713 erg (i.e., 1072! joule). It should be
noted that all these interaction constants are effective, and
use of terms like attractive and repulsive should be consid-
ered in a relative sense. It should be pointed out that the
interaction parameters involving lindane is not known a
priori (cf. Section 5).

The concentration, x, of lindane molecules in the bi-
layer is not a conserved quantity since a partitioning
between the membrane and the aqueous phase is assumed
to occur. The partitioning is controlled by the chemical
potential, u, in the last term in Eq. (1). Hence the mod-
elling refers to the grand canonical ensemble. The natural
concentration variable for lindane in the bilayer is

2 ZY

ST &)

since there are two interstitial lindane sites per lipid acyl
chain. The standard molar concentration, y, is related to x
as

y=2x/(1+x) (3)
since each lipid molecule carries two acyl chains.

3.2. Calculational method

Standard Monte Carlo computer-simulation techniques
[25] have been used to determine the thermodynamic
equilibrium properties of the model described by the
Hamiltonian in Eq. (1). The simulations are performed on
lattices composed of 60 X 60 lipid acyl chain sites and
60 X 2 interstitial lindane sites. The lattices are subject to
periodic boundary conditions. This system size is esti-
mated to be sufficiently large to represent the thermody-
namic limit for the quantities presented below. The simula-
tions provide an equilibrium ensemble of configurations by
using Glauber dynamics [25] for both acyl chain excita-
tions and lindane partitioning. The equilibrium properties

are obtained by averaging over ensembles consisting of
about 10® system configurations. In the computer simula-
tions the specific heat is conveniently calculated via the
fluctuation—dissipation theorem

C, = (ksT?) ({22 —(2)). (4)

4. Experimental results

4.1. Kinetics of lindane incorporation

Successive upscans were performed on each lipid-lin-
dane sample as described in Section 2.4. Selected results
for a series of successive scans are shown in Fig. 1 for all
three lipid species. The complete set of specific-heat data
obtained in the last scan for each sample investigated,
including the three pure lipid samples of DC,,PC, DC,(PC,
and DC 3 PC, is given in Fig. 2. We shall refer to the data
in Fig. 2 as the ‘equilibrium data’ and return to a discus-
sion thereof in Section 4.2. It is noted that for all three
lipid species the presence of lindane in the sample leads to
a freezing-point depression and a progressive broadening
of the transition. However, Fig. 1 shows that the data is
subject to very significant kinetic effects. For DC,, PC the
effects are marginal and basically within the experimental
noise but they become significant in the case of DC,,PC
and DC,4PC. The kinetic effects are stronger the higher
the lindane concentration is. It should be noted from Fig. 1
that the kinetic effects occur over a temperature range that
is less than 1°C.

For the DC,,PC and DC,;PC systems ten successive
scans were performed. Already the first of the ten excess
specific-heat curves shows properties which differ from
the curve for the pure system, cf. Fig. 1, which showed no
significant dependence on the number of scans performed
at the used scan rate. Apart from being broadened and
shifted to lower temperatures, the specific-heat curve for
the first scan displays a small shoulder at the high-temper-
ature side. During the following scans, the intensity of this
shoulder increases, simultaneously with a decrease in the
intensity of the main peak. Eventually, the shoulder turns
into a peak so that the specific-heat curve now contains
two peaks. The original peak then decreases further in
intensity as the new peak increases in intensity. In the case
of the DC,; PC systems the decrease in the intensity of the
original peak is so strong, that the peak finally turns into a
shoulder of the new peak. The same is observed for
DC,,PC samples with lower lindane contents, whereas the

Fig. 1. Evolution during successive upscans of the specific heat obtained by DSC for multilamellar bilayers samples of 200 uM DC,,PC, DC,(PC, and
DC,,PC containing lindane. The lindane concentration in the three systems corresponds to 72% sat., 72% sat., and 96% sat., respectively. Note the

difference in scales for the different lipids.
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Fig. 2. Specific-heat curves from the last (‘equilibrium data’) of a series of upscans, cf. Fig. 1, obtained by DSC shown together with the specific heat of
pure DC,,PC, DC,,PC, and DC,3PC systems. Results for different lindane concentrations are shown.
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Table 2
Parameters for the lipid—lindane interactions in Eq. (1)

Jr /107 B erg
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final excess specific-heat curves of DC,,PC samples with
higher lindane contents have two distinct peaks. Another,
but much weaker development is observed in the low
temperature wing of the specific heat. During successive
scans the intensity of the wing increases. This development
is observed for all DC,;PC and DC,4;PC samples contain-
ing lindane including those with only 24% sat. lindane,
which do not show the described development of the
shoulder in the high-temperature region of the peak.

The series of successive upscans for the DC,,PC sam-
ple containing lindane in a concentration of 48% saturation
was interrupted after the sixth scan. The sample was then
allowed to rest at 20°C in the calorimeter for approxi-
mately 2 hours, before six more scans were performed.
Some of these scans are presented in Fig. 3. The seventh
scan, i.e., the first one after the resting period, showed a
marked deviation from the development of the DC,,PC
data shown in Fig. 1. The intensity of the high-temperature

peak is much higher than would be expected from Fig. 1
and similarly the position of this peak occurs at higher
temperatures. The last five scans, which show only little
development, conform however reasonably well with what
one would have expected based on the data in Fig. 1. The
same type of interruption in the series of upscans for a
DC 3 PC sample with 72% sat. lindane showed a behavior
qualitatively similar to that of DC,,PC in Fig. 3, although
less pronounced.

In order to provide a quantitative measure the kinetic
development of the specific-heat curves in Fig. 2, we
subtract the specific-heat curve of the first scan from each
of those of the subsequent scans and determine the corre-
sponding series of area differences that are due to the
increased intensity of the high-temperature shoulder /peak.
The calculated areas are divided by the average area of the
full specific-heat function in order to obtain a measure of
the relative development which we denote by &h. Results
for 6h derived from this procedure are presented in Fig. 4.
The rate of development is seen to be largest in the first
few scans and then to decrease slowly in the following
scans. The rates are larger for DC,;PC than for DC 4 PC,
and an increased concentration of lindane leads to a larger
rate and to a slower decrease of the rate during the later
scans.

Finally, the development of the area under the full
specific-heat curves was investigated. The results are pre-
sented in Fig. 5. The total area, which corresponds to the
transition enthalpy, AH, increases as the scans proceed. It
seems in the case of DC,(PC that the value of AH
saturates and levels out after 6-8 scans and that ‘equi-
librium’ has hence been attained. This is particularly clear

| —

DC,PC

10

Cp [keal/(mol °C)]

Scan

T[°C]

Fig. 3. Evolution during successive DSC upscans of the specific heat for multilamellar bilayers samples of 200 uM DC,;PC containing lindane in a
concentration corresponding to 48% sat. This series of upscans were interrupted after the 6th scan and the sample were put to rest in the calorimeter at

20°C for approx. 2 h before the next six scans were performed.
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ture specific-heat peaks in Fig. 1 as a function of number of DSC upscans

Fig. 5. Evolution of the total heat content, AH (the equilibrium transition

on various different multilamellar lipid-lindane systems. 8% is defined as
the increase in area under the high-temperature peak /shoulder relative to
the first scan divided by the total heat comtent in the specific heat
function.

enthalpy), as a function of the number of DSC upscans obtained from the
specific-heat functions for multilamellar DC,;PC and DC 3 PC bilayer
systems with different contents of lindane.

In the case of the DC,,PC sample containing 24% sat.
lindane the specific heat function in Fig. 2 is much broader
and peaks at a somewhat lower temperature than the
specific-heat curve for the pure system. Part of the broad-
ening is due to the presence of a shoulder in the low-tem-
perature region of the peak. In the system containing 48%
sat. lindane, the broadening and the shift of the transition
are even more pronounced and the shoulder has turned into
a separate peak. This behavior is enhanced when the
lindane concentration is increased. Possibly a third low-
temperature feature in terms of a shoulder on the low-tem-
perature side of the specific heat has developed for the
highest concentrations, see Fig. 1. Similar observations are
made for the DC,;,PC and DC,;PC samples, although to a
somewhat lesser extent. In the case of DC,;PC the low-
temperature peak is absent even for the system containing
96% sat. lindane.

We define the transition temperature of a sample con-

in the case of the scan series for the DC,,PC sample with
48%sat. lindane subject to the interruption procedure and a
resting period where the data for AH in Fig. 5 seems to
have leveled out.

We shall in Section 6 return to a discussion and inter-
pretation of the results on the kinetic effects in the specific
heat in terms of a model for the incorporation of lindane
into multilamellar lipid bilayers.

4.2. Equilibrium studies

We shall now present the thermodynamic data that can
be obtained from the specific-heat curves of the last of the
successive scans performed on each of the different sam-
ples, cf. Fig. 2. For convenience we refer to these data as
‘equilibrium data’, although it is likely that the samples are
not in truly thermodynamic equilibrium as will be dis-
cussed in Section 5.

Fig. 6. Variation of the transition temperature, T, with the lindane concentration in multilamellar DC,,PC, DC,PC, and DC,sPC bilayers as determined
from the position of the corresponding DSC high-temperature specific-heat peaks in Fig. 2.
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Fig. 7. Variation of the width, T ,,, of the transition with the lindane concentration in multilamellar DC,,PC, DC,(PC, and DC;4PC bilayers as
determined from the width at half maximum of the corresponding DSC high-temperature specific-heat peaks in Fig. 2.

taining lindane as the position, T, of the main peak and
denote by T;,, the width of the peak at half maximum.
‘The results for T,, and T,,, for the three different lipid
systems as a function of lindane concentration are given in
Figs. 6 and 7. Both T, and T, ,, appear to depend linearly
on the concentration of lindane in the full concentration
range investigated for all three lipid species. In the case of
T,, this observation is in accordance with classical thermo-
dynamics for dilute solutions (freezing-point depression).
The freezing-point depression is stronger the shorter the
lipid acyl chains are. Similarly, there is a systematic
increase in the degree of broadening as the acyl chain
length is decreased. A linear dependence of T;,, on the
concentration of foreign molecular compounds incorpo-
rated in lipid bilayers has been observed previously for the
general anesthetics halothane and enflurane in DC,,PC
vesicles [27].

The total heat content, i.e., the transition enthalpy AH,
of the equilibrium specific heat functions in Fig. 2 is
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Fig. 8. Variation of the transition enthalpy, AH, with the lindane
concentration in multilamellar DC,,PC, DC,4PC, and DC,4PC bilayers
as determined from the corresponding DSC high-temperature specific-heat
peaks in Fig. 2.

plotted in Fig. 8 as a function of lindane concentration for
the three different lipid species. In the case of DC4PC it
was not possible to separate the main transition from the
pre-transition and the AH given in Fig. 8 contain contribu-
tions to the transition enthalpy from both transitions. For
all three phospholipids it is found that AH is independent
of the lindane concentration within the accuracy of the
measurements. The average values obtained for AH from
Fig. 8 are 6.0 kcal/mol for DC,,PC, 8.3 kcal /mol for
DC(PC, and 11.1 kcal/mol for DC,;PC. These values
compare reasonably well with values quoted in the litera-
ture [28]: 6.5 kcal/mol, 8.7 kcal/mol, and (1.8 + 10.4
kcal /mol).

5. Computer-simulation results

The purpose of the present computer simulation study is
to examine the capability of the model in Eq. (1) to
describe the systematics in the effects of partitioning of
lindane into saturated diacylphosphatidylcholine lipid bi-
layers as a function of the acyl chain length. The attempt
to use this model in describing the experimental data
should also be seen as part of a strategy for developing a
model for lipid—insecticide interactions. Since the values
of the parameters involving lindane in the microscopic
model in Eq. (1) is not known a priori, part of the
simulation section will be concerned with effects due to
variations of these parameters in order to find an optimal
set of parameters for lindane. The properties of the model
in the case of DC,;PC bilayers has been studied in detail
previously [16,18]. Specifically we want to investigate
whether thermodynamic properties, that vary systemati-
cally with the acyl chain length, can be accounted for by
the model. Of particular interest is to calculate the temper-
ature dependence of the uptake of lindane, which is equiv-
alent to the membrane /water partition coefficient, as well
as the specific heat, both of which can be compared with
experiments.
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The computer-simulation results are presented in four
subsections. At first, we discuss the case where the chemi-
cal potential is the same for all three lipid systems. Sec-
ondly, we allow the chemical potential to depend on the
lipid in question. Thirdly, we investigate the effect of
varying the parameters describing the interaction between
lindane and the lipid bilayer. Finally, we show how the
model simulations lead to insight into how lindane affects
the acyl chain order, in particular the formation of kink
states.

5.1. Keeping p and lipid-lindane interaction parameters
independent on chain length

The first set of simulations is carried out by using the
same chemical potential, u, the same lindane-lindane
interaction parameter, J,,, and the same set of lipid—lin-
dane interactions, J7,, for all three lipid species. The
values used for J{, are given in Table 2. The simulations
for the different lipids only differs by the parameters
describing the pure lipid bilayer, cf. Table 1. The simula-
tion performed on DC(PC is the same as that of the
previous study [18]. The chemical potential is taken to be
w=—094-10"" erg.

The results for the partition coefficient, x, and the
specific heat, C,,, are shown in Fig. 9a and 9b. Fig. 9b also
include specific-heat data for the pure phospholipid bilay-
ers. The data in Fig. 9a suggest that the uptake of lindane
from the water phase increases with increasing chain length.
For all three chain lengths, x increases as the temperature
is increased in the gel phase. In the cases of DC, PC and
DC4PC, x decreases at the main transition leading to a
maximum of x just below T,. Well into the fluid phase, x
starts to increase again, but with a much smaller slope than
in the gel phase. For DC,PC a maximum in x is not
observed but there is a dramatic change in the rate of
increase in x when the temperature is varied through the
transition.

The specific-heat data in Fig. 9b show for all three lipid
species that there is a broadening of the specific-heat peak
and a concomitant shift in 7 as compared to the pure
systems. The broadening is most pronounced in the case of
DC,,PC and least pronounced for DC,;PC, i.e., the broad-
ening does not depend systematically on the length of the
acyl chains. The shift in 7, is largest for DC,,PC and
smallest for DC,;PC, where the shift is actually upwards
relative to the pure system.

5.2. Effects of varying u

In the second set of simulations the lindane—lindane and
the lipid—lindane interactions are taken to be the same for
all three different lipid species, but the chemical potential
is no longer equal for the three chain lengths. In the case
of DC,,PC, u has been increased from —0.94 - 107 erg
to —0.65-107'? erg and in the case of DC;4PC, pu has
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Fig. 9. Computer-simulation data for a model of DC,,PC, DC(PC, and
DC,4PC lipid bilayers interacting with lindane. The model parameters
characterizing lindane—lipid and lindane-lindane interactions are the
same for all samples and the chemical potential is in all cases u = —0.94
-10713 erg. (a) Lindane partition coefficient, x, as a function of tempera-
ture. (b) Specific heat, C,, as a function of temperature for lindane-con-
taining bilayers (solid lines). For comparison, the specific-heat functions
for the pure lipid bilayers are included (dashed lines).

been reduced from —0.94-107'% erg to —1.35-10713
erg. u remains unchanged in the case of DC,(PC. The
strategy for choosing these values of u for different chain
lengths is justified a posteriori by the results found for the
specific-heat curves (see below). The strategy assures that
the derived partition coefficients reflect the experimental
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fact that lindane has higher solubility in the lipids with the
shorter acyl chains [4].

The partition coefficient and the specific heat for this
set of parameters are presented in Fig. 10a and 10b,
respectively. As a reference the specific heat for the pure
systems are also included in Fig. 10b. The chain-length
dependence of x is now opposite that in Fig. 9a: the
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Fig. 10. Computer-simulation data for a model of DC,,PC, DC,(PC, and
DC,3PC lipid bilayers interacting with lindane. The model parameters
characterizing lindane-lipid and lindane—lindane interactions are the
same for all samples. The chemical potentials are u= —0.65-10"13,
—0.94-107%3, and —1.35-10"'3 erg for DC.,PC, DC(PC, and
DC,4PC, respectively. (a) Lindane partition coefficient, x, as a function
of temperature. (b) Specific heat, C,, as a function of temperature for
lindane-containing bilayers (solid lines). For comparison, the specific-heat
functions for the pure lipid bilayers are included (dashed lines).
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Fig. 11. Computer-simulation data for a model of DC,,PC lipid bilayers
interacting with lindane. The chemical potential is x = —0.94-10713
erg. Effects are shown due to variations of the lipid—lindane interaction
parameters, J7,, in Table 2. The data set denoted by O is our reference
set that corresponds to the parameter values given in Table 2 (cf. Figs. 9a
and 9b). The data set denoted by O is obtained by changing J}, to
—0.20- 10715 erg relative to the reference set. The data set denoted by A
is obtained by changing J!% to 0.06-107'* erg relative to the reference
set. (a) Lindane partition coefficient, x, as a function of temperature. (b)
Specific heat, C,, as a function of temperature for lindane-containing
bilayers (solid lines). For comparison the specific heat function for the
pure DC,, PC bilayer is included (dashed line).

uptake of lindane increases as the chain lenght is de-
creased. Furthermore, all three x-curves have a peak just
below T, . The peak is sharpest for the longest chain and
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broadest for the shortest chain. The levels as well as the
shapes of the x-curves for the DC,,PC and DCPC
systems have been changed significantly upon changing
the value of u. This type of effect was also observed
previously for the DC,(PC system [18]. Turning to the
specific-heat curves in Fig. 10b we now see that the
broadening effect increases with decreasing chain length
and the downwards shift in transition temperature, T, is
increased with decreasing chain length of the lipid. The
effect of lindane on the specific heat is now clearly largest
for the DC,,PC system and smallest for the DC, PC
system.

5.3. Effects of varying the specific lipid—lindane interac-
tions

In the third set of simulations we only consider DC,,PC
at a chemical potential u = —0.94 - 10713 erg for lindane
and allow the lipid-lindane interactions to vary. The re-
sults are presented in Fig. 11a and 11b for the partition
coefficient and the specific heat, respectively. As a refer-
ence we use the results for the case in Fig. 9a and 9b (O).
The curves marked by O are from an almost identical
simulation, the only difference being that the value of J;,
has been changed from —0.20 - 10" * erg to —0.20 - 10~ 1°
erg, i.e., the interaction of lindane with the all-trans acyl
chain state has been made less repulsive. Similarly, the
only difference between the reference data set and the
curves marked by A is that the value of J/S has been
changed from 0.06 - 1073 erg to 0.06 - 10™1* erg, i.e., the
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Fig. 12. Computer-simulation data for the acyl-chain kink probability, W,
for lipid bilayers with (—) and without (— — -) lindane shown as a
function of temperature. Results are shown for DC,,PC, DC,(PC, and
DC,g PC bilayers under the same conditions as in Fig. 10. The model
parameters characterizing lindane—lipid and lindane—lindane interactions
are the same for all samples. The chemical potentials are pu = —0.65-
10713, —0.94-107'3, —1.35-10""% erg for DC,,PC, DC,;PC, and
DC s PC, respectively.

interaction of lindane with the fluid acyl chain state has
been made less attractive.

It is observed, that either of the changes made in the
interaction parameters can induce the presence of a peak in
the partition coefficient. The level of the lindane concen-
tration in the gel and fluid phases changes as expected.
Decreasing the repulsion between lindane and the all-trans
acyl chain state increases the level of lindane in the gel
phase, but does not affect the level in the fluid phase.
Similarly, decreasing the attraction of the fluid acyl chain
state decreases the level of lindane in the fluid phase,
without changing the level in the gel phase.

The specific-heat curves in Fig. 11b show that both of
the changes cause the shift in 7, to be smaller than for the
reference set of parameter values. Conversely, the broaden-
ing seems to be slightly larger for both cases of changed
parameters. No obvious correlation is observed of either
the broadening or the shift in 7, with the level of lindane.
Instead the relative levels of lindane in the two phases
appear to be of importance; the smaller the difference in
the level of lindane in the two phases, the broader the peak
and the smaller the shift in 7.

5.4. Effect of lindane on acyl chain order and kink-state
formation

The model in Eq. (1) proposed here to describe the
interaction between lindane and lipid bilayers assumes that
there is a specific attractive interaction between lindane
and certain excited acyl chain states (states m =5-9 in
Table 2) [17,18]. These states have elements of kink
excitations, i.e., subsequent formation of gauche™ and
gauche” totations in the acyl chain [24]. State m = 5 is the
pure kink state which turns out to be a dominant chain
excitation in the pure bilayer transition [24,25]. The kink
probability displays a maximum in the transition region
[30]. The kink-state probability can be probed by Fourier
transform infrared Raman spectroscopy [29].

In Fig. 12 are shown the computer-simulation data for
the kink-state probability, W, for DC,,PC, DC,;PC, and
DC,;PC bilayer systems with and without lindane. The
data are obtained for the same set of model parameters as
used to generate the data in Fig. 10. It is observed that for
all three systems there is a significant enhancement of the
kink probability when lindane is incorporated into the
bilayer. The enhancement is very strong for DC ,PC
bilayers and decreases for increasing chain length.

6. Discussion and conclusions

We have in this paper presented results from a com-
bined experimental and model theoretical study of the
effects of the insecticide lindane on saturated diacylphos-
pholipid bilayers of different acyl chain length, DC,,PC,
DC,;PC, and DC,;PC. The experiments involve DSC



M.C. Sabra et al. / Biochimica et Biophysica Acta 1233 (1995) 89-104 101

C, [keal/(mol °C)]

LI B B B L L AL LN B B B S I BB

T(°C]

Fig. 13. Specific-heat data obtained for unilamellar bilayers of 240 uM DC,4PC with a lindane concentration corresponding to 48% sat. Results from ten

successive upscans are shown.

analysis of multilamellar vesicles. The theoretical calcula-
tions involve computer simulations on a simple and well-
detined microscopic molecular interaction model. The
combined set of results put us in a position to describe
certain aspects of the effects of lindane on the physico-
chemical properties of lipid bilayers and to relate the
macroscopic observed properties to microscopic phenom-
ena, in particular dynamic membrane heterogeneity and
selective interactions between lindane and the lipid acyl
chain. Moreover, we propose that the kinetic effects ob-
served in the DSC experiments could serve to guide our
understanding of how insecticides are incorporated into
lipid membranes. Although results are presented only for
lindane, it is conceivable that the effects described are
general for a large class of insecticides, including DDT,
malathion, parathion together with lindane, and that the
generic aspects of insecticide—lipid interactions is closely
related to that of certain drugs such as halothane [27] and
dibucaine [31].

6.1. Kinetics of lindane incorporation into multilamellar
lipid bilayers

In order to discuss the observed kinetic effects in
lindane interaction with lipid bilayers it is useful first to
make the following general considerations. The lindane
molecules are initially present in the aqueous phase in
which the multilamellar vesicles are dispersed. In order to
attain equilibrium, two processes have to take place. Lin-
dane has to partition into the outermost lipid bilayer and it
has to permeate through the whole multilamellar stack of
bilayers in order to equilibrate with both the inner bilayers
and the aqueous layers between the bilayers; the aqueous

regions are simply not connected and the different water
layers and the external aqueous reservoir can only equili-
brate via passage of lindane across multiple lipid bilayers.
The permeation of lindane through the bilayers will be
faster in the transition region since it is expected that the
transbilayer passive permeability of compounds like lin-
dane displays a strong anomalous maximum at the phase
transition [16,32]. This anomaly is related to the strong
density fluctuations and the dynamic bilayer heterogeneity
accompanying the transition [19,33], cf. Section 6.2 below.
If the incorporation of lindane in lipid bilayers happens
generally to be slow it is therefore expected that successive
passes through the phase transition will help to make the
outer chemical potential establish itself throughout the
lamellar stack. However, as the transition is passed the
partition coefficient of lindane changes substantially and
lindane exchange between the lipid bilayer and the aque-
ous region has to take place. This leads to a considerable
change in the concentration of lindane in the aqueous
regions both as a function of temperature and the number
of scans. Moreover, due to differences in bilayer curvature
the partition coefficient is likely not to be the same for the
inner and the outer bilayers in the multilamellar arrange-
ment. These considerations exposes the key difficulties in
dealing with partitioning of a molecular compound into
multilamellar lipid systems and defining an equilibrium
situation in relation to a DSC experiment: the lindane
molecules are constantly on the move.

The experimental results presented in Figs. 1 and 3
show that some changes of muitilamellar bilayer suspen-
sions containing lindane take place when multiple succes-
sive scans are performed on the sample. What sort of
changes we are dealing with is not a simple question to
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answer, and we are unable to furnish an unambiguous
explanation of the kinetic effects. Important problems to be
resolved before such an explanation can be attempted
involve determination of the actual chemical potential in
the aqueous phase and how it may vary as the lindane
solubility in the lipid phases changes with temperature as
well as a clarification of the positioning of lindane in the
bilayer and whether several lindane pools may exist. Even
though we at present do not possess the information
necessary to resolve these questions we shall in the re-
maining part of this section discuss various aspects of the
problem.

It is likely that the observed kinetic effects are caused
by the multilamellar structure of the vesicles. This is
supported by DSC scans performed on samples consisting
of only unilamellar lipid vesicles, an example of which is
displayed for DC,PC in Fig. 13, showed very little depen-
dence on the number of scans. A small deviation between
the result of the very first scan and all the subsequent
scans may be discerned. The reason for this could be (see
also below) that the transbilayer passive permeability of
lindane displays a maximum at the phase transition. There-
fore, only after having been taken through the phase
transition once has the aqueous lumen of the vesicle been
receiving a substantial amount of lindane from the external
aqueous lindane solution.

The intriguing observation made from the data for the
lipid bilayer systems in Fig. 1 is that progression of the
specific-heat function during successive scans is to dimin-
ish the shift relative to the transition temperature of the
pure system. From the general considerations presented
above one might have expected the opposite trend to
occur, since more lindane will be incorporated into the
inner bilayers as more scans are performed. It is entirely
possible that the multilamellar sample never reaches true
equilibrium. It is also possible that phase separation and
cooperative effects due to the interlamellar interactions
play a role. The occurrence of two peaks, which keep
almost the same peak positions for a series of successive
scans, supports this possibility. The special effect observed
in Fig. 3 following a break in the series of upscans and
subsequent resting at a low temperature may provide a
clue to resolving these questions.

There might also be an influence from the breaking up
of the individual layers due to the interlamellar strain that
is created in the transition region when the bilayer area
expands 10-15%. Furthermore, as remarked above, the
chemical potential and partition coefficient is likely to
depend on the bilayer curvature so that high curvatures
prevent lindane uptake. This could be important, since we
expect the inner layers to be of a much higher curvature
than the outer layers. Finally, the possibility remains that
lindane incorporates into bilayers in different populations,
e.g. in different positions in the bilayer, and the relative
amount of the populations depends on the thermal history
and the equilibration time. It should be possible to investi-

gate the positioning of lindane in the bilayer by fluores-
cence-quenching techniques as has been done for other
hydrophobic species [34].

The last scans of each series of specific-heat data in
Fig. 2 show some general properties of lipid—lindane
interactions. First of all, DC,, PC is much more influenced
by lindane than DC,;PC and DC,4PC, both concerning the
broadening of the peak and the shift of 7,,. According to
Antunes-Madeira and Madeira [4] the lindane partitioning
into the membrane is much larger for DC,,PC than for
DC,,PC and DC ¢PC. Taking this fact into account it is
possible that the progressively stronger influence of lin-
dane on the specific heat for decreasing chain length is a
mere concentration effect. Experimental values for parti-
tion coefficients are, however, too uncertain to draw final
conclusions. Secondly, we have found that the transition
enthalpy, AH, does not depend upon the lindane concen-
tration. This indicates very strongly that the specific vol-
ume of lindane in lipid bilayers is vanishingly small.

6.2. Modelling lipid—lindane interactions

The finding of significant kinetic effects in the experi-
mental specific-heat data makes it difficult to perform a
quantitative comparison with the computer-simulation data
obtained for the model in Eq. (2). Hence, we are not at
present in a position to fully evaluate the quantitative
capability of the model to describe the experimental sys-
tem. However, we can make a qualitative comparison
between the predictions of the model and the experimental
data of the present paper and the general trends in the
partition coefficients measured by Antunes-Madeira and
Madeira [4]. Such a comparison may help towards building
a more complete theoretical model.

The first set of simulation results shown in Fig. 9 is not
in qualitative accordance with the experimental observa-
tions. The systematic variation of the specific-heat curves
with chain length is absent. Furthermore, the systematics
in the partition coefficient is opposite to that measured [4].
The larger uptake for the longer chains found in the model
simulations is probably due to the higher degeneracy, D,,
of the intermediate and fluid states for the longer chains.

The second set of simulation results displayed in Fig.
10 resembles the experimental results more closely. The
systematic variation of both the specific heat and the
partition coefficient, x, with the length of the chain is the
same in simulation and experiment. The relative width of
the peaks in the specific-heat curves are found to be larger
for the shorter chain, as are the shifts in 7. In both
experiment and simulation, the width of the peak in the x-
and C,-curves are comparable. This implies that the uptake
of lindane is related to the increased fluctuations in the
phase transition region, i.e., the larger wings in the spe-
cific-heat function.

In the model we use, the chemical potential, u, is
associated with the water phase, i.e., it is a measure of the
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concentration of lindane in the water phase. To compare
the results of how lindane interacts with different kinds of
lipid bilayers, the value of p must be the same. In the
second set of simulations discussed above, u was allowed
to vary for the different lipid species. The third set of
simulation data displayed in Fig. 11 was obtained for fixed
value of u. The data set shows that a peak in the partition
coefficient can be obtained from the model, provided that
the parameters describing the interaction between lindane
and the bulk lipid phases are appropriately adjusted. This
suggests that we might be able to choose the interaction
parameters, such that the systematics observed in the sec-
ond set of simulations would be obtained using the same
chemical potential for all three lipid systems. A necessary
input for making this adjustment would be reliable experi-
mental values for the equilibrium partition coefficient and
its temperature dependence. Unfortunately, the available
experimental partition coefficients for lindane in the bulk
gel and fluid lipid phases [4] are, as indicated in Section
6.1, possibly invalidated by kinetic effects.

6.3. Enhanced lindane absorption and dynamic membrane
heterogeneity

Experimental measurements of the partition coefficients
of lindane in DC,,PC, DC,,PC, and DC,;PC indicates
that there is an enhanced absorption in the transition region
and that the absorption is stronger for the lipid bilayer with
the shortest lipid chains. As we have discussed above, the
model proposed in Eq. (1) for lipid-lindane interactions is
capable of reproducing this behavior, at least qualitatively.
The incorporation of foreign molecular compounds into
lipid bilayers and the trans-bilayer permeation of these
compounds correlates with the degree of fluctuations in the
bilayer membrane [15,16,19,32,35]. Shorter acyl chains are
known to sustain stronger fluctuations [26]. Computer-
simulation calculations of the type employed in the present
work have shown for drugs [16] as well as for compounds
like insecticides [36] that the fluctuations are accompanied
by dynamic lipid-domain formation on a nanoscopic scale
of 10-1000 A [33]. The dynamic heterogeneity, which is
most dramatic in the transition region, facilitates incorpora-
tion of insecticides like lindane and is responsible for the
enhanced absorption in the transition region. The heteroge-
neous states may pictorially be described in terms of a
bulk equilibrium phase embedded with lipid domains of a
structure resembling the opposite phase. The resulting
heterogeneous pattern is dynamic and characterized by
fluctuating interfaces separating the domains and the bulk.
These interfaces are known from simulations to be rich in
defects, such as kink excitations [37]. Consequently, the
insecticide molecules are adsorbed predominantly at these
interfaces leading to increased heterogeneity. The insecti-
cide acts in this way quite similar to an emulsifier. A
similar effect has been discussed to arise for certain drugs
[16] which have been found to accumulate in the inter-

faces. Since in the present case, the lindane molecules are
selectively attracted to the excited acyl chain states, cf.
Table 2, the presence of lindane in the bilayer leads to an
enhancement in e.g. the kink probability as was shown in
Fig. 12. It would be interesting to test this specific predic-
tion, e.g., by Fourier infrared Raman spectroscopy.

6.4. Concluding statements

Obviously, the theoretical model proposed in this paper
for the lipid—lindane system is not a complete model of the
system, but it is likely that the essential features of lin-
dane-lipid interactions are captured by this model, in
particular with respect to describing the effects as a func-
tion of lipid acyl chain length. It should be possible,
however, to refine the model when more reliable experi-
mental data becomes available for properties, such as the
equilibrium temperature dependence of the partition coeffi-
cients, that could be used to fix the values of some of the
model parameters.

The experimental results presented in this paper show
that the incorporation of lindane into multilamellar lipid
bilayer membranes is subject to some very severe kinetic
effects. It is likely that similar effects will be present for
other insecticides previously studied, such as DDT,
parathion, and malathion [10,12,14]. The kinetic effects
discovered suggest that published data for partition coeffi-
cients of lindane in multilamellar phospholipid bilayers in
the gel phase [4] may not represent true equilibrium. Our
results show that kinetic effects of lindane incorporation is
present in the case of multilamellar vesicles hence suggest-
ing that unilamellar lipid assays may be more useful for
the study of effects of insecticides on the lipid-bilayer
component of cell membranes.
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