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Abstract

We previously established that compression of monolayers containing the lipids in pulmonary surfactant, with or
without the surfactant proteins, initially leads to phase separation. On further compression, however, phase coexistence
terminates at a critical point that requires the presence of cholesterol. The studies reported here address the changes
in the phospholipid phase diagram produced by cholesterol. We used the two systems of the lipids from calf surfactant
with and without the surfactant proteins. For both systems, we began with the postulate that cholesterol had no effect
on the composition of other constituents in the two phases, and then used the known behavior of interfacial tension
at a critical point to test the two extreme cases in which the cholesterol partitions exclusively into condensed domains
or into the surrounding film. Measurements of surface potential along with the fraction of the nonfluorescent area
and the radius of the domains, both obtained by fluorescence microscopy, for films with and without cholesterol
allowed calculation of the interfacial tension between the two phases. Only the model that assumes the presence of
cholesterol within the domains accurately predicts a decreasing line tension during film compression toward the
critical point. That model, however, also predicts an unlikely decrease during compression of the dipole moment
density for the condensed phase. Our results are best explained in terms of cholesterol partitioning predominantly
into the condensed domains, with a resulting partial redistribution of the phospholipids between the two phases.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phase separation of phospholipids provides a
mechanism by which both soluble and insoluble
components may be compartmentalized in biolog-
ical systems. Although this phenomenon is more
widely recognized for cellular membranesw1x,
phase separation has also been considered impor-
tant for organizing monomolecular films of pul-
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monary surfactant. These films are essential for
stabilizing the alveolar air spaces of the lungs. A
thin layer of liquid, either continuous or discontin-
uousw2x, lines the alveoli, and the surface tension
of the airywater interface produces an inward
recoil that tends to collapse the lungs. To counter-
act that effect, the type II pneumocytes synthesize
and secrete a mixture composed mostly of phos-
pholipids with some cholesterol and specific pro-
teins that together acts as a surfactant. After
adsorbing to the airywater interface, the films of
pulmonary surfactant tend to spread laterally, gen-
erating a two-dimensional surface pressure that
lowers surface tension. During exhalation, the
shrinking alveolar surface area compresses the
interfacial films to surface pressures that are
remarkably high and that persist in static lungs for
remarkably prolonged durationsw3,4x. The mag-
nitude and persistence of these pressures requires
the presence of a solid film. For fluid monolayers,
a compressive transition in which constituents
collapse from the two-dimensional surface to form
a three-dimensional bulk phase limits surface pres-
sure to a maximum equilibrium value(p ). Pro-e

longed elevation of surface pressures abovep ,e
such as observed in the lungs, indicates resistance
to flow into the collapsed phase and hence a solid
film.

The classical model of pulmonary surfactant
assumes equilibrium phase behavior, and therefore
concludes that the functional film must occur as
the solid tilted-condensed(TC) phasew5x. Because
only one of the multiple constituents in pulmonary
surfactant, dipalmitoyl phosphatidylcholine
(DPPC), forms the TC phase in single component
films at physiological temperaturesw6x, the model
also contends that the solid film is highly enriched
in DPPC. The change in composition from the
freshly synthesized mixture required by the model
might occur by selective collapse of constituents
other than DPPC when the compressed film first
exceedsp w5,7,8x. Lateral phase separation, ine

which DPPC forms metastable TC domains while
all other constituents are confined to a rapidly
collapsing liquid-expanded(LE) phase, provides
one mechanism by which selective exclusion of
components other than DPPC could occurw5x.

We have shown previously that compression of
monolayers containing the complete set of constit-
uents in extracted calf surfactant(calf lung surfac-
tant extract, CLSE) initially induces phase
separation w9x. Fluorescence microscopy and
Brewster angle microscopy both detect the forma-
tion of discrete domains. In experiments with the
subfraction of calf surfactant that contains only the
complete set of purified phospholipids(PPL), but
not the proteins or cholesterol, measurements on
the area of each phase and their response to DPPC
added to the film allowed construction of a phase
diagram. This analysis indicates that the domains
contain essentially pure DPPCw10x. If the fluid
LE phase in these mixed films would collapse
from the interface much faster than the solid TC
domains, then the phase separation would provide
the basis for enriching the film’s content of DPPC.

Although these initial results with CLSE and
PPL fit with the selective exclusion model based
on phase separation, subsequent findings do not.
With further compression of surfactant-related
films that include cholesterol, phase separation
terminatesw9,11x. Immediately following a shape
transition in which the circular condensed domains
suddenly adopt highly irregular contours, the inter-
face between the two phases vanishes, reestablish-
ing a homogeneous film. This behavior is
characteristic of a critical point in the phase dia-
gram. Interfacial tension, termed ‘line tension’ in
the two-dimensional monolayer, approaches zero
when the two phases become increasingly similar
near a critical point, allowing extension of the
boundary between the two phases just prior to
remixing. The termination of phase separation at
surface pressures belowp eliminates the basis fore

selective exclusion of compounds other than
DPPC, and provides one further element in a
mounting body of evidence which argues that
surfactant function is not as firmly based on phase
behavior as previously thoughtw12,13x.

The critical behavior in surfactant films requires
the presence of cholesterolw11x. Phase coexistence
persists top if cholesterol is removed from thee

surfactant phospholipids, and adding it back
restores remixing. Pulmonary surfactant then rep-
resents one of several systems containing choles-
terol and phospholipids that have recently been
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shown to exhibit critical behaviorw14–16x. The
studies reported here address the question of how
cholesterol changes the two phases in cholesterol–
phospholipid mixtures, using pulmonary surfactant
as one example of such a system that is directly
relevant to monolayers in the lungs.

2. Materials, methods and theory

2.1. Materials

Extracted calf surfactant(CLSE), prepared
according to established proceduresw17x, was frac-
tionated to exclude specific components using
column chromatography by a slight modification
of a previously published protocolw18x. Gel per-
meation chromatography separates the proteins,
phospholipids, and neutral lipids into separate
peaks w19x. Pooling selected fractions provides
preparations that contain the PPL, the neutral and
phospholipids(N&PL), and the surfactant proteins
and phospholipids(SP&PL) w18x. Each of these
preparations then contains the complete set of
surfactant phospholipids with or without the sur-
factant proteins and neutral lipids. Although the
protein and phospholipid peaks overlapped in the
original protocol w18x, a longer column achieved
complete separation on a single pass for the mate-
rials studied here. Preparations were eluted from
LH-20 matrix(LKB-Pharmacia, NJ) with a solvent
of acidified chloroform–methanol (0.1 N
HCl:CHCl :CH OH; 2:19:19 v:v:v) w19,20x, fol-3 3

lowed by extraction of the constituents into chlo-
roform w21x. Samples of SP&PL suffered variable
losses of proteins and were supplemented with
protein purified separately to obtain the proteiny
phospholipid ratio found for CLSEw18x. The ratio
of cholesterol to phospholipids(mmol:mmol) var-
ied from 0.053 to 0.074 for CLSE and from 0.045
to 0.071 for N&PL.

DPPC was obtained from Avanti Polar Lipids,
Inc. (Alabaster, AL) and used without further
analysis or purification. N-(Lissamine rho-
damine B sulfonyl)-1,2-dihexadecanoyl-sn-gly-
cero-3-phosphoethanolamine(rhodamine-DPPE)
was purchased from Molecular Probes(Eugene,
OR).

Reverse-osmosis grade water for these studies
was obtained from purification systems purchased
either from Millipore(Bedford, MA) or Barnstead
(Dubuque, IA) and had resistivity of approximate-
ly 18 MV cm. All glassware was acid-cleaned.
All solvents were at least reagent-grade and con-
tained no surface active stabilizing agents.

2.2. Methods

2.2.1. Biochemical assays
Phospholipid concentrations were determined by

measuring the phosphate contentw22x of measured
aliquots. Protein was assayed by amido black
staining of trichloroacetic acid-precipitable mate-
rial w23x, with bovine serum albumin as a standard.
Cholesterol(free and esterified) was measured by
reduction with ferrous sulfatew24x.

2.2.2. Isotherms
The variation of surface pressure and surface

potential with area were measured on a commer-
cially available Langmuir trough(KSV-3000, KSV
Instruments, Helsinki, Finland). Monolayers were
spread by depositing aliquots of chloroform solu-
tions on a subphase of 10 mM Hepes pH 7.0, 150
mM NaCl, and 1.5 mM CaCl (HSC), followed2

by a 10-min interval to allow for evaporation of
the chloroform. Surface pressure and surface
potential were recorded simultaneously during
compression at 2.8 Ay(phospholipid mole-2˚
culeØmin) and 20 8C. Surface pressure(p) was
measured using a Wilhelmy plate. Molecular areas
( ) were expressed in terms only of phospholipidĀ
for reasons of simplicity and accuracy, with no
attempt to correct for the presence of neutral lipid
and protein molecules. curves were repro-¯pyA
ducible between experiments to within 2 Ay2˚
(phospholipid molecule) and 0.4 mNym. Surface
potential was measured with an ionizing electrode.
The electrode, which contains Am as a source241

of a particles to provide a conducting circuit, was
placed 1–2 mm above the subphase. If the poten-
tial difference, measured by a pH meter with a
high impedance amplifier, between this electrode
and a reference electrode in the subphase is offset
to zero for a clean airywater interface, then the
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measured voltage,DV, with a surface film provides
the difference in surface potential for the interface
with and without the filmw25x.

2.2.3. Fluorescence microscopy
Epifluorescence microscopy used a Zeiss-ACM

microscopew26x with a 50= objective to visualize
lipid monolayers w27–29x on the surface of a
custom-built Langmuir trough. The Teflon trough
had a surface area of 108 cm and subphase2

volume of 100 mlw30x, the temperature of which
was regulated to"1 8C with water pumped
through jackets surrounding the trough. Samples
of surfactant preparations containing 1%(moly
mol phospholipid) of rhodamine-DPPE were
spread in approximately 80ml of chloroform on a
subphase containing HSC to give an initial molec-
ular area of 150 Ay(phospholipid molecule).2˚
Films were then compressed at 2.8 Ay(phospho-2˚
lipid molecule min) to specific surface pressures
at which images were recorded on the static film.
A Hamamatsu C2400 SIT camera recorded fluo-
rescence images either to VHS video tape for later
analysis or directly to computer(Quadra 650,
Apple, Inc., Cupertino, CA with LG-3 frame grab-
ber, Scion Corp, Frederick, MD). A C-shaped
Teflon mask placed directly in the trough and
extending through the interface minimized move-
ment of the monolayerw26,31x. Images obtained
inside and outside the mask at frequent intervals
ensured that the mask created no artifacts. The
high contrast between the fluorescent and nonflu-
orescent regions of the film allowed counting of
pixels above and below a threshold grayscale to
provide the area of each phase.

2.3. Theory

Our analysis ultimately requires values of the
line tension,l, between the two phases within the
monolayer. For a monolayer at strict equilibrium,
the discontinuous phase occurs as circular
domains, the radius of which,R, is determined by
l and Dm, the difference in dipole densities
between the two phasesw32x. We therefore have
derived expressions forDm in terms of measurable
quantities, and forl in terms ofR andDm.

2.3.1. Dipole moment densities
When a film separates into condensed and

expanded phases, the component of the dipole
moments normal to the interface for molecules in
the two phases,m andm , and the average normalc e

component of dipole moments for the total film,
m, are related by:

msf m qf m , (1)c c e e

where f and f are the fractions of total moleculesc e

within the film that are located in each phase. The
dipole moment density,m , for these normal com-x

ponents is then given by

mx
m s (2)x Āx

where is molecular area andx refers to theĀ
particular phase or to the average film. The fraction
of molecules in each phase,f , is related to itsx

experimentally accessible fractional area,f ,x

according to

¯ ¯f A sf A (3)x x x

Because

f qf s1 (4)c e

substitution of Eqs.(2)–(4) into Eq.(1) yields an
expression for the average dipole moment density,
m, in terms of the valuesm andm for each phase,c e

and the fraction of the interfacial area,f , occu-c

pied by the condensed phase:

msm f qm 1yf (5)Ž .c c e c

The average dipole moment density for the film,
m, is related to the surface potential,DV, by the
Helmholtz equation,

ms´ DV (6)0

where ´ is the permittivity of vacuum(´ s0 0

8.854=10 C yNym ).y12 2 2

Given the fraction of the interface occupied by
the condensed phase and the dipole moment den-
sity of one phase, Eqs.(5) and(6) can be used to
calculate the dipole moment density of the other
phase from measurements of the surface potential
DV:

´ DVyf m0 c c
m s (7)e 1yfc
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´ DVym 1yfŽ .0 e c
m s (8)c

fc

2.3.2. Line tension
The balance between the line tension,l, and

the difference in dipole moment density,Dm,
determines the equilibrium radius,R, of the
domainsw32x. Consequently, line tension can be
determined fromR andDm. Relationships between
l, Dm and R have been derived previously, but
only in terms of ‘ansatz’ equationsw33x. The
experiments here require an exact expression. The
general approach is to express the energy for a
condensed phase with fixed total area distributed
among domains with uniform but variable radii.
Minimization of the system energy then provides
an expression relatingl, Dm andR at equilibrium.
The free energy of the system consists of the
electrostatic energy,E , which results from dipolarel

repulsions, and the line tension energy,E . Underl

the assumption that the dipoles do not rotate with
respect to each other, the electrostatic energy for
two normal components of dipole moments inside
the domain,m andm 9, isc c

m m9c cE (m,m9)s (9)el 3Z Z4p´ ryr90

whereNryr9N is the distance between the dipoles
w34x. Since the distribution of the condensed phase
into multiple domains does not affect the energy
of the expanded phase, the dipole moment density
m does not contribute to the free-energy change.e

Therefore we can considerm to be ‘background’e

dipole moment density and subtract it from the
dipole moment densities of both phasesw32x. Then
m s0, and the difference in dipole moment den-e

sities between the two phases,Dm'm ym sm ,c e c

requires determination only of the value for the
condensed domains.

From Eq.(2) then

2(Dm) ¯ ¯E (m,m9)s A A9 (10)el c c3Z Z4p´ ryr90

To obtain the electrostatic energy of a complete
domain, E (domain), we must integrate over allel

pairs of area elements within the domains:

1 1 2 y3 ¯ ¯Z ZE (domain)s (Dm) ryr9 dA dA9el c c||2 4p´0

(11)

The factor of— comes from a double counting1
2

of pairs of elements in the integrand. The energy
of each circular domain contributed by line tension
is E s2pRl, whereR and l are the equilibriuml

radius of the domain and the line tension, respec-
tively. The derivation of the line tension from
minimization of the total energyEsE qE thenel l

proceeds as published previouslyw32x. When the
energy of the system is at a minimum,

3e d 24p´ lyDm( 0 )R s e (12)eq 4

and therefore

2 B EDm 4ReqC Fls ln (13)3
D G4p´ e d0

wheree is the base of the Naperian logarithm, and
d is an effective distance between neighboring
dipoles at the interface, taken as roughly 10 A˚
w35x. Estimates ofR by fluorescence microscopyeq

and ofDm from measurements of surface potential
then provide the basis for calculatingl.

3. Results

We considered the behavior of two films derived
from pulmonary surfactant, both of which contain
cholesterol. Extracted calf surfactant(CLSE) con-
tains the complete set of hydrophobic constituents,
which are the components responsible for surface
activity. Removal of the surfactant proteins yields
a preparation containing only the N&PLw18x. For
both CLSE and N&PL, the corresponding prepa-
ration that lacks cholesterol is also available for
comparison. Removal of cholesterol from CLSE
yields the SP&PL, and the same process for N&PL
produces the PPLw18x. Fluorescence microscopy
detected initial phase separation in films containing
each of these preparations(Fig. 1), but the shape
transition and remixing that indicates critical
behavior occurred only for CLSE and N&PLw11x.
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Fig. 1. Coexisting phases in surfactant-related monolayers dur-
ing lateral compression. Films containing the different prepa-
rations derived from calf surfactant were mixed with 1%
(mol:mol phospholipid) rhodamine-DPPE and spread on the
surface of a Langmuir trough. Films were compressed at 2.8
A y(phospholipid moleculeØmin) and 208C to 10 mNym, and2˚
then to higher surface pressures at 5 mNym increments after
obtaining microscopic images on the static film. Images here
were obtained at 20 mNym. Diameter of the visual field is 300
mm. Previously published micrographs at these and other sur-
face pressures show that the shapes of the nonfluorescent
domains changes little for any given film with time, but that
the irregular forms for PPL relax to circular shapes over a
period of hoursw9,11x.

Our studies were designed to determine how the
phase diagram of the surfactant phospholipids
could change with the additional presence of cho-
lesterol to generate a critical point. To establish
the location of cholesterol, we assumed as a first
approximation that the nonfluorescent domains in
films with and without cholesterol differed only in
their content of that compound, and similarly for
the fluorescent regions. The composition of phos-
pholipids in each phase would be unaffected by
the added cholesterol. We then postulated two
extreme cases in which cholesterol resided either
completely within the condensed domains or
entirely in the surrounding film. The known behav-
ior of line tension at a critical point, where inter-
facial tension must cease to exist, provided a test
of each model.

For a monolayer at strict equilibrium, the dis-
continuous phase would occur as circular domains,

the radius of which,R, can be expressed in terms
of l, the line tension, andDm, the difference in
dipole moment density between the two phases
(Eq. (13)) w32x. We used this relationship to
calculatel from measured values ofR and Dm.
Fluorescence micrographs provided values ofR.
Surface potential providedm for the phase con-x

taining no cholesterol according to the model. The
relative areas of each phase, determined micro-
scopically, the averagem for the film, andm forx

one phase were then used to calculatem for they

other phase according to each model(Eqs. (7)
and (8)) and thenDm. The variation ofl during
compression could therefore be established for two
films—the surfactant lipids with and without the
proteins—and used to test the different models of
cholesterol’s location.

Our analysis required values forR, the radius
of the circular nonfluorescent domains at equilib-
rium. Fluorescence micrographs showed that the
domains in films containing protein or cholesterol
were roughly circular throughout compression
except immediately prior to remixing. We assumed
that these represented roughly equilibrium forms.
For PPL, the initial shape of the condensed
domains deviated far from circles(Fig. 1)
w10,11,13x. We have shown previously, however,
that these irregular shapes represent nonequili-
brium forms that relax to circles over periods of
hours w11x. The area of the condensed phase
changed less than 5% during relaxation. The initial
area therefore approximated the equilibrium area,
and could be used to calculate the necessary
equilibrium value ofR. For SP&PL, N&PL and
CLSE, the circular domains varied somewhat in
size within any micrograph. We have previously
determined the fraction of the area covered by the
nonfluorescent phase,f , as well as the density ofc

the domains,r, in terms of number per areaw9,11x.
These data allowed us to calculate the average
radiusR of the circular domains:

fcRs (14)ypr

Because of the small change in area between
the initial and circular domains for PPL, the same
expression was used to calculate an approximate
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Fig. 2. Size of condensed domains at different surface pres-
sures. Fluorescent micrographs such as those in Fig. 1 provided
the average radius, obtained from the total nonfluorescent area
and the number of domains. Data for CLSE and N&PL do not
extend above 35 and 25 mNym, respectively, because phase
separation terminates above those surface pressures.

Fig. 3. Isotherms for monolayers containing surfactant-related
preparations. Surface potential(black curves, left axis) and sur-
face pressure(gray curves, right axis) were measured during
compression of the surface area at 2.8 Ay(phospholipid mol-2˚
eculeØmin) and 20 8C for each of the different preparations
derived from calf surfactant.

equilibrium radius for those films as well. These
average radii(Fig. 2) were then used in the
calculations of line tension.

Measurements of surface potential provided val-
ues ofDm. At all surface pressures, surface poten-
tial varied smoothly without large fluctuations.
This behavior indicated that the tip of the electrode
was sufficiently larger than the individual domains
that the measurements provide the average poten-
tial for the film representing the weighted contri-
butions of the two phases. The average dipole
moment density was then calculated according to
the Helmholtz equation(Eq. (6)). Surface poten-
tial for CLSE deviated substantially from values
for DPPC, particularly at molecular areas less than
roughly 70 A ymolecule, approximately half-way2˚
across the coexistence plateau in the surface pres-
sure–area isotherm for DPPC, where the slope of
the surface potential isotherm for DPPC increased
abruptly(Fig. 3). PPL, N&PL and SP&PL all had
surface potentials quite similar to values for CLSE,
and the effect of removing the proteins andyor

neutral lipids on the average dipole moment den-
sity was small(Fig. 3).

Surface potential directly yields only the average
dipole moment density. The values ofDm, required
to calculate line tension, can be obtained from the
average dipole density if the fraction of surface
area occupied by each phase and the dipole
moment for one phase are known(Eqs. (7) and
(8)). The fluorescence micrographs provided the
fractional areas. The dipole moment density for
one of the two phases followed from previously
published findings concerning the composition of
the domains and from the two models of the
cholesterol distribution.

We have previously shown that the domains in
PPL contain essentially pure DPPCw10x. The
dipole moment density should therefore be the
same as for TC DPPC, which can be calculated
from the measured surface potential for DPPC
monolayers at all surface pressures above the
coexistence region:

m sm s´ DV (15)c DPPC 0 DPPC
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Fig. 4. Dipole moment density for cholesterol located exclusively inside or outside of the condensed domains. Filled symbols give
values for condensed domains, and open symbols represent the surrounding film.(a) Values if domains contain no cholesterol.
Filled symbols give values for condensed domains, obtained from surface potentials measured on DPPC at surface pressures above
the coexistence region where the film is homogeneously TC. Domains in all of the mixed films would also contain only DPPC,
and therefore would have the same values. Open symbols give values calculated for the expanded phase based on the surface
potentials measured for the films, fractional areas of the phases obtained by fluorescence microscopy, and the assumed dipole
moment density of DPPC for the condensed domains.(b) Values if domains contain all of the cholesterol. The surrounding LE
phase for N&PL and CLSE would then have the same composition as PPL and SP&PL, respectively, and the dipole moment density
would be given by the appropriate open symbols in(a). The filled symbols here give calculated values for the condensed domains
based on the surface potentials measured for the films, the fractional area obtained by fluorescence microscopy, and the assumed
dipole moment density from(a).

In SP&PL, which differs from PPL only by the
additional presence of the surfactant proteins, the
domains probably have the same composition. In
studies with a simple mixture chosen to replicate
pulmonary surfactant, both proteins remained out-
side the domainsw36x. We therefore assumed that
for both PPL and SP&PL, the dipole moment
density of the domains could be obtained from
measurements on DPPC. Values for the expanded
phase could then be calculated from fractional
areas for the two phases and the surface potentials
for the films.

The compositions of CLSE and N&PL differ
from those of SP&PL and PPL, respectively, only
by the additional presence of cholesterol. Our
analysis assumes that the compositions of the two
phases were unaffected by cholesterol except for
the content of that compound. For the two models

of cholesterol distribution, the dipole moment den-
sity in the phase containing no cholesterol was
therefore obtained from values for SP&PL or PPL.
Values for the other phase could then be calculated
from the measured surface potentials and fractional
areas. For the model in which the domains con-
tained no cholesterol, the dipole moment densities
were similar for both the condensed and expanded
phases in the four different films(Fig. 4a). The
domains in all cases, whether according to prior
reports or by constraint of the model, contained
only DPPC, and so share that common dipole
density. Values calculated for the surrounding
expanded phase were also similar among the dif-
ferent preparations(Fig. 4a).

For the alternative model in which the domains
instead contain all of the cholesterol, then the
expanded phase would have the samem as ine
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Fig. 5. Variation of line tension for each model of cholesterol
distribution. Line tensions were calculated from the measured
average radius for the domains and from the difference in
dipole moment density calculated for each model. Calculations
for filled symbols(Scenario A) assumed that the domains con-
tained no cholesterol, and for the open symbols(Scenario B)
that the domains contained all of the cholesterol.

films of PPL and SP&PL(Fig. 4b). These values
differed little from the dipole moment densities
obtained according to the first model for the
expanded phase in CLSE and N&PL(Fig. 4b).
The m calculated for the domains in CLSE andc

N&PL, however, decreased during compression
and were distinctly lower than the values common
to PPL, SP&PL and DPPC(Fig. 4b). Therefore
the additional presence of cholesterol in surfactant-
related monolayers produced opposite changes in
m and Dm depending on which phase containedc

the cholesterol. Location of cholesterol in the
condensed domains required values ofm andDmc

that decreased during compression. For cholesterol
confined to the surrounding film, bothm andDmc

increased.
Line tension could then be calculated from the

different values ofDm and R according to Eq.
(13). Compression produced an increase in line
tension for all films in which the domains con-
tained no cholesterol(Fig. 5). Line tension grew
for PPL and for SP&PL, the preparations that
contain no cholesterol, and for N&PL and CLSE
considered according to the first model in which
cholesterol resides only in the expanded phase.
For the second model, however, in which the
cholesterol partitions into the domains, line tension
fell at higher surface pressures. Line tension
decreased from 0.09 to 0.02 pN between 10 and
25 mNym for N&PL, and from 0.13 to 0.06 pN
between 10 and 35 mNym for CLSE (Fig. 5).
Line tensions that fall to low values, which are
expected approaching a critical point, were pre-
dicted only by the model in which the cholesterol
resided exclusively within the domains.

4. Discussion

Our studies consider the manner in which chol-
esterol alters the behavior of the surfactant phos-
pholipids in generating a critical point in the phase
diagram. Our analysis assumes that the dark and
bright phases in the films without cholesterol are
each directly related to the corresponding phase
when that compound is present. We then consider
our experimental data in terms of the two extreme

models in which cholesterol partitions exclusively
into one phase or the other. Only the model in
which cholesterol localizes to the condensed
domains successfully predicts a line tension that
decreases during compression toward the critical
point. To the extent that the assumptions underly-
ing the analysis are valid, these results suggest
that the domains contain at least the preponderance
of the film’s cholesterol.

Our calculations have achieved a number of
successes. The line tensions are consistent with
values calculated or determined previously. Line
tensions determined in other systems vary from
0.1 to 2 pN for films with a TC–LE interface
w37,38x, with a higher value of 5 pN found for
solid–LE phase coexistencew39x. These values
were obtained in systems that do not reach a
critical point. The calculated line tensions in the
surfactant preparations are at the lower end of the
values reported by others as expected for films
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that approach a critical point. Line tension has
been determined previously for one other system
with critical behavior. For the binary mixture of
30% cholesteroly70% dimyristoyl phosphatidyl-
choline, line tension decreases from 1.75 pN to
zero during compression from 0 to 10 mNym w35x.
The actual values cannot be compared directly
because our data are at surface pressures above 10
mNym, but the previously reported line tensions
agree in general with the values calculated here.

Our line tensions are also consistent with our
own previously observed results. The calculations
for both PPL and SP&PL, which lack cholesterol
and therefore involve the least degree of uncertain-
ty, indicate that line tension grows during com-
pression. These results accurately predict the
persistence of phase coexistence and the absence
of a critical point observed for those preparations
w11x. The calculations also correctly indicate the
effect of the surfactant proteins in the films that
do contain cholesterol. The fall in line tension is
deferred to higher surface pressures for CLSE,
which contains the proteins, relative to N&PL with
only the lipids, in agreement with the observed
result that remixing occurs at a higher surface
pressure for CLSE than for N&PLw11x. Our results
are internally consistent to this extent as well as
in general agreement with previously published
results.

The calculations, however, also predict behavior
that seems unlikely. Segregation of cholesterol into
the condensed domains, which produces the correct
behavior of line tension, requires that the dipole
moment density in the domains decreases during
compression(Fig. 4B). This result would be some-
what surprising. Compression of phospholipid
monolayers generally produces little change in the
surface dipole moment, and therefore the dipole
moment density should increase because of the
smaller molecular areaw40x. This general relation-
ship is best established for the LE phasew41x, but
measurements with DPPC confirm that compres-
sion also increases the dipole moment density for
the TC phasew42x. The limited data of which we
are aware concerning the surface potential of
cholesterol–phospholipid monolayers, although

complicated by an unusual experimental design,3

suggest similar behaviorw43x. The predicted
decrease in dipole moment density for the con-
densed phase during compression therefore sug-
gests that the model in which cholesterol partitions
exclusively into the domains, and otherwise leaves
the compositions of the two phases unaltered, is
not strictly correct.

Our analysis makes two assumptions of unprov-
en validity. The first is that the measurements are
made under conditions of strict equilibrium. The
calculation of line tension assumes equilibrium
where the energy of the system is at a minimum.
Two components of the film’s total energy, line
tension and electrostatic energy, originate from
phase separationw32x. The balance between these
two factors determines the size of the individual
domains. The energy of line tension, which is
proportional to the length of the total interface,
achieves a minimum when domains are large. In
contrast, electrostatic energy is least when the
domains are small(Eq. (11)). The separation of
the condensed phase into more numerous domains
increases the distance between their dipole
moments when averaged across the entire film,
resulting in lower electrostatic repulsionw32x. The
calculations require that the estimates ofR andDm

accurately reflect equilibrium values. Although the
assumption is probably not strictly true, the trends
that occur with composition and with surface
pressure seem likely to be qualitatively correct.
This potential source of error therefore seems
unlikely to produce erroneous conclusions of the
qualitative sort emphasized here.

The second assumption is that the bright and
dark phases each differ between films with and
without cholesterol only in their content of that
compound, and specifically that the presence of
cholesterol has no effect on the composition of

The cited measurements used a commercially produced3

vibrating plate ‘Kelvin S’ probe that yielded surface potentials
with simple phospholipid monolayers roughly equivalent in
absolute value to prior reports, but opposite in signw44x. The
difference from results with conventional methods has been
explained in terms of the reference point, or ground, moving
to the opposite side of the monolayer, from the air to the
subphasew45,46x. We presume, therefore, that the results for
the cholesterol–phospholipid monolayers are correct in mag-
nitude but opposite in sign.
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phospholipids in each phase. This seems more
questionable, particularly in light of the decreasing
dipole moment density predicted during compres-
sion for the condensed phase. A repartitioning of
the phospholipids in response to cholesterol would
fit better with our data. If the condensed domains
contained unsaturated phospholipids as well as
DPPC, the molecular area would be larger and the
dipole moment density smaller than the values
used here form , which were obtained from meas-c

urements on pure DPPC. The values ofm , calcu-e

lated from the measured average dipole moment
density, would then be larger.Dm, which must
decrease during compression towards a critical
point, could fall because of the decreasing gap
betweenm and m , each of which individuallyc e

continued to grow. A repartitioning of the phos-
pholipids also agrees with behavior required by
the critical point. In the phase diagram, the com-
position of the phase outside the coexistence region
must change continuously, and so the compositions
of the coexisting phases, including of the phospho-
lipids, when compressed toward the critical point
must become increasingly similar. A redistribution
of the phospholipids between the two phases in
response to added cholesterol therefore agrees with
behavior expected at a critical point as well as
providing a better explanation of our experimental
results.

This tentative conclusion suggests an additional
role for cholesterol in organizing biological sys-
tems. Recent evidence indicates that in biological
mixtures of phospholipids, cholesterol can produce
phase separation under conditions where none
exists in its absencew47x. The role of phase
separation in organizing components into distinct
cellular compartments, for instance, is receiving
increased acceptancew1x. Our results raise the
possibility that for phospholipid mixtures that do
form distinct phases on their own, cholesterol can
modulate their contents. Variation of cholesterol
levels could then provide an additional mechanism
by which biological systems can control the sorting
of constituents between different compartments.

In summary, we have used pulmonary surfactant
as an example of a biologically relevant phospho-
lipid mixture to determine the effect of cholesterol
on separated phases. We have estimated line ten-

sion between the separated phases for simple
postulated distributions of components to test
which model best fits with behavior required at
the critical point produced by the addition of
cholesterol. Calculations accurately predict that
subfractions of pulmonary surfactant which lack
the neutral lipids should maintain non-zero line
tension and retain immiscible phases. For the
subfractions containing cholesterol, the model in
which the domains contain all of the cholesterol
accurately predicts decreasing line tension during
compression towards the critical point established
previously by fluorescence microscopy. That same
model, however, also indicates an unlikely
decrease in the dipole moment density of the
condensed domains. More complicated behavior,
in which cholesterol, predominantly located in the
condensed domains, allows accommodation of
some fraction of the phospholipids other than
DPPC, therefore seems more likely.
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