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1. Introduction

Incorporation of cholesterol Ch into dipalmitoyl-
phosphatidyl choline DPPC multibilayers induces
disorder in the low temperature gel state and order
in the liquid crystalline state as shown by IR spectros-
copy [1]. Differential scanning calorimetry DSC
[2—4] and X-ray diffraction studies [1,5] of fully-
hydrated, mixed DPPC + Ch bilayers show that their
behaviour is complex at low Ch content. At low Ch
content and temperature the system is biphasic [5].
One of the phases is DPPC in the gel state. The second
displays a 3.5 nm thick aqueous spacing broader than
the 1.9 nm thick aqueous spacing of the DPPC-
hydrated gel phase.

We have used thermal analysis [6,7] (DSC differ-
ential scanning calorimetry) to measure directly the
amount of water forming the interbilayer aqueous
spacing in a multibilayer system. We apply this tech-
nique to the systems studied by other techniques
such as the X-ray diffraction technique [5] and vari-
ous dynamic techniques [8]. The agreement between
our results and those in [5,8] are better than qualita-
tive.

Cholesterol modulates membrane antigenity
expression by affecting the membrane microviscosity
[9] and may be involved in modulating the ionic
channels in reconstituted acetyl choline receptors
vesicles [10]. We have shown [7] that bilayer fluidity
and hydration modulation are correlated properties.
Furthermore, membrane—membrane interaction,
adhesion and fusion may be modulated by its state
of hydration. We wonder whether membrane anti-
genity is not related to both membrane fluidity and
to state of hydration, which are correlated membrane
properties.
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2. Experimental

Ch and DPPC were purchased from Fluka and
Merck, respectively and were used as received. Samples
were prepared from stock solutions in chloroform/
methanol, 9/1 (v/v). The solvents were of spectroscopic
grade purity.

Ch and DPPC solutions were deposited inside the
DSC cups and the solvent evaporated in vacuum and
dark. The dry sample composition is expressed as
mol fraction of DPPC, xpppc. It weighed ~0.5 mg +
0.005 mg. An equal amount of water was added. The
cup was sealed and incubated at 60°C for 32 h. Leak-
age of water out of the cups was controlled by weigh-
ing. The samples were stocked at —18°C.

The thermograms (fig.1) were obtained with a
990-910 Du Pont de Nemours Thermal Analyzer
equipped with a mechanical cooling accessory. Heat-
ing—cooling cycles were performed at 2°C min™*
between —65 and 60°C. In general the sensitivities
used were 48 ucal .s™1.cm™ or 96 pcal .s~!. cm™L
The areas of the peaks were measured witha planimeter
and converted into heat amounts. The values for the
molar enthalpy for the gel—liquid crystal transition
of DPCC were obtained by dividing the heat of the
high temperature endothermic transition (fig.1b) by
the amount of DPPC only. The temperatures at the
peaks maxima are shown in fig.2 for the various sys-
tems. The endothermic low temperature (<0°C) peaks
and the ‘exothermic’ peaks at 0°C (fig.1a) correspond
to frozen water melting inside the sample and inside
the reference cups, respectively. A reference thermo-
gram [6,7] (not shown) established with pure water
in the reference cup and an empty cup on the sample
holder calibrates the apparatus. The interpretation of
these peaks has been given elsewhere [6,7]. It is based
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on the hypothesis that the state of the water mole-
cules between bilayers is perturbed by the phospho-
lipid molecules polar head. This water will freeze and
melt at a temperature different from that of pure
bulk water. If the fully hydrated sample contains also
excess external water, the external ice will melt at
0°C and the corresponding heat will be deduced from
the heat involved in the reference ice melting. The net
heat of ice melting inside the reference cup is propor-
tional to and is converted into the number of the
water molecules inside the sample perturbed by the
bilayers.

3. Results

The thermograms shown in fig.1b represent the
high temperature end of the thermal cycle. Shown are
the results for xpppc = 1,0.95,0.9,0.85,0.5 and 0.
Not shown are those for xppc = 0.75, 0.60, 0.40.
The peaks corresponding to DPPC chains transition
may be considered to be located at the same sample
temperature, the small (~0.5°C) temperature shifts
between the cooling and the heating modes being due
presumably to the small (~+0.25°C) thermal lag
between the sample and its holder. Only the xpppc =1
sample might have shown some supercooling. The
temperature T-values at the peak maxima are com-
pared in fig.2 with the values reported by [4]. Our
values for T agree with those in [3]. They are 0.5°C
lower than the values reported in [4] for the compo-
sitions 1 > xpppc > 0.85. Our results of 7, and those
reported by [3,4] are higher than the ideal chain
freezing temperature Ty calculated according to [11]
on the assumption of an ideal solution of Ch in DPPC
above T with pure DPPC separation at T, (see fig.2
legend). The value of T, for xpppc =0.75 corresponds
to a second order transition and has been disconnected.
Asreported in [3,4] we confirm that for xpppc <0.75
the thermograms did not display high temperature
sharp peaks. Also we note as in [3,4] that as xpppc
decreases the sharp peaks area decreases and a broad
peak with a maximum which might be located around
41°C emerges. The two peaks areas are converted into
AHpppe the molar enthalpy of DPPC chain melting
and plotted vs DPPC content in fig.3. Results from
[3,4] are also shown. The agreement with [3] is
satisfactory. The results of [4] are lower because
the authors used only the sharp peak areas.

The number of water molecules per bilayer mole-
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Fig.1. Thermograms for heating—cooling cycles with DPPC +
Ch fully hydrated bilayers: overall hydration, 50% (w/w);
xpppcs DPPC% (mol/mol); (a) low temperature cycles
obtained between —65 and ~0°C allowing only partial melt-
ing of ice inside the reference cup; AC,,, shift in the heat
capacity of the sample at 0°C; (b) heagng (—) and freezing
(+) scans. Temperature of peaks maximum (see fig.2).
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Fig.2. DPPC chain melting and freezing temperatures in fully
hydrated DPPC + Ch bilayers: xpyppc, % DPPC (mol/mol).
The ideal phase diagram Tjq (xpppc) is calculated as in [11]
using the equation In Xpppc = —(AHpppc/R) (T~ —~Thppc)
with AHpppe = 8.5 keal . mol™, R = 1.98 cal . mol™!, deg™?,

Tpppc =314 K. The result for xpppc corresponds to a
second order transition (no peak). Dashed line: results of [4].
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Fig.3. Molar enthalpy of DPPC chain melting AHpppc in
fully hydrated DPPC + Ch bilayers: xpppc, DPPC% (mol/
mol); (X) this report; (o) [4]; (+) [3].

Fig.4. Hydration of fully hydrated mixed DPPC + Ch bilayers:
XDPPC> DPPC% (mol/mol); (o) [5]; (&) [8]; (X) this report.
Note the drop in hydration around the 20—30% (mol/mol)
Ch content for both monolamellar vesicles [8] and for swollen
‘planar’ multibilayers (this report).

cule is determined by thermal analysis from the
exothermic peak area at 0°C. The corresponding heat
of ice melting inside the reference cup is divided by
L, =1.4keal . mol™! the molar enthalpy of bulk ice
melting and by the number of bilayer molecules
(DPPC + Ch). The results are shown in fig.4 as a func-
tion of bilayers composition. They are compared to
the results reported in [5,8] for mixed or pure phos-
pholipid multibilayers or monolamellar vesicles. The
3 sets of results confirm that low contents of choles-
terol increase the bilayer hydration.

4. Discussion and conclusion

Our results (fig.2, fig.3) and the results in [3,4] for
the low content Ch bilayers point clearly to either a
very small activity of Ch inside the fluid DPPC bilayers
or to a small difference between the compositions of,
respectively, the fluid or the frozen DPPC bilayers;
the bidimensional ‘solutions’ as argued in [10].

Spectroscopic studies [1,11] point to the second
possibility. Yet, there is no clear picture of Ch—DPPC
molecular interactions in the hydrated bilayers. Both
the polar and the non-polar parts of DPPC molecules
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seem to be involved as shown by spectroscopic studies
[1,12].

These results and those in [5,8] show that Ch
incorporation into DPPC bilayers up to 15—25% mol/
mol enhances the bilayer hydration by 30—50% (fig.4).
This enhancement of hydration is observed below
0°C (our results), over 5—40°C [5], and at 20°C ([8]
for egg lecithin). It is displayed for very concentrated
multibilayers (our paper and [5]) as well as by
sonicated dilute monolamellar suspensions [8]. There-
fore under all these different conditions the hydra-
tion effects are comparable. However, some bilayers
are formed by egglecithin [8] and others by synthetic
DPPC (here, [5]);in [8] hydration is deduced (indi-
rect determination) from elaborate studies of dynamic
properties (vesicles diffusion constant and sedimenta-
tion velocity) while in [5] and in this study hydration
is measured at equilibrium by static methods (X-ray
diffraction and thermal analysis). Hence bilayer
hydration is a well-defined, quatifiable property of
these systems.

The discontinuity in the bilayer hydration evolu-
tion with Ch content at about xy, = (0.2-0.3)%
(mol/mol) might be relevant to the modulation of
membrane antigenicity expression through its effect
on cell adhesion. Membrane cholesterol depletion
below the critical xy, = (0.2—0.3)% (mol/mol) might
induce an increase in cell membrane hydration which
might modulate cell adhesion to other cells or to a
foreign substrate. This result is complementary to
that in [9] on cholesterol modulation of membrane
microviscosity. The modulation of membrane hydra-
tion by cholesterol might be relevant also to the
modulation of membrane-induced ionic permeability
of acetyl choline receptor-reconstituted vesicles [10].
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It is most interesting that 25% cholesterol (mol/mol)
is a critical bilayer composition for both bilayer
hydration (this report) and for vesicle membrane per-
meability [10].
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