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Abstract 

The effects of a small molecule, the insecticide lindane, on unilamellar DMPC bilayers in the phase transition region, have been 
studied by means of differential scanning calorimetry and fluorescence spectroscopy. The calorimetric data show that increasing 
concentrations of lindane broaden the transition and lower the transition temperature, without changing the transition enthalpy 
significantly. Lindane therefore enhances the thermal fluctuations of the bilayer. The calorimetric data furthermore suggest that the bilayer 
structure is intact and not disrupted by even high concentrations (32 mol%) of lindane. Fluorescence spectroscopy was used to measure 
the passive permeability of unilamellar DMPC bilayers to Co 2÷ ions. The data show that lindane seals the bilayer for Co 2÷ penetration 
and that this effect increases with increasing lindane concentration. The results are discussed in relation to the effects on the permeability 
of other small molecules, e.g., anesthetics. 
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1. Introduct ion 

It is widely accepted that the toxicity of  hydrocarbons 
is, at least partly, due to their accumulation in the non-polar 
core of  the lipid-bilayer component of  biological mem- 
branes [1]. It remains, however, unclear whether the toxic 
effects of  hydrocarbons are due to specific interactions 
with protein receptors, or whether the hydrocarbons mod- 
ify the lipid bilayer structure of  the membranes by more 
non-specific interactions which in tum cause the toxicity, 
e.g., by a change in the lipid environment around the 
membrane proteins or by a change in the properties of  the 
bilayer itself, e.g., the passive ion permeability. 

Insecticides are usually small hydrocarbon compounds 
of  a considerable hydrophobicity. Important examples in- 
clude parathion, malathion, DDT and lindane. Most of  the 
studies of  the physico-chemical effects of  these insecti- 
cides on lipid membranes have been performed on multi- 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; DSC, differ- 
ential scanning calorimetry; NBD-PE, N-(7-nitrobenz-2-oxa-l,3-diazol-4- 
yl)phosphatidylethanolamine; lindane, 7-1,2,3,4,5,6-hexachlorocyclohe- 
xane. 
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lamellar lipid vesicles, whereas virtually no literature ex- 
ists on interactions with unilamellar vesicles, which more 
faithfully resemble biological membranes. A common fo- 
cus of  these studies, e.g., for lindane [2-10], has been to 
elucidate the action of  the insecticides on the lipid bilayer 
structure considering the insecticide as a small molecule 
which is dissolved in the hydrophobic lipid core of  the 
membrane. In the present paper, we use unilamellar vesi- 
cles to study the effects of  lindane on the thermal proper- 
ties and on the passive bilayer permeability of  DMPC 
bilayers in the region of  the main phase transition. The 
chemical structure of  lindane is shown in the inset of  Fig. 
1. 

To measure the passive permeability of  the bilayers, we 
use unilamellar vesicles labeled with the fluorescent probe 
NBD-PE (a headgroup labeled lipid analog) on the outer 
and inner bilayer leaflets. Addition of  the quencher Co 2÷ 
to the aqueous phase results in an immediate reduction of  
the fluorescence from the outer surfaces. The subsequent 
decrease of the fluorescence from the inner surfaces is a 
measure of  the ability of  Co 2+ to penetrate the bilayer, 
i.e., a measure of  the passive permeability. This method of  
probing the bilayer permeability is a modification of  a 
method originally proposed by Langner and Hui [ 11 ]. 
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In the literature, two models have been proposed for the 
mechanism of penetration of small ions through lipid 
bilayers in the transition region [12]. One is the model of 
Doniach [13], which assumes that the energy barrier for 
permeability is directly related to the lateral compressibil- 
ity of the bilayer, i.e., to the intensity of the density 
fluctuations. The density fluctuations imply dynamic lat- 
eral bilayer heterogeneity in terms of formation of lipid 
domains and associated interfacial regions [14]. The other 
model, which is a microscopic model, assumes that the 
permeability is high through interfacial regions between 
gel and fluid domains formed in the transition region, and 
low through the bulk gel and fluid phases [ 15,16]. 

The simple models for the passive permeability outlined 
above could be extended to include the effects of small 
molecules simply by calculating the effects of these 
molecules on the lateral density fluctuations or on the 
amount of interface, respectively. However, in this paper 
we shall present arguments based on experimental data, 
suggesting that the passive permeability as affected by 
small molecules has a more complex behavior than the 
simple extended models allow for, and that the permeabil- 
ity of ions as affected by small molecules may be related 
to details of the physico-chemical and structural properties 
of these molecules. 

2. Materials and methods 

lipid concentrations in the stock suspensions were about 
3.5 mM, and the NBD-PE concentration was 1% of lipid. 

Two different methods were used to include lindane in 
the lipid systems. For the lowest concentration of lindane, 
the stock unilamellar vesicles were diluted in the KC1 
solution saturated with lindane. This gives a total concen- 
tration of lindane in the system of 25-50 /xM [10]. To 
obtain higher concentrations of lindane it was necessary to 
co-solubilize the lindane with the lipid in chloroform prior 
to suspending the mixture in KCI solution saturated with 
lindane and prior to extrusion. The quoted lindane molar 
concentrations were calculated on the basis of the total 
lipid and lindane concentrations before extrusion. This 
only provides an estimate of the lindane content, since a 
fraction of the total lipid and lindane content is lost during 
the extrusion procedure. 

2.3. Differential scanning calorimetry 

Differential scanning calorimetry was used to measure 
the excess heat capacity, Cp, and was performed using an 
MC-2 Ultrasensitive Scanning Calorimeter from Microcal 
(Northampton, MA, USA). The calorimeter is of the 
power-compensating type with cell volumes of 1.2 ml. 
During scanning the reference cell contained KC1 solution. 
The samples were subject to a hydrostatic pressure of 2.5 
atm (absolute) during scanning. 

2.1. Chemicals 2.4. Fluorescence measurements 

DMPC at least 99% pure was obtained from Avanti 
Polar Lipids (Birmingham, AL) and used for most of the 
experiments described in this paper. DMPC for the particu- 
lar DSC experiments shown in Fig. 1 was obtained from 
Sigma (St. Louis, MO) and had a purity of at least 98%. 
CoC12.6H:O was purchased from Aldrich (Steinheim, 
Germany). Lindane of commercial grade was obtained 
from Sigma. NBD-PE was purchased from Molecular 
Probes (Eugene, OR). All chemicals were used without 
further purification. 

2.2. Preparation o f  vesicles 

To produce NBD-PE labeled multilamellar vesicles of 
DMPC, the dry lipid and NBD-PE were co-solubilized in 
chloroform. The chloroform was driven off by a stream of 
nitrogen, and the samples were stored under vacuum for at 
least 12 h. The resulting dry l ipid/NBD-PE mixtures were 
then suspended in a KC1 solution consisting of 50 mM 
KC1 and 1 mM NaN 3. The temperature was kept at 40°C 
for at least 1 h and during this period the suspensions were 
shaken vigorously several times. To produce unilamellar 
vesicles, the suspensions of multilamellar vesicles were 
extruded ten times through two stacked 100 nm pore filters 
using a hydrostatic pressure of 30 atm [17,18]. The final 

Fluorescence-emission time-traces were recorded using 
a DMX 1100 Spectrofluorometer from SLM-Aminco 
(Urbana, IL, USA). Excitation and emission wavelengths 
were 465 nm and 535 nm, respectively. Excitation and 
emission slits were 2 nm and 4 nm, respectively. The 
temperature of the sample was measured and recorded 
continuously during the experiments using an internal tem- 
perature probe placed in the sample cuvette. The tempera- 
ture was maintained using a circulating water bath. The 
thermostated cuvette holder allowed the temperature to be 
controlled to a precision of approximately _ 0. I°C. 

Samples for fluorescence studies were prepared by di- 
luting the suspension of unilamellar vesicles in KC1 solu- 
tion. The lindane-containing systems were diluted in a 
saturated lindane solution. The final concentrations were 
70 /xM in lipid. Each sample was allowed to equilibrate 
for at least 1 h at the relevant temperature before loading it 
into the fluorometer, which was thermostated to the rele- 
vant temperature. Each sample consisted of 3.0 ml lipid 
suspension. 

After 100 s of constant temperature and fluorescence 
intensity, 150 /xl of a 0.2 M CoC12 stock solution were 
added. The resulting Co 2+ concentration was 9.5 raM. The 
decay of fluorescence intensity after addition of Co z+ was 
recorded over a period of 500 s. 
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2.5. Data analysis 

Baselines in the form of constants were subtracted from 
the Cp curves, i.e., a constant was subtracted from each of 
the curves before integration and determination of the peak 
position, T m, and the peak width at half maximum, T~/2. 
This constant was chosen such that the excess heat capac- 
ity was zero at T = 35°C. The integration also gives the 
sum of the transition enthalpy and the enthalpy usually 
hidden in the wings of the transition. This is commented 
on later. The fluorescence-intensity time-traces were nor- 
malized to the ratio of fluorescence before Co 2+ treatment 
to obtain the relative fluorescence intensity after addition 
of Co 2÷. It was taken into account that the sample was 
diluted by addition of Co 2÷ solution. Fitting of the decays 
was performed using the least-squares method with Micro- 
cal Origin T M  software. 

3. Results 

3.1. Differential scanning calorimetr3, 

Differential scanning calorimetry was applied to unla- 
beled DMPC unilamellar vesicles containing 0 mol%, 6 
mol%, 11 mol%, 20 mol% and 27 mol% lindane. The 
results for Cp are shown in Fig. 1. It is clear that lindane 
causes the main transition to broaden and the midpoint of 
the transition to be shifted towards lower temperatures. 
Both of these effects increase progressively with the lin- 
dane concentration, as can be seen from Fig. 2a and 2b. 
Fig. 2a shows the main transition temperature, defined by 
the peak position T m, as a function of the lindane concen- 
tration. It appears that T m is linearly dependent on the 
lindane concentration. In Fig. 2b, the width of the transi- 
tion is shown as measured by the peak width at half 
maximum. The width is approximately linearly dependent 
on the lindane concentration. 

The areas under the C r curves shown in Fig. 1 were 
measured. These areas are denoted by AH. Baselines in 
the form of constants were subtracted from the curves. 
Hence, AH represents only an estimate of the transition 
enthalpy. More precisely, AH is the transition enthalpy 
plus the enthalpy in the wings of the transition (possibly 
including the pre-transition), and is therefore somewhat 
larger than the transition enthaipy. In the case of the 
system without lindane, we have tried to subtract a base- 
line as usual and then measured the area under the curve. 
This gives a value of approx. 6 kcal/mol for the transition 
enthalpy, which is in good agreement with the value of 6.5 
kcal/mol obtained for multilamellar systems [19]. The 
variation of AH with the concentration of iindane is 
shown in Fig. 2c. AH seems to decrease slightly with 
increasing lindane concentration. However, Fig. 1 shows 
that a low-temperature wing of the transition extends 
below the scanned interval in the case of the lindane-con- 
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Fig. I. Excess heat capacities of unilamellar vesicles of DMPC loaded 
with lindane. The curves were obtained by differential scanning calorime- 
try as up-scans at a scan-rate of 60 C°/h. The lipid concentrations were 
3.4 raM. The inset shows the chemical structure of lindane. 

taining systems. Taking this into account, the apparent 
decrease of AH might not be significant. In any case, 
considering the large amounts of lindane in the bilayer, the 
effect of decreasing AH is small. 

In order to relate some of the results for the permeabil- 
ity presented in the following section directly to the heat 
capacity, two DSC scans for unilamellar vesicles including 
the NBD-PE fluorescent probe were recorded as shown in 
Fig. 3. One of the curves is from a sample without lindane 
and the other is from a sample with a high (32 mol%) 
lindane content. These samples were taken from the stock 
suspensions also used for the fluorescence spectroscopy 
experiments. In the case of the system without lindane, 
there is a small shoulder on the low-temperature side of 
the peak. We shall return to a discussion of this shoulder in 
the following section. The midpoint of the transition is at 
24.7°C for the system without lindane and at 20.9°C for 
the system with the high iindane content. These values are 
in agreement with the linear relationship indicated in Fig. 
2a for unlabeled vesicles. The values for the widths at half 
peak height, 0.55°C in the case of the pure system and 
3.7°C for the lindane-containing system, follow the linear 
relationship in Fig. 2b. The areas under the curves, 8.0 
kcal/mol and 9.6 kcal/mol for the system with and 
without lindane, respectively, indicate a slight decrease of 
the transition enthalpy due to the presence of lindane. The 
values for the areas should not be directly compared with 
the values given in Fig. 2c, since the lipid concentrations 
in the two series of experiments might have differed. 
Within each series, however, the lipid concentration is 
expected not to vary significantly. 

The Cp curves presented in Figs. 1 and 3 strongly 
suggest that even in the presence of large amounts of 
lindane, the bilayer structure is intact and not disrupted by 
lindane. Consecutive scans showed no change in the Cp 
curves. We shall in the following refer to the transition 
from the gel state to the fluid state as the main transition, 
even though it is likely that lateral phase separation occurs 
due to the high lindane content. The fact that the bilayer 
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Fig. 2. Data extracted from the Cp curves shown in Fig. 1. The straight lines represent linear regression of the data. (a) Dependence of the transition 
temperature, T,,, on the lindane concentration for unilamellar DMPC vesicles, as determined from the position of the peaks. (b) Variation of the width, 
TI/2, at half  peak height, with the lindane concentration. (c) The area. AH, under the heat capacity curves as a function of the lindane concentration. AH 
represents only an estimate of the transition enthalpy, as described in the text. 

structure is intact in the presence of lindane is also sup- 
ported by the shape of the fluorescence time-traces, as will 
be discussed later. 

3.2. Fluorescence spectroscopy 

Co 2+ is known to be an efficient reversible quencher of 
fluorescence from the NBD fluorescent group [20]. Fur- 
thermore, when attached to the headgroup of a lipid (as in 
NBD-PE) which is subsequently incorporated into a bi- 
layer, the NBD moiety is expected to be located in the 
headgroup/water interracial region and not in the hy- 
drophobic core of the membrane [20]. Hence, addition of 
Co 2+ to NBD-PE labeled unilamellar vesicles results im- 
mediately in the quenching of the fluorophores located on 
the outer leaflets of the vesicles. The rate of quenching the 
fluorophores located on the inner leaflets depends on the 
ability of the quencher to penetrate the bilayers. A high 
permeability of the bilayers results in a fast decay of the 
fluorescence intensity, whereas a low permeability results 
in a slow decay. 
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Fig. 3. Excess heat capacities of pure unilamellar DMPC vesicles labeled 
with 1 tool% NBD-PE. The Ct, curves were obtained as up-scans at a 

scan-rate of 20 C ° / h .  The two curves correspond to a system without 
lindane (dashed line) and to a system containing 32 mol% lindane (solid 
line). The lipid concentrations were 3.6 mM. 

In order to estimate the quenching constant, Ksv, de- 
fined by the Stern-Volmer equation [21], 

F0 
- - =  I + / ~ s v [ C o  2+ ] (1)  
F 

where F 0 and F are the fluorescence intensities before and 
after the addition of the quencher, NBD-PE-labeled unil- 
amellar DMPC vesicles were slowly cycled between 30°C 
and 20°C several times before the fluorescence intensities 
below (T = 20°C), at (T = 25°C) and above (T = 30°C) the 
main transition were measured. Then (at T = 25°C) 30 pA 
1 M Co 2+ were added and the cycling procedure repeated, 
before measuring the fluorescence intensities at 20°C, 25°C 
and 30°C, now in the presence of 10 mM Co z+. An 
estimate of the quenching constant was calculated accord- 
ing to Eq. (1), the result being Ksv = 80 M - l  at all three 
temperatures. Hence, we conclude that Ksv does not 
depend significantly on the physical state (gel, fluid or 
transitional) of the bilayer. A wide range of values for Ksv 
are quoted in the literature, e.g., 13.8 M -z [22], 59 M -z 
[20], and 36 M-1 [23] for NBD-PE in PC bilayers. The 
value we have determined above is consistent with the 
permeability measurements we present below. 

Three different systems were studied. One without lin- 
dane, one prepared by diluting the stock unilamellar vesi- 
cle suspension in a saturated lindane solution, and one 
containing 32 tool% lindane. We shall refer to these 
systems as the pure system, the system with the low 
lindane content and the system with the high lindane 
content, respectively. 

At this point it should be noted that, due to the large 
membrane/water  partition coefficient of lindane, it is not 
possible to perform a DSC scan corresponding to the 
system with the low lindane content. This is due to the fact 
that the lipid concentration in a fluorescence experiment 
must be much lower than the sensitivity of our calorimeter 
allows for. Since lindane is added as a saturated solution, 
the lindane/lipid ratio is much higher in the fluorescence 
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Fig. 4. Fluorescence-intensity time-traces obtained at T = 22.2°C, T = 

23.0°C and T = 24.0°C for systems without lindane. Co 2+ was added at 

t = 0 s .  

experiment than is feasible for a corresponding DSC ex- 
periment. 

Figs. 4 and 5 show some examples of the fluorescence- 
intensity time-traces obtained by adding Co 2+ to suspen- 
sions of NBD-PE labeled unilamellar DMPC vesicles with 
and without lindane. The gap (extending from - 1 0  s to 
+ 10 s) in each of the time traces is due to our experimen- 
tal setup, which did not allow for recording data while 
adding the quencher. 

In Fig. 4 three time traces are shown for the system 
without lindane. The data were recorded at T =  22.2°C, 
T = 23.0°C and T = 24.0°C, respectively. In all three cases, 
there is an immediate reduction of the fluorescence inten- 
sity followed by a slower decay. This decay is slowest at 
T =  22.2°C, faster at T =  23.0°C, and at T =  24.0°C the 
decay is almost too fast to be recorded. This indicates that 
the penetration is slow below the transition, and fast at the 
transition. Near the transition, most of the decay takes 
place within the first 10 s after the addition of Co 2+, and is 
hence not recorded. For the slowest decay it is noticed that 
the immediate drop in intensity (corresponding to quench- 
ing of the outer leaflet) is a drop to about 78% of the 
original intensity. Using the quenching constant of 80 
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Fig. 5. Fluorescence-intensity time-traces obtained at T =  21.2°C, T =  

23.0°C and T = 25.0°C for a system with the high lindane content (solid 
line), a system with the low lindane content solution (dotted line) and for 
a system without lindane (dashed line), respectively. The data shown 
correspond to the fastest decay observed for each system. Co 2+ was 

added at t = 0 s. 

M - ' ,  we find that very close to 50% of the fluorophores 
are located on the outer leaflet, as expected. 

Fig. 5 shows the fluorescence-intensity time-traces ob- 
tained at the temperature which resulted in the fastest 
decay for each of the three systems studied. The respective 
temperatures were T = 25.0°C for the system without lin- 
dane, T =  23.0°C for the system with the low lindane 
content and T=21.2°C for the system with the high 
lindane content. These values are close to the peak posi- 
tions in the corresponding DSC scans shown in Fig. 3. The 
time traces clearly demonstrate that the decay is fastest for 
the system without lindane and slowest for the system 
containing the most lindane. For the system without lin- 
dane it is noticed that already after about 200 s the 
fluorescence intensity has reached 59% of the original 
intensity; thereafter virtually no further decrease is ob- 
served, i.e., the penetration is complete. This is consistent 
with the estimated quenching constant, which predicts the 
intensity level at complete penetration to be 57% of the 
original intensity. 

The decay of the fluorescence intensity does not follow 
single exponential kinetics. However, it is possible to fit 
the data to a sum of two exponentials, i.e., to a function of 
the form 

x=ALe k" +A2e-k2~ + x 0 (2) 

where x 0 is the level of the fluorescence at maximal 
quenching, i.e., x 0 = 0.57. We are not in a position to 
assign each of the individual time constants, k, and k 2, to 
individual processes. Instead we define the 'average time 
constant', kay,  a s  

A1 kl + A 2 k2 
kay (3) 

A 1 + A 2 

as proposed by Schwarz [24] to describe the overall char- 
acteristic time for a multi-exponential decay process. We 
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Fig. 6. The average t ime constant, kay, for the penetration of Co 2+ 

through unilamellar  DMPC vesicles as a function of temperature. Each 
value plotted is an average over three experiments. Data are shown for a 

system without lindane (dashed line), a system with the low lindane 

content (dotted line) and for a DMPC system with the high lindane 
content (solid line). 
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shall u s e  kay as a measure of the characteristic time for 
Co 2÷ penetration through DMPC bilayers. 

Fig. 6 shows the average time constant, kay, for the 
decays. Each data point is an average over three experi- 
ments. For all three systems, there is a distinct peak at the 
main transition. In the case of the pure system and the 
system with the high lindane content, the peak correlates 
with the peak in the Cp curves, cf. Fig. 3. The peak 
corresponding to the system without lindane is more pro- 
nounced than the peak corresponding to the system with 
the low lindane content which in turn is more pronounced 
than the peak for the system with the high lindane content. 

4. Discussion 

We have presented the results from a combined calori- 
metric and fluorometric study of the effects of lindane on 
the permeability and on the transitional properties of unil- 
amellar DMPC bilayers. This allows us to relate the bulk 
thermodynamic properties of the bilayers to the permeabil- 
ity, which might reflect the microscopic structural proper- 
ties of the bilayer. 

The lindane content in the membrane is not known with 
high precision, since partitioning between the lipid and the 
water phases is expected to occur and to vary with the 
temperature [6]. 

The results presented in Fig. 2a and 2b show, respec- 
tively, the systematic linear broadening and depression of 
the main transition of unilamellar DMPC vesicles as a 
function of the lindane content. The systematics in this 
behavior is similar to that found for multilamellar vesicles 
[10]. However, in unilamellar vesicles much larger concen- 
trations of lindane are needed to produce an effect of 
comparable magnitude. A broadening and depression of 
the main transition have also been observed for other small 
molecules interacting with multilamellar lipid bilayers, 
e.g., the anesthetics halothane [25] and dibucaine [26]. 

The broadening of the transition reflects a disordering 
of the gel phase and, to a somewhat lesser extent, an 
ordering of the fluid phase, as found by Antunes-Madeira 
et al. by fluorescence polarization studies [7,8]. The lower- 
ing of T m can be understood in terms of a freezing-point 
depression. From classical thermodynamics, however, a 
linear dependence of the freezing-point depression on the 
iindane concentration is expected to hold only for dilute 
solutions. 

The estimated transition enthalpy seems to depend only 
slightly on the presence of lindane. This indicates that 
lindane takes up only a small excluded volume within the 
bilayer, i.e., lindane is intercalated between the acyl chains 
without hindering the acyl-chain movements. 

Comparing the Cp curves for the two systems without 
lindane, cf. Figs. 1 and 3, it is clear that 1% NBD-PE does 
not influence the bilayer transitional properties signifi- 
cantly, the only difference being the size of the shoulder 

on the low-temperature side of the transition. The origin of 
this shoulder is unclear, but it is not a result of the 
presence of NBD-PE, since it can also be detected in 
systems without NBD-PE, cf. Fig. 1. One possible expla- 
nation is that the samples contain residual multilamellar 
vesicles [27] or that the size distribution of the unilamellar 
vesicles is inhomogeneous. 

In the following we shall assume that the average time 
constant, kay, measured by fluorescence spectroscopy and 
shown in Fig. 6 can be used as a measure of the passive 
bilayer permeability. The experimental method that we use 
to measure the permeability has a few drawbacks which 
we shall mention shortly. Firstly, there might be complica- 
tions due to the adsorption of Co 2+ to the membrane 
surface, as reported by [20]. Furthermore, we do not know 
for sure that lindane does not influence the distribution of 
fluorophores between the outer and inner membrane leaflet, 
although our data suggest that this is not the case to any 
significant degree. However, neither of these drawbacks 
can interfere with the general trend of our results which 
display a number of features showing that the method used 
is capable of estimating the permeability of lipid mem- 
branes. 

Several authors have observed a peak in the ion perme- 
ability of pure lipid bilayers at the main transition 
[12,28,29]. It has been proposed that this peak is due to 
packing defects at the interfaces occurring between gel and 
fluid domains formed as the bilayer undergoes the transi- 
tion. Computer simulations on microscopic models support 
this hypothesis [16,30]. 

Computer simulations also indicate that the addition of 
small molecules (impurities), such as anesthetics, increase 
the amount of interface in a broad range around the 
transition [30,31]. This is believed to hold also for other 
small molecules like insecticides, specifically lindane [32]. 

It has been reported that in a DMPC/DPPC mixture, 
the permeability of small polar molecules exhibits a maxi- 
mum when the fluid and gel domains coexist [33]. If 
addition of lindane leads to phase coexistence in the phase 
transition region it could therefore be expected that the 
permeability would increase. 

However, our results clearly show that the permeability 
at the main transition is reduced by lindane, and that this 
effect is concentration dependent. Hence, the simple rela- 
tionship between the amount of interface and the perme- 
ability does not seem to hold here, as it does in the case of 
several anesthetics [30,34]. 

We have two possible explanations of these observa- 
tions. One explanation is that the lindane molecules seal 
the interfaces, so that these become less permeable. Lin- 
dane is expected to accumulate in the interfaces as sug- 
gested by the peak in the partition coefficient observed by 
Antunes-Madeira et al. [6]. This explanation may seem 
somewhat labored, but it represents no inconsistency with 
the general understanding of the basis for the permeability 
of lipid bilayers. Such changes in the properties of the 
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interfaces by lindane would probably also have a consider- 
able effect on the function of proteins in biological mem- 
branes. 

The other explanation is that the permeability is directly 
correlated with the intensity of the density fluctuations, as 
proposed by Doniach [13]. Since the intensity of the 
density fluctuations correlates closely with the intensity of 
the thermal fluctuations, i.e., the heat capacity, we can 
compare the Cp curves directly with the permeability 
curves. The resemblance of the two types of measurements 
is obvious, suggesting that the Doniach model for perme- 
ability holds also for the effect of small molecules on lipid 
bilayers. 

It has, however, been observed that a decrease of the 
fluctuations in the presence of the local anesthetic procaine 
is accompanied by an increase of the permeability to ions 
[30]. It could be inferred that since procaine is a charged 
molecule, it disturbs the headgroup region and facilitates 
permeation of ions. This reflects that the headgroup region 
is an important barrier for permeation. For p-di-t-butyl- 
benzene and butylated hydroxytoluene, which are also 
small hydrophobic molecules, a decrease in the permeabil- 
ity to ions around the main transition has been observed 
too [35]. It has also been reported that the polar anesthet- 
ics, chloroform and hexanol, decrease the activation en- 
ergy for permeation, whereas their apolar counterparts, 
carbon tetrachloride and hexane, have almost no effect 
[36]. Furthermore, the trans/cis isomerization of an 
azobenzene derivative incorporated into lipid bilayers is 
reported to increase the permeability by orders of magni- 
tude [37]. 

Previous studies of the effect of small organic molecules 
on the permeability of lipid bilayers have often been 
carried out at a single temperature, which is a few degrees 
away from the main transition of the pure bilayer [38,39] 
and only a few studies cover a wide temperature range 
[30,35,34]. Our results also show a slight increase of the 
permeability a few degrees below the transition, which, 
however, only reflects the shift of T m towards lower 
temperatures. Correcting for the freezing-point depression 
in the case of lindane, we conclude that lindane seals the 
bilayer for the penetration of Co 2÷, and that this effect is 
increasing with the lindane concentration. 

When compared with previous studies, the results pre- 
sented in this paper show that the concept of 'small 
molecules' interacting with lipid bilayers is too simple 
when it comes to explaining permeability effects. One has 
to consider the individual molecular structure in detail 
when trying to predict its physico-chemical effects. 
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