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SUMMARY

JOHNSON, D. A., N. M. LEE, R. COOKE AND H. H. LOH. Adaptation to ethanol-
induced fluidization of brain lipid bilayers: Cross-tolerance and reversibility. Mol.

Pharmacol. 17: 52-55 (1980).

Apparent tolerance to the ability of ethanol to increase membrane lipid thermal motions

or membrane fluidity of artificial membranes formed from the lipid extracts of tolerant
mice synaptosomal membranes has recently been observed by us. We attempted to
determine whether this apparent tolerance was correlated with tolerance to the anesthetic

actions of ethanol. We, consequently, measured the ability of ethanol to “fluidize”
artificial membranes prepared from the membrane lipid extracts from pentobarbital, from
morphine, and from pre- and postwithdrawal ethanol-tolerant mice. Membrane fluidity
was assessed by measuring the fluorescence polarization of i,6-diphenyl-l,3,5-hexatriene
incorporated into the membranes. We observed that ethanol showed cross-tolerance with
pentobarbital but not with morphine. Also, after withdrawal the effects of chronic ethanol
treatment were reversible. The data suggest that the change in brain membrane lipid

composition responsible for the apparent tolerance to the membrane “fluidizing” effects
of ethanol is related to tolerance to the anesthetic actions of ethanol.

INTRODUCTION

Chin and Goldstein observed that chronic in vivo
exposure to ethanol attenuates ethanol-induced fluidiza-
tion of intact synaptosomal membranes (1). Membrane
lipid but not protein compositional changes were later
shown by us to be responsible for this phenomenon, since
ethanol was less able to fluidize bilayers prepared from
lipid extracts of membranes from ethanol-tolerant mice

(2, 3). Because these observations correlate with the
development of tolerance to the anesthetic actions of
ethanol, they appear to suggest that changes in mem-

brane lipid composition are directly involved in the
expression of cellular tolerance to ethanol and they lend
support to the hypothesis that the primary mechanism

of action of ethanol, and other anesthetics, is to fluidize
membrane lipids and, in turn, perturb membrane protein
functions (4, 5). However, before these observations can
support any theory of tolerance or of anesthesia, one
question must be answered. Namely, is the attenuated
ability of ethanol to fluidize tolerant membranes related
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to the anesthetic actions of ethanol or is it just a nonspe-
cific drug effect?

To attempt to answer this question, we determined
whether a correlation exists between the attenuated flu-
idizing effects of ethanol following chronic ethanol ex-�
posure and the development of tolerance to the anes-

thetic actions of ethanol. Since anesthetics show at least
partial cross-tolerance among themselves and not with
other classes of drugs (6-9) and since tolerance to anes-

thetics is eventually lost after cessation of exposure (10),
we measured the ability of ethanol to fluidize bilayers

prepared from the lipid extracts of synaptosomal mem-
branes from pentobarbital, from morphine and from pre-
and post withdrawal ethanol-tolerant mice. If ethanol
tolerance is related to the attenuated ability of ethanol
to fluidize tolerant membranes, we hypothesized that it
should be possible to observe at least partial cross-toler-
ance with pentobarbital but not with morphine and re-
versal of the attenuation of ethanol’s fluidizing effects
after withdrawal.

METHODS

In separate experiments, male ICR mice (25-30 g)
obtained from Simonsen (Gilroy, Calif.) were rendered
tolerant to pentobarbital or morphine by 72-hr pellet
implantation following methods previously described (11,
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12). Control groups received placebo pellets. Mice were

rendered tolerant to ethanol with twice daily intraperi-
toneal injections of 4.5 g/kg of ethanol (20%, v/v, in
isotonic saline) at 9 AM and 4 PM for 7 days. Control
groups received saline via the same route and schedule,

and the food intake was restricted to that of the ethanol-
treated group as previously described (3). On the eighth
day, half the mice from each group were given an addi-
tional injection of either ethanol or saline two hours prior
to decapitation. Only those animals whose sleep times
decreased by 40% were included. The remaining ethanol-
treated and control mice were placed on ad lib food and
water for 12 additional days without ethanol treatment

before decapitation.
The crude synaptosomal membranes were isolated as

previously described (3). Lipids were extracted following
the method of Bligh and Dyer (13) and lipid bilayers
were prepared from these extracts in Krebs-Ringer-bi-

carbonate buffer, pH 7.4, containing 1 /�M 1,6-diphenyl-
1,3,5-hexatriene (DPH)4 (Aldrich, Milwaukee, Wis.) fol-

lowing the method of Bangham et al. (14).
Steady state fluorescence depolarization of DPH in-

corporated into lipid bilayers was measured at 37#{176}as
previously described (3) with one small difference. In

addition to the incident beam grading monochromome-
ter, two filters (Corning 7-60 and Turner 110-810) were
placed in the path of the excitation beam. These ifiters
reduced the apparent fluorescence polarization produced
by incident beam light scattering and enhanced drug-
induced changes in fluorescence depolarization. The flu-
orometer measured Ip, and L simultaneously, so it was
possible to calculate the fluorescence polarization, P,

electronically on line from the formula:

P = I( - Ij.

Ill + i:

where 1N 18 the fluorescence intensity parallel to and I�. is
the intensity perpendicular to the plane of polarization
of the incident beam.

RESULTS

Pentobarbital has been repeatedly shown to display
cross-tolerance with ethanol (6-8). This effect was also
evident in the properties of the bilayers. Ethanol (0.7 M)

was less able to depolarize the fluorescence of DPH
incorporated into the bilayers prepared from the lipid

extracts ofsynaptosomal membranes from pentobarbital-
tolerant mice (t (10) = 2.02, p < 0.05, one-tailed) (Table
1). (The use of the “one-tailed” criterion, we believe, is

justified here because the same results were observed in
a replication. Moreover, we have the same adaptive effect
in intact synaptosomal membranes in two separate ex-
periments, data not presented.) While it is difficult to
quantitate due to the inherent experiment-to-experiment
variability of this technique, the magnitude of the atten-

uation of the fluidizing effects of ethanol was less for the
“pentobarbital-tolerant” than for the “ethanol-tolerant”
bilayers based on the lower level ofstatistical significance
and the larger sample size required to detect tolerance

4 The abbreviations used are: DPH, 1,6-diphenyl-1,3,5-hexatriene; P,

fluorescence polarization.

TABLE 1

Differences in lipid bilayer fluidity and in ethanol-induced changes

in lipid bilayer between chronic drug-treated and control mice as

measured by fluorescence polarization of DPH incorporated into

bilayers prepared from the lipid extracts of their synaptosomal

membranes

Each value represents mean (±SEM) differences (drug-treated mi-

nus control group) in fluorescence polarization in the absence of ethanol

(a_P) and in the change in fluorescence polarization �(AP) produced by

the addition of 0.7 M ethanol. Positive �.P’s represent more rigid

membranes compared to controls; negative �(�P)’s represent greater

resistance to the fluidizing effects of ethanol (0.7 M). Measurements

were performed in duplicate for each bilayer preparation. In separate

experiments mice were rendered tolerant to pentobarbital or morphine

by 72-hr pellet implantation. Control groups for these experiments

received placebo pellets. Mice were rendered tolerant to ethanol with

twice daily injections of ethanol for seven days. Ethanol-tolerant mice

were decapitated on the eighth day and recovered ethanol-tolerant

mice were decapitated 12 days later. Control groups for these experi-

ments received saline injections. For the control groups the average

(±SEM) fluorescence polarization in the absence of ethanol was 0.226

(±0.004) and the change in fluorescence polarization produced by the

addition of 0.7 M ethanol was -0.0204 (±0.0013).

N#{176} �.P #{163}�.P)

Pentobarbital toler-

ant 6 +0.002 (±0.0001) -0.0019 (±0.0005)’

Morphine tolerant 6 +0.001 (±0.0028) -0.001 (±0.0006)

Recovered ethanol

tolerant 4 -0.003 (±0.0013) -0.002 (±0.0014)

Ethanol tolerant 4 +0.009 (±0.0017)” -0.0025 (±0.0005)”

,, Number per group.

S � < 0.05, one-tailed.

“p < 0.01, two-tailed.

(N = 6 compared to 4). Moreover, the “pentobarbital-
tolerant” bilayers were slightly less fluid than controls,
since the fluorescence polarization of DPH in the absence
of drug was higher (Table 1, t (10) = 1.89, p < 0.05, one-
tailed).

Opiates and ethanol do not show cross-tolerance and
are generally thought to act via different mechanisms
(9). Similarly, no cross-tolerance was observed in “mor-
phine-tolerant” bilayers. The results of this experiment
are shown in Table 1. No differences were observed in
either the fluorescence polarization DPH in the absence
of ethanol (t (10) = 0.07) or in the change in fluorescence
polarization of DPH produced by the addition of 0.7 M

ethanol (t (10) = 0.43).
Finally, like anesthetic tolerance development, the at-

tenuation of ethanol’s fluidizing effects follcwing long-
term exposure to ethanol are reversible. The results of
this experiment are also shown in Table 1. Twelve days
after the withdrawal of ethanol, no differences were
observed in either the fluorescence polarization of DPH
in the absence of ethanol ( t (5) = 1.66) or in the changes
in fluorescence polarization of DPH produced by the
addition of 0.7 M ethanol ( t (5) = 0.223). This is in
contrast to clear differences observed immediately after
ethanol treatment in the fluorescence polarization in the
absence of ethanol ( t (6) = 3.75, p < 0.01, two-tailed) and
the ethanol-induced changes in fluorescence polarization
of DPH (t (6) = 4.89, p < 0.01, two-tailed) between
ethanol treated and control groups (Table 1).
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r� Johnson et al. , unpublished observations. C Hitzemann and Johnson, unpublished observations.

DISCUSSION

These data provide evidence that the change in brain
membrane lipid composition responsible for the atten-
uation of ethanol-induced fluidization of “tolerant” mem-
branes is related to tolerance to the anesthetic actions of

ethanol. This conclusion is based on the correlation be-
tween the in vivo activity of ethanol on mice tolerant to
pentobarbital, morphine and ethanol (pre- and postwith-
drawal) and fluidizing properties of ethanol on bilayers
prepared from lipid extracts of synaptosomal membranes
of these mice. Just as ethanol has been shown to display
cross-tolerance with pentobarbital and not with mor-
phine, we observed cross-tolerance between the mem-
brane fluidizing properties of ethanol and pentobarbital

but not with morphine. Similarly, just as ethanol toler-
ance is reversed 12 days after cessation of exposure (10),
we found that 12 days after ethanol withdrawal it was no
longer possible to measure differences in fluidizabiity
between bilayers prepared from lipid extracts of synap-

tosomal membranes from ethanol-tolerant and control
mice.

Besides the correlation between the in vivo activity

and fluidizing properties of ethanol following the devel-
opment of tolerance to pentobarbital, morphine and
ethanol, the relative magnitude of the intrinsic fluidity
(in the absence of any drug) of these bilayers is also
correlated with ethanol tolerance. However, differences
in intrinsic fluidity is a poor indicator of tolerance be-
cause it is not observed in ethanol-tolerant C-57BL mice,

although clear differences are seen in the ethanol-induced
fluidizability.5

A variety of observations have previously shown a
correlation between the membrane fluidizing and phar-
macological activities of anesthetics and, consequently,
have been used to support the lipid membrane fluidiza-
tion theory of anesthesia. These observations include the
following: (1) anesthetics fluidize membranes at phar-
macologically relevant concentrations (15, 16); (2) the
anesthetic potencies of a variety of agents correlate with
their membrane fluidizing properties (17); and (3) high
pressure reverses both anesthesia and anesthetic-induced
membrane fluidization (4). The data presented in this
paper also support the fluidization theory insofar as it
shows that the attentuation of ethanol’s fluidizing prop-
erties following chronic exposure to ethanol is related to
the expression of tolerance to the anesthetic properties
of ethanol.

However, while the expression of tolerance to ethanol’s
fluidizing properties appears to be related to in vivo

anesthetic tolerance, and is thus consistent with the
fluidization theory of anesthesia, there are at least two
observations that pose problems for this theory. First,
Richards et al. (18) showed that there was no correlation
between the nerve blocking and membrane fluidizing
properties of butanol and dodecanol. Both butanol and
dodecanol block axonal conduction; however, butanol

increases while dodecanol decreases the fluidity of lipid
bilayers. Second, the magnitude of the change in fluidity
of synaptosomal membranes produced by intoxicating
levels of ethanol is smaller than the change in fluidity of

these same membranes produced by the normal daily
fluctuations of body temperature (which, of course, do
not produce anesthesia). A one degree change of temper-
ature produces a 0.0027-0.0032 decrease in the fluores-
cence polarization of DPH incorporated into rat synap-

tosomal membranes, while the addition of 22 rni� ethanol
(the legal intoxicating blood level in California) produces

less than a 0.0008 decrease in the fluorescence polariza-
tion of DPH incorporated into these same membranes
based on a linear interpolation of the dose-response
curve.6 Thus, increases in fluidity per se do not produce

anesthesia and, consequently, modification of the fluidity
theory of anesthesia may be in order.

It should be emphasized that, while problems exist for
the membrane fluidization theory of anesthesia, these
problems do not detract either from the importance of
our basic observation that a membrane lipid composi-
tional change occurs with the development of tolerance
to ethanol or from the importance of the study of drug-
induced membrane fluidization. Ethanol-induced mem-
brane fluidization need not have functional significance

for this lipid compositional change to be a primary event
in the expression of tolerance to ethanol. A change in
membrane lipid composition could alter the functional
activity of membrane proteins independent of an altera-
tion of fluidity. The study of ethanol-induced membrane

fluidization provides a simple biophysical index of toler-
ance and may well play a pivotal role in determining
what membrane compositional changes have functional
consequences for cellular tolerance.
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