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ABSTRACT Cholesterol induces faster collapse by compressed films of pulmonary surfactant. Because collapse prevents films
from reaching the high surface pressures achieved in the alveolus, most therapeutic surfactants remove or omit cholesterol. The
studies here determined the structural changes by which cholesterol causes faster collapse by films of dipalmitoyl phosphatidyl-
choline, used as a simple model for the functional alveolar film. Measurements of isobaric collapse, with surface pressure held
constant at 52 mN/m, showed that cholesterol had little effect until the mol fraction of cholesterol, X;o, €xceeded 0.20. Structural
measurements of grazing incidence X-ray diffraction at ambient laboratory temperatures and a surface pressure of 44 mN/m, just
below the onset of collapse, showed that the major structural change in an ordered phase occurred at lower X:no. A centered rect-
angular unit cell with tilted chains converted to an untilted hexagonal structure over the range of X.no = 0.0-0.1. For Xgho = 0.1—
0.4, the ordered structure was nearly invariant; the hexagonal unit cell persisted, and the spacing of the chains was essentially
unchanged. That invariance strongly suggests that above X0 = 0.1, cholesterol partitions into a disordered phase, which coex-
ists with the ordered domains. The phase rule requires that for a binary film with coexisting phases, the stoichiometries of the or-
dered and disordered regions must remain constant. Added cholesterol must increase the area of the disordered phase at the
expense of the ordered regions. X-ray scattering from dipalmitoyl phosphatidylcholine/cholesterol fit with that prediction. The
data also show a progressive decrease in the size of crystalline domains. Our results suggest that cholesterol promotes adsorption
not by altering the unit cell of the ordered phase but by decreasing both its total area and the size of individual crystallites.

SIGNIFICANCE In vitro studies show that cholesterol in sufficient amounts disrupts the function of pulmonary surfactant.
Cholesterol promotes faster desorption from the air/water interface and prevents the films from reaching the high surface
pressures achieved in the alveolar air sacks. On that basis, cholesterol is removed or omitted from almost all therapeutic
surfactants. Endogenous pulmonary surfactant, however, contains ~5%—-12% (w:w) cholesterol, suggesting that this
compound might not be detrimental. The studies here determined the response of collapse by dipalmitoyl
phosphatidylcholine, used as a simple model of the alveolar film, to increasing amounts of cholesterol. We then established
what structural alterations could explain those changes. Our results show that cholesterol up to physiological levels has
minimal effect on collapse. At the higher levels where collapse does sharply increase, the effect reflects a decrease in the
size of individual crystallites and the total area of the condensed phase rather than a change in its molecular structure.

INTRODUCTION

The role of cholesterol in the function of pulmonary surfac-

amounts of specific proteins, pulmonary surfactant contains
~5%—12% (w:w) cholesterol (1,2). Biophysical studies
have suggested that cholesterol should be functionally detri-

tant is controversial. Along with phospholipids and small
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mental. Pulmonary surfactant forms a thin film on the sur-
face of the liquid layer that lines the alveolar air spaces.
When compressed by the shrinking alveolar surface area
during exhalation, the film achieves high surface pressures
(7v) that reduce surface tension to exceptionally low levels,
<5 mN/m (3-9). The values of 7 are well above the
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equilibrium spreading pressures (7t,) of ~46 mN/m (Fig. 1),
at which fluid monolayers coexist with their three-dimen-
sional bulk phase (10). Vesicles in the subphase adsorb
only to .. If compressed to 7 just above 7., fluid films
collapse from the interface to form multilamellar stacks
(11). When compression stops, 7 relaxes to . (Fig. 1).
Cholesterol increases the rates of collapse (12-14). On
that basis, cholesterol is removed from almost all therapeu-
tic surfactants obtained from animal sources (15-23) and
omitted from artificial preparations (24-27).

A recent study has raised the possibility that, at least in
therapeutic surfactants, cholesterol might actually be bene-
ficial. During normal breathing, premature neonates, born
before they have adequate amounts of surfactant, develop
the injured lungs of the respiratory distress syndrome (28).
Administration of exogenous surfactants has improved their
survival (29). Instilling the dispersed surfactant as a bulk
liquid, however, requires endotracheal intubation. That pro-
cedure, particularly for small premature infants in respira-
tory distress, is hazardous. Several studies have attempted
to avoid intubation by instead administering the surfactant
as an aerosol (30). An extract of calf surfactant given by
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FIGURE 1 Equilibrium spreading pressure (7t.) for films of extracted

calf surfactant (calf lung surfactant extract) formed on the surface of captive
bubbles. Films achieved the same final 7v during the following processes:
adsorption to a constant surface area; slow compression of a monolayer,
spread from organic solvent, across a plateau of relatively constant 7t, cor-
responding to collapse; and relaxation of a spread monolayer following a
pulsed compression to a 7 slightly above .. Collapse at T limits access
to the range of alveolar 7, indicated by the vertical dashed line. Experi-
mental conditions: temperature, 37°C; subphase, HSC; phospholipid con-
centration for adsorbed films, 0.5 mM phospholipid; A, is the area of the
film when 7 = 46 mN/m; rates of compression: slow, 2.43 min’l; pulsed,
14.4 min~"'. To see this figure in color, go online.
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aerosol has now succeeded in improving the survival of ba-
bies with or at risk for the respiratory distress syndrome
(31). The extracted surfactant contains physiological levels
of cholesterol, which should reduce the viscosity of the re-
sulting film. The investigators speculated, without evidence
or elaboration, that the viscosity of their preparation might
be responsible for its success. Lower viscosity would pre-
sumably promote distribution of the inhaled surfactant
throughout the lungs.

The role of cholesterol, in both the function of the alve-
olar film and in therapeutic surfactants, is therefore uncer-
tain. The dose-response to cholesterol may be crucial in
answering this question. Below a threshold level, choles-
terol has little effect on the stability of films containing
extracted surfactant (32). Those results raise the possibil-
ity that specific amounts of cholesterol induce a structural
alteration, such as a phase transition, that destabilizes
compressed films. Below that level, cholesterol might
beneficially reduce the viscosity of the film without dis-
rupting its ability to sustain high 7. The studies here es-
tablished how increasing amounts of cholesterol affect
the function and structure of dipalmitoyl phosphatidylcho-
line (DPPC) monolayers. The classical model of pulmo-
nary surfactant has long maintained that to achieve high
7, the alveolar film must consist of a condensed phase
(33,34), in which acyl chains form a crystalline array
(35). That structure resists collapse and sustains high 7.
DPPC is the only component of pulmonary surfactant
that, by itself at physiological temperatures, can form a
condensed film (36,37). A corollary of the classical model
contends that the content of DPPC in the alveolar film
must be high, approaching a pure composition. Measure-
ments here on captive bubbles determined the kinetics of
collapse for DPPC with different amounts of cholesterol.
Grazing incidence x-ray diffraction (GIXD) at 7 just
below 7. then measured the structural effects of choles-
terol. Our results address the extent to which the alteration
of ordered structures by that compound can explain the
variation of collapse.

MATERIALS AND METHODS
Materials

DPPC was obtained from Avanti Polar Lipids (Alabaster, AL, USA).
Cholesterol (purity > 99%) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). The composition of the lipid mixtures was expressed as the mol
fraction of the steroid (X.,01). The following items were purchased commer-
cially: high-performance liquid chromatography-grade chloroform and
methanol (EMD Millipore, Burlington, MA, USA, and Fisher Scientific,
Waltham, MA, USA, respectively); N-2-hydroxyethylpiperazine-N'-2-
ethane sulfonic acid (Hepes) (Sigma, St. Louis, MO, USA); and
CaCl,+2H,0, NaCl (Mallinckrodt, Hazelwood, MO, USA). All of these
materials were used without further analysis or purification. Water pro-
cessed by a Barnstead Nanopure Diamond purification system (Dubuque,
IA, USA) had a resistance > 18.2 MQ. Buffered electrolyte (HSC) con-
tained 10 mM Hepes (pH 7.0), 150 mM NaCl, and 1.5 mM CaCl,.
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FIGURE 2 Measurements of isobaric compression for cholesterol-DPPC
at X o1 = 0.10 and 23°C. (A) Temporal variation of surface area during the
entire experiment. The film was subjected to the following: annealing by
two cycles of slow expansion and compression at T < Tr.; incubation at
45 mN/m to confirm the absence of collapse at that 7t (green); rapid

DPPC/cholesterol monolayer structure

Methods
Measurements of collapse

Our experiments measured rates of collapse by monomolecular films spread
on the surface of captive bubbles. The bubbles floated in HSC against an
agarose dome (38,39). The films formed by depositing solutions in chloro-
form at the air/water interface. Exhaustive exchange of the subphase
removed the spreading solvent (39). Buffer pumped into or out of the sub-
phase manipulated hydrostatic pressure, the size of the bubble, and its sur-
face area. Analysis of the bubble’s profile (40) provided 7t and the surface
area. Temperature was the ambient value of 23°C.

Prior studies have shown that fluid monolayers collapse at rates that vary
anomalously with 7 (39,41-43). The rates initially increase at 7 further
above T, but then reach a maximum at 7w = 52 mN/m and slow at higher
7. To access higher 7, at which the films become persistently metastable
(42-44), rates of compression must exceed that fastest rate of collapse.
The experiments here therefore measured isobaric collapse (45), with films
held at w = 52 mN/m.

The structural integrity of the chamber containing the bubble limited the
applied hydrostatic pressure to <3 atms. That restriction constrained
compression of the films. To maximize the extent of isobaric measurements,
the spread films had an initial 7 of 5-15 mN/m. After maximum expansion
of the initial monolayer, two cycles of slow compression and expansion at
T < T, annealed the films (Fig. 2 A). Incubation of the static bubble at
approximately 45 mN/m confirmed the absence of collapse at that T
(Fig. 2 A and B). A pulsed compression then increased 7 to 52 mN/m, after
which measurements determined the change in surface area necessary to
hold that 7 constant (Fig. 2 B and C).

Surface X-ray scattering

Our experiments measured GIXD at Sector 15-ID-C of the Advanced
Photon Source at the Argonne National Laboratory (Argonne, IL,
USA). Measurements recorded GIXD from monolayers formed at the
air/water interface of a polytetrafluoroethylene Langmuir trough filled
with HSC. The trough was mounted in a hermetically sealed, helium-
filled canister to minimize background scattering by oxygen, the level
of which was monitored continuously, and maintained at <1%. Temper-
ature was held at an ambient level of 23°C throughout the experiments.
Aliquots of DPPC with variable amounts of cholesterol, dissolved in
chloroform and deposited on the aqueous surface, increased 7 slightly
above 0 mN/m. Compression then increased 7 to the values at which
measurements were made.

GIXD provides information about the in-plane, lateral order of films.
X-rays incident at a grazing angle penetrate only few nanometers below
the surface (46). Scattering is therefore sensitive to the Langmuir mono-
layer rather than the bulk subphase. Measurements of GIXD used an
X-ray beam with a wavelength (A) of 1.24 A. The incident angle corre-
sponded to 0.85% of the critical value (g. = 0.0217 A™"). For an X-ray
beam below the critical angle, the diffracted intensity is a function of the
momentum transfer parallel to the interface, g.,. At an angle of 26 between
the incident and scattered beams, gy, is given by

4w 20
Gy = Asm 5 )

compression to 52 mN/m (red); and then manipulation at that 7t (blue) to
measure the rate of collapse. Area is expressed relative to the initial value
(A;) at which the film was spread. (B) 7 from the experiment in (A), ex-
pressed as a function of surface area. (C) Variation of area (left axis) and
T (right axis) during the isobaric compression. Area and time are expressed
relative to A, and t, when T first reached the isobaric value. To see this
figure in color, go online.
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The scattered intensity can be described in terms of diffraction from a
large number of randomly oriented, two-dimensional crystalline domains.
After subtracting background, the GIXD peaks were analyzed with the pro-
gram OriginPro (Northampton, MA, USA) by fitting the data to one or two
Lorentz-Gauss (1:1) crossed peaks. The gy, of a fitted peak yielded the
repeat distances between the diffracting hydrocarbon chains

27
dye = —
CIxy

for the Miller indices, & and k. The breadth of the peak provided the coher-
ence length, L,,, of the diffracting region according to the Sherrer formula
“47)

Xy>

27

L, = 09"
'} S

where £ = (FWHM2 — A»2 for a full width of the peak at the half-
maximum (FWHM), and A is the resolution of the Soller slits. The accep-
tance of the Soller slits, fixed at 1.4 milliradians, determined errors in gy,
9.56 x 1072 A1),

For diffraction with two peaks, the following equation (48), using lattice
spacings d;; and dy;, corresponding to {(1,1),(11)} and {02}, determines the
molecular tilt, 7, of chains toward their nearest neighbor:

d02

where Ay is the area of the unit cell.

RESULTS
Kinetics of collapse

Our experiments measured how different amounts of choles-
terol affected the rates of collapse by spread monolayers of
DPPC. To obtain quantitative data, we measured isobaric
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collapse, with films held at constant 7t (Fig. 2). To the extent
that any 7t corresponds to a unique interfacial concentration,
the isobaric change in area is directly proportional to
molecular adsorption or collapse (45). For a film that col-
lapses completely with a fixed rate constant, the fractional
rate at which area shrinks would be constant:
(dAJA)/dt = — k. The semilogarithmic plot of area
with time would be linear. Our results reasonably fit that
behavior (Fig. 3 A). The slope of the linear fits provided
the rate constant for collapse by films containing different
amounts of cholesterol (Fig. 3 B). Rates of collapse for
the films increased progressively with greater amounts of
cholesterol (Fig. 3 B). The dose dependence was striking.
The effect of cholesterol was limited below X, = 0.20.
That result agreed with previous reports using different indi-
cations of collapse (49). Between X o = 0.25 and 0.30, the
rate of collapse increased sevenfold.

GIXD

At © = 44 mN/m, just below 7., GIXD from DPPC alone
produced the expected two peaks at g,, = 1.42 and
1.48 At (Fig. 4 A and B; Table 1), in agreement with pre-
viously published results at lower 7t (50). These peaks in-
dexed as {0, 2} and {(1,1), (1,1)} of the centered
rectangular unit cell. That structure had dimensions of
a=52Aand b =85 A and an area of 44.5 or 22.2 A?
per alkyl chain. The scattered intensity from the {0,2}
peak was centered at g, = 0.55 At (Fig. 4 A and C), which
indicated tilt of acyl chains toward nearest neighbors
(35,46).

A similar pattern of GIXD persisted with X.,,; = 0.05
(Fig. 5 A; Table 1), indicating that the unit cell remained
centered rectangular with acyl chains tilted toward nearest
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FIGURE 3 Dose-response of collapse for DPPC with different levels of cholesterol. (A) Semilogarithmic plots of area versus time during isobaric collapse
at 23°C and 7 = 52 mN/m. The legend indicates the content of cholesterol both as mol fraction and as percentage of cholesterol (w:w). (B) Rate constants,
obtained from the slopes of plots in (A), as a function of the content of cholesterol. Temperature = 23°C. Mean = SD. Some error-bars are smaller than the

symbols. To see this figure in color, go online.
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FIGURE 4 GIXD from monolayers of DPPC without and with (X o1 = 0.10) cholesterol. Measurements were made at @ = 44 mN/m, just below T, =
46.5 mN/m, and an ambient temperature of 23°C. Top panels: imaged intensities. Bottom panels: intensities integrated over g, at each ¢g,,. Symbols indicate
measured values. Continuous curves give the best fit to one or two Gaussian distributions. To see this figure in color, go online.

neighbors. In contrast, at X.,o; = 0.10, GIXD yielded a
single, slightly asymmetric peak (Fig. 5 A) centered at
qv = 148 A" and ¢, = 0 A~' (Table 1). The peak could
be indexed as {(1,0), (0,1), (1,1)} of the hexagonal lattice.
Residual intensity from the {0,2} peak at g,, = 0.42 Al
provided a reasonable explanation for the slight asymmetry.
At X.o1 = 0.10, conversion of the structure for DPPC
alone—a centered rectangular structure with tilted
chains—to a hexagonal unit cell without tilt was nearly
complete.

Films with cholesterol above X, = 0.10 produced the
same general pattern of diffraction (Fig 5 B). GIXD yielded
a single peak. Over the range of X, = 0.1-0.4, the
maximum intensity occurred at a value of g,, = 1.48 At
that was constant. The invariance of the peak position

indicated that the spacing between the hydrocarbon chains
remained fixed (Table 1). These results suggested that
increased cholesterol had no effect on the stoichiometry of
the ordered phase.

The increased cholesterol for 0.1 < X < 0.4 progres-
sively broadened the GIXD peak (Fig. 5 B). Because larger
crystalline regions produce sharper diffraction, this broad-
ening showed that cholesterol produced smaller ordered re-
gions. According to the Scherrer equation (methods), the
greater FWHM indicated a decrease in the correlation
length (Lyy) (Fig. 6; Table 1), defined as the distance over
which a structure maintains positional order. These results
showed that for the range of X, from 0.1 to 0.4, choles-
terol caused a progressive decrease in the size of crystalline
domains.
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TABLE 1 Lateral organization of crystalline regions (7 =
44 mN/m)
Gxy * d-spacing a, b Ayc
% Chol (A = A = L, Azx @A=x 1
Xechot (Wiw)  0.1) 0.01) (A) 0.1) 0.1) ©)

000 00 139 dy 5 =452 656 a=521 445 295

1.47 do) = 427 155 b =28.54
0.05 2.5 L4l dy ) 1) =446 649 a=515 437 213
1.48 do) = 425 747 b =28.49
010 52 1.47 4.27 482 a=494 422 0
020 109 148 4.25 408 a=490 416 0
030 174 147 4.27 336 a=494 422 0
040 247 1.46 4.30 235 a=497 428 0

Constituents were spread from solutions in chloroform and compressed.
Ayc, area per unit cell; 7, angle of molecular tilt from the surface normal.
“For a centered rectangular unit cell, dimensions a # b.

°For a hexagonal unit cell, a = b. Ayc contains two alkyl chains.

Along with the decrease in the positional order of the
condensed phase, the increased cholesterol also progres-
sively reduced the maximum scattered intensity (Fig. 5 B).
That change in part simply reflected the broadening of the
GIXD peaks. The integrated intensities also decreased
(Fig. 6). The progression with increasing cholesterol was
less consistent than the decrease in the correlation length.
The trend, however, was downward rather than upward,
indicating that cholesterol reduced, rather than increased,
the area occupied by the ordered phase.

DISCUSSION

Cholesterol produces an abrupt increase in rates of isobaric
collapse by films of DPPC. At X o1 <0.20, collapse is
detectable but not much greater than for DPPC alone. Be-
tween X o1 = 0.25-0.30, the rate increases by almost an or-
der of magnitude. This behavior suggests that a small
increase in cholesterol produces a major structural change,
such as a phase transition.

The structural data indicate otherwise. At low X1, our
results show that cholesterol induces conversion of the
centered rectangular phase of pure DPPC to a structure
that has hexagonal symmetry. That transition, however, is
virtually complete at X, = 0.10, well below the level
that induces rapid collapse. The change in kinetics appears
unrelated to that structural transition.

Our results suggest that over the range of X, in which
collapse accelerates, the hexagonal ordered phase coexists
with a disordered phase. Because GIXD detects only the or-
dered phase, the evidence is indirect. The invariance of the
lattice parameter to the increased cholesterol is key. Prior
studies show that at lower T, the ordered phase in films of
DPPC/cholesterol can respond to changes in X with an
increase in chain-chain distances (50). The current studies,
performed at significantly higher @ = ., show a different
pattern. For X, = 0.1-0.4, the gy, of the peak intensity re-
mains constant. Despite the increased cholesterol in the film,
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FIGURE 5 GIXD from films of DPPC with variable cholesterol. (A)
Xenot = 0.00-0.10. Intensities are expressed relative to the maximum value
of the fitted curve for each sample. (B) Xco1 = 0.10-0.40. Intensities are
normalized relative to the maximum value of the fitted curve for X o =
0.10. For each panel, symbols give measured values. Continuous curves
provide the best fit to one or two Gaussian distributions. Temperature =
23°C; 7 = 45 mN/m. To see this figure in color, go online.

the distances between chains in the ordered phase remain
unchanged. For that range of X, the constant spacing
strongly suggests that the stoichiometry in the ordered phase
is also constant. Films with variable cholesterol cannot
consist of a single phase with a fixed composition. The
film must also contain a coexisting phase. A coexisting
disordered structure would be undetected by GIXD.

The Gibbs phase rule provides a further restriction (51).
At equilibrium, the chemical potential of each component
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must be equal in each phase. A two-component system with
two phases and fixed intensive variables has no degrees of
freedom. The areas of the two phases can vary, but not their
compositions. The fixed stoichiometries require that added
cholesterol must shift the relative areas of the two phases.
The phase with a higher X, must expand. The regions
with less cholesterol must shrink accordingly.

Our measured intensities suggest that cholesterol favors
the disordered phase. For films exposed to a beam with
the same flux and footprint, the relative area of the ordered
phase determines the total scattered intensity. Our results
suggest that more cholesterol produces less scattering. The
dose response to cholesterol is imperfect, with an intensity
at X0 = 0.3 that is anomalously high. The variability
may reflect the difficulty of integrating broad distributions.
Although the intensity at any gy in the wings may be low,
if they extend for a considerable range, small errors may
have large effects. The trend and implications of our results,
however, seem clear. Cholesterol generally produces less
scattering, not more. The steroid partitions into the disor-
dered phase and shrinks the area of the ordered regions.

The relationship between increased cholesterol and long-
range positional order is simpler. Increasing X, progres-
sively broadens the diffraction peaks (Fig 5 B), indicating
a progressively lower correlation length (Fig. 6) and smaller
crystalline domains. The abrupt increase in rates of collapse
is unrelated to any change in the molecular structure of the
ordered phase. The shift in kinetics results instead from
smaller ordered crystallites that occupy a smaller fraction
of the film.

The kinetics of collapse distinguish the different phases
as solid and fluid. The ability of a two-dimensional film to

DPPC/cholesterol monolayer structure

flow into the third dimension defines structures that collapse
as fluid (52). Structures that resist collapse, and that are
incapable of that flow, instead qualify as solids. That crite-
rion, along with the structural results, determine that both
the centered rectangular and hexagonal phases are solid or-
dered, although with different symmetries. The disordered
phase that coexists with the hexagonal structure above
Xchot = 0.25 collapses readily and is therefore fluid. Anal-
ogy with the behavior of bilayers (53,54) raises the question
of whether this coexisting phase is liquid-ordered, with
extended acyl chains, or liquid-disordered. Our results
show that the disordered phase is positionally disordered,
but they provide no insight concerning the configuration
of the chains.

The X at which collapse increases corresponds
roughly to the physiological value. The cholesterol-to-phos-
pholipid ratio in calf surfactant is 83.6 nmol/umol (1).
DPPC represents ~33% of the phospholipids (36,37). Re-
taining the definition for the physiological mixture that
Xchot = chol/(chol + DPPC), X for calf surfactant is
0.20. In the simplistic view that ignores all components in
the physiological mixture other than cholesterol and
DPPC, cholesterol in calf surfactant would fall just below
the level at which the steroid becomes functionally detri-
mental. Any beneficial effect of cholesterol in a therapeutic
surfactant could be achieved without increasing collapse as
long as the level remained below the physiological content.

The localization of cholesterol to the disordered phase
suggested by our results differs from findings in prior re-
ports. Our own results with DPPC (50) and a study with ex-
tracted bovine surfactant (55) both found that in films with
coexisting ordered and disordered phases, added cholesterol
partitions at least partially into the ordered regions. The
higher 7 of our current measurements provides an appealing
explanation for the difference. Cholesterol, which prefers
the ordered regions at lower T, is excluded from those struc-
tures in the more compressed films. This result emphasizes
the importance for structural measurements of intensive var-
iables, such as the 7 at which collapse begins. Structures at
7 well below 1, may have little significance in determining
rates of collapse.

In summary, cholesterol has little effect on the kinetics of
collapse by DPPC monolayers until X, reaches physiolog-
ical levels. The striking acceleration of collapse at that level
corresponds not to changes in the packing of the ordered
phase but to a decrease in its long-range positional order
and total area occupied by crystalline domains.
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