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Ethanol is one of a large group of drugs 
that can produce general anesthesia and 
(at much higher concentrations) can 
block nerve conduction. Most of these 
drugs lack the structural complexity ex- 
pected of a drug that acts by combining 
with a specific receptor. Because the 
anesthetic potencies of such drugs corre- 
late with their lipid solubilities, they are 
thought to exert their biological effects by 
entering the lipid portion of biomem- 
branes and disrupting membrane func- 
tion. Cell membranes and model mem- 
branes expand (1) and become more fluid 
(2, 3) when immersed in nerve-blocking 
concentrations of such drugs. We have 
recently shown (4) that the fluidizing ef- 
fects of ethanol in biomembranes can be 
measured at very low concentrations 
with a sensitive electron paramagnetic 
resonance (EPR) technique. We report 
here that tolerance to this effect develops 
in mice, which suggests that mammalian 
cells can control the physical properties 
of their membranes in response to drugs. 
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Male DBA/2J mice were maintained for 
8 days on a liquid diet (Slender, Carnation 
Company) to which ethanol was added to 
provide 33 percent of the calories. Con- 
trols were pair-fed the same diet with su- 
crose replacing ethanol calories. We used 
membranes from the animals whose eth- 
anol intake patterns met our previously 
defined criteria for development of physi- 
cal dependence (5). They had consumed 
an average of 18 g of ethanol per kilogram 
of body weight per day during the last 4 
days. Their mean blood ethanol concen- 
tration at the time they were killed was 
3.4 ? 0.87 mg/ml (mean ? standard de- 
viation)! 

Since these animals were known to be 
physically dependent, we considered 
them to be in a "tolerant-dependent" 
state. Although we did not make numeri- 
cal estimates of the extent of functional 
tolerance, we did note that none of the 
mice had lost their righting reflex at blood 
ethanol concentrations that would be 
hypnotic for most normal animals. 
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Table 1. Baseline order parameters. Membrane fractions were prepared from cardiac blood and 
from whole-brain homogenates pooled for five to seven ethanol-treated animals in each of three 
experiments, and from their sucrose-treated partners in the pair-feeding experiments. The frac- 
tions were spin-labeled with 5-doxylstearic acid and a portion of each preparation was analyzed 
by EPR to determine the order parameter in the absence of added ethanol. Since the ethanol and 
sucrose groups were not significantly different, the data for the six preparations were combined 
to allow comparison of membrane types (last column); SEM, standard error of the mean. 

Order parameter 
Long- 

Source term Experiment Mean Mean of 
of membrane treat- of membrance 

ment 1 2 3 treat- type 
ment ? SEM 

Erythrocyte Sucrose .589 .588 .597 .591 .589 + .0038 
Ethanol .573 .600 .589 .587 

Synaptosome Sucrose .590 .592 .604 .595 .595 ? .0023 
Ethanol .590 .593 .599 .594 

Mitochondria Sucrose .570 .579 .571 .573 .574 + .0017 
Ethanol .570 .573 .579 .574 

Myelin Sucrose .607 .624 .631 .621 .617 ? .0044 
Ethanol .602 .620 .618 .613 
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Cardiac blood from five to seven mice 
was pooled in each of three replicate ex- 
periments. Erythrocyte membranes were 
prepared under conditions that minimize 
membrane disruption (4, 6). From the 
combined whole-brain homogenates of 
the same mice, we isolated myelin, mito- 
chondrial membranes, and synaptosomal 
plasma membranes by a flotation-sedi- 
mentation technique (4, 7). Each of these 
four membrane preparations was then 
spin-labeled by incubation for 30 minutes 
at 37?C with 5-doxylstearic acid (N-oxyl- 
4',4'-dimethyl-oxazolidine derivative of 
5-ketostearic acid, SYVA Company, 
Palo Alto). This fatty acid spin label tends 
to align itself with the fatty acid chains of 
phospholipids in the membrane bilayer. 
Its EPR spectrum is affected by its mo- 
tion; that is, by the fluidity of its environ- 
ment. The EPR spectrum of a rapidly 
tumbling spin label consists of three 
evenly spaced peaks. When the spin label 
is immobilized, the peaks become broad- 
er and farther apart. The spectrum can be 
characterized by an order parameter, S 
(8), determined from the separation of the 
peaks, along with reference data from 
crystals oriented in the magnetic field. In 
model membranes, the order parameter 
can vary between the limits of 1.0 (com- 
pletely ordered) and 0 (completely fluid). 
In natural biomembranes, order parame- 
ters indicate intermediate fluidity: S 
.6. Our EPR spectra were obtained at 
37?C with a modified Varian EM-500 
spectrometer and a PDP 8/e computer (9). 

Spectra were obtained for portions of 
each of the four kinds of spin-labeled 
preparations in the presence of various 
concentrations of ethanol (tested in ran- 
dom order). Measurements of the base- 
line order parameter with no ethanol add- 
ed to the membranes were interspersed 
among the measurements where ethanol 
was added. The last column in Table 1 
shows that the baseline order parameter 
differed among the various membrane 
types; mitochondrial membranes were 
the most fluid, the erythrocyte and syn- 
aptosomal membranes were of inter- 
mediate fluidity, and myelin was the most 
ordered. These results confirm those of 
our previous study (4). There were small 
differences between the three replicate 
experiments, reflecting the variability in 
spectral characteristics seen in similar 
preparations to which the spin label is 
separately added. We could not detect 
consistent differences in the baseline or- 
der parameter between membranes from 
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When the same membrane prepara- 
tions were tested in the presence of eth- 
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membranes themselves had adapted to the drug, a novel form of drug tolerance. 
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anol, however, we did observe a differ- 
ence between the ethanol and control 
groups. Erythrocyte and synaptosomal 
membranes from ethanol-treated mice 
were less responsive to ethanol in vitro 
than membranes from the control ani- 
mals. The results of one of these experi- 
ments are shown in Figs. 1 and 2. The 
data show a concentration-related in- 
crease in fluidity (decrease in S) on addi- 
tion of ethanol to synaptosomal mem- 
branes. The small decreases of .005 in the 
order parameter caused by ethanol at 4 
mg/ml in these experiments agree with 
the changes in fluidity predicted for the 
same concentration of anesthetic agents 
in phospholipid model membranes (3). 
Figures 1 and 2 show that ethanol was 
consistently less effective in membranes 
from ethanol-treated animals than those 
from control mice. This decreased effect 
of a particular concentration of a drug in 
animals receiving long-term treatment is, 
by definition, tolerance. Two additional 

replications of this experiment also 
showed a difference between the ethanol- 
treated and sucrose-control groups in the 
same direction as above. The magnitude 
of the difference was greater in one exper- 
iment and less in the other than in the 
experiment represented in Figs. 1 and 
2. An analysis of variance, using data 
from all three experiments, confirmed the 
differences between the two groups (10). 
No clear effect of long-term ethanol treat- 
ment was seen in the myelin or mitochon- 
drial fractions. 

These experiments were designed to 
test the hypothesis (11) that mammalian 
cells can regulate the fluidity of their 
membranes in response to pharmacologi- 
cal conditions. The results were partially 
in accord with our predictions. We did 
observe that the cell membranes of toler- 
ant-dependent mice exhibited less change 
in their fluidity in the presence of ethanol 
than those of control mice (tolerance). 
However, the hypothesis predicts that 
the ethanol-adapted membranes tested in 
the absence of ethanol should be more 
ordered than normal (dependence). We 
saw no evidence of an increased order pa- 
rameter in the alcohol-free membranes of 
the ethanol-treated group (Table 1). On 
the other hand, it is possible that our 
methods are sensitive enough to detect 
tolerance but not dependence because 
we estimated tolerance by adding differ- 
ent concentrations of ethanol to a single 
spin-labeled preparation, whereas depen- 
dence data (difference between baseline 
order parameters) required comparisons 
between different preparations that were 
separately spin-labeled. The dependence 
data, therefore, have greater variability 
than the tolerance data. Traynor et al. 

6 MAY 1977 

(12) recently reported that tolerance de- 
velops to a neurophysiological effect of 
ethanol inAplysia without any detectable 
abnormality in the ethanol-free state. 

An optimal range of membrane fluidity 
appears to be important for many biologi- 
cal functions (13), and evidence is accu- 
mulating that there are physiological reg- 
ulatory mechanisms to control membrane 
fluidity. Homeostatic control of mem- 
brane composition in response to envi- 
ronmental temperature has been shown 
in bacteria (13, 14) and in poikilothermic 

[ETHANOL] MG/ML 

Fig. 1. Changes in order parameter in erythro- 
cyte membranes on addition of ethanol in vi- 
tro in one experiment. The ordinate shows the 
change in order parameter (AS) from baseline 
at each of the ethanol concentrations shown 
on the abscissa (plotted on a logarithmic 
scale). Open circles represent a spin-labeled 
preparation of erythrocyte membranes from 
five ethanol-treated mice; filled circles repre- 
sent a corresponding preparation from their 
sucrose-fed partners in the same experiment. 
The baseline order parameter values are listed 
in Table 1 (experiment 1). A decrease in the 
order parameter reflects an increase in mem- 
brane fluidity. 
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Fig. 2. Change in order parameter (AS) in syn- 
aptosomal membranes. The baseline values 
are listed in Table 1 (experiment 1). Changes 
in S are shown as in Fig. 1. 

vertebrates (15). Mammalian cells, which 
seldom encounter changes in temper- 
ature, may still have occasion to adjust 
their membrane fluidity. The continuous 
presence of a fluidizing agent like ethanol 
might provide the stimulus for an adapt- 
ive response in the membrane itself. Our 
experimental data are consistent with this 
prediction. 

JANE H. CHIN 
DORA B. GOLDSTEIN 

Department of Pharmacology, 
Stanford University Medical Center, 
Stanford, California 94305 
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