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ABSTRACT: The effects of chronic exposure to ethanol on the physical and functional properties of the plasma
membrane were examined with cultured S49 lymphoma cells. The 8-adrenergic receptor-coupled adenylate
cyclase system was used as a probe of the functional properties of the plasma membrane. Steady-state
fluorescence anisotropy of diphenylhexatriene and the lipid composition of the plasma membrane were used
as probes of the physical properties of the membrane. Cells were grown under conditions such that the
concentration of ethanol in the growth medium remained stable and oxidation of ethanol to acetaldehyde
was not detected. Chronic exposure of S49 cells to 50 mM ethanol or growth of cells at elevated temperature
resulted in a decrease in adenylate cyclase activity. There were no changes in the density of receptors or
in the affinity of 8-adrenergic receptors for agonists or antagonists following chronic exposure to ethanol.
The fluorescence anisotropy of diphenylhexatriene was lower in plasma membranes prepared from cells that
had been treated with 50 mM ethanol than in membranes prepared from control cells. However, this change
was not associated with changes in the fatty acid composition or the cholesterol to phospholipid ratio of
the plasma membrane. There was a small but statistically significant decrease in the amount of phos-
phatidylserine and an increase in the amount of phosphatidylethanolamine. These changes cannot account
for the decrease in anisotropy. In contrast to the effect of ethanol, a decrease in adenylate cyclase activity
following growth of S49 cells at 40 °C was not associated with a change in anisotropy.

’Ee effects of ethanol on biological systems can be studied
at several different levels. Studies with whole animals can be
influenced by effects of ethanol on the physiological state of
the animal as well as by metabolites of ethanol produced in
the organ being studied or elsewhere in the body. For example,
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1Present address: Department of Pharmacology, M-036, School of
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it has been shown that the toxic effects of acetaldehyde, the
primary metabolite of ethanol, are evident at much lower
concentrations than are required to see the effects of ethanol
(Koerker et al., 1976). Thus, the effects of ethanol in whole
animals may be partially or entirely due to acetaldehyde rather
than to ethanol. Furthermore, in the whole animal, it may
be difficult to determine the concentration of ethanol to which
a particular tissue is exposed, and fluctuations in the con-
centration of ethanol occur, which can further complicate
interpretation of results. The use of isolated organs and organ
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cultures minimizes many of these problems, but, as in studies
of whole animals, complexities arise from the presence of
multiple cell types. Studies of subcellular fractions are easier
to interpret but suffer from the fact that the integrity of the
cell has been destroyed.

The use of clonal cultured cell lines circumvents many of
these problems and provides a simple, homogeneous system
in which the effects of ethanol on intact, living cells can be
studied. The use of cultured cells also permits maintenance
of a constant, known concentration of ethanol. Further, the
growth medium can be assayed for acetaldehyde, which makes
it possible to assess the metabolism of ethanol and the possible
effects of acetaldehyde.

Results of a number of studies have established the utility
of using cultured cells to investigate the acute and chronic
effects of ethanol. Studies of the effects of ethanol have
employed a variety of types of cultured cells, both primary
cultures and established cell lines, from a number of different
tissues. In most cases, cell viability was not affected adversely
by ethanol concentrations comparable to those seen in vivo (less
than 100 mM) [see Syapin and Noble (1979)]. In the one
case where viability was decreased by a low concentration of
ethanol (Walker et al., 1974), the decrease was probably due
to production of acetaldehyde, since this effect was seen in a
liver cell line (which was capable of metabolizing ethanol) but
not in a line of fibroblasts.

Hill and Bangham (1975) proposed that dependence on
central nervous system depressant, general anesthetic drugs
(including ethanol) arises due to an alteration in the physical
state of cell membranes that counteracts the direct, mem-
brane-perturbing effect of the drugs. Dependence would occur
when a drug is withdrawn abruptly, because the membranes
would suddenly be in a state opposite to that which was pro-
duced by the drug.

Changes in membrane fluidity (Lyon & Goldstein, 1983;
Polokoff et al., 1985) and in the sensitivity of membrane
fluidity to ethanol in vitro (Chin & Goldstein, 1977; Harris
et al., 1984a) following chronic ethanol treatment have been
reported. According to the Hill and Bangham hypothesis, in
the absence of ethanol in vitro, membranes from ethanol-
treated animals should be less fluid than membranes from
control animals, which would account for dependence. Fur-
thermore, membranes from ethanol-treated animals should be
more resistant to the disordering effect of ethanol in vitro than
membranes from control animals, which could explain toler-
ance.

There are numerous reports of alterations in membrane lipid
composition following exposure to ethanol. This has been seen
not only in bacteria (Ingram, 1976) and the unicellular or-
ganism Tetrahymena (Nandini-Kishore et al., 1979) but also
in higher animals. Changes in membrane lipid composition
following chronic treatment with ethanol have also been re-
ported in whole animals (Littleton & John, 1977; Chin et al.,
1978), but the changes that have been reported are complex
and variable and may depend on factors other than the
presence or absence of ethanol, such as the species (or even
the strain), the tissue, or the mode of administration of ethanol.

Several investigators have reported changes in the lipid
composition of cultured mammalian cells following chronic
exposure to ethanol, but they are often inconsistent with an
adaptive response to the membrane-fluidizing effect of ethanol
(Ingram et al., 1978; Keegan et al., 1983; Morrison et al.,
1984). In Reuber H35 hepatoma cells, membrane fluidity
increased following chronic exposure to ethanol, which may
have been due to a decrease in the sphingomyelin content of
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the plasma membranes (Polokoff et al., 1985). The increase
in fluidity, an inappropriate adaptive response to the acute
fluidizing effect of ethanol, was prevented by an inhibitor of
alcohol dehydrogenase, suggesting that the change was due
to the production of acetaldehyde.

The activities of membrane-bound enzymes such as
(Nat*,K*)-ATPase and hormone-stimulated adenylate cyclase
have been used to monitor changes in the functional properties
of the plasma membrane following chronic exposure to ethanol.
Thus, (Na*,K*)-ATPase in mouse brain synaptosomal mem-
branes is inhibited by ethanol in vitro, and the enzyme from
ethanol-tolerant animals is resistant to inhibition by ethanol
(Levental & Tabakoff, 1980).

An involvement of dopamine receptors, some of which are
linked to stimulation of adenylate cyclase activity, in tolerance
to ethanol in mice has been suggested (Hoffman & Tabakoff,
1977). However, the decrease in dopamine-stimulated ade-
nylate cyclase activity in striata from ethanol-tolerant mice
reported by Hoffman and Tabakoff (1977) was not reproduced
by Rabin et al. (1980). The acute and chronic effects of
ethanol on hormone receptors and hormone-stimulated ade-
nylate cyclase activity have also been studied using cultured
mammalian cells (Stenstrom & Richelson, 1982; Charness et
al., 1983; Gordon et al., 1986).

The goal of the present studies was to determine whether
tolerance to or dependence on ethanol could be demonstrated
at the biochemical level in cultured S49 lymphoma cells in
terms of the effects of ethanol on the physical and functional
properties of the plasma membrane. Such a comprehensive
approach should be helpful in determining the relationship
between changes in the physical and functional properties of
the membrane that occur following chronic exposure to ethanol
and the relevance of such changes to the development of
tolerance to and dependence on ethanol. The §-adrenergic
receptor-coupled adenylate cyclase system was used as a probe
of the functional properties of the plasma membrane. The
physical properties characterized included the membrane
fluidity as measured by the steady-state fluorescence polari-
zation of 1,6-diphenyl-1,3,5-hexatriene (DPH)! and the lipid
composition of the plasma membrane.

MATERIALS AND METHODS

S49 lymphoma cells were grown in suspension culture in
75 em? tissue culture flasks or spinner flasks (Bellco, Vineland,
NJ). The growth medium consisted of Dulbecco’s modification
of Eagle’s medium supplemented with 10% heat-inactivated
horse serum in an atmosphere of 10% CO,/90% air at 37 °C.
Cell density was maintained between 1.5 X 10° and 2.0 X 10°
cells/mL by dilution with fresh medium (with or without
ethanol) every second day. Redistilled ethanol (95%) was
added to the medium to achieve the desired final concentration
prior to addition of cells.

The concentration of ethanol in tissue culture growth me-
dium was determined by measuring the enzymatic reduction
of NAD. A solution containing 500 mM glycine (pH 9.0),
56 mM semicarbazide hydrochloride, 50 units/mL alcohol
dehydrogenase, and 0.6 mM NAD was added to 20 uL of
medium containing up to 30 mM ethanol. The tubes were
covered tightly and incubated at room temperature for 30 min.

! Abbreviations: cAMP, adenosine 3’,5'-cyclic phosphate; DPH, 1,6-
diphenyl-1,3,5-hexatriene; NAD, nicotinamide adenine dinucleotide;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA,
ethylenediaminetetraacetic acid; ATP, adenosine 5’-triphosphate; GTP,
guanosine 5’-triphosphate; ['2*I]IPIN, ['?*I]iodopindolol.
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Absorbance was measured at 340 nm.

The amount of acetaldehyde in tissue culture medium taken
from cells that had been grown in the presence of ethanol was
determined by head-space gas chromatography on a 6 ft long
X 2 mm i.d. glass column containing 15% poly(ethylene glycol)
on 80/100 mesh Gas Chrom Q, as described by Eriksson et
al. (1977).

The rate of oxidation of ethanol was determined by meas-
uring the conversion of [#CJethanol to *CO,. Wild-type S49
cells (2.0 X 106 cells) were incubated in 1.0 mL of growth
medium containing 10 mM HEPES (pH 7.5), 50 mM ethanol,
and 0.4 uCi of ['“C]ethanol at 37 °C for up to 120 min. The
reactions were terminated at various times by addition of 0.1
mL of 1.0 N HCI from a syringe inserted through the stopper.
After incubation overnight at 4 °C, the amount of radioactivity
trapped by hyamine hydroxide was determined by liquid
scintillation spectroscopy.

For assays of adenylate cyclase activity or for assays of
B-adrenergic receptors, an unwashed membrane pellet was
prepared. Cells were harvested by centrifugation at 600g for
10 min at room temperature, rinsed once by suspension in
phosphate-buffered saline (138 mM NaCl, 4 mM KCl, 5 mM
Na,HPO,, 2 mM KH,PO,, and 11 mM glucose) and cen-
trifugation at 600g for 10 min at room temperature, and
homogenized with a Brinkmann Polytron in cold buffer con-
taining 2 mM HEPES (pH 7.5), 2 mM MgCl,, and 1 mM
EDTA (pH 7.5). Homogenates were centrifuged at 39000g
for 25 min, and the pellets were resuspended in 2 mM HEPES
(pH 7.5).

For measurement of steady-state fluorescence anisotropy
or for analysis of membrane lipids, plasma membranes were
purified by sucrose density gradient centrifugation (Ross et
al., 1977).

Adenylate cyclase activity was determined by measuring
the conversion of [a-3?P]ATP to [*2P]cAMP by the method
of Salomon et al. (1974), as modified by Minneman et al.
(1979). Each assay contained, in a total volume of 200 uL,
50 mM HEPES (pH 7.5), 5 mM cAMP, 5 mM MgCl,, 0.5
mM ethylene glycol bis(8-aminoethyl ether)-N, NN/ N"-
tetraacetic acid, 0.75 mM 3-isobutyl-1-methylxanthine, 0.25
mM ATP, 0.1 mg/mL creatine phosphokinase, 10 mM
phosphocreatine, approximately 1 uCi of [a-3?P]ATP, various
drugs, and membranes. The concentration of GTP, when
present, was 50 uM. [*H]cAMP (approximately 40000 cpm)
was used as an internal standard to determine the recovery
of [*2P]cAMP. The recovery of [*H]JcAMP was generally at
least 80%.

B-Adrenergic receptors were assayed by incubating mem-
branes with ['2*I]IPIN in a total volume of 250 uL of buffer
containing 12 mM HEPES (pH 7.5), 0.54% NaCl, 1.0 mM
MgCl,, 4 ug/mL bovine serum albumin, and 0.5 mM ascorbic
acid for 20 min at 37 °C. Reactions were terminated by
dilution with 10 mL of wash buffer [10 mM Tris (pH 7.5)
and 0.9% NaCl] at room temperature, followed by filtration
through glass fiber filters (Schleicher & Schuell no. 30).
Filters were washed with an additional 10 mL of wash buffer.
Specific binding, defined as the amount of ['*SI]IPIN bound
in the absence of a competing ligand minus the amount bound
in the presence of 50 uM (-)-isoproterenol plus 100 uM GTP,
was generally greater than 90% of the total amount of ['%]]-
IPIN bound. The total amount of ['2I]IPIN bound to the
tissue was always less than 10% of the total amount of radi-
oligand added to the assay. Protein concentration was de-
termined by the method of Lowry et al. (1951) with bovine
serum albumin as the standard.

BODE AND MOLINOFF

The steady-state fluorescence anisotropy of DPH was
measured with an SLM Model 8000 spectrofluorometer (SLM
Instruments, Urbana—Champaign, IL) with a temperature-
controlled sample cavity. Plasma membranes [0.1 mg/mL
protein in 20 mM HEPES (pH 7.5) and 0.9% NaCl] were
incubated with 0.5 uM DPH at 37 °C for 15 min with con-
tinuous stirring. The concentrations of membrane protein and
DPH were shown to be low enough to avoid depolarization
due to light scattering and probe-probe interactions, respec-
tively (data not shown). Probe molecules were excited with
vertically polarized light at a wavelength of 360 nm. The
fluorescence intensity at a wavelength of 429 nm was measured
at an angle of 90° to the excitation beam. The intensity of
the components of the fluorescence that were parallel (/;) and
perpendicular (I, ) to the direction of the vertically polarized
excitation light was determined by measuring the emitted light
through polarizers oriented vertically and horizontally. The
fluorescence anisotropy (r), which is inversely related to
membrane fluidity, was calculated by using the equation:

r=,-1)/U,+20,)

Correction was made for differences in the efficiency of
transmitting vertically and horizontally polarized light by the
emission monochromator by determining the polarization ratio
(I;/1.) using horizontally rather than vertically polarized
excitation light. The anisotropy of each 2.0-mL sample was
first determined in the absence of drugs after equilibrium at
the appropriate temperature for 5 min. Small volumes of
redistilled 95% ethanol were added to achieve the desired final
concentration, the sample was mixed, and the anisotropy was
determined. In this way, the effect of the entire range of drug
concentrations on the anisotropy was determined for each
sample.

Lipids were extracted from purified plasma membranes
using chloroform and methanol (Bligh & Dyer, 1959) in the
presence of the antioxidant butylated hydroxytoluene. The
amount of cholesterol in crude lipid extracts from purified
plasma membranes was determined by gas chromatography
on a 6 ft long X 2 mm i.d. glass column containing 3% OV-17
on 100/120 mesh Gas Chrom Q II run at 250 °C, with ni-
trogen as the carrier gas at a flow rate of 40 mL/min. Co-
prostanol was used as an internal standard (Sinensky, 1980).
The amount of phosphorus in crude lipid extracts from purified
plasma membranes was determined by the method of Bartlett
(1959), with dimyristoylphosphatidylcholine as the standard.
The phospholipids were separated by thin-layer chromatog-
raphy in one dimension on high-performance silica gel plates
with a preadsorbent zone (EM Science, Gibbstown, NJ), using
a mebile phase containing denatured ethanol (Baker Pro-
prietary Solvent), ammonium hydroxide, and chloroform in
the proportions 50:10:6, respectively (Dugan, 1985). The
plates were developed twice in the same dimension with the
same mobile phase. This protocol allowed separation of
cholesterol, phosphatidylethanolamine, cardiolipin, phospha-
tidylserine, phosphatidylcholine + phosphatidylinositol,
sphingomyelin, and phosphatidic acid. In most experiments,
phosphatidylcholine and phosphatidylinositol were not sepa-
rated. For quantitation of individual phospholipids, bands
corresponding to the location of phospholipid standards were
scraped off the plates, and the phospholipids were determined
by the method of Bartlett (1959). The fatty acy! chains of
the phospholipids were converted to fatty acid methyl esters
using 14% BF; in methanol (Morrison & Smith, 1964). Fatty
acid methyl esters were separated by gas chromatography on
a 10 ft long X 2 mm i.d. glass column containing 10% Silar
10C on 100/120 mesh Gas Chrom Q II, with nitrogen as the
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carrier gas at a flow rate of 40 mL/min. The temperature
was programmed to increase from an initial temperature of
190 °C for 4 min to 240 °C at 4 °C/min. Pentadecanoic acid
methyl ester was used as the internal standard. The fatty acid
methyl esters were quantitated by comparing their peak areas
with that of the internal standard. Peaks were identified on
the basis of comparison of their retention times with those of
authentic standards. Correction was made for differences in
the sensitivity of the detector to different fatty acid methyl
esters by calculating the relative peak areas that were obtained
with a mixture containing equal amounts, by weight, of all of
the standards.

[a-¥P]ATP (>600 Ci/mmol) and [*H]cAMP (approxi-
mately 30 Ci/mmol) were purchased from New England
Nuclear (Boston, MA). Carrier-free Na!?I (2200 Ci/mmol)
was obtained from either New England Nuclear or Amersham
(Arlington Heights, IL). [!ZI]IPIN was synthesized from
(-)-pindolol (a gift from Dr. Giinter Engel of Sandoz Phar-
maceuticals, Basel, Switzerland) and Na'?*I by the chlor-
amine-T method described by Wolfe and Harden (1981).
Sigma (St. Louis, MO) was the source of isoproterenol, ATP,
cAMP, GTP, cholesterol, and individual phospholipid and fatty
acid methyl ester standards. Acetaldehyde was obtained from
Aldrich (Milwaukee, WI). DPH was obtained from Aldrich
and recrystallized from ethanol. Propranolol was a gift of
Ayerst Laboratories (New York, NY). Fatty acid methyl ester
standards and gas chromatography columns were purchased
from Alltech Associates Inc. (Deerfield, IL). Coprostanol was
obtained from Steraloids (Wilton, NH). Organic solvents were
obtained from VWR or Fisher (King of Prussia, PA). S49
lymphoma cells were obtained from the Cell Culture Facility
of the University of California, San Francisco. Dulbecco’s
modification of Eagle’s medium was purchased from Flow
Laboratories (McLean, VA) or GIBCO (Grand Island, NY).
Heat-inactivated horse serum was obtained from HyClone
Labs (Logan, UT).

RESULTS

Conditions were established that were suitable for the use
of cultured S49 lymphoma cells as a model system to study
the effects of chronic exposure to ethanol on the physical and
functional properties of the cell membrane. The system sat-
isfied the following criteria: (1) the concentration of ethanol
in the growth medium did not vary for at least 99 h, either
in the presence or in the absence of cells; (2) ethanol caused
a dose-dependent inhibition of the rate of growth of S49 cells,
but adenylate cyclase activity was independent of variations
in cell density; (3) there was no decrease in cell viability, as
measured by Trypan blue exclusion, when cells were grown
in the presence of up to 100 mM ethanol.

Experiments were carried out to determine whether S49 cells
metabolize ethanol to acetaldehyde. Cells were incubated with
[**Clethanol in a sealed vial, and the production of “CO, was
measured. There was no difference in the amount of #CO,
produced in the presence or in the absence of S49 cells (data
not shown). The head-space gas over samples of growth
medium was analyzed by gas chromatography to determine
the concentration of acetaldehyde in the medium. When S49
lymphoma cells were grown in tightly capped flasks in the
presence of S0 mM ethanol for up to 12 days, acetaldehyde
was not detectable in the medium (data not shown). When
cells were incubated in tightly closed flasks in medium that
initially contained 45 uM acetaldehyde, no acetaldehyde re-
mained after 2 days. In the absence of cells under the same
conditions, the concentration of acetaldehyde after 2 days was
86% of the initial concentration (data not shown).
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FIGURE 1: Effect on adenylate cyclase activity of exposure of S49
cells to S0 mM ethanol for different lengths of time. Adenylate cyclase
activity was measured in membranes prepared from S49 cells after
growth in the absence (O) or presence (M) of 50 mM ethanol for the
indicated lengths of time. Activity was measured in the presence of
no additions (A), GTP (B), or isoproterenol plus GTP (C). The data
are expressed as the percent of the average activity determined on
the same day in membranes prepared from control cells. The data
are the means £ SEM of the activity in membranes prepared from
between 3 and 23 separate cultures assayed on between 1 and 9
different days, each of which was assayed in duplicate. For each graph,
the activity in membranes prepared from control cells was compared
with the activity in membranes prepared from ethanol-treated cells
by two-way analysis of variance. In each case, the ethanol-treated
group was significantly different from the control group, and there
was no significant effect of time of exposure. The levels of significance
for each activity were the following: no additions, p < 0.01; GTP,
p < 0.001; isoproterenol plus GTP, p < 0.01.

The effect on adenylate cyclase activity of chronic exposure
of S49 cells to ethanol was determined (Figure 1). Exposure
of S49 lymphoma cells to SO mM ethanol for different lengths
of time resulted in a decrease in the activity of adenylate
cyclase measured without any additions (Figure 1A) or in the
presence of GTP (Figure 1B). The activity measured in the
presence of isoproterenol plus GTP was less sensitive to chronic
treatment with ethanol (Figure 1C). A maximal effect was
seen after growing cells in the presence of ethanol for 2-4 days.
Two-way analysis of variance indicated that the effect of
exposure time was not statistically significant.

Experiments were carried out to determine whether ethanol
had effects on the physical properties of the membrane. The
steady-state anisotropy of DPH in membranes prepared from
S49 cells that had been treated with ethanol was significantly
lower (i.e., membrane fluidity was higher) than the anisotropy
in membranes prepared from control cells (Figure 2).

If the acute effect of ethanol in vitro on membrane fluidity
is important in producing the decrease in adenylate cyclase
activity after chronic treatment with ethanol, then long-term
exposure to a different treatment that acutely increases
membrane fluidity should also lead to a decrease in adenylate
cyclase activity. Membrane fluidity increases with increasing
temperature (Harris & Schroeder, 1981). GTP-stimulated
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FIGURE 2: Effect of ethanol on fluorescence anisotropy in membranes
prepared from S49 cells after exposure to 50 mM ethanol for 4 days.
The steady-state fluorescence anisotropy of DPH was determined in
the presence of increasing concentrations of ethanol in vitro, using
purified plasma membranes prepared from S49 cells grown in the
absence (O) or presence (M) of S0 mM ethanol for 4 days. Anisotropy
was measured at 37 °C. The data are the means £ SEM of the
anisotropy values determined with membranes prepared from three
separate cultures on 3 different days. Each point on the curve for
the ethanol-treated group was compared to the corresponding point
on the control curve. Statistical analysis was performed using a
two-way analysis of variance for blocked data (one asterisk, p < 0.05;
two asterisks, p < 0.01).
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FIGURE 3: Effect on adenylate cyclase activity of chronic exposure
of S49 cells to ethanol or elevated temperature. Adenylate cyclase
activity was measured in membranes prepared from S49 cells following
growth for 4 days in the absence (open bar, left) or presence (hatched
bar, left) of 50 mM ethanol, or at 37 °C (open bar, right) or 40 °C
(hatched bar, right) for 8 days. Activity was measured in the presence
of 50 uM GTP. The data are expressed as a percent of the average
activity determined on the same day using membranes prepared from
cells grown under control conditions (at 37 °C in the absence of
alcohol). The data are the means = SEM of the activity in membranes
prepared from 3-23 separate cultures assayed on 1-9 different days,
each of which was assayed in duplicate. A ¢ test on each pair of bars
was used to determine that the effect of each treatment was statistically
significant (ethanol, p < 0.001; elevated temperature, p < 0.01).

adenylate cyclase activity was lower in membranes prepared
from cells that had been grown at 40 °C for 8 days than in
membranes from cells that were grown at 37 °C (Figure 3).
Although growth of S49 cells at 40 °C resulted in a change
in adenylate cyclase activity similar to the change that was
seen following chronic exposure to 50 mM ethanol (Figure 3),
this treatment had no effect on membrane fluidity, as deter-
mined by the fluorescence anisotropy of DPH (data not
shown).

Experiments were carried out to determine whether the
decrease in adenylate cyclase activity after chronic exposure
to ethanol was accompanied by changes in the properties of
B-adrenergic receptors. The densities of 8-adrenergic receptors
and the affinities of the receptors for ['2I]IPIN were nearly
identical in membranes prepared from control cells and in
membranes prepared from cells that had been treated with
50 mM ethanol for 4 days. In addition, there was no difference
in the effect of ethanol in vitro on the binding of [*#*I]IPIN
in membranes prepared from control and ethanol-treated cells
(Figure 4). The inhibition of the binding of ['2*I]IPIN by
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FIGURE 4: Effect on the binding of ['2I]IPIN of exposure of S49
cells to 50 mM ethanol for 4 days. The binding of ['I]IPIN was
determined in the absence (O, @) or presence (O, W) of 0.5 M ethanol,
using membranes prepared from S49 cells after growth in the absence
(0, O) or presence (@, W) of 50 mM ethanol for 4 days. The specific
binding of [**IJIPIN was analyzed by the method of Scatchard (1949).
The data shown are the means of duplicate determinations and are
representative of data obtained in up to seven independent experiments.
The K, values in membranes prepared from control cells were 32.0
X 10712and 73.9 X 107'2 M in the absence and presence, respectively,
of 0.5 M ethanol in vitro. The corresponding Kj values for membranes
prepared from ethanol-treated cells were 32.3 X 102 and 70.9 X 10712
M. The B, values (in femtomoles per milligram of protein) for
membranes from control ceils were 42.8 and 43.4 in the absence and
presence of 0.5 M ethanol in vitro and 46.8 and 45.9 for membranes
from ethanol-treated cells.
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FIGURE 5: Effect of ethanol in vitro on adenylate cyclase activity in
membranes prepared from control and ethanol-treated S49 celis.
Adenylate cyclase activity was measured in the presence of increasing
concentrations of ethanol using membranes prepared from S49 cells
grown in the absence (O) or presence (W) of 50 mM ethanol for 4
days. Assays contained 50 uM GTP. The data are expressed as a
percent of the activity measured in the absence of ethanol and represent
the mean + SEM of the activity in membranes prepared from three
separate cultures, each of which was assayed in duplicate. The
activities (picomoles of CAMP per minute per milligram of protein)
measured in the absence of ethanol (mean £ SEM) were 4.74 £ 0.49
(n = 23) in control membranes and 3.50 £ 0.44 (n = 21) in membranes
prepared from ethanol-treated cells.

isoproterenol, in the absence or presence of GTP, was the same
in membranes prepared from control and from treated cells
(data not shown).

Addition of ethanol in vitro resulted in an increase in ade-
nylate cyclase activity in membranes prepared from S49 cells
(Figure 5; Bode & Molinoff, 1988). The basal activity (no
additions) as well as activities measured in the presence of GTP
and in the presence of isoproterenol plus GTP were increased
by ethanol in vitro. There were no differences between
membranes prepared from control and from ethanol-treated
cells in terms of the effects of ethanol in vitro on adenylate
cyclase activity. This was true in the presence (Figure 5) or
absence (data not shown) of GTP or in the presence of iso-
proterenol plus GTP (data not shown). Furthermore, addition
of ethanol in vitro resulted in an increase in the EC;, for
stimulation of adenylate cyclase activity by isoproterenol in
membranes prepared from S49 cells after chronic treatment
with ethanol (data not shown), just as it did in membranes
prepared from control cells (Bode & Molinoff, 1988). Thus,
there was no evidence for tolerance to the acute, in vitro effects
of ethanol on the B-adrenergic receptor-coupled adenylate



EFFECTS OF ETHANOL ON CELL MEMBRANES

Table I: Effect of Exposure to 50 mM Ethanol for 4 Days on the
Phospholipid Composition and Cholesterol Content of Plasma
Membranes Prepared from S49 Cells?

control ethanol treated
phosphatidic acid (%) 28+02 2904
phosphatidylcholine + 60.1 £ 0.1 59.1 £04
phosphatidylinositol (%)
phosphatidylserine (%) 11.0 £ 0.1 9.6 £ 0.3*
cardiolipin (%) 56£03 63£0.2
phosphatidylethanolamine (%) 20.5 £ 0.1 22,0 £ 0.2**

pmol of cholesterol/mg of protein  0.164 & 0.004 0.165 £ 0.014
umol of phospholipid/mg of protein 0.548 £ 0.011 0.555 £ 0.014
cholesterol:phospholipid molar ratio 0.300 £ 0.007 0.296 £ 0.021

“The data (expressed as the percent by weight of each phospholipid)
represent the means = SEM determined from three separate cultures
in each group. Statistical analysis was carried out by performing a ¢
test on each control /ethanol-treated pair (one asterisk, p < 0.05; two
asterisks, p < 0.01). The “cardiolipin” band was identified by com-
parison of its retention time in one-dimensional thin-layer chromatog-
raphy with an authentic cardiolipin standard.

Table II: Effect of Exposure to 50 mM Ethanol for 4 Days on the
Fatty Acid Composition of Plasma Membranes Prepared from S49
Cells®

fatty acid control (%) ethanol treated (%)
12:0 0.1 +£0.0 0.1 +£0.0
14:0 3102 33+04
16:0 31.3£29 340+ 24
16:1 2505 1.6 £ 0.7
18:0 15.7£ 1.5 170 £ 1.7
18:1 141£1.9 124 £ 24
18:2 16.9 £ 3.7 11.8 £ 3.8
18:3 45 1.5 26+ 1.3
18:4 6.9 %35 12.6 £ 3.9
20:4 1.1 +£0.2 0.9+ 0.2
22:6 04 +£0.2 04=£0.2
24:.0 1.6 £0.2 1.6 £0.2
24:1 1.8 £0.1 1.9 +£0.2

9The data are expressed as the percent by weight of each fatty acid
methyl ester and represent the means £ SEM determined from three
separate cultures in each group. Each control/ethanol-treated pair was
compared statistically by performing a ¢ test. No significant differ-
ences were found.

cyclase system after chronic exposure of S49 cells to ethanol.

The lipid composition of plasma membranes prepared from
S49 cells was determined after exposure to 50 mM ethanol
for 4 days. Membranes from control and from ethanol-treated
cells showed no differences in the cholesterol content, phos-
pholipid content, or the cholesterol to phospholipid ratio (Table
I). Quantitative analysis of individual phospholipids revealed
a small but statistically significant decrease in the proportion
of phosphatidylserine and a small but statistically significant
increase in the proportion of phosphatidylethanolamine after
chronic exposure to ethanol (Table I). Ethanol treatment did
not significantly affect the proportions of the other phospho-
lipids.

The fatty acid composition of the plasma membrane was
unchanged after exposure of S49 cells to 50 mM ethanol for
4 days. Membranes prepared from control and from etha-
nol-treated cells showed no differences in the proportions of
any of the fatty acids (Table II).

DISCUSSION

The alterations in the physical and functional properties of
the plasma membrane that occur after chronic exposure of S49
cells to ethanol can be analyzed in the context of the Hill and
Bangham (1975) model of tolerance to and dependence on
general anesthetics. More specifically, it can be asked whether
the changes in the functional properties of the membrane after

VOL. 27, NO. 15, 1988 5705

chronic treatment with ethanol are related to changes in the
physical properties of the membrane. The utility of the 8-
adrenergic receptor-coupled adenylate cyclase system for this
analysis derives from the fact that it is a transmembrane,
multicomponent system. Thus, the functional properties of
the proteins may be sensitive to changes in the physical
properties of the membrane. According to the Hill and
Bangham hypothesis, tolerance to ethanol would be reflected
in a decrease in the ability of ethanol in vitro to increase
membrane fluidity. Dependence would be expected to result
from a decrease in the fluidity of the membrane, measured
in the absence of ethanol in vitro. In terms of the effects of
ethanol on the functional properties of the membrane, tolerance
would be associated with a reduction in the effects of ethanol
in vitro on the 8-adrenergic receptor-coupled adenylate cyclase
system. A change observed after chronic exposure to ethanol
that is opposite to the effect of ethanol in vitro might be a sign
of dependence.

Tolerance to the in vitro effects of ethanol was not dem-
onstrated by changes in any of the indices of the physical or
functional properties of the membrane that were measured in
these studies. Thus, addition of ethanol in vitro had the same
effect on fluorescence anisotropy in membranes prepared from
control cells as in membranes prepared from ethanol-treated
cells. In addition, the effects of ethanol in vitro on the binding
of ['¥I]IPIN to §-adrenergic receptors were the same in
membranes prepared from control and from ethanol-treated
cells. There were no differences between control and treated
cells in terms of the stimulation of adenylate cyclase activity
by ethanol in vitro or the effect of ethanol in vitro on the ECsg
value for stimulation of adenylate cyclase activity by isopro-
terenol.

The activity of adenylate cyclase was lower in membranes
prepared from ethanol-treated S49 cells than in membranes
prepared from control cells. This change could be the result
of an adaptive response leading to dependence, since the change
in activity after chronic treatment was the opposite of the acute
effect of ethanol. The major effect observed after chronic
treatment of S49 cells with ethanol was a decrease in adenylate
cyclase activity measured in the presence of GTP. These
findings are consistent with the observation that, in membranes
prepared from S49 cells, the stimulation by ethanol in vitro
of the activity measured in the presence of isoproterenol plus
GTP is due entirely to stimulation of the activity measured
in the presence of GTP alone (Bode & Molinoff, 1988). The
observation that a maximal effect on adenylate cyclase activity
was seen after exposure to ethanol for 2-4 days might be
expected, based on the 16-h doubling time of S49 cells.

Changes in the density of particular classes of receptors in
selected brain regions have been observed after chronic
treatment of animals with ethanol (Tabakoff et al., 1979;
Rabin et al.,, 1980; Lucchi et al., 1984). In the present studies,
no changes were detected in the properties of the 8-adrenergic
receptors after chronic exposure of cells to ethanol. Thus, the
density of 3-adrenergic receptors, the affinity of the receptors
for [12ST]IPIN and isoproterenol, and the effect of GTP on the
affinity of the receptors for isoproterenol were the same in
membranes prepared from control and from ethanol-treated
cells.

In contrast to the effects of chronic treatment with ethanol
on the functional properties of the membrane as indicated by
the decrease in adenylate cyclase activity, the effects of chronic
exposure to ethanol on the physical properties of the membrane
in terms of an adaptive response to ethanol are more difficult
to explain. The acute effect of ethanol is to decrease an-
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isotropy, so an adaptive response leading to dependence would
be expected to result in an increase in anisotropy. Thus, the
decrease in anisotropy observed after chronic exposure of S49
cells to ethanol is not consistent with the Hill and Bangham
model for the development of dependence on ethanol.

The decrease in anisotropy could be due to residual ethanol
in the membranes. This is unlikely, because the measurements
of fluorescence anisotropy were made with a purified plasma
membrane preparation that had been washed extensively. In
any case, the concentration of ethanol (50 mM) used to treat
the cells was too low to account for the difference in anisotropy
between the control and treated cells (Figure 2). Polokoff et
al. (1985) observed a similar decrease in anisotropy after
chronic exposure of cultured Reuber H35 hepatoma cells to
ethanol. However, their results appeared to be due to the
production of acetaldehyde by the cells. This explanation
cannot account for the results presented here, because S49 cells
do not metabolize significant amounts of ethanol to acet-
aldehyde, although the cells are capable of metabolizing ac-
etaldehyde. This is an important observation in view of the
lack of production of “CO, from [**C]ethanol. If [*C]-
acetaldehyde had been produced, it would have been further
metabolized and would have appeared as “CO,.

The decrease in anisotropy observed after chronic exposure
to ethanol was apparently not due to changes in the lipid
composition of the plasma membrane. It cannot be explained
by an alteration in the ratio of saturated to unsaturated fatty
acids, because there were no significant differences in the
proportions of any of the fatty acids in membranes from
control and from ethanol-treated cells. Similarly, it cannot
be explained by a decrease in the cholesterol to phospholipid
ratio, because there was no change in this parameter after
chronic exposure to ethanol. The only changes in the lipid
composition of the plasma membrane were a small decrease
in the proportion of phosphatidylserine and a small increase
in the proportion of phosphatidylethanolamine. The rela-
tionship, if any, between the amount of phosphatidylserine and
membrane fluidity is unknown. An increase in the amount
of phosphatidylethanolamine would not be expected to cause
a decrease in anisotropy. In fact, an increase in phosphati-
dylethanolamine has been reported to be associated with a
decrease in membrane fluidity (Esko et al., 1977; Gilmore et
al., 1979), which is equivalent to an increase in anisotropy.

It is possible that changes in the lipid composition of the
plasma membrane occurred that were not detected in these
studies. Changes in the fatty acid composition of individual
phospholipids, such as those reported by Harris et al. (1984a)
in rats after chronic treatment with ethanol, would be difficult
to detect in cultured cells due to the difficulty of obtaining
a sufficient amount of tissue. Acyl and alkyl chains derived
from ether lipids (plasmalogens) are included with fatty acids
derived from the other phospholipids, so changes in the com-
position of these chains would not be detected. Gangliosides
have been reported to enhance the effect of ethanol on an-
isotropy in vitro (Harris et al., 1984b). Changes in the amount
or distribution of gangliosides, or in the composition of their
hydrocarbon chains, after chronic exposure to ethanol might
affect membrane fluidity but would not be detected by the
methods used in these studies.

It is also possible that alterations in the structure of the
membrane that are unrelated to the lipid composition occur
after chronic exposure to ethanol. The anisotropy of DPH,
which appears to reflect the order of all regions of the mem-
brane at an intermediate depth in the bilayer, would probably
not detect localized alterations in anisotropy. Changes in the
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proportions of solid or fluid domains may occur after chronic
exposure to ethanol. The use of probes such as cis- and
trans-parinaric acid, which partition differentially into solid
and fluid lipid regions, might make it possible to detect such
changes. To investigate the possibility of differential altera-
tions in anisotropy at different depths in the bilayer, results
obtained with probes of the surface could be compared with
those obtained with probes of the interior of the bilayer.
Changes in membrane proteins may be responsible for part
of the decrease in anisotropy after chronic exposure to ethanol.
This could be investigated by determining the anisotropy of
protein-free lipid extracts.

The alterations in membrane fluidity and adenylate cyclase
activity observed after chronic treatment with ethanol suggest
a possible relationship between membrane fluidity and ade-
nylate cyclase activity. In most cases, treatments that increase
membrane fluidity are associated with increased enzyme ac-
tivity. However, the stimulation of adenylate cyclase activity
by alcohols is not simply a consequence of an increase in bulk
membrane fluidity (Rabin et al., 1986). Furthermore, there
are instances in which decreased membrane fluidity is asso-
ciated with increased activity [e.g., see Sinensky et al. (1979)].
In the present studies, exposure to increased temperature re-
sulted in a decrease in adenylate cyclase activity but had no
effect on fluorescence anisotropy. This suggests that the de-
crease in anisotropy after chronic treatment with ethanol is
not responsible for the decrease in adenylate cyclase activity
and, in fact, there may be no relationship between changes
in membrane fluidity and changes in adenylate cyclase activity.

In summary, these results suggest that the changes in the
physical and functional properties of the membrane observed
after chronic treatment with ethanol may be unrelated. There
was no evidence for tolerance to the in vitro effects of ethanol.
In the context of the Hill and Bangham hypothesis, the ob-
served change in membrane fluidity is not consistent with an
adaptive response leading to dependence on ethanol.

Registry No. Ethanol, 64-17-5.
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Specificity of the Sarcoplasmic Reticulum Calcium ATPase at the Hydrolysis
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ABSTRACT: The coupling of Ca?* transport to ATP hydrolysis by the SR ATPase requires that the enzyme
operate with considerable specificity, which is different at different steps. The limits of specificity of the
calcium-free phosphorylated enzyme for transfer of its phosphoryl group to water have been examined. The
rate of transfer of the phosphoryl group to the simple nucleophile methanol was compared to its transfer
to water by following the formation of methyl phosphate from inorganic phosphate. The reverse reaction,
hydrolysis of methyl phosphate, was compared to phosphate—water oxygen exchange. The reactions involving
methanol as nucleophile or leaving group are at least 2—3 orders of magnitude slower than those involving
water. This result indicates that the transition state for this reaction involves strong and specific interactions
of the H,O molecule with the enzyme. These interactions may also involve the bound Mg?* ion. The results
also suggest that the difference in specificity between Ca?* free and Ca?* bound states of the enzyme involves
significant differences in the structure of the catalytic site.

’Ee Ca?*-ATPase of sarcoplasmic reticulum is one of the
most thoroughly studied coupled membrane ion pumps; con-
siderable progress has been made toward an understanding
of the mechanism by which it mediates the interconversion
of chemical energy and osmotic work (de Meis & Vianna,
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Foundation (PCM81-17816). A preliminary report of this work was
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Department of Biology, Ben Gurion University of the Negev, Beer
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1979; Ikemoto, 1982; Martonosi & Beeler, 1983; Inesi, 1985).
A large body of experimental evidence has been gathered in
support of a stepwise reaction cycle for the enzyme (Scheme
I) that can explain the stoichiometric coupling of the vectorial
transport of calcium ions across the SR! membrane to the
hydrolysis of ATP. This reaction scheme (like other related

! Abbreviations: SR, sarcoplasmic reticulum; E, calcium ATPase; EP,
phosphorylated calcium ATPase; EGTA, ethylene glycol bis(8-amino-
ethyl ether)-N,N,N’ N'-tetraacetic acid; MES, 2-(N-morpholino)-
ethanesulfonic acid; MeOP, methyl phosphate; BSA, bovine serum al-
bumin.
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