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Abstract

The phase behavior of lipid mixtures containing 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (18:0, 22:6
PC) with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was studied with bilayers using differential scanning
calorimetry (DSC), and with monolayers monitoring pressure/area isotherms and surface elasticity, and lipid domain
formation followed by epifluorescence microscopy. From DSC studies it is concluded that DPPC/18:0, 22:6 PC phase
separates into DPPC-rich and 18:0, 22:6 PC-rich phases. In monolayers, phase separation is indicated by changes in
pressure—area isotherms implying phase separation where 18:0, 22:6 PC is ‘squeezed out’ of the remaining DPPC monolayer.
Phase separation into lipid domains in the mixed PC monolayer is quantified by epifluorescence microscopy using the
fluorescently labeled phospholipid membrane probe, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl). These results further describe the ability of docosahexaenoic acid to participate in lipid phase separations in
membranes. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Lipid phase separation; Lipid microdomain; Lipid monolayer; Docosahexaenoic acid; Squeeze out

1. Introduction

It has been proposed that lipids and proteins in
biological membranes are distributed heterogene-
ously throughout the bilayer in discrete patches
known as domains [1,2]. Membrane domains can
fall under two general categories, protein-driven
macrodomains and lipid-driven microdomains. Pro-

Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline; 18:0, 22:6 PC, 1-stearoyl-2-docosahexaenoyl-sn-glyc-
ero-3-phosphocholine; MLV, multilamellar vesicles; N-Rh-
DOPE; 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl)
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tein macrodomains are membrane structures based
on protein—protein interactions where lipids are asso-
ciated secondarily [3]. Examples of protein macrodo-
mains include focal contacts, nerve synapses, and
basal and apical poles of endothelial cells [2]. These
membrane structures can be visualized, and are long-
lived and generally well characterized.

Much less understood are the lipid microdomains
which probably constitute the majority of most mem-
branes and would be formed by lipid-lipid and lipid—
protein interactions [4-6]. The question remains, if
lipid domains do exist, do they play a significant
role in normal cellular function? Recently membrane
fractions that are insoluble in cold Triton X-100
(called DRM, detergent resistant membranes) have
been isolated and characterized [7-9]. DRMs are cur-
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rently the best example of lipid microdomains iso-
lated from biological membranes. They are apparent-
ly microdomain remnants extracted from the parent
membrane and are composed largely of cholesterol
and sphingolipids in the liquid ordered (l,) state [7—
9]. Unfortunately almost nothing is known about the
number, size, composition and half-life of the micro-
domains found in the parent membranes from which
DRMs are obtained [5].

Lipid microdomains have also been investigated in
model membranes. The best studied of the model
systems are those with co-existing gel/liquid-crystal-
line state phospholipids [10-13]. While easy to dem-
onstrate phase separation, these systems have the
disadvantage of limited biological relevance. Signifi-
cant levels of gel state are found in only a few bio-
logical membranes, including sperm plasma mem-
brane [14], and in Achoelplasma laidlawii [15] and
Escherichia coli [16] that had been supplemented
with saturated fatty acids. Furthermore, gel state lip-
ids are selectively exfoliated from some membranes
under physiological conditions [17,18]. Interestingly,
the 1, state of cholesterol and sphingolipid-rich
DRMs does resemble the gel state of DPPC bilayers.
Like DPPC and other gel state lipids, the acyl chains
of SM occurring naturally are mostly saturated [6],
and both lipids have a high affinity for cholesterol
compared to other phospholipid species [6,12,19,20].
The high phase transition temperature of SM
(~40°C) is similar to DPPC (42.4°C) [6]. Gel state
DPPC like SM was also found to be Triton-insoluble
[21,22]. Similarities in physical properties have al-
lowed use of DPPC as a model to study sphingomye-
lin in bilayers [23]. Studies of liquid crystalline/gel
state bilayers, similar to those that are presented
here, may then be applicable to phase separations
occurring in biological membranes containing choles-
terol- and sphingolipid-rich DRMs.

The basis of lipid microdomain formation is likely
related to the strength of lipid-lipid or lipid—protein
interactions that may occur in the membrane. Lipid
interactions are based on head group and/or acyl
chain affinities [24]. Previous studies have shown
that acyl chain composition (chain length and num-
ber of double bonds) could be a driving force for
lipid interactions [25,26]. Of particular interest here
is the long chain, polyunsaturated ®-3 fatty acid,
docosahexaenoic acid (DHA, 22:624710.13.16,19) and

how it may affect membrane properties when incor-
porated into phospholipids. DHA is the longest and
most unsaturated fatty acid commonly found in bio-
logical membranes [27]. It is likely that DHA-con-
taining phospholipids alter membrane structure,
thus affecting membrane function [28,29]. Here we
employ the techniques of differential scanning calo-
rimetry (DSC) on lipid bilayers (liposomes) and pres-
sure/area isotherms and fluorescence digital imaging
microscopy on lipid monolayers to extend prior stud-
ies suggesting that DHA may be involved in lipid
microdomain formation in biological membranes
[19,28].

2. Materials and methods

The phospholipids DPPC (1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine); 18:0, 22:6 PC (1-stearoyl-2-
docosahexaenoyl-sn-glycero-3-phosphocholine); and
N-Rh-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) were
purchased from Avanti Polar Lipids (Alabaster,
AL). The membranes described in these experiments
were composed of two phospholipids, DPPC (gel
state)/18:0, 22:6 PC (liquid crystalline state) in the
following mol ratios: a, DPPC; b, DPPC 90 mol%/
18:0, 22:6 PC 10 mol%; ¢, DPPC 80 mol%/18:0,
22:6 PC 20 mol%; d, DPPC 70 mol%/18:0, 22:6
PC 30 mol%; e, DPPC 60 mol%/18:0, 22:6 PC 40
mol%; f, DPPC 50 mol%/18:0, 22:6 PC 50 mol%; g,
DPPC 40 mol%/18:0, 22:6 PC 60 mol%; h, DPPC 30
mol%/18:0, 22:6 PC 70 mol%; i, DPPC 20 mol%/
18:0, 22:6 PC 80 mol%; j, DPPC 10 mol%/18:0,
22:6 PC 90 mol%; and k, 18:0, 22:6 PC. The letter
designation for each lipid mol ratio is the same for
every experiment whether data for that lipid mixture
is shown or not.

2.1. Differential scanning calorimetry

Organic solvents were removed from the appropri-
ate membrane phospholipids by evaporation in nitro-
gen followed by 12 h under vacuum. Multilamellar
vesicles (MLV) were made by hydrating overnight
the appropriate phospholipids at 10 mg/ml in
10 mM sodium phosphate, pH 7.0 and then oxygen
was removed by purging the solution with nitrogen.
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All buffers were made from deionized water that was
glass distilled and further purified with an Ultrapure
Milli-Q water system. MLV were passed through
three freeze (liquid nitrogen)/thaw (50°C) cycles. Ali-
quots of 500 ul of the MLV suspensions were added
to each of the three DSC chambers with the fourth
chamber containing 500 ul of the buffer. Heating and
cooling scans were made at 5°C/h in a Hart Scientific
differential scanning calorimeter (Provo, UT).
Although only the cooling scans are presented, we
could detect only small, inconsequential differences
in the T., AH and cooperativity between the two
scans. The cooling curves are presented as positive
displacements to facilitate comparison between the
various lipid mixtures.

2.2. Langmuir trough

Pressure/area (II-A) isotherms were obtained for
phospholipid monolayers at 25°C on a KSV mini-
trough (KSV Instruments, Helsinki, Finland) using
a Wilhelmy plate. Phospholipid monolayers (1.0 mg
lipid/ml) were spread with hexane/2-propanol (3:2)
as the carrying solvent. The carrying solvent was
allowed to evaporate for 15 min before compressions
began. The aqueous subphase was 10 mM sodium
phosphate, pH 7.0 and compression rates were
1 mN/m.

Surface elasticity moduli (C;') were calculated
from the IT-A data obtained from the monolayer
compressions using the following equation [30,31]:

C;!' = —(dI1/dInA) (1)

where A is the area per molecule at the indicated
surface pressure (I1).

2.3. Epifluorescence microscopy

Phospholipid monolayers on the Langmuir trough
were visualized using a Nikon Diaphot inverted
phase microscope (Garden City, NY) and imaged
using a Dage-MTI CCD-72 camera (Michigan City,
IN) interfaced to a Scion LG-3 frame grabber (Fred-
erick, MD) installed on a Macintosh IIx computer.
All fluorescent images used the probe, N-Rh-DOPE
at a probe:lipid ratio of 1:100. Images were quanti-
fied using NIH Image software. Fifteen random im-
ages were taken at 30-s intervals at a given pressure

for each lipid mixture. Images were taken starting at
5-mN/m pressure up to 40 mN/m at 5-mN/m inter-
vals. The % dark was calculated for each image and
the total dark area was compared to the total area of
the image.

3. Results

Differential scanning calorimetry (DSC) was used
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Fig. 1. Differential scanning calorimetry scans of MLV made
from mixtures of DPPC/18:0, 22:6 PC. Main figure (higher
melting component): curve a, 100 mol% DPPC; curve b, 90
mol% DPPC/10 mol% 18:0, 22:6 PC; curve ¢, 80 mol% DPPC/
20 mol% 18:0, 22:6 PC; curve d, 70 mol% DPPC/30 mol%
18:0, 22:6 PC; curve e, 60 mol% DPPC/40 mol% 18:0, 22:6
PC; and curve f, 50 mol% DPPC/50 mol% 18:0, 22:6 PC. In-
sert: curve f, 50 mol% DPPC/50 mol% 18:0, 22:6 PC; curve i,
20 mol% DPPC/80 mol% 18:0, 22:6 PC; curve j, 10 mol%
DPPC/90 mol% 18:0, 22:6 PC; and curve k, 100 mol% 18:0,
22:6 PC. Curves for mixtures g and h are similar in shape and
size to 50 mol% DPPC/50 mol% 18:0, 22:6 PC (curve f) and
are not shown.
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Fig. 2. Partial phase diagram of DPPC/18:0, 22:6 PC mixed bi-
layers as determined from the DSC curves presented in Fig. 1.
Lipid states are described as: L, liquid crystalline; and S, gel. 1
is DPPC and 2 is 18:0, 22:6 PC [32].

to detect phase separation with bilayers compos-
ed of DPPC (7.,=424°C) and 18:0, 22:6 PC
(T.=—9.3°C). In Fig. 1, DSC cooling scans are pre-
sented for pure DPPC (curve a), pure 18:0, 22:6 PC
(curve k) and increasing mol% of 18:0, 22:6 PC in
DPPC (curves b—j). Two transitions are seen. The
higher melting component is primarily DPPC, while
the lower melting component is primarily 18:0, 22:6
PC. Increasing mol% of 18:0, 22:6 PC decreases the
enthalpy (AH), cooperativity, and phase transition
temperature (7;) of the higher melting DPPC-rich

Table 1

II (mN/m)

0 20 40 60 80 100 120 140 " 160
Mean Molecular Area (A%

Fig. 3. Pressure-area (IT-A) isotherms of monolayers composed
of various mixtures of DPPC/18:0, 22:6 PC. Curve a, 100
mol% DPPC; curve b, 90 mol% DPPC/10 mol% 18:0, 22:6
PC; curve c, 80 mol% DPPC/20 mol% 18:0, 22:6 PC; curve d,
70 mol% DPPC/30 mol% 18:0, 22:6 PC; curve e, 60 mol%
DPPC/40 mol% 18:0, 22:6 PC; curve f, 50 mol% DPPC/50
mol% 18:0, 22:6 PC; curve i, 20 mol% DPPC/80 mol% 18:0,
22:6 PC; curve k, 100 mol% 18:0, 22:6 PC.

transition. By 50 mol% 18:0, 22:6 PC, the higher
melting transition was greatly diminished and shifted
by more than 10°C. Further increases of 18:0, 22:6
PC obliterated the DPPC-rich transition. The insert
in Fig. 1 shows the effect of DPPC on DSC cooling

Temperature (°C) of the main phase transition (7¢), AH (cal/mol), and cooperativity from the differential scanning calorimetry (DSC)
cooling scans presented in Fig. 1 for MLV made from various mixtures of 18:0, 22:6 PC and DPPC

% 18:0, 22:6 PC in High melting component

Low melting component

DPPC
T. (°C) AH (cal/mol) Cooperativity units 7, (°C) AH (cal/mol) Cooperativity units

0 41.2 9039 1040.0 nd nd nd
10 39.9 8742 114.5 nd nd nd
20 38.2 6123 103.9 nd nd nd
30 36.8 4855 58.0 nd nd nd
40 339 6023 30.1 nd nd nd
50 28.9 880 24.4 —6.62 621 146.5
60 253 301 47.8 —7.16 602 70.6
70 214 1089 55.5 —7.60 1676 41.8
80 nd nd nd —8.59 1994 66.4
90 nd nd nd —9.01 3138 60.4

100 nd nd nd —9.20 4405 173

nd, not detected.
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scans of the lower melting, 18:0, 22:6 PC-rich tran-
sition. Increasing the mol% of DPPC decreases the
enthalpy and cooperativity of this transition but has
little effect on 7.. Table 1 summarizes AH, coopera-
tivity and 7, for the various DPPC/18:0, 22:6 PC
mixtures shown in Fig. 1. Although a low temper-
ature phase transition was observed for mixtures
containing more than 50 mol% 18:0, 22:6 PC in
DPPC bilayers, no high temperature phase transi-
tions (~ 30°C) were observed in these scans. A par-
tial phase diagram was constructed from the DSC
cooling scans and is reported in Fig. 2. Phase iden-
tification is similar to that reported by Bultmann et
al. [32].

The DSC results presented in Figs. 1 and 2 dem-
onstrate that DPPC/18:0, 22:6 PC mixtures exhibit
monotectic behavior. At temperatures above 30—
40°C, all lipids would be in the liquid crystalline state
and below —10°C, all lipids would be in the gel state.
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Fig. 4. Effect of increasing amounts of 18:0, 22:6 PC in DPPC
monolayers on lateral pressure (II,, mN/m) where the plateau
occurred (top panel) and the size of the plateau (expressed as
changes in the mean molecular area, 4%) (bottom panel). Points
are obtained from the pressure-area (IT-A) isotherms in Fig. 3.
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Fig. 5. Effect of increasing lateral pressure (mN/m) on surface
elasticity moduli (C; ') of various mixtures of DPPC/18:0, 22:6
PC. Curve a, 100 mol% DPPC; curve b, 90 mol% DPPC/10
mol% 18:0, 22:6 PC; curve ¢, 80 mol% DPPC/20 mol% 18:0,
22:6 PC; curve d, 70 mol% DPPC/30 mol% 18:0, 22:6 PC;
curve f, 50 mol% DPPC/50 mol% 18:0, 22:6 PC; curve k, 100
mol% 18:0, 22:6 PC. Points are obtained from the pressure—
area (I1-A) isotherms in Fig. 3.

Pressure-area (II-A) isotherms of monolayers
composed of the same lipid mixtures were then mea-
sured on a Langmuir trough. Fig. 3 presents I'T-4
isotherms of various mixtures of DPPC/18:0, 22:6
PC taken at 23°C. For mixed monolayers containing
20 mol% 18:0, 22:6 PC or more, there was a dra-
matic change in the IT-4 curves with increasing lat-
eral pressure. A 18:0, 22:6 PC-dependent plateau is
quite obvious in these curves. The lateral pressure
(IT,, mN/m) where the plateau occurred (inflection
point) and the size of the plateau (expressed as
changes in the mean molecular area, 4%) were depen-
dent upon the mol% of 18:0, 22:6 PC. Plateau size
was determined by drawing a tangential line at the
steep portion of the curve on either side of the pla-
teau region of the IT-A isotherm. The distance be-
tween the two tangential lines was calculated for the
plateau size where the -4 isotherm curve inter-
sected both tangential lines. Higher mol% of 18:0,
22:6 PC resulted in larger plateaus (Fig. 4, lower
panel) and these plateaus formed at lower lateral
pressures (Fig. 4, top panel). There was a dramatic
increase in the IT-A slope after the plateau region
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Fig. 6. Epifluorescence microscopy images of monolayers composed of 29 mol% 18:0, 22:6 PC/70 mol% DPPC/1 mol% N-Rh-DOPE
at various lateral pressures at 23°C. Images: 1, 5 mN/m; 2, 10 mN/m; 3, 15 mN/m; 4, 20 mN/m; 5, 25 mN/m; 6, 30 mN/m; and 7,

40 mN/m.

«—

which continued until final monolayer collapse
(curves c—f). The plateau represents the ‘squeeze
out’ of the 18:0, 22:6 PC-rich monolayer component
while the final monolayer collapse is the subsequent
lateral pressure where the remaining DPPC-rich
monolayer collapses. For mixtures containing pure
DPPC and 90 mol% DPPC/10 mol% 18:0, 22:6 PC
(Fig. 3, curves a and b), no plateau was observed.
For the mixtures containing only 18:0, 22:6 PC and
80 mol% 18:0, 22:6 PC, there was an extended pla-
teau region until the end of the run (curves i and k).
Similar curves containing extended plateaus were
also measured for the mixtures 40 mol% DPPC/60
mol% 18:0, 22:6 PC; 30 mol% DPPC/70 mol% 18:0,
22:6 PC; and 10 mol% DPPC/90 mol% 18:0, 22:6
PC (results not shown). Similar shaped ‘plateaus’
have been reported by Smaby et al. [31]. Surface
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Fig. 7. Effect of increasing lateral pressure (mN/m) on % dark
area for epifluorescent images of monolayers composed of: (a)
99 mol% DPPC/1 mol% N-Rh-DOPE; (b) 90 mol% DPPC/9
mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; (c) 80 mol% DPPC/
19 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; (d) 70 mol%
DPPC/29 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; (e) 60
mol% DPPC/39 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; (f)
50 mol% DPPC/49 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE;
and (i) 99 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE.

elasticity modulus was calculated from each of these
curves (Fig. 5). Depressions in the elasticity curves
indicate dramatic changes in the slope of the IT-4
isotherms and suggest a redistribution of lipids
(changes in packing) within the monolayer [33,34].
During monolayer compressions, lipid domains
were imaged and quantified by fluorescence digital
imaging microscopy using the rhodamine-labeled
phospholipid, N-Rh-DOPE. In monolayers contain-
ing DPPC/18:0, 22:6 PC/N-Rh-DOPE, the fluores-
cent probe is expected to partition into the more fluid
18:0, 22:6 PC (liquid crystalline) phase [35,36]. Sam-
ple images in Fig. 6 are of a monolayer containing 70
mol% DPPC/29 mol% 18:0, 22:6 PC/1 mol% N-Rh-
DOPE at lateral pressures between 5 and 40 mN/m.
As the lateral pressure increased, the dark domains
became larger and the total dark area relative to the
total area of the image (% dark) increased (Fig. 7).
The increase in % dark with increasing lateral pres-
sure was observed only for mixtures containing
50 mol% or less of 18:0, 22:6 PC in DPPC (Fig.
7). At higher mol% of 18:0, 22:6 PC, no dark do-
mains could be observed. At any lateral pressure,
total dark area was also higher in mixtures of in-
creasing mol% DPPC. Consequently, at any given
lateral pressure, pure DPPC monolayers had the
highest % dark area while pure 18:0, 22:6 PC mono-
layers had the lowest % dark. The imaging experi-
ments clearly demonstrate lipid domains suggesting
that lateral phase separation occurred in the DPPC/
18:0, 22:6 PC mixed monolayers. The results also
suggest that N-Rh-DOPE partitions into the 18:0,
22:6-PC-rich phase (the bright domains) and the
dark domains exclude the probe and are DPPC-
rich. In Fig. 8, the effect of increasing lateral pressure
on average domain size was determined for several
mixtures of DPPC/18:0, 22:6 PC. Results indicate
that in monolayers containing 90 mol% DPPC/9
mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE and 80
mol% DPPC/19 mol% 18:0, 22:6 PC/1 mol% N-
Rh-DOPE, there was a dramatic increase in the
size of the domains at higher pressures (>20 mN/
m) compared to mixtures containing 29-49 mol%
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Fig. 8. Effect of increasing lateral pressure (mN/m) on average
domain size (i=15) of monolayers composed of: (a) 99 mol%
DPPC/1 mol% N-Rh-DOPE (b) 90 mol% DPPC/9 mol% 18:0,
22:6 PC/1 mol% N-Rh-DOPE; (c¢) 80 mol% DPPC/19 mol%
18:0, 22:6 PC/1 mol% N-Rh-DOPE; (d) 70 mol% DPPC/29
mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; (e) 60 mol% DPPC/
39 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE; and (f) 50 mol%
DPPC/49 mol% 18:0, 22:6 PC/1 mol% N-Rh-DOPE.

18:0, 22:6 PC. For 9 and 19 mol% 18:0, 22:6 PC in
DPPC, at the highest lateral pressures, domains in-
creased in size and therefore were in close proximity
to one another. As domain size increased, our instru-
mentation had trouble distinguishing between many
close small domains and one large fused domain.
Regardless, this was not a problem for mixtures con-
taining 2949 mol% 18:0, 22:6 PC in DPPC as the
size of the domains remained constant (approxi-
mately 10 um?).

4. Discussion

It is generally accepted that proteins and lipids in
biological membranes are organized into discrete
patches known as domains. Membrane domains are
the consequence of poorly understood lipid-lipid and
lipid—protein associations [1-3]. Although there has
been much documentation on protein-driven do-
mains, there is little known about lipid microdo-
mains. This investigation focused on coexisting gel/
liquid crystalline state lipid microdomains in lipid

bilayers and monolayers composed in part of phos-
phatidylcholine (PC) containing the saturated fatty
acid stearic acid in the sn-1 chain and docosahexae-
noic acid (DHA) in the sn-2 chain. Differential scan-
ning calorimetry studies (Figs. 1 and 2) indicated
that DPPC/18:0, 22:6 PC bilayers phase separate.
Next, pressure—area isotherms were measured on
monolayers made from the same phospholipid mix-
tures used in the DSC experiments. Finally, mono-
layer lipid microdomains were visualized and quanti-
fied with fluorescence digital imaging microscopy.
These experiments all indicate that the DPPC/18:0,
22:6 PC mixed membranes phase separate into
DPPC-rich gel state and 18:0, 22:6 PC-rich liquid
crystalline state domains. Demonstrating the involve-
ment of a DHA-containing phospholipid in lipid do-
main formation in lipid bilayers and monolayers may
serve as an initial step in providing evidence that
DHA can induce phase separation in biological
membranes as well.

Despite the recent advances in DRM studies,
phase separation between gel and liquid-crystalline
state lipids remains the best understood model for
lipid microdomains in membranes. The techniques
employed in the study presented have routinely
been used to demonstrate lipid phase separations in
model lipid bilayer membranes. DSC has often been
the technique of choice in demonstrating phase sep-
aration in two component lipid bilayers [10,11,37].
Lipid monolayers have also been successfully em-
ployed in demonstrating gel/liquid crystalline phase
separations. Changes in the slope of pressure-area
isotherms suggest a lipid reorganization that is re-
lated to lateral phase separation [3]. Powerful visual
evidence of gel/liquid crystalline state phase separa-
tion into domains in monolayers has also been pro-
vided through epifluorescence microscopy [38,39].
Several reports have indicated that monolayers con-
taining gel phase, tightly packed lipids excluded large
fluorescent  chromophores, while phospholipid
probes remain soluble in more disordered liquid crys-
talline regions of the film [35].

The majority of DSC studies [11,40-44] and many
monolayer studies as well [30,35,45-47] have em-
ployed DPPC as the model phospholipid. Some of
these experiments have been done to model the lung
surfactant which is a DPPC-enriched monolayer
[46,47] lining the interior of the lung and is involved
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in reduction of surface tension during normal respi-
ration. In surfactant studies, large changes in the
slope of pressure-area isotherms were observed at
higher pressures, indicating lipids being selectively
excluded or ‘squeezed out’ from the monolayer.
The concept of ‘squeeze-out’ has been described by
Bangham [48] and others [30,35,45,49]. Bangham [4§]
demonstrated in two component monolayers that egg
phosphatidylglycerol (egg PG) was ‘squeezed out’
leaving the monolayer enriched in DPPC. de Fon-
tages et al. [49] and Boonman et al. [45] later dem-
onstrated that ‘squeeze out’ of egg PG was enhanced
by unsaturated acyl chains. Packing disruptions due
to ‘squeeze out’ was also reported by Keough and
coworkers [30,33] with monolayers composed of
phospholipids and the lung surfactant proteins SP-
B and SP-C. Taneva et al. [30] reported ‘squeeze out’
of SP-C and SP-B from DPPC/DPPG monolayers as
followed by changes in surface elasticity modulus
derived secondarily from pressure—area isotherms.
It was suggested that the excluded phase contained
SP-B since it was more disordered than DPPC/
DPPG.

Since DHA is the longest and most unsaturated
fatty acid commonly found in membranes [27], it is
reasonable to assume that it might support unique
functions not possible with other, shorter and less
unsaturated fatty acids. A logical place to first search
for a unique function for DHA would be in the
membranes that normally are enriched in this fatty
acid (rod outer segment, neuronal tissue and sperm)
[28]. It has been postulated that DHA-containing
phospholipids are a critical component of neuronal
and optical function [28]. Niebylski et al. [5S0] have
attributed DHA'’s role in neuronal tissue in part to
its effect on acyl chain packing, reflecting the number
and location of double bonds. NMR studies from
Gawrisch and coworkers [26,51] have supported
these conclusions. Using pyrene phospholipid fluo-
rescence, Litman and Mitchell [24] demonstrated lat-
eral phase separation in bilayers composed of DPPC/
22:6, 22:6 PC. Salem and Niebylski [28] suggested
that the membrane role of DHA incorporated into
phospholipids in neuronal tissue was due to micro-
domain formation altering membrane physical prop-
erties.

The experiments presented here demonstrate later-
al phase separation of co-existing gel-liquid crystal-

line lipids (DPPC/18:0, 22:6 PC) occurring in both
lipid bilayers and monolayers. For lipid bilayers, lat-
eral phase separation was detected by the presence of
two transition peaks, a high temperature transition
corresponding to high mol% of DPPC/low mol%
18:0, 22:6 PC and a low temperature transition cor-
responding to low mol% DPPC/high mol% 18:0,
22:6 PC (Fig. 1). The decrease in enthalpy as well
as the shift in the transition temperatures for all lipid
mixtures implies that the lipids are not completely
immiscible [37]. Other authors have also shown
that the saturated chain in mixed-chain DHA-con-
taining phospholipids will preferentially interact
with saturated chains on other phospholipids com-
pared to DHA [25,26,52].

Pressure—area isotherms performed on the Lang-
muir-Blodgett trough indicate that mixtures of
DPPC/18:0, 22:6 PC containing >20 mol% 18:0,
22:6 PC have breaks in the curve that can be attrib-
uted to exclusion or ‘squeeze out’ of lipid from the
monolayer. The excluded lipid is primarily 18:0, 22:6
PC as suggested by the DHA-dependence on the lat-
eral pressure where the IT-4 break is first observed
as well as on the size of the plateau (Fig. 4). The dips
in surface elasticity curves (Fig. 5) are similar to
those previously reported also demonstrating
‘squeeze out’ [30,31].

Images of domains formed as a function of lateral
pressure in DPPC/18:0, 22:6 PC monolayers and vi-
sualized using a rhodamine-labeled phospholipid are
presented in Fig. 6 and quantified in Fig. 7. It has
often been reported from FRET studies that rhod-
amine-containing phospholipids will preferentially
partition into the more disordered fluid (liquid crys-
talline) phase over the more ordered (gel) phase [36].
Moreover, DPPC-rich gel phases are known to ex-
clude other fluorescent probes as well [35,39,40]. In a
prior report using monolayers made from a lung
surfactant extract (42% DPPC) and visualized by a
N-Rh-DPPE probe, Discher et al. [36] described do-
mains of liquid-ordered lipids surrounded by liquid-
disordered domains. Bright fluorescent regions ap-
peared suggesting separation of a distinct phase
that contains the N-Rh-DPPE probe [36] which was
consistent with our findings in this study. It is as-
sumed then that the darker domains we observed
in the DPPC/18:0, 22:6 PC mixtures are enriched
in DPPC, while the bright domains containing the
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rhodamine-moiety are enriched in 18:0, 22:6 PC.
Both Nagg et al. [53] and Discher et al. [36] reported
that during compression, the area of domains
achieved a maximum value and then rapidly declined
with further compression (> ~35 mN/m). In our
mixtures, no reduction in the % dark area for mix-
tures between 0 and 50 mol% 18:0, 22:6 PC was
noted from 0 to 40 mN/m (Fig. 7). Images were
not taken at pressures above 40 mN/m, as the do-
mains appeared to go out of the focal plane produc-
ing blurring which was difficult to capture with the
CCD camera. ‘Squeeze out’ of 18:0, 22:6 PC from
the monolayers occurred at > 35 mN/m so it is pos-
sible that the difficulty in imaging we encountered at
high pressures is the result of ‘squeeze out’ of both
probe and the 18:0, 22:6 PC-rich phase.

For monolayers and bilayers containing > 50
mol% 18:0, 22:6 PC in DPPC no dark, DPPC-rich
domains could be visualized (Fig. 7) and the high
temperature DSC transition (Fig. 1) was completely
obliterated. All pressure—area isotherms containing
> 50 mol% 18:0, 22:6 PC were similar to the pres-
sure—area isotherm of 20 mol% DPPC/80 mol% 18:0,
22:6 PC (shown in Fig. 3, curve i). These results
suggest that at higher 18:0, 22:6 PC-mixtures,
DPPC could be mixed homogeneously into the
18:0, 22:6 PC phase or if phase separation did occur,
it was not detected by our methods (i.e. the domains
were too small or maybe unstable). In mixtures con-
taining 20-50 mol% 18:0, 22:6 PC at 23°C, there was
a plateau region in the pressure—area isotherms fol-
lowed by an increase in the slope suggesting that
after ‘squeeze out’ of 18:0, 22:6 PC the remaining
DPPC-enriched monolayer were further compressed
(Fig. 3, curves c-f).

The results presented here demonstrate that phase
separation of DPPC/18:0, 22:6 PC does occur for
mixtures containing 50 mol% or less of 18:0, 22:6
PC in DPPC from ~ 0 to 20°C. In the future, we will
apply these methods to more biologically relevant,
liquid-ordered/liquid-disordered lipid mixtures to de-
termine if one of the functions of DHA is to alter
lipid microdomains in membrane.
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