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Abstract 

Epifluorescence microscopy was used to visualize the formation of lateral fluid domains in monolayers of dipalmitoylphosphatidyl- 
choline (DPPC) or N-palmitoylsphingomyelin (N-P-SM) containing cholesterol. NBD-Cholesterol was used as a fluorophore at 1 mol%. 
Image analysis of the monolayer surface texture (taken during the first compression at 22 ° C and 1.5 mN/m) showed that the area of the 
liquid-condensed domains increased (from zero to 90% of the total area) with increasing cholesterol concentration (5 to 40 mol%), both in 
DPPC and N-P-SM mixed monolayers. The liquid-condensed domains had a significantly larger size in DPPC than in N-P-SM 
monolayers, but were more numerous in N-P-SM monolayers. Lateral domain boundary lines begun to dissipate at a certain surface 
pressure. This characteristic phase transformation pressure was markedly higher in N-P-SM (3-12 mN/m) than in DPPC mixed 
monolayers (1.8-3.7 mN/m), and also increased with increasing cholesterol concentration. If a monolayer was first compressed above 
the phase transformation pressure (to 15 mN/m), and then expanded to a lateral surface pressure of 1.5 mN/m, the liquid-condensed 
domains coalesced if the cholesterol concentrations was 25 mol% or higher (both DPPC and N-P-SM monolayers). In conclusion, the 
cholesterol/DPPC and cholesterol/N-P-SM interactions in the monolayers appeared to differ to a large extent, since the liquid-condensed 
domains in the two systems differed in number, size, and properties. Differences in molecular properties were reflected in the phase 
transformation pressures, which were markedly higher in cholesterol/N-P-SM monolayers as compared to cholesterol/DPPC mem- 
branes. 
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1. Introduction 

Phosphatidylcholines and sphingomyelins constitute a 
major fraction of the phospholipids in the outer leaflet of 
cellular plasma membranes. In addition, cholesterol is 
known to be preferentially located in the plasma mem- 
brane compartment of many cell types [1-3]. In the mem- 
branes, cholesterol interacts with the phospholipids, thereby 
affecting their physico-chemical and structural properties 
[4]. The specific hydrophobic interaction between choles- 
terol and phospholipids is of major importance for the 
proper functioning of the plasma membrane as a fluid 
environment for membrane-bound metabolic processes [5]. 

Abbreviations: DPPC, L-a-l,2-dipalmitoyl-sn-glycero-3-phospho- 
choline; N-P-SM, N-palmitoylsphingomyelin; NBD-cholesterol, 22-(N- 
(7-nitrobenz-2-oxa- 1,3-diazol-4-yl)amino)-23,24-bisnor-5 -cholen-3-ol. 
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Many lines of evidence suggest that the strength or 
mode of interaction of cholesterol with phosphatidyl- 
cholines and sphingomyelins differ. First, the molecular 
packing properties in cholesterol/sphingomyelin mem- 
branes have been suggested to differ from the correspond- 
ing cholesterol/phosphatidylcholine model membranes [6], 
although a recent report contradicts this suggestion [7]. It 
has also been reported that the water permeability is lower 
in sphingomyelin/cholesterol bilayer membranes than it is 
in phosphatidylcholine/cholesterol membranes [8,9], a 
finding which would be consistent with a tighter packing 
density in sphingomyelin containing membranes. In addi- 
tion, it has been established that cholesterol desorption is 
markedly reduced from a sphingomyelin membrane as 
compared with a phosphatidylcholine membrane with simi- 
lar acyl chain composition [6,10], a result which probably 
can be explained by increased opportunities for the forma- 
tion of van der Waal 's forces between cholesterol and 
sphingomyelin. Also, the compressibility modulus is re- 
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ported to be twice as large in cholesterol/sphingomyelin 
membranes as it is in a 1-stearoyl-2-oleoyl-sn-glycero-3- 
phosphocholine/cholesterol bilayer [11]. Finally, using 
cholesterol oxidase to probe the strength of interaction 
between cholesterol and sphingomyelin or phosphatidyl- 
choline, it was observed that the oxidation susceptibility of 
cholesterol was much reduced in a sphingomyelin mono- 
layer as compared to a phosphatidylcholine system [12,13]. 
This suggested that cholesterol associated more strongly 
with sphingomyelin than with phosphatidylcholine, even 
though both phospholipids had comparable acyl chain 
compositions. Based on these and other results, it is clear 
that differences exist between phosphatidylcholines and 
sphingomyelins with regard to how they associate with 
cholesterol in membranes. 

Recent advances in microscopic analysis of monolayer 
membranes at the gas/water  interface have made it possi- 
ble to visualize lateral domain formation in pure and 
mixed lipid monolayers [14-17]. Analysis of domain for- 
mation in mixed cholesterol/dimyristoylphosphatidyl- 
choline and dipalmitoylphosphatidylcholine monolayers 
has been reported [18,19], but no information appears to be 
available about domain formation in cholesterol/sphingo- 
myelin monolayer membranes. In this study, I have ana- 
lyzed the formation of lateral domains in monolayers 
prepared from cholesterol and dipalmitoylphosphatidyl- 
c h o l i n e  ( D P P C )  or c h o l e s t e r o l  and  N-  
palmitoylsphingomyelin (N-P-SM). The goal of this work 
was to compare the interaction of cholesterol with these 
two phospholipids at different cholesterol concentrations, 
and to characterize the lateral domains formed as a result 
of the molecular associations. 

purification system, to yield a product with a resistivity 
better than 18 Mg2/cm. 

2.2. Formation of monolayer at the a ir /water  interface 

The equipment used for the visualization of monolayers 
consisted of a KSV Minisystems surface barostat which 
could be mounted on the stage of an Olympus IMT-2 
inverted epifluorescence microscope. The barostat per- 
formed symmetric compression of the monolayer (i.e., 
with two barriers from each end of the tough), and the 
trough (24 111 mm 2 area) was equipped with a 50 mm 
diameter quartz window in the center, which allowed for 
excitation and observation of the monolayer fluorophores. 
30 nmol of lipids were spread from a hexane/2-propanol 
stock solution on pure water to form mixed monolayers at 
22 ° C. The available molecular area at film spreading was 
133.51 /~2. These monolayers contained varying amounts 
of cholesterol and DPPC or N-P-SM, together with 1 
mol% NBD-cholesterol. After application, the monolayers 
were compressed symmetrically at a speed of 3.4 
/k2/molecule, min to a lateral surface pressure of 1.5 
m N / m .  At this lateral compression, the monolayers were 
observed with epifluorescence microscopy, and docu- 
mented using a Hitachi video camera connected to a 
DT3851 digitizing board (Data Translation, Marlboro, MA, 
USA). Mixed monolayers were also compressed beyond 
the characteristic phase transformation pressure (to 15 
mN/m) .  The monolayer was kept at 15 m N / m  for 30 s 
after which it was allowed to expand back to 1.5 m N / m  
(the compression and expansion barrier speed was identi- 
cal), at which point a new documentation was undertaken. 

2. Experimental procedures 

2.1. Materials 

Cholesterol, DPPC, and N-P-SM were obtained from 
Sigma (St. Louis, MO, USA). Gas chromatographic analy- 
sis of cholesterol indicated that it was at least 99% pure. 
DPPC and N-P-SM gave a single spot when analyzed by 
thin-layer chromatography. These lipids were used as de- 
livered. NBD-cholesterol was purchased from Molecular 
Probes (Eugene, OR, USA). With thin-layer chromatog- 
raphy, NBD-cholesterol showed only one spot and was 
therefore considered pure enough for use as delivered. The 
water used as subphase was purified by reverse osmosis 
followed by passage through a Millipore UF Plus water 

2.3. Analysis of monolayers 

The quantification of domain size (area) and number 
was performed on the digitized images using Image Pro 
plus (v. 1.2) or Global Lab Image (v. 2.2) software. 

3. Results 

3.1. Surface texture of mixed monolayers 

The lateral phase partitioning properties of NBD- 
cholesterol has previously been shown to be similar to that 
of sn-2 acyl chain labeled NBD-phosphatidylcholine [20]. 
Both NBD-cholesterol [20] and NBD-phosphatidylcholine 
[17,21] partition preferentially into loosely packed liquid- 

Fig. 1. Domain formation as a function of cholesterol concentration. Mixed monolayers containing increasing amounts of cholesterol (from 5 to 40 mol%) 
were prepared with either DPPC or N-P-SM. The monolayers also contained 1 mol% NBD-cholesterol as a fluorophore. After the initial compression to a 
lateral surface pressure of 1.5 mN/m, images of the monolayers were collected and digitized. The bars represent 100 p~m, and all micrographs for one 
phospholipid type were obtained at the same magnification, but please note that the magnification for DPPC and N-P-SM differ. 
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expanded domains, giving these a bright fluorescence, 
while the probes are largely excluded from more tightly 
packed liquid-condensed domains (giving them a darker 
appearance). This study has used NBD-cholesterol to study 
the formation of domains in DPPC and N-P-SM monolay- 
ers containing increasing amounts of cholesterol. At low 
cholesterol concentration (e.g., 5 mol%), both DPPC and 
N-P-SM mixed monolayers were uniformly fluorescent at 
1.5 mN/m,  indicating an apparently homogenous liquid- 
expanded phase without liquid-condensed dark domains 
(Fig. 1). However, with increasing cholesterol concentra- 
tion, circular dark domains (liquid-condensed) begun to 
form (Fig. 1). In DPPC mixed monolayers at 10 and 15 
mol% cholesterol, the liquid-condensed domains were un- 
evenly distributed and appeared to aggregate into clusters, 
whereas the distribution pattern in N-P-SM monolayers at 
corresponding cholesterol concentrations was uniform. The 
liquid-condensed domains were observed to undergo 
Brownian motion in the plane of the monolayer. At 30 
mol% cholesterol and above, the liquid-condensed do- 
mains appeared to have coalesced in DPPC mixed mono- 
layers, whereas circular (drop-like) liquid-condensed do- 
mains persisted up to 35 mol% cholesterol in N-P-SM 
mixed monolayers. At these high cholesterol concentra- 
tions, the liquid-condensed domains invariably contained 
drop-like brightly fluorescent inclusions, which themselves 
included smaller dark drop-like liquid-condensed domains. 

3.2. Quantitative characterization of liquid-condensed do- 
mains 

In order to correlate the formation of dark liquid-con- 
densed domains with the cholesterol concentration of the 
mixed monolayer, the area of the liquid-condensed do- 
mains was calculated. As shown in Fig. 2 (open symbols), 
the total area covered by the dark liquid-condensed do- 
mains increased with increasing cholesterol concentration. 
The area covered by the liquid-condensed domains in- 
creased similarly in DPPC and N-P-SM mixed monolayers 
up to about 25 mol%. At higher cholesterol concentrations, 
it appeared that DPPC monolayers were covered to a 
larger extent by liquid-condensed domains as compared to 
N-P-SM monolayers, possibly reflecting the coalescence of 
liquid-condensed domains at 30 mol% cholesterol in the 
DPPC system. 

Although the total area covered by the liquid-condensed 
domains were similar in DPPC and N-P-SM monolayers 
(at least up to 25 mol% cholesterol), the domain character- 
istics were different. In DPPC mixed monolayers, the 
number of liquid-condensed domains per unit area was less 
than in N-P-SM mixed monolayers (Fig. 3, open symbols), 
but this was compensated for by a larger average area of 
the liquid-condensed domains in DPPC monolayers (Fig. 
4, open symbols). With both phospholipid types, the num- 
ber of liquid-condensed domains increased with increasing 
cholesterol concentration, with the increase being more 
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Fig. 2. Liquid-condensed domain area versus cholesterol concentration. 
The area of  the liquid-condensed domains (see Fig. 1) over the total 
frame area (118500 /xm 2) was analyzed from about 10 different micro- 
graphs from two separate and representative monolayers (compressed to 
1.5 m N / m )  for each cholesterol concentration and phospholipid type. 
The area is given as per cent of the total area, and the values are 
averages+S.D, from the different frames. The open symbols represent 
solid domain areas during initial compression, whereas the filled symbols 
represent monolayers which were taken through a compression/expan- 
sion cycle (compression to 15 m N / m  and expansion back to 1.5 m N / m ,  
at which pressure calculations were performed). 

marked in N-P-SM than in DPPC mixed monolayers (Fig. 
3). With both systems, the average domain size also 
appeared to increase with increasing cholesterol concentra- 
tion, although this trend was more consistent with N-P-SM 
mixed monolayers (Fig. 4). A look at the size distribution 
of the liquid-condensed domains at 20 mol% cholesterol 
revealed that these were more uniform in size in N-P-SM 
mixed monolayers than in DPPC monolayers (Fig. 5). 
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Fig. 3. Number of domains versus cholesterol concentration. The number 
of liquid-condensed domains were counted in a frame which had a size of 
118500 p.m 2. About ten frames from two separate monolayers were 
counted, and the values given are averages+ S.D. The open symbols 
represent the number of solid domains during initial compression, whereas 
the filled symbols represent solid domains in monolayers which were 
taken through a compression/expansion cycle. 
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3.3. Stability of domains 

Subramaniam and McConnell [18] have previously re- 
ported a phenomenon of phase transformation in a choles- 
terol/dimyristoylphosphatidylcholine mixed monolayer 
system, the transformation of which is dependent on the 
lateral surface pressure. In this phase transformation, the 
lateral phase domains begin to display fluctuations in the 
shape of their one-dimensional line boundary [18]. In our 
system with cholesterol in DPPC or N-P-SM mixed mono- 
layers, a similar surface pressure-dependent phase transfor- 
mation was observed. The lateral surface pressure at which 
the line boundary between phases started to fluctuate and 
dissipate increased with increasing cholesterol concentra- 
tion (Fig. 6), and was lower for the DPPC system as 
compared with the N-P-SM system. When the lateral 
surface pressure was reduced below the phase transforma- 
tion pressure, the lateral segregation of liquid-condensed 
and liquid-expanded domains re-emerged. 

The properties of the domains formed when a mono- 
layer was subjected to a compression/expansion cycle 
varied with the concentration of cholesterol. At 20 mol% 
cholesterol in DPPC, the liquid-condensed domains were 
slightly larger in size after the compression/expansion 
cycle than before (Figs. 7A and 4, filled symbols) whereas 
their number had decreased (Fig. 3, filled symbols). With 
the N-P-SM system containing 20 mol% cholesterol, the 
properties of the liquid-condensed domains were similar 
before and after the compression/expansion cycle (Figs. 1 
and 7E). At 25 mol% cholesterol (with both phospho- 
lipids), the compression/expansion cycle forced the liq- 
uid-condensed domains to coalesce (Fig. 7). The mono- 
layer area covered by the liquid-condensed domains was 
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Fig. 4. Average liquid-condensed domain size versus cholesterol concen- 
tration. The average area of the liquid-condensed domains was calculated 
in 7 to 10 frames from two separate monolayers for each monolayer type. 
The values given are the mean values + S.D. of the average domain sizes 
from each frame. The error bars therefore do not correctly indicate the 
domain size distribution in each individual frame. The open symbols 
represent the average solid domain size during initial compression, 
whereas the filled symbols represent solid domain sizes in monolayers 
which were taken through a compression/expansion cycle. 
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Fig. 5. Size distribution of liquid-condensed domains. The liquid-con- 
densed domains of one representative frame (596450 ~ m  2) at 20 mol% 
cholesterol in either DPPC or N-P-SM were analyzed for their size 
distribution. With the DPPC mixed monolayer (panel A), size classes 
were selected to cover intervals of 50 /xm 2 (with the rightmost column 
covering areas above 500 /xm2), whereas size classes were selected to 
cover intervals of 20 /xm 2 in the N-P-SM mixed monolayer (panel B). 
The rightmost bar in panel B covers sizes larger than 100 /xm 2. 

larger after than before the compression/expansion cycle 
in those monolayers which had no significant liquid-con- 
densed domain fusion below the phase transformation 
pressure (Fig. 2, filled symbols). 

The phase fluctuations were not similar in DPPC and 
N-P-SM monolayers, especially if these were enriched in 
cholesterol. At 35 mol% cholesterol, the DPPC mixed 
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Fig. 6. Stability of lateral phase boundaries. The lateral surface pressure 
needed to destabilize the domain boundary in the mixed monolayers was 
determined in monolayers which were compressed slowly (3.4 .~2/mole- 
cule, min). The lateral surface pressure at which the liquid- 
condensed/liquid-expanded domain boundary was distorted is indicated 
for mixed monolayers having cholesterol concentrations between 10 and 
35 mol%. For N-P-SM monolayers having cholesterol concentrations at 
30 mol% and above, it was further noted that at still higher surface 
pressure (filled triangle), the liquid-condensed domains started to coalesce 
(see also Fig. 8, panel B). 
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Fig. 7. Domain formation in mixed monolayers which have passed a compression/expansion cycle. Mixed monolayers containing increasing amounts of 
cholesterol (20 mol% in panel A and E; 25 mol% in B and F; 30 mol% in C and G; and 35 mol% in D and H) were prepared with either DPPC (the top 
row, panels A to D) or N-P-SM (the bottom row, panels E and H). The monolayers also contained 1 tool% NBD-cholesterol as a fluorophore. The 
monolayers were compressed to 15 raN/m, kept at this pressure for 30 s, and then expanded back to 1.5 mN/m. The bars in panels A and E represent 100 
p.m. All panels except E have the same magnification. 
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Fig. 8. Surface pressure dependent fusion of liquid-condensed domains. A N-P-SM mixed monolayer containing 35 mol% cholesterol was compressed at a 
speed not exceeding 3.4 A.2/molecule, min. Panel A (during initial compression at 2 mN/m) shows the many drop-like liquid-condensed domains, which 
grew in size as the pressure increased to 9 mN/m (B). Further compression led to the fusion of liquid-condensed domains (12 mN/m, C). At still higher 
surface pressures, the string-like liquid-expanded domains narrowed significantly (20 mN/m, D). The scale bar represents 100 /zm. 
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a homogeneously gray appearance). However, the N-P-SM 
mixed monolayer at 35 mol% cholesterol was very differ- 
ent. In this monolayer system, the liquid-condensed do- 
mains started to coalesce at the phase transformation pres- 
sure while the monolayer retained a sharp boundary line 
between probe-including and excluding phases. Details of 
the phase transformation behavior of a mixed N-P-SM 
monolayer containing 35 mol% cholesterol is shown in 
Fig. 8. When the monolayer was compressed from 2 
m N / m  (Fig. 8A) to 9 m N / m  (at 5.4 ,~2/molecule, min; 
Fig. 8B), the liquid-condensed domains appeared to in- 
crease in size. When the pressure was increased further (to 
12 mN/m,  Fig. 8C), a marked fusion of liquid-condensed 
domains was observed. When the pressure was increased 
further (to 20 raN/m, Fig. 8D), the bright probe-including 
domains became narrower and irregular in shape. A relax- 
ation of the mixed monolayer to 1.5 m N / m  led to a 
swelling of the probe-including domains which with time 
(within a few min) developed into droplike bright inclu- 
sions within the liquid-condensed dark phase (as shown in 
Fig. 7H). 

4. Discussion 

It has previously been reported that binary mixtures of 
cholesterol and DPPC or dimyristoylphosphatidylcholine 
can form immiscible fluid phases at the air/water interface 
[18,19]. These immiscible fluid phases (liquid-condensed 
phases in a liquid-expanded phase, or vice versa) can 
conveniently be visualized by fluorescence microscopy, 
since suitable fluorescent lipid probes (e.g., NBD-phospha- 
tidylcholine or NBD-cholesterol) partition selectively into 
the liquid-expanded phase and are largely excluded from 
liquid-condensed phases [16,17,21]. We have selected to 
use NBD-cholesterol instead of NBD-phosphatidylcholine, 
since NBD-cholesterol in our hands gives a slightly better 
contrast between probe-including and -excluding domains 
[20]. 

The present study has demonstrated N-P-SM mixed 
monolayers, in addition to the previously reported DPPC 
system [19], also show fluid phase immiscibility at the 
air/water interface in the presence of cholesterol. The 
existence of fluid phase immiscibility appeared to be a 
function of the transition temperature of the phospholipid 
examined and the experimental temperature, since di-17:0 
phosphatidylcholine and phosphatidylcholine species with 
longer acyl chains (di-18:0 and di-20:0) do not form fluid 
phase immiscibility in the presence of cholesterol at 22 ° C 
(Slotte, unpublished observations). DPPC (T c 41 ° C, [22]), 
N-P-SM (T c 41 ° C; [23]), and phosphatidylcholines with 
shorter acyl chains (di-10:0 to di-15:0) form liquid-ex- 
panded and liquid-condensed lateral phases at ambient 
temperature when mixed with cholesterol (this study; and 
Slotte, unpublished observations). The formation of choles- 
terol-rich liquid-condensed domains in DPPC and N-P-SM 

mixed monolayers started at a cholesterol concentration 
higher than 5 mol%. At increasing cholesterol concentra- 
tion, the area covered by cholesterol-rich liquid-condensed 
domains increased, as did the number of liquid-condensed 
domains. It has been shown that the free energy needed to 
create a critical nucleus for growth of the liquid-condensed 
phase can be reduced by increasing the temperature or 
surface charge density [24], by surface-active dyes [25], 
proteins [26] or cholesterol [27,28]. Based on our results, it 
is clear that cholesterol had a profound effect on the 
formation of liquid-condensed domains. Because the liq- 
uid-condensed domains formed at cholesterol concentra- 
tions up to 25 mol% (DPPC) or 35 mol% (N-P-SM) were 
circular (drop-like), it can be inferred that the molecules or 
the molecular aggregates in these domains were isotropic. 
Isotropy is expected to give circular domains because of 
the minimization of the solid/fluid interfacial free energy 
(i.e., line tension; [29]). 

The monolayer interaction between cholesterol and N- 
P-SM resulted in the formation of significantly smaller 
liquid-condensed domains as compared with the corre- 
sponding cholesterol/DPPC system. The number of do- 
mains per unit area was, however, much larger for choles- 
terol/N-P-SM monolayers than for cholesterol/DPPC 
monolayers. This finding may imply that the free energy 
needed for the creation of critical nuclei for the growth of 
the cholesterol-rich phase was significantly lowered by a 
high-affinity attraction of cholesterol to N-P-SM, a phe- 
nomenon which was not observed in cholesterol/DPPC 
systems. The liquid-condensed domains formed in the 
presence of cholesterol were differently resistant to fusion 
in DPPC and N-P-SM mixed monolayers, if the monolayer 
had no history of precompression to a moderately high 
lateral surface pressure. In DPPC mixed monolayers, fused 
liquid-condensed domains begun to appear when the 
cholesterol concentration approached 30 mol%, whereas 
no large-scale fusion of liquid-condensed domains was 
seen in N-P-SM mixed monolayers until the cholesterol 
concentration reached 40 mol%. Since long range, dipole- 
induced repulsion prevent the liquid-condensed domains to 
fuse, these forces appear to be stronger in cholesterol/N- 
P-SM than in cholesterol/DPPC monolayers. This long 
range repulsion may in turn arise from differences in 
dipole properties of phosphatidylcholines and sphin- 
gomyelins [30,31], as well as from effects of the choles- 
terol/phospholipid association on the net dipole of N-P- 
SM and DPPC mixed monolayers. 

The liquid-condensed domain properties are sensitive to 
compression of the mixed monolayer beyond a critical 
lateral surface pressure. McConnell and co-workers [18,19] 
have shown for a cholesterol/phosphatidylcholine mixed 
monolayer system that lateral phase boundary lines begin 
to fluctuate (shape transformation) and dissipate (creating 
an apparent one-phase system) at a certain lateral surface 
pressure. We observed that the lateral surface pressure at 
which the phase boundary lines dissipated was signifi- 
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cantly lower for cholesterol/DPPC monolayers than it was 
in mixed monolayers containing N-P-SM. With all choles- 
terol concentrations tested (10-35 mol%) in the DPPC 
monolayers, the phase boundary lines dissipated at the 
critical lateral surface pressure (which was between 1.8 
and 3.7 mN/m).  A similar phenomenon was seen with 
N-P-SM mixed monolayers at cholesterol concentrations 
up to 30 mol%. However, at 35 mol% cholesterol, the 
domain boundary line did not dissipate at this critical 
lateral surface pressure, but instead the cholesterol-rich 
liquid-condensed domains begun to fuse. The characteristic 
phase transformation pressure can also be obtained from 
an analysis of the force-area isotherm of binary monolay- 
ers containing cholesterol and a phospholipid, in that the 
compressibility function of the isotherm shows a disconti- 
nuity at a lateral surface pressure which is equivalent to 
the phase transformation pressure [32]. This phase transfor- 
mation pressure appears not, however, to be related to the 
surface pressure at which the bulk phospholipids undergo 
their transition from a liquid-expanded to a liquid-con- 
densed phase. The transition onset pressure (at 22 ° C in our 
laboratory) is about 4 m N / m  for DPPC and 19 m N / m  for 
N-P-SM (Slotte, unpublished observations). 

When mixed monolayers were compressed beyond the 
critical lateral surface pressure at which phase transforma- 
tions took place, or at which phase domain boundary lines 
dissipated, and then were allowed to expand below this 
same critical surface pressure, the lateral domain distribu- 
tion was changed relative to the pre-transformation stage. 
This suggests that the domains formed during the initial 
compression were not equilibrium domain shapes. Usually 
(but not always) the phase transformations were reversible 
in the sense that upon compression lateral domains dis- 
solved (sometimes giving an apparently homogenous 
monolayer phase), whereas these reformed (phase separa- 
tion) when the monolayer was expanded below the critical 
surface pressure. The most significant finding was the 
pressure-induced fusion of the liquid-condensed domains 
in mixed monolayers containing 25 mol% cholesterol or 
more. This observation may relate to the results calculated 
by Snyder and Freire [33], in which they proposed that 
around 20 mol% cholesterol, there is a percolation process 
which connects cholesterol-rich lateral domains into a 
single cluster. This lateral connection of cholesterol-rich 
domains at about 20 mol% cholesterol was reported to be 
similar in DPPC and N-P-SM membranes [33]. 

In conclusion, the present study has added significant 
new information about lateral domain formation in mixed 
cholesterol/phospholipid monolayers. Although the do- 
mains observed in this study were seen at lateral surface 
pressure which was not even close to what can be expected 
in biological membranes, many other types of experiments 
still suggest that the distribution of cholesterol in model 
and biological membranes is heterogenous (i.e., that do- 
mains exists) even at high surface pressures [34-36]. The 
emphasis of this study has been on finding differences in 

how cholesterol interacts with phosphatidylcholine on one 
hand and with an acyl-chain comparable sphingomyelin on 
the other. The results regarding domain formation and 
stability indicate that the strength of association of choles- 
terol with sphingomyelin differ from that of DPPC. The 
more favorable association of cholesterol with sphingo- 
myelin may derive from the amide-function in sphingo- 
myelin, since it has been shown by us that cholesterol is 
more resistant to oxidation in monolayer membranes con- 
taining 3-deoxy-N-stearoylsphingomyelin than it is in 3-de- 
oxy-O-stearoylsphingomyelin membranes [37]. Finally, it 
is worth noting that the direct visualization of lateral fluid 
domains in mixed monolayers at the air/water interface is 
an exciting experimental approach by which it may be- 
come possible to study the preferential association of 
cholesterol with phospholipids in ternary mixed monolay- 
ers (e.g., containing both phosphatidylcholine and sphingo- 
myelin). 
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