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ABSTRACT: Using a novel laser-induced ultrasonic probe, we have examined the bulk viscoelastic properties 
of fully hydrated dipalmitoylphosphatidylcholine (DPPC) aligned multibilayers in terms of the anisotropic 
in-plane elastic stiffness (C1J and viscosity ( 7 1 ~ ~ ) .  Our measurements of Cll are in accord with those reported 
on Brillouin light scattering on a similar system. Our measurements on viscosity are the first of their kind 
and are, on the average, a factor of 10 lower than microviscosities estimated by spectroscopic techniques. 
We report the first comprehensive study of the effects of cholesterol on the bulk mechanical properties of 
DPPC multibilayers. At temperatures above the phase transition temperature of DPPC ( T,), an increase 
in both C1 I and q1 is noticed when cholesterol is incorporated in the multibilayers. However, at temperatures 
below T,, no measurable changes are detected in either Cll or v l l .  These results, reflecting changes in the 
bulk viscoelastic properties of the multibilayers, differ from the changes reported by local fluidity parameters 
in that the latter indicate a decrease in the bilayer fluidity in the presence of cholesterol above T, and an 
increase below T, (“dual effect” of cholesterol). Our data suggest that the “dual effect” of cholesterol is 
noticeable only on a molecular scale. Increasing cholesterol concentrations higher than 20 mol % cease 
to further affect CI1 or qI1 of the DPPC multibilayers. This agrees with various results reported in the 
literature, by techniques measuring the local effects of cholesterol, and supports the changes in molecular 
organization postulated to occur when cholesterol concentration reaches 20 mol % in the lipid bilayers. 

Choles te ro l  is an important and abundant constituent of 
most eukaryotic membranes. In cell membranes, cholesterol 
constitutes up to 50 mol % of the lipid. The physiological 
significance of cholesterol and its effect on membrane fluidity 
has been the subject of many recent articles and reviews 
(Shinitzky et al., 1983a,b). The interactions of cholesterol with 
phospholipid molecules (the other major lipid component of 
cell membranes) have been actively examined through model 
systems (bilayers, vesicles, and micelles) for the past decade 
(Jain, 1975; Phillips, 1972; Demel & De Kruijff, 1976). 
Various techniques including electron spin resonance (ESR) 
spectroscopy (Recktenwald & McConnell, 198 1 ; Shimshick 
& McConell, 1973, NMR spectroscopy (Cullis, 1976; Tilcock 
et al., 1982), electron microscopy (Copeland, & McConnell, 
1980; Lentz et al., 1980), IR spectroscopy (Cortijo & Chap- 
man, 198 l ) ,  fluorescence spectroscopy (Vanderkooi, 1974; 
Shinitzky & Barenholz, 1978), and differential scanning ca- 

‘This work was supported by NSF GranrDMR84-16343 and NIH 
Grant 5R01 GM32205. 

lorimetry (DSC) (Papahadjopoulos et al., 1973; Mabrey et 
al., 1978; Estep et al., 1978) have been used to study the effect 
that cholesterol has on the mechanical properties and fluidity 
of the cholesterol/phospholipid model system. All these 
techniques have different definitions of the membrane fluidity. 
The term “membrane fluidity” has been used in the literature 
to describe two different types of motion: (1) the vibrational 
or rotational movement of a group on a molecule, often 
measured by NMR and ESR; (2) the diffusivity or transla- 
tional motion of a molecule. Although both classes of prop- 
erties depend on the “free space” available in a two-dimensional 
lattice (Blank, 1962; Blank & Britten, 1965), when different 
samples are compared, the trends can be easily masked by a 
large variety of competing processes (Schreier et al., 1978). 
Furthermore, all these techniques measure changes in the 
molecular environment of the bilayer rather than bulk changes 
in the bilayer plane. 

More recently, viscosity and lateral compressibility mea- 
surements have been performed on multibilayers according 
to the theories of wave propagation through lipid multibilayers 
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(Crilly & Eamshaw, 1983; Sakanishi et al., 1979; Mitaku et 
al., 1978; LePesant et al., 1978). The advantages of this 
approach to study lipid bilayers are numerous: (1) it is a 
nonobtrusive technique that does not require the use of a 
molecular probe that may alter the properties of the bilayer, 
(2) it provides a direct measure to the physical parameters in 
question and requires no molecular model to interpret the 
results, and (3) it results in quantitative numbers for the bulk 
viscoelastic parameters of the bilayer system, an analysis that 
until now has not been possible. 

This laboratory has previously used laser induced phonon 
spectroscopy (LIPS) to monitor the dynamic properties of 
dilinoleoylphosphatidylcholine (DLPC) aligned bilayers 
(Eyring & Fayer, 1985). In this technique sample excitation 
by two crossed 100-ps laser pulses generates a longitudinal 
ultrasonic wave whose wavelength depends on the crossing 
angle. In these experiments, the acoustic wave propagates 
parallel to the bilayer planes. The ultrasonic velocity and 
attenuation are monitored through the diffraction of a variably 
delayed probe pulse. The velocity measures the lateral area 
compressibility of the bilayers, while the attenuation is related 
to the viscosity. 

This method of acoustic wave generation is more flexible 
than the previously used Billouin scattering technique (Le- 
Pesant et al., 1978), in that it can generate waves of lower 
frequency (< 1 O8 Hz vs. > 1 O9 Hz) and can accurately measure 
large attenuations. This work uses the LIPS experiment to 
study the effects of cholesterol on the bulk viscosity and elastic 
stiffness of aligned dipalmitoylphosphatidylcholine (DPPC) 
multibilayers in the liquid-crystalline and gel states. 

EXPERIMENTAL PROCEDURES 

Materials and Samples 
Dipalmitoylphosphatidylcholine (Sigma) was used without 

further purification. Cholsterol (Calbiochem) was dissolved 
in chloroform and filtered through a pore size of 0.1 pm to 
remove dust particles. The CHC13 was blown off and the dried 
stock stored desiccated in a freezer. HEPES [N-(2- 
hydroxyethyl)piperazine-N’-2-ethanesulfonic acid] (Sigma) 
was made to 50 mM, pH 7.5, and also filtered to remove dust 
particles. Deionized water was used throughout this work. 

Sample Preparation. The appropriate amounts of chole- 
sterol and DPPC were placed in a small glass vial and co- 
dissolved in CHC13. The CHCI, was then blown off with 
nitrogen gas and the sample lyophilized to remove any re- 
maining traces of CHC1,. The resulting mixture was then 
hydrated to -8 wt ’% and allowed to equilibrate at least 24 
h. Approximately 10-1 5 mg of the lipid-cholesterol paste was 
sandwiched between two silica optical flats, separated by a 
280-pm Teflon spacer (except in the case of the pure DPPC 
samples, where a 125-pm Teflon spacer was used). This as- 
sembly was inserted into a variable-temperature cell that could 
be heated resistively up to 200 OC. The temperature was 
maintained by a temperature controller and monitored with 
a 3-mm platinum resistance thermometer (GSO 330; Omega 
Engineering, Inc., Stamford, CT) that was inserted into a hole 
drilled into one of the optical flats parallel to the face (the 
bottom one of the sandwich setup). The temperature was 
controlled to within *0.2 OC. 

Alignment of the sample into planar, multibilayer arrays 
was achieved by a modified form of the Asher and Pershan 
method (Powers & Clark, 1975; Asher & Pershan, 1979). The 
sample was heated to -80 OC (well above the gel-liquid- 
crystalline phase transition temperature) and gently sheared 
laterally by modulating the applied pressure on the sides of 
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FIGURE 1 : Schematic illustration of the LIPS experiment. The crossed 
excitation pulses generate a standing longitudinal acoustic wave in 
the aligned lipid multibilayers having the wavelength and orientation 
(wave vector along z )  of the optical interference pattern. The resulting 
time-dependent modulation of the index of refraction creates a dif- 
fraction grating that Bragg-diffracts a variably delayed probe pulse. 
In this case, z is parallel to the bilayer planes. 

the sample through alternate squeezing of two polyethylene 
wash bottles connected by Teflon tubing through two holes 
drilled into one of the optical flats (the top one of the sandwich 
setup). The process was monitored by placing the sample on 
the stage of a polarizing microscope, in which the aligned 
regions appear black between crossed polarizers. Once the 
sample was aligned, the tubes were cut off, leaving -2 cm 
of Teflon tubing in each hole. A 50 mM HEPES buffer was 
then allowed to come into contact with the sample through 
the holes, and the ends of the tubings were sealed with pa- 
rafilm. The sample was allowed to rest while the HEPES 
buffer diffused into the bilayers. This hydration process was 
monitored by using the LIPS experiment [both the frequency 
and attenuation of the launched acoustic wave are sensitive 
to percent hydration (T. A. Guion et al., unpublished results)]. 
Hydration was assumed to be complete when no change in the 
frequency and attentuation of the signal was detected in a 0.5-h 
time period. This usually required 2-3 h. 

Cholesterol content in the samples was assayed by a FeCl, 
colorimetric assay (Zlattis et al., 1953). 

Met hods 
Briefly, the typical experiment proceeds as follows (see 

Figure 1). The aligned lipid multibilayers are exposed to two 
crossed, picosecond excitation pulses having the same wave- 
length and polarization. Constructive and destructive inter- 
ference in the crossing volume produces a sinusoidally varying 
pattern of intensity peaks and nulls, which launches an acoustic 
standing wave. The acoustic wavelength and orientation match 
the interference-pattern geometry (Fayer, 1982, 1984). The 
periodic density (and thus the refractive index) variations 
associated with the acoustic wave propagation act as a dif- 
fraction grating for a variably delayed probe pulse incident 
at the Bragg angle. The changes in diffracted probe intensity 
as a function of delay time following the grating excitation 
are used to calculate the velocity and attenuation of the in- 
duced ultrasonic wave (Eyring & Fayer, 1984). 

Figure 2 is a schematic representation of the laser setup used 
in these experiments. The laser is a continuously pumped 
Nd:YAG oscillator that is acoustooptically mode-locked and 
Q-switched to produce 1.06-pm pulses at 250 Hz (Fayer, 
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the propagation direction of the acoustic wave are known. By 
varying the acoustic wave propagation direction with respect 
to the bilayer normal, the anisotropic properties of the mul- 
tilayer are examined. By varying the acoustic wavelength, a 
range of physical properties can be probed (Nelson et al., 
1982). 

There are two mechanisms of acoustic wave generation. (1) 
One is thermal absorption. The sample experiences a weak 
absorption due to the forbidden u = 0 - u = 3 C-H stretch 
transition where the two IR pulses constructively interfere. A 
rapid relaxation translates this absorption to heat. Thus, on 
a 100-ps time scale, a sinusoidal temperature variation is set 
up in the sample. The expansion of the heated areas produces 
two effects: First, the expansion launches counterpropagation 
acoustic waves having the grating wave vector. Second, the 
expansion itself becomes a nonpropagating density grating, 
less dense in the heated areas and more dense in the unheated 
areas. This density grating decays by thermal diffusion 
(microsecond time scale). 

Previous estimates (Eyring & Fayer, 1985) show temper- 
ature increase in the intensity peaks to be - K per shot. 
Thus, the generation of the acoustic waves is an extremely mild 
perturbation of the system. 

(2) The other is stimulated Brillouin scattering (SBS). The 
same crossed IR excitation pulses generate a second set of 
counterpropagating acoustic waves because of coupling of the 
electromagnetic field of the laser pulses with the sample 
through the photoelastic constant. This process, also known 
as electrostriction, generates longitudinal acoustic waves having 
the wave vector of the IR interference grating (Nelson, 1982). 
These acoustic waves differ from the thermally generated 
acoustic waves only in phase and amplitude. 

Thus, density variation produced by the standing longitu- 
dinal acoustic waves generated by thermal absorption and SBS 
add to the nonpropagating thermal density grating. Since in 
our experiments the system is monitored over 20 ns, the 
thermal density grating appears to be static. The acoustic 
waves, on the other hand, propagate and decay on a nanose- 
cond time scale. 

These density variations are monitored by a third pulse that 
is brought into the sample at  the Bragg angle to the density 
grating. The intensity of the Bragg diffracted probe pulse is 
related to the magnitude of the density variations by (Nelson 
et al., 1982) 

Z ( t )  a (A[1 - cos ut exp(-aVt)] - B sin w t  exp(-aV?))* 
(2) 

where A and B are constants indicating relative amplitudes 
of the thermal absorption and SBS mechanisms, respectively, 
and o is the circular frequency of the traveling acoustic waves 
having velocity Y (cm/s) and attenuation CY [neper (Np)/cm]. 
The damped cosine term corresponds to the thermally gen- 
erated acoustic wave, and the damped sine term corresponds 
to the SBS generated wave. Two aspects of this function need 
to be illuminated. First, since 1 - cos ut = 2 cos (w/2)t, the 
thermal absorption term appears to have half the frequency 
of the SBS term. Second, at long time t >> (aV)-', I (?)  a A*; 
Le., the probe diffracts only from the static thermal density 
grating. Figure 3 shows typical data that illustrate the various 
aspects of eq 2. Figure 3A is for a sample of DPPC with 0 
mol % cholesterol at 73 OC, while Figure 3B is for DPPC with 
30 mol % cholesterol at  the same temperature. In Figure 3B 
the acoustic damping is considerably faster than in Figure 3A, 
as evidenced by the more rapid decrease in the size of the 
oscillations. Notice that between the large peaks at the be- 
ginning of the trace are small peaks. The smaller peaks are 
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FIGURE 2: LIPS experimental setup. A single 1.06-pm pulse is selected 
from the YAG mode-locked pulse train. Approximately 80% of the 
pulse is split into two excitation pulses and recombined at the sample 
to generate the counterpropagating waves and transient grating. The 
rest of the single pulse is frequency-doubled to 532 nm and used to 
probe the grating after a variable delay. The Bragg-diffracted part 
of the probe pulse is the transient grating signal. PC = Pockel cell; 
PD = photodiode; BS = beam splitter. 

1982). The output is a train of some 40 mode-locked pulses 
of width 100 ps separated by 12 ns. A 90-pJ pulse is selected 
from the center of the train by a Pockels cell. Twenty percent 
of the IR energy is split off and frequency doubled by the 
CD*A crystal to give a 5-pJ probe pulse at  532 nm. The 
remaining pulse is beam-split and crossed at  an angle 0 to 
produce the interference pattern with a fringe spacing of 

(1) 

where X is the IR  excitation wavelength (1.06 pm). A was 
kept at  2.50 pm. 

The 532-nm probe pulse was delayed by an optical delay 
line entering the sample 0-20 ns after the excitation pulse. 
Spot sizes of the IR excitation pulses and the 532-nm probe 
pulse were 120 and 70 pm, respectively. The diffracted probe 
was directed into a large-area photodiode, and the signal was 
amplified by a lock-in amplifier. The lock-in output was 
digitized and stored with an IBM computer. 

THEORY 
Laser-Znduced Phonons. The LIPS technique involves 

crossing two excitation laser pulses to optically generate 
longitudinal (compressional) acoustic waves with a well-defined 
wave vector and monitoring the resulting density grating with 
a third probe pulse. This means that both the wavelength and 

A = X/[2 sin (0/2)] 
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(5) 
where A is the area per molecule and P is the lateral pressure 
that tends to change A .  It is implicit that the derivatives are 
taken at constant entropy and water concentration. 

Acoustic damping has several sources and is written in 
general as a = an + ai + a,, where a? is the classical vis- 
coelastic damping, ai is damping due to a coupling with lipid 
internal degrees of freedom, and a, is damping due to coupling 
of the acoustic field with critical fluctuations seen at phase 
transitions. ai and a, are strongly frequency-dependent pro- 
cesses with characteristic relaxation times T ~ .  Their contri- 
bution to damping is found under the summation in eq 6.  a,, 
accounts for B", which is frequency-independent. The 
damping a is seen to depend on the square of the frequency 
and on the relaxation times T~ according to 

(6) 

c11 = -A(dP/dA)d =: p(dP/dp)d 

a/f2 = B" + CA?T~(I - u2~i2)-' 
i 

where B" describes the limiting viscosity at high frequency. 
Gamble and Schimmel(l978) fit their ultrasonic absorption 
data on DPPC vesicles near the phase transition temperature 
with a single relaxation time of 10 ns (16 MHz) and saw no 
relaxation processes above 150 MHz. Since our study involved 
600-MHz waves, eq 6 reduces to 

a/f = B" (7) 
Thus we expect to see no critical damping in the region of the 
phase transition or frequency-dependent damping due to ro- 
tational isomerization of the lipid chains. 

The damping constant, B", is related to the elements of the 
viscosity tensor. Just as with the acoustic velocity, the sym- 
metry of the multibilayer array requires that the attenuation 
be anisotropic; i.e., its magnitude depends on the acoustic wave 
vector (Martin et al., 1972). For the case of longitudinal waves 
propagating in the plane of the bilayer, the expression for a/f '  
simplifies to (Candau & Letcher, 1978) 

I A  
DPPC 0% CHOLESTEROL 

E 
5 

r 
m 
a 

E 
w 
0 

0 

TIME (nrrc) 
~~~ ~~ 

B 

DPPC 30 mol& CHOLESTEROL h 

TIME (nrsc) 
FIGURE 3: Diffracted probe intensity (ragged lines) as a function of 
probe delay time (nanoseconds) for (A) aligned, fully hydrated DPPC 
multibilayers and (B) aligned, fully hydrated multibilayers of DPPC 
with 30 mol % cholesterol. Both scans were taken at 73  OC. Also 
shown are the least-squares fits to the data (smooth lines). 

generated by the SBS mechanism while the large peaks are 
generated primarily by the heating mechanism with a small 
contribution from SBS. 

The diffraction intensity is recorded, and the four param- 
eters A,  B, w, and aVare obtained by least-squares fitting the 
LIPS signal to eq 2. Typical plots of fits are shown in Figure 
3 by the smooth lines. Although these are four-parameter fits, 
the parameters are essentially independent, and reproducible 
fits are obtained, independent of the initial guesses. Since the 
wavelength of the acoustic waves is given by eq 1, the velocity 
V and attenuation a are retrieved from w and a V  by using the 
relationships w = 2rf and V = AJ 

Determination of Elastic Stiffness and Viscosity. The two 
physical constants obtained by the LIPS experiment are 
acoustic velocity V and attenuation a. The velocity is related 
to the elastic stiffness constants Cij of the system, while the 
attenuation reflects relaxation processes that tend to absorb 
the acoustic energy. Following LePesant et al. (1978), we note 
that the lipid-water multilayer system is characterized by three 
elastic constants, denoted by C,,, C33, and Cl3, and can support 
two acoustic waves with speeds VI (transverse) and V, 
(longitudinal). In the work described here the wave vector 
is in the plane of the bilayer, so that 

v,2 = 0 (3) 
and 

v32 = p-lc,] (4) 
where p is the macroscopic density. V3 will be designated V, 
the velocity measured in the experiment. The elastic constant 
CI1 is a measure of the area compressibility of the lipid in the 
bilayer plane at constant layer spacing d: 

where q2 and q4 are two of the five viscosities required to 
describe a compressible smectic system, in the notation of 
Martin et al. (1972), and ql l  is equivalent to their sum (Forster 
et al., 1971). q4 is the in-plane shear viscosity, where q2 has 
contributions from the volume viscosity. The membrane 
viscosities obtained from ultrasonic attenuation measurements 
are not directly comparable to the microviscosities deduced 
from rotational and translation diffusion studies (Shimshick 
& McConnell, 1973; Shinitzky & Barenholz, 1978) since the 
latter are more or less related to the shear viscosity. However, 
a comparison can be made by using eq 8 and noting that in 
most liquids q4 zz q2 in the high-frequency range (Candau & 
Letcher, (1978). For example, in the nematic phase of the 
liquid crystal MBBA [N- (pmethoxybenzylidene) -p- butyl- 
aniline], the shear and volume viscosities have been inde- 
pendently measured (Candau & Letcher, 1978). It is found 
that q2 = 0.41 P and q4 = 0.43 P. Therefore, for comparison 
purposes it is reasonable to take the shear viscosity to be (v2 

Densities in eq 8 and 5 were obtained from Gershfeld 
(1978). The error introduced into CI1 and ql l  by uncertainty 
in the density is always less than half the experimental error. 
The experimental error in w values was generally very small 
(<2%) and insensitive to the signal to noise ratio (S/N) in the 
LIPS scans. However, the aYvalues had a larger experimental 
error (< 15%) and were found to be sensitive to the quality of 

+ )74)/2 = VlI/2. 
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FIGURE 4: Effect of increasing cholesterol content in multibilayers 
on the anisotropic bulk viscosity (7)  at different temperatures: 0 
represents data points taken at 80 "C, A at 70 "C, 0 at 60 "C, * at 
55 "C, + at 47.5 "C, X at 42.5 "C, at 40 "C, A at 35 "C, and 0 
at 30 "C. The lines joining the points are intended only as aids in 
examining the data. 

the scan. To improve the S/N ratio, multiple scans were 
averaged at each temperature point examined, and the fit of 
the averaged scan was reported. The error at each temperature 
point was estimated from the fitted values obtained from the 
scans before averaging. In general, larger errors were noticed 
in the vicinity of the phase transition temperature of the lipid. 

RESULTS 
Cholesterol Effects on Viscosity (v l l ) .  The effect of cho- 

lesterol content on the viscosity (eq 8) of the DPPC bilayers 
at  various temperatures is shown in Figure 4. In the liquid- 
crystalline phase, the viscosity increases with increasing cho- 
lesterol, up to -22 mol % cholesterol, after which increasing 
cholesterol content has no further effect on the viscosity. The 
initial increase in viscosity agrees with the established behavior 
of the changes detected in "microviscosities" of bilayers as 
measured by other techniques (Jain, 1975) under similar 
conditions. Cholesterol incorporation into a lipid bilayer in 
the gel phase is reported to decrease the "microviscosity" (Jain, 
1975). We detect no measurable change in the viscosity in 
the gel phase (Figure 4). This result will be discussed later 
in this report. 

Another notable trend in Figure 4 is that the changes in v l l  
due to cholesterol incorporation in the multibilayers are at a 
maximum in the vicinity of T,, decreasing as the temperature 
is increased above T,, showing no change by 80 OC, and de- 
creasing when the temperature is decreased below T,, showing 
no change by 35 OC. This kind of behavior agrees with the 
concept that the lipid bilayer is most susceptible to cholesterol 
perturbations in the vicinity of the phase transition temperature 
since cholesterol is thought to disrupt the cooperativity between 
the hydrocarbon chains (Presti et al., 1982). 

Cholesterol Effect on Elastic Stiffness (Cll). Figure 5 
shows the changes in the elasticity of DPPC bilayers as cho- 
lesterol content is increased at  various temperatures. 

In the liquid-crystalline phase, incorporation of cholesterol 
in the bilayer up to 10 mol % has no measurable effect on the 
Cl1. An increase in Cll is noticed as cholesterol concentrations 
are increased from 15 to - 20 mol %. Further increasing the 

20 - A 4 7 4 € J  j o ~ o o ~ o ~ ~ 8 0 ' ~  
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FIGURE 5: Effect of increasing cholesterol content in DPPC multi- 
bilayers on the anisotropic bulk modulus CI1 at different temperatures. 
Notations are the same as in Figure 4. The lines joining the points 
are intended only as aids in examining the data. 

cholesterol concentration has little or no further effect on the 
measured Cll. In the vicinity of the phase transition tem- 
perature (40 and 43 " C )  the Cll measurements, like the v l l  
measurements, are more sensitive to cholesterol presence, 
where a linear increase of Cll values with increasing cholesterol 
concentrations is noticed until -20 mol 7% cholesterol. Below 
the phase transition temperature, the Cll parameter responds 
in an analogous manner to the viscosity, showing no meas- 
urable changes in the presence of cholesterol. 

Cholesterol Effects on Phospholipid Phase Transition. The 
presence of cholesterol has been reported to broaden the 
first-order phase transition of lipid bilayers (Jain, 1975). This 
phenomenon is seen in both the viscosity (Figure 6 )  and the 
elastic stiffness (Figure 7) measurements. The phase transition 
break at  41.5 OC for DPPC multibilayers in the absence of 
cholesterol is particularly apparent in Figure 6 ,  where a 
nonlinear behavior of viscosity vs. temperature is noticed. As 
cholesterol is introduced into the multibilayers, the break 
becomes less obvious, and by 20 mol 7% cholesterol, its presence 
is questionable in view of the error in our measurements 
(Figure 6 ) .  In bilayers, where the cholesterol content is higher 
than 20 mol %, the v l l  appears to increase linearly with de- 
creasing temperature. 

A similar though less obvious trend can also be followed with 
the CI1 data (Figure 7). In the absence of cholesterol, a larger 
increase in Cll (-8 X lo9 g cm-' s - ~ )  is noticed as the lipid 
goes through its phase transition. As cholesterol content is 
increased, that increase in Cll decreases until -20 mol % 
cholesterol where it levels off at  -4  X lo9 g cm-' s - ~ .  How- 
ever, unlike the viscosity measurements, a linear dependence 
is not reached in the cholesterol concentration range examined 
(0-35 mol %). 

DISCUSSION 
There exist in the literature only a few papers where mea- 

surements of vesicle/bilayer bulk viscoelastic properties are 
reported. Mitaku et al. (1978) reported the bulk modulus K 
of DPPC multilamellar vesicles at  various temperatures with 
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FIGURE 6: Temperature dependence of the in-plane viscosity of fully 
hydrated, aligned DPPC multibilayers with different cholesterol 
concentrations. The various plots are displaced along they axis and 
stacked one on top of the other. The numbers on the side represent 
the cholesterol concentration in mole percent. The viscosity values 
shown are calculated from the fit of the average of two or three LIPS 
scans. Error was estimated as described in the text. Typical error 
obtained is shown in the 0 mol % cholesterol scan at -70 OC. The 
lines drawn between the points are only to guide the eye. The dotted 
line represents the Tc of pure, fully hydrated DPPC multibilayers. 
The range of viscosity change from 30 to 70 'C (temperatures marked 
by arrows) for the sample is as follows: 0 mol %, 0.29-0.1 1 P 5 mol 
%,0.29-0.14P 10mol%,0.29-0.14P; 15mol%,0.29-0.13P;20 
mol %, 0.3-0.135 P; 25 mol %, 0.29-0.13 P; 30 mol %, 0.3-0.17 P; 
35 mol %, 0.29-0.16 P. This information enables the estimation of 
the viscosity at any point on the plot; e.g., the viscosity of a DPPC 
sample with 20 mol % cholesterol at 55 OC is 0.2 P. 

a differential ultrasonic velocimeter. The value of K is cal- 
culated as K = p p  as is Cl l in our work. Since the differential 
velocimeter generates acoustic waves at all orientations to the 
bilayer normal, the bulk modulus K differs from the elastic 
constant Cll measured in this work in that K is an average 
of all the elastic constants C,. Their data indicate an anom- 
alous dip of K at  the phase transition temperature, which is 
not seen in our experiments. In a similar set of experiments 
performed by Maynard (1985), a peak in acoustic absorption 
was seen at the phase transition of DPPC/DPPG (di- 
palmitoylphosphatidylglycerol) multilamellar vesicles. Both 
experiments probed the systems with 3-MHz longitudinal 
ultrasonic waves. As pointed out under Theory of this paper, 
an "anomalous" peak is not expected in our CI1 or acoustic 
absorption measurements since the vastly higher acoustic 
frequencies used in our experiments (600 MHz) are not ex- 
pected to couple with any critical phenomena. 

Sakanishi et al. (1979), using a setup similar to that of 
Mitaku et al. (1978), have estimated the bulk modulus K of 
sonicated DPPC vesicles with varying cholesterol concentra- 
tions. Table I compares their K values to the CI1 values 
obtained in this work. Table I also includes values of CI1 
obtained from Brillouin scattering experiments performed by 
LePesant et al. (1 978) on aligned DPPC multibilayers. There 
is a remarkable agreement between all three techniques at  
temperatures where the lipid bilayer exists in the liquid- 
crystalline phase. However, a difference is observed in the gel 

TEM P E RAT U RE "C 
FIGURE 7: Temperature dependence of CI I of fully hydrated DPPC 
multibilayers with different cholesterol contents. The various plots 
are displaced along the y axis and stacked one on top of the other. 
The notations are the same as in Figure 6. The error in these 
measurements was generally within the limits of the points drawn. 
The range of Cll change from 30 to 70 OC for the sample with varying 
cholesterol concentrations is as follows: 0 mol %, (30-20) X lo9 g 
cm-' s-~ ;  5 mol %, 30-20; 10 mol %, 30-20; 15 mol %, 30-20; 20 mol 
%, 31-21; 25 mol %, 31-21; 30 mol %, 30-21; 35 mol %, 30-21. This 
information enables the estimation of CII at any point on the plot. 

Table I: Elastic Stiffness Measurements by Different Technigues 
liquid-crystalline 

elastic phase (SO "C)  gel phase (30 "C) 
stiffness DPPC + DPPC + 

(X10 dyn2/cm) DPPC cholesterol DPPC cholesterol 
KO 2.20 2.50d 2.71 2.6Sd 
Cllb 2.20 2.50' 3.30 3.10' 
C1 IC 2.20 2.50' 3.05 2.90' 

'Sakanishi et al., 1979. bLePesant et al., 1978. cThis work. 
Forty-nine mole percent cholesterol in bilayers. eThirty-three mole 

percent cholesterol in bilayers. /Thirty-five mole percent cholesterol in 
bilayers. 

phase. The difference between the K values reported by Sa- 
kanishi et al. (1979) and the CI1 values reported here and by 
LePesant et al. (1978) can be explained by the difference in 
the definition of K, which measures the elastic response to 
acoustic waves traveling at all orientations to the bilayer, and 
CI1, which measures the elastic response to waves traveling 
only in the bilayer plane. Acoustic waves having a vector 
component normal to the bilayer may not experience the 
stiffening effect of the phase transition to the same extent as 
acoustic waves with in-plane wave vectors. Thus K would be 
expected to be lower than CI1 for the same system. The 
difference between our CI1 values and those of LePesant et 
al. could be caused by the sensitivity of both techniques to the 
optical quality of the sample. The poor optical quality of the 
gel phase of DPPC multibilayers greatly increases the scattered 
light, resulting in a decreased signal to noise ratio. This 
problem is more severe for the Brillouin scattering than for 
the LIPS technique. 

The term microviscosity has been used to describe the 
fluidity of biomembranes. The literature documents a wide 
range of values for this parameter. For example, fluorescent 
spectroscopy, with perylene as a probe, obtained a value of 
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1 P for DPPC dispersions at 45 OC (Cogan et al., 1973), while 
with pyrene as a probe, it obtained a value of 0.6 P for di- 
myristoylphosphatidylcholine (DMPC) dispersions at 30 OC 
(Vanderkooi, 1974). 13C N M R  data on DMPC sonicated 
dispersions at 52 OC estimate a microviscosity near the center 
of the bilayer of 2.4 P (Lee, 1975). It is important to re- 
member that all these measurements mainly reflect the ori- 
entational constraints of the probe in the bilayer and they do 
not directly reflect the anisotropic bulk viscosity in the bilayer 
plane. The experiments presented here are the first to directly 
measure the bulk viscosity in the plane of the lipid bilayer. 
These measurements of the bulk v l l  on DPPC multibilayers 
are a factor of 10-15 smaller than the previously reported 
microviscosities. (Typical values from our experiments are 
0.1-0.1 5 P.) These differences emphasize that the micro- 
viscosity and the bulk viscosities of lipids are two very different 
properties and that one should not project from one to the other 
without extreme caution. 

The generally accepted view of phospholipid/cholesterol 
interaction is that cholesterol has a “fluidizing” effect on the 
phospholipid bilayer below T, and a “gelling” effect above T,, 
such that at -20 mol % cholesterol the cooperativity of the 
lipid-chain melting at the phase transition temperature has 
been removed and a state of intermediate fluidity is maintained 
that is relatively insensitive to temperature changes (Jain, 
(1975). This phenomenon has been called the “dual effect” 
of cholesterol and has been observed within 5 OC above and 
below the T, of the phospholipid. 

Our ql, and Cll measurements support the “gelling” effect 
seen with the addition of cholesterol to DPPC multibilayers 
above T,. However, in the gel state, addition of cholesterol 
showed no decrease in the measured CI1 or qll. Furthermore, 
though cholesterol did abolish the cooperativity of the hy- 
drocarbon-chain melting at -20 mol % (as detected by the 
disappearance of the sharp break in viscosity around T,, 
Figures 6 and 7), the resulting state was still temperature 
sensitive, showing a decrease in Cll and qI1 with increasing 
temperature. This strongly suggests that the ”dual effect” of 
cholesterol as measured by local fluctuations is not a macro- 
scopic phenomenon. 

The various special effects measured at 20 mol % cholesterol 
by different physical techniques (Jain, 1975) have recently 
been incorporated into a molecular model proposed by Presti 
et al. (1982). This model proposes a molecular separation 
below 20 mol % cholesterol, where cholesterol-phospholipid 
complexes (1:2) coexist with free phospholipid domains. This 
separation is hypothesized to cease at 20 mol % cholesterol, 
at which concentration the free phospholipid domains are 
hypothesized to disappear. It is important to note that while 
this is a microscopic model, we detect changes in bulk prop- 
erties of the multibilayers, i.e., the viscosity v l l  and elastic 
stiffness Cll, in the vicinity of 20 mol % cholesterol (Figures 
4 and 5). This suggests that the model describes changes in 
the macroscopic as well as microscopic properties of these 
systems. 

A recent article by Knoll et al. (1985) reports small-angle 
neutron scattering (SANS) and freeze-fracture electron 
microscopy work on DMPC-cholesterol mixed vesicles. Their 
work does not indicate phase separation below 20 mol % 
cholesterol at temperatures above the T, of the lipid. It is 
therefore in variance with the conclusions based on previous 
spectroscopic techniques. The authors argue that the mo- 
lecular motions measured by these techniques depend on the 
local packing density of the lipid molecules and that nonideal 
behavior of the molar areas (or volumes) of a mixture may 

lead to breaks in the probe partitioning [e.g., the ESR probe 
2,2,6,6-tetramethylpiperidinyl- 1 -oxy (TEMPO)] or molecular 
mobilities. It is suggested that these could be erroneously 
interpreted in terms of phase boundaries. The LIPS technique 
used in this work measures bulk properties and is not sensitive 
to such local inhomogeneities, and yet we see a change in the 
trends of our data above T,, at -20 mol ’3% cholesterol (Figures 
4 and 5). Although the observed trends cannot be proven to 
be indicative of phase separations, they lend additional cred- 
ibility to the results obtained with spectroscopic techniques, 
demonstrating that the anomalies reported by these techniques 
above T,, at 20 mol % cholesterol, are not due to inhomoge- 
neous probe distributions but reflect actual properties of the 
bilayers under investigation. 

Hui and He (1983), using X-ray and electron diffraction, 
have monitored the increase in the width of the wide-angle 
diffraction signal as the cholesterol concentration is increased 
in DMPC. By associating the diffraction peak with the co- 
herence length of lipid packing, they conclude that addition 
of cholesterol decreases the coherence length of lipid packing 
up to -20 mol % cholesterol, where a limit in cooperation 
between DMPC molecules is reached. Hui and He argue that 
their results are compatible with the Presti model and thus 
may be interpreted as a quantification of the model. What 
is remarkable is the high degree of correlation between the 
coherence length of the DMPC molecules measured by Hui 
and He and our measurement of the in-plane viscosity of 
DPPC. This correlation suggests a molecular interpretation 
for the behavior of the in-plane bulk viscosity. 

The LIPS experiment described here allows the examination 
of the anisotropic bulk properties of lipid multibilayers. We 
have reported quantitative values of the elastic stiffness and 
viscosity of these model membranes as a function of cholesterol 
concentration and temperature. These are important param- 
eters in model membrane studies, which previously have been 
unobtainable or extrapolated from molecular models. This 
work emphasizes the difference between the anisotropic bulk 
and microscopic properties of lipid multibilayers. The value 
obtained for the viscosity of fully hydrated DPPC multibilayers 
was an order of magnitude smaller than reported microvis- 
cosities. Furthermore, the trends in CI1 and T~~ measurements 
did not always follow those reported in local “fluidity” mea- 
surements or order parameters. It is not within the scope of 
this work to propose a model that accounts for the difference 
between the microscopic observables and the bulk properties 
of DPPC-cholesterol multibilayers. However, the results 
presented here provide a different perspective from which to 
examine the viscoelastic properties of these model systems. 
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Effect of Short-Chain Primary Alcohols on Fluidity and Activity of Sarcoplasmic 
Reticulum Membranes? 
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ABSTRACT: Intramolecular excimer formation with the fluorescent probe 1,3-di( 1 -pyrenyl)propane, differential 
scanning calorimetry, and X-ray diffraction were used to assess the effect of ethanol, 1-butanol, and 1-hexanol 
on the bilayer organization in model membranes, sarcoplasmic reticulum (SR) lipids and native SR 
membranes. These alcohols have fluidizing effects on membranes and lower the main transition temperature 
of dimyristoylphosphatidylcholine (DMPC), but only 1-hexanol alters the cooperativity of the phase transition 
and significantly increases the thickness of DMPC bilayers. The interaction of the three alcohols with the 
SR Ca2+ pump was also investigated. Hydrolysis of ATP and coupled Ca2+ uptake are differently sensitive 
to the three alcohols. Whereas ethanol and I-butanol inhibited the Ca2+ uptake, I-hexanol stimulated it. 
Nevertheless, the energetic efficiency of the pump (Ca2+/ATP) is not significantly affected by ethanol or 
1-hexanol, but uncoupling was observed with 1-butanol at  high concentrations. The different effects of alcohols 
on the activity of S R  membranes rule out an unitary mechanism of action on the basis of fluidity changes 
induced in the lipid bilayer. Depending on the chain length, the alcohols interact with the SR membranes 
in different domains, perturbing differently the Ca2+-pump activity. 

sho r t - cha in  primary alcohols affect the functional and 
structural states of several biological membranes (Chin & 
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Goldstein, 1977; Stokes & Harris, 1982; Waring et al., 1981; 
Swartz et al., 1974; Retig et al., 1977; Kondo & Kasai, 1973; 
Garda & Brenner, 1984). 

Traditional pharmacology groups alcohols with other 
chemically unrelated compounds, i,e., anesthetic agents 
(Seeman, 1972), sharing in common the ability to perturb 
membrane organization (Seeman, 1972; Paterson et al., 1972; 
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