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SUMMARY

The specific effect of ethanol on several aspects of the gel-to-liquid crystal transition of
dlpalnntoylphosphatldychohne was investigated using two spectrophotometric tech-
niques, one probe method and one direct method. Ethanol shifts the phase-transition
temperature to lower temperature, demonstrating that ethanol interacts preferentially
with the fluid phase. Thermodynamic analysis of the melting point depression leads to a
calculated membrane:buffer partition coefficient of 6.25 (mole fraction units) or 0.15 mole
of ethanol per kilogram of lipid:mole of ethanol per liter of solution. Careful evaluation of
the transition cooperativity with temperature resolution of +0.1° shows that there is no
reduction in transition cooperativity, and thus no reduction in size of the cooperative
lipid clusters due to ethanol. The implications of these findings for the mechanism of
action of ethanol in terms of current theories of anesthetic mechanisms are discussed.

INTRODUCTION

The molecular mechanisms of general anesthesia are
unknown at present. It has long been recognized that a
wide variety of structurally unrelated small organic mol-
ecules act as general anesthetics with potencies which
are correlated with their lipid solubilities over a wide
range of concentrations (for review see ref. 1). The gen-
eral hypothesis is that these anesthetics act by dissolving
in the lipid portion of the membranes and altering the
function of some critical membrane events, probably
carried out by membrane proteins. The present theories
of anesthesia are based on specific effects of anesthetics
on particular aspects of physical lipid properties (2-6).
Ethanol is considered as a general anesthetic; however,
few studies have been done specifically on ethanol, pri-
manly because of its low membrane solubility. Ethanol
is particularly suited for studies of anesthetic mecha-
nisms because of the large body of information about its
chronic and acute effects in experimental animals. For
example, it has been shown that both the physical prop-
erties (7, 8), and the lipid composition (9, 10) of synap-
tosomal membrane preparations from mice chronically
maintained on ethanol diets are altered relative to those
from pair-fed controls.

In the present investigation we have examined in detail
the effect of ethanol on the phase equilibria of DPPC!

This work was supported by the Veterans Administration.

! The abbreviations used are: DPPC, dipalmitoylphosphatidylcho-
line; PnA, parinaric acid; ¢-PnA, trans-parinaric acid (9, 11, 13, 15, all
trans-octadecatetraenoic acid); c-PnA, cis-parinaric acid (9, 11, 13, 15,
cis-, trans-, trans-, cis-octadecatetraenoic acid).

with particular emphasis on the effect of ethanol on the
transition temperature and the transition cooperativity.
The study of transition coperativity is particularly im-
portant from the point of view of present theories of
general anesthesia. The results of these investigations
are then evaluated from the perspective of the predic-
tions of the present theories of anesthesia to attempt to
distinguish among them.

MATERIALS AND METHODS

Materials. DPPC was purchased from Calbiochem
(San Diego, Calif.) and found to be free of impurities by
thin-layer chromatography in chloroform-methanol-wa-
ter (35:65:5) on silica gel plates. Water was deionized,
passed over a charcoal filter, and then distilled. Organic
solvents were distilled.

Lipid samples were hand-shaken multilamelar lipo-
somes prepared according to the method of Bangham et
al. (11). The chloroform solution of lipid was shell-dried
under a stream of nitrogen, and warm buffer (0.05 M Tris
(pH 7.4), 0.001 M EDTA, and 0.15 M NaCl) was added
and the sample vortexed. The suspension was incubated
above the transition temperature for 2 hr, with intermit-
tent vortexing. Individual samples prepared from stock
suspensions by the addition of sucrose or ethanol were
incubated above the transition temperature for 1 hr. The
lipid concentrations in the suspensions ranged from 0.13
mg/ml to 0.6 mg/ml. Lipid concentrations were deter-
mined by phosphorus analysis according to the method
of Bartlett (12).

c-PnA and ¢#-PnA were obtained from Molecular
Probes, Inc. (Evanston, Ill.). Stock solutions in methanol
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at concentrations of 1.0-0.5 mg/ml and containing buty-
lated hydroxytoluene (0.01 mg/ml) were flushed with
nitrogen and stored in the freezer, and were found to be
stable by spectral criteria for several months. The ab-
sorption spectra were analyzed according to the criteria
of Sklar et al. (13). When PnA was used in a lipid sample,
the sample was flushed with nitrogen before adding the
t-PnA to the sample in stoppered and jacketed cuvettes,
and the ¢-PnA was added immediately prior to the ex-
periments. Spectra of the ¢-PnA were measured at the
end of the experiments, and were generally found to be
unchanged during the experiment.

Spectrophotometry. The work described here was per-
formed using the Cary 219 spectrophotometer equipped
with first derivative, timer, wavelength programmer, cell
programmer, and temperature readout accessories, as
well as the digital interface port and printer. By this
arrangement it is possible to make sequential measure-
ments automatically at three wavelengths on several
samples and to print out the digital absorption and
temperature data. The temperature was controlled by
water circulated through jacketed cuvettes from a Lauda
K2/RD refrigerated bath, and the temperature was mon-
itored by the built-in thermistor which was immersed in
a jacketed cuvette hooked in series with the sample
cuvettes. The heating rate could be varied between 0.2°/
min and 1.5°/min. In general, two samples were followed
simultaneously; this improved the temperature resolu-
tion by permitting comparison of two samples at temper-
atures which were identical to within 0.05 degree, even
though the absolute temperature value is only correct to
within 0.1 degree. In some experiments where signal
averaging was required to increase precision (for exam-
ple, for the derivative calculations), the temperature was
changed in steps of 0.1° rather than continuously. At
each step 10 readings were taken for averaging.

RESULTS

Phase equilibria followed by absorption. The primary
parameter used for following the phase equilibria of
DPPC in the present study was the change in optical
density due to the light-scattering change which accom-
panies the phase transition. This method has the advan-
tage over other optical methods of providing a direct
measure of a lipid property; thus it does not require the
addition of any perturbant which could disturb the effect
of interest, and it does not require any assumptions about
the location of a probe molecule. The physical basis for
the change in optical density comes primarily from the
change in the density of the lipid during the transition
which leads to a change in refractive index increment
and hence a light-scattering change; bilayer anisotropy
changes also contribute (14).

Effect of sucrose on the phase transition. In order to
study the phase transition of multilamellar suspensions
of lipid it is useful to add an inert substance which will
neutralize the density difference between the lipid and
the solvent and prevent the settling of the suspension
during the course of the experiment. Deuterium oxide,
sucrose, and glycerol are suitable for this purpose. Stir-
ring of the cuvette is a possibility which we also explored.
Each of these alternatives prevented problems due to the

settling of the suspensions without altering the temper-
ature or cooperativity of the main transition. An addi-
tional effect was observed with sucrose and glycerol,
which is described in detail elsewhere (15). In summary,
we found that the appearance of the transition curve
when followed by optical density is considerably affected
by using a solvent with a relatively large index of refrac-
tion. Figure 1 shows two transition curves of DPPC
followed by optical density at 400 nm. In one curve, the
solvent contains 16.7% surcrose, whereas in the other the
solvent contains only buffer and ?H;0. As shown here,
the effect of the sucrose is to lower the absolute optical
density, reduce the optical contribution of the pretran-
sition, and increase the optical contribution of the main
transition. No real thermodynamic effect of sucrose on
the main transition has been found (16), and we have
included appropriate controls under each of our condi-
tions to show that sucrose is not affecting our results.
Because of the improvement in the optical data obtained,
and to prevent settling of the suspensions, most of our
data were obtained in the presence of 16.7% sucrose.

Reversibility. In any thermodynamic study it is nec-
essary to establish the existence of thermodynamic equi-
librium under the conditions of interest. To demonstrate
that the state of the lipid was dependent only on the
conditions and not on the pathway of achieving them,
several experiments were performed in which the equilib-
rium temperature was approached in both directions. As
has been observed by many others, the pretransition has
extremely slow kinetics so that thermodynamic studies
of this transition are difficult. For example, we found that
recovery of the optical density at 25° after heating to 50°
and cooling required more than 2 hr. We have restricted
our present study to the main transition because this is
the transition of relevance to our interest in anesthetic
mechanisms.

In some cases we had observed a slight discrepancy in
the transition midpoints from heating and cooling scans
performed at our usual scan rates. That this was a kinetic
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F1G. 1. Effect of sucrose on optical properties of DPPC during the
Pphase transition

The solvent densities of each solution were the same; in the upper
curve *H;0 was added and in the lower curve 16.7% sucrose was added
to prevent settling of the liposome suspensions. The lipid concentration
was 0.55 mg/ml.
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effect was established by the following experiment (data
not shown). A sample was divided in half; one half was
equilibrated at 25°, and the other at 50° for at least 30
min. These two samples were then placed in cuvettes
which had been pre-equilibrated at 41.6° in the spectro-
photometer, and the optical density was monitored until
a constant reading was obtained. Both samples reached
the same final optical density; however, the one which
was cooled from 50° required at least 15 min to reach
this equilibrium value, whereas the sample being heated
from 25° reached equilibrium within 2 min, or approxi-
mately as fast as the temperature in the sample equili-

brated. Both samples were then taken through a com-
plete heating and cooling curve, in which they behaved
identically. This experiment demonstrates that the tran-
sition is reversible, but that it takes longer for the sample
to reach equilibrium in a cooling experiment than in a
heating curve. Therefore we have choosen to use heating
scans for most of our experiments, after verifying the
reversibility of the transition under each set of conditions.

Effect of ethanol on phase transition temperature. In
Fig. 2 are shown transition curves of DPPC followed by
absorbance at 400 nm, in the presence and absence of
ethanol. As seen here, the presence of ethanol in the
solution reduces the temperature of the transition mid-
point. From thermodynamic principles the observation
that the melting temperature is lowered by ethanol leads
to the conclusion that ethanol is more soluble in the fluid
phase than in the solid or gel phase. The presence of
ethanol also reduces the optical density of the lipid
suspensions; this effect is not understood at the present
time.

Figure 3 shows a plot of transition midpoint as a
function of aqueous ethanol concentration (assumed to
be equal to total ethanol concentration). The plot is
linear at ethanol concentrations up to 50 mg/ml, where
it shows an upward curvature.

Membrane:buffer partition coefficient. The obseration
that ethanol reduces the phase transition temperature
leads to the necessary conclusion that ethanol is more
soluble in the fluid-phase lipid than in the solid-phase
lipid. Analysis of this temperature shift in terms of the
thermodynamics of freezing point depressions leads to an
estimate of the difference in solubility of ethanol in the
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F1G6. 2. Effect of ethanol on phase transition of DPPC

Upper curve, no ethanol; lower curve, ethanol 50 mg/ml. The lipid
concentration was 0.45 mg/ml.
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F16. 3. Transition midpoint as a function of ethanol concentration

O, Samples contained 16.7% sucrose; @, no sucrose.

fluid and solid phases. From these data the mem-
brane:buffer partition coefficient can be calculated. The
linearity of the plot in Fig. 3 indicates that the mem-
brane:buffer partition coefficient is independent of the
aquaeous concentration over the linear range. The mem-
brane concentration is obtained by the relationship:
-AH (1 1
R Tm TO
where X is the mole fraction of lipid in the membrane,
X, is the mole fraction of solute dissolved in the mem-
brane so that X; + X, = 1, AH is the enthalpy of the
transition, and To and T, are the transition midpoints
for the pure lipid and the lipid containing alcohol, re-

spectively, in degrees Kelvin. Rearranging and simplify-
ing we have

In X, =

) In(1-X,) =X,

AHAT
X =RTT W
The partition coefficient is then
X.' membd AHAT
=% " RTXomn @

Using the values of AH = 8.6 kcal/mole (17) with T, =
41.4°, the partition coefficient calculated using the slope
of Fig. 3 is 6.2 (mole fraction units). This corresponds to
0.15 mole of ethanol per kilogram of lipid:mole of ethanol
per liter of solution.

Phase equilibria observed by PnA absorption. In ad-
dition to the direct measurements of the phase transition
by absorption changes due to the lipid light-scattering
change, measurements were also made using c-PnA and
t-PnA probes, and following changes in their absorption
as a function of temperature. c-PNA and ¢-PnA are
naturally occurring fatty acids containing four conju-
gated double bonds which give rise to their useful spec-
troscopic properties. These two membrane probes have
been extensively characterized by Sklar and co-workers
(13). The cis- and trans-isomers of these fatty acids have
similar spectra, but they behave differently when inserted
into phospholipids. The cis-isomer partitions equally into
the solid and fluid phases, whereas the trans-isomer
prefers the solid phase by a factor of 3:1 to 5:1 (18). This
property of -PnA makes it a useful probe for the presence
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of small amounts of the solid-phase lipid. We have made
use of this property of ¢-PnA to attempt to detect any
changes in phase transition cooperativity of DPPC due
to ethanol.

A portion of the absorption spectrum of ¢-PnA is shown
in Fig. 4, in the presence of lipid. The absorption bands
of t-PnA shift approximately 2 nm to lower wavelength
as the lipid melts, again due to the change in polarizabil-
ity of the lipid as the density decreases. Figure 4 shows
the absorption of a typical example containing ¢-PnA at
two temperatures, illustrating the relative magnitudes of
the PnA absorption, the turbidity due to the lipid, and
the change in each during the phase transition. We have
found that the most advantageous means of following
the ¢-PnA change is to measure the difference in optical
density between two wavelengths near each other on
either side of the absorption maximum. As the maximum
shifts, there is a large change in this difference, and the
change in background turbidity is removed from the
measurement, since it is virtually the same at all temper-
atures. The calculation of the parameter is illustrated in
Fig. 4. Figure 5 shows an example of a phase transition
followed by this method, also showing the AA data for a
blank containing no PnA.

PnA has no absorption at 400 nm, so it is possible to
monitor transitions simultaneously on a single sample
both by the absorption at 400 due to the lipid light-
scattering change and also by the changes in PnA ab-
sorption. Figure 6 shows a control experiment in which
the transition was followed at 400 nm for lipid in the
presence and absence of PnA. These curves demonstrate
that PnA has no effect on the transition in the amounts
used here.
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F1G. 4. Absorption spectra of t-PnA in DPPC above and below the
phase transition
The DPPC concentration was 0.55 mg/ml; the lipid:PnA ratio was
130. Aszs-316 was calculated by subtracting Asis from As; as shown.

AA)ZJ'JIG ’

30 32 34

1 1 ) L ) ]
36 38 40 42 44 46 48
TEMPERATURE

Fic. 5. DPPC phase transition followed by AA parameter
O, Samples contained no PnA. Each point represents an average of
ten readings.

Figure 7 shows normalized transition curves of DPPC
followed simultaneously by A4 and by the AA parameter
for ¢-PnA. It is seen that the midpoint of the transition
appears at approximately 0.2° higher temperature when
observed by the ¢-PnA probe than by Aso. This is a
consequence of the preferential interactions of the z-PnA
with the solid-phase lipids.

Effect of ethanol on transition cooperativity. The
steepness of the lipid-phase transition can be related to
the cooperativity of the transition, which is a measure of
the preferential interactions of the molecules in each
phase. Some anesthetics decrease the cooperativity of
lipid-phase transitions, and this effect has been suggested
by one group to be the primary physical effect which
leads to anesthesia (2). For this reason we have under-
taken a careful examination of the effect of ethanol on
the transition cooperativity of DPPC.

The cooperativity of the phase transition of DPPC was
examined by constructing a graph of the first derivative
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F16. 6. Normalized transition curves of DPPC in presence of c-
PnA (O), t-PnA (@), and no PnA (), followed by Auo
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F1G. 7. Normalized transition curves of DPPC in the presence
(0, B) and absence (O, @) of ethanol (50 mg/ml), followed by Ao
(B, @) and by AAss-36 (O, O)

of the transition parameter with respect to temperature.
For these experiments the temperature was changed in
steps, and 10 data points were recorded at each temper-
ature and averaged; the step size in the transition region
was 0.1°. These points were then used to calculate the
point-to-point slope of the data from Fig. 7 (before nor-
malization).

The derivative curves of DPPC in the presence and
absence of ethanol, using both the A4« and the AA
parameters, are shown in Fig. 8. The transition width
expressed by the width at half-height of these plots is
related to the transition cooperativity. Relying on the
A data, it is clear by inspection that there is no broad-
ening of the transition by ethanol. Consideration of the
temperaure of the maximum for each curve demonstrates
the incongruity of the transitions observed by AA and
A 0; both in the presence and absence of ethanol the ¢-
PnA reports the transition midpoint at approximately
0.2° higher temperature than the true midpoint based on
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46 48

FiG. 8. First derivative with respect to temperature of data from
Fig. 7 (before normalization)
Upper curves, Auwo; lower curves, AAsz;_3 . @, No ethanol.

Aso. The discrepancy between the midpoint of the two
parameters is due to the preference of tPnA for gel-phase
lipid; it would be expected to increase in the presence of
a perturbant which broadened the transition.

DISCUSSION

Thermodynamic treatment of phase transitions. The
thermodynamic aspects of lipid-phase transitions have
been discussed in several recent reviews (19-21). The
bilayer lipid-gel to liquid-crystal phase transition can be
approximated to a first-order transition similar to the
melting of a solid. The thermodynamic analysis of the
transition temperature shift caused by the presence of
solute molecules to estimate the amount of solute dis-
solved in the lipid has been used by several authors
(22-24).

The shift in transition temperature to lower tempera-
ture leads to the conclusion that the solute interacts
preferentially with the fluid phase; however, the ther-
modynamics alone does not provide a mechanism of this
interaction. The conclusion that the membrane concen-
tration calculated from Eq. 1 approximates the actual
amount of ethanol dissolved in the membrane relies on
additional data. For example, Hill (25) showed that the
amount of octanol bound to DPPC as determined by
direct measurement was similar to the amount calculated
for DPPC by transition temperature shift. In addition, it
has been shown that the membrane:buffer partition coef-
ficients for the n-alcohols increase with increasing chain
length, as expected for a hydrophobic interaction (e.g.,
see refs. 25 and 26).

Partition coefficient. The partition coefficient deter-
mined by the shift of the transition temperature of DPPC
was 6.25 (mole fraction units), or 0.15 mole of ethanol
per kilogram of lipid:mole of ethanol per liter of solution,
as compared with the value for DMPC of 0.07 mole of
ethanol per kilogram of lipid:mole of ethanol per liter of
solution determined previously (24). In using the ther-
modynamic treatment to determine partition coeffi-
cients, it must be noted in Eq. 2 that the value determined
is dependent upon the AH for the phase transition. There
have been some discrepancies in literature values for this
parameter.

The partition coefficient determined by the shift of the
transition temperature of DPPC can be compared with
published literature values. Literature values for parti-
tioning of ethanol into various membranes range from
0.062 mole of ethanol per kilogram of membrane:mole of
ethanol per liter of solution to 0.14 mole of ethanol per
kilogram of membrane:mole of ethanol per liter of solu-
ti(gx with one anomalously high value of 0.44 mole of
ethanol per kilogram of membrane:mole of ethanol per
liter of solution (1, 22-27). With a few exceptions, these
values were obtained by extrapolation of the mem-
brane:buffer partition coefficient or octanol:water parti-
tion coefficient of the higher alcohols. Two values deter-
mined by transition temperature shift of DPPC were
0.12 and 0.062 mole of ethanol per kilogram of
membrane:mole of ethanol per liter of solution (refs. 22
and 23, respectively); in both of these studies the concen-
tration of ethanol used was not given, so it is not certain
that these experiments were in the range where the effect
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is linear (Fig. 3). One direct-binding study of the binding
of radiolabeled ethanol to dimyristoylphosphatidylcho-
line (27) gave a value of 0.44 mole of ethanol per kilogram
of membrane:mole of ethanol per liter of solution; how-
ever, this value relies on a possibly erroneous correction
to the data which assumes that a water layer inaccessible
to sucrose would also be inaccessible to ethanol. Without
this correction, this value would be close to the other
literature values for dimyristoylphosphatidylcholine.
Cooperativity. The effects of perturbants on the coop-
erativity of the phase transition may have important
biological consequences. One of the present theories of
general anesthetic mechanisms holds that the “cluster”
size of regions of coexisting phases is a critical parameter
in the function of membrane proteins (2). Using optical
methods, calculations of absolute cluster size require
several assumptions. Comparison of the cooperativity of
a lipid transition under two sets of conditions requires
fewer assumptions and appears to be justified in the
present study. For these comparisons we chose to con-
sider the transition width, as determined by the width at
half-height of the derivative curves of Fig. 8. We have
found that the cooperativity of the phase transition of
DPPC is not decreased by the addition of ethanol, as
seen by comparison of the transition width of the tran-
sition observed by A in the presence and absence of
1.1 M ethanol. This is in agreement with Jain and Wu
(28), who found that n-alcohols up to butanol, and some
other classes of organic molecules, did not broaden the
transition of DPPC, as measured by differential scanning
calorimetry. Our data appear to be sufficiently accurate
to eliminate transition broadening as a mechanism of
action for ethanol, at least with respect to DPPC.
Anesthetic mechanisms. Several theories of general
anesthesia have been suggested, based on the observa-
tions that a wide variety of simple, structurally unrelated
organic molecules have anesthetic potencies which are
correlated with their membrane solubility or the oc-
tanol:water partition coefficient. However, superimposed
on a pattern of similarity are also differences among the
various substances, and these differences have been con-
sidered by some to rule out the existence of a general
unitary mechanism of action for these molecules (4). At
the least, these differences require the detailed exami-
nation of particular anesthetics before concluding that
any particular anesthetic has all of the properties of the
general class. The general theories differentiate between
lipid order or microviscosity effects (4), changes in phase
distribution or lateral phase separations (3), and coop-
erative fluctuation between phases by critical clusters of
lipids (2). Our study of ethanol-DPPC interactions gives
no data on the question of membrane microviscostty;
however, others have shown that ethanol does increase
the fluidity of membranes (e.g., ref. 8). These changes in
fluidity are extremely small at clinical concentrations,
and no molecular mechanism has been proposed to ex-
plain how such a small fluidity effect could substantially
change the function of a membrane protein. A more
physically plausible proposal is that of Trudell (3), in
which the presence of lateral-phase separations in the
vicinity of some critical membrane protein is thought to
be the crucial physical lipid property. The shift of phase

equilibria, eliminating the lateral phase separations, is
then the cause of the change in function of the proteins.
The physical rationale for this hypothesis is that the
maximal lateral compressibility of the bilayer in the
presence of coexisting gel and fluid phases is required for
the protein activity. Mountcastle et al. (2) have taken
this concept further, and focused on the dynamic nature
of the coexisting clusters of lipids in each phase; these
authors maintain that it is the local fluctuation in density
accompanying these cooperative cluster phase transi-
tions which is critical for the proper functioning of some
membrane proteins. According to their hypothesis, the
important aspect of anesthetic action is the reduction of
transition cooperativity caused by the anesthetic which
inactivates a protein by decreasing the magnitude of the
local fluctuations.

Our study of ethanol-DPPC interactions demonstrates
that ethanol shifts the phase equilibria to lower temper-
atures with no detectable change in transition coopera-
tivity. The shift in phase equilibria at constant temper-
ature at clinical concentrations would not be enough to
change the phase distribution by very much. Biological
membranes contain a wide variety of lipids, and it is
possible that ethanol will have a greater effect on lipid
mixtures within lipid classes, lipid-cholesterol combina-
tions, or protein-lipid interactions. Another possibility is
that the recently recognized non-bilayer states which are
accessible to some phospholipids have a role in the
mechanism of anesthesia (30). The change in lipid com-
position of chronic alcoholic mice relative to controls
suggests that ethanol may have different interactions
with different lipids. In addition, our finding that ethanol
interacts preferentially with fluid-phase lipids as com-
pared with gel-phase lipids suggests that ethanol may
interact preferentially with the fluid regions of biological
membranes. It remains to be determined whether the
degree of fluidity of the fluid phase has a significant
influence on the alcohol-membrane interaction. Further
work on the lipid specificity of ethanol-membrane inter-
actions is planned.
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