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Abstract-Exposure to ethanol or pentobarbital in vitro stimulated the ATP-dependent efflux of calcium 
from human red blood cells (RBC) and the Ca*‘-ATPase activity of RBC and rat brain synaptic plasma 
membranes (SPM). These effects were obtained with concentrations of ethanol (50 mM) and pento- 
barbital (60 @vQ associated with intoxication in vivo. The enhancement of SPM Ca*‘-ATPase by ethanol 
was due to an increase in the apparent affinity of the enzyme for calcium with no change in the maximum 
velocity. SPM Ca*‘-ATPase v& also stimulated by an unsaturated fatty acid, cis-vaccenic acid methyl 
ester (cti-VAME). The membrane-disordering effects of ethanol, four barbiturates and cis-VAME were 
evaluated in SPM using the fluorescent probe molecule 1,6-diphenyl-1,3,5_hexatriene (DPH). All the 
compounds decreased the fluorescence polarization of DPH, and these decreases were proportional to 
the increase in Ca*+-ATPase produced by these drugs. These findings suggest that the increase in 
Cal’-ATPase and calcium efflux produced by ethanol and pentobarbital results from the membrane- 
disordering effects of these drugs. 

Calcium is a key regulator of cellular processes, 
particularly in the nervous system, where neuro- 
transmitter release is regulated by intracellular levels 
of free calcium [l]. For calcium to act as an effective 
messenger, intracellular levels of free calcium must 
be maintained at low levels. A number of cells, 
including those of the nervous system, have an 
energy-dependent pump to aid in the extrusion of 
cytoplasmic calcium. Active transport of calcium is 
accomplished by a Ca*+-ATPase located in the 
plasma membrane [2]. This process has been char- 
acterized most thoroughly in the human red blood 
cell (RBC). This cell is ideal for the measurement 
of calcium fluxes and ATPase activity because it does 
not contain mitochondria or other intracellular 
organelles to sequester calcium, it may be lysed and 
resealed with known amounts of calcium, and its 
plasma membrane is readily isolated [2]. There is 
evidence that the activity of Ca’+-ATPase is altered 
by changes in the order of the membrane lipids 
surrounding it [3,4] and may thereby be influenced 
by membrane perturbants. Intoxicant-anesthetic 
drugs such as ethanol and barbiturates are known 
to disorder biological membranes [S, 61 and to alter 
neuronal calcium transport [7]. Preliminary reports 
indicate that in z&o exposure to ethanol increases 
the Ca’+-ATPase activity of RBC, and acute injec- 
tion of ethanol enhances this activity in brain synaptic 
plasma membranes (SPM) [8,9]. In vitro exposure 
of SPM to sedative barbiturates also increases SPM 
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Ca*+-ATPase [lo], although in uitro exposure to 
ethanol has been reported to decrease this activity 
[ll]. Thus, the effects of ethanol observed in vitro 
are the opposite of those observed in uiuo. In all of 
these studies, the effect of ethanol was rather small 
(i.e. lO-20% change at 200 mM in vitro or 2 g/kg in 
uiuo). Furthermore, each of these reports has 
involved a somewhat different assay for Ca2+- 
ATPase. Because of the complex relationship 
between ATPase activity and ihe concentrations of 
calcium, magnesium and ATP [12, 131, it is difficult 
to compare results between these studies. In view 
of these considerations, we designed experiments to 
answer the following questions: (1) Does in vitro 
exposure to ethanol or pentobarbital alter the 
ATP-dependent efflux of calcium from RBC? (2) 
Does ethanol or pentobarbital alter the Ca2+-ATPase 
activity of RBC or SPM when these tissues are 
assayed under the same conditions? (3) Are the 
effects of ethanol and barbiturates on Ca*+-ATPase 
due to their membrane-disordering effect? The 
results presented here indicate that ethanol and pen- 
tobarbital increase ATP-dependent calcium efflux 
and Ca’+-ATPase and suggest that these actions are 
due to membrane perturbation. 

MATERIALS AND METHODS 

Drugs. R(+) and S(-) isomers of pentobarbital 
were provided by the Research Technology Branch 
of the National Institute on Drug Abuse (Rockville, 
MD), .5-ethyl-5-(2-cyclohexylideneethyl)barbituric 
acid (CHEB) was provided by Dr. H. Downes, Uni- 
versity of Oregon (Portland, OR), and racemic 
sodium pentobarbital and cis-vaccenic acid methyl 
ester (cis-VAME) were purchased from the Sigma 
Chemical Co. (St. Louis, MO). The purity of cis- 
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VAME was 97-99%, as determined by gas washed twice with 20 ml of incubation buffer. Mem- 
chromatography. branes were suspended in incubation buffer, and 

EfJlux of 45Ca2+ from human RBC. Blood was Ca2+-ATPase and fluorescence polarization were 
obtained from the University of Missouri Hospital determined immediately. No residual ethanol was 
Blood Bank, was stored at 4” after being drawn, and detected (gas chromatography) in the final membrane 
was 2- to lo-days-old at the time of use. The pro- suspension. 
cedure for incorporation of ATP and 45Ca2+ into Fluorescence polarization. Effects of ethanol, bar- 
RBC was similar to that of Schatzmann [14]. RBC biturates and cis-VAME on membrane fluidity were 
were washed three times with 140 mM NaCl (pH evaluated by fluorescence polarization [6, 191. The 
7.4) and lysed by suspending in 5 mM 4-(2- fluorescent probe molecule, 1,6-diphenyl-1.3,5-hex- 
hydroxyethyl)-l-piperazine-ethanesulfonic acid atriene (DPH) (Fluka, Tridom Chemical Inc., Haup- 
(HEPES) containing 0.01 mM CaC12, 2 mM MgC12, pauge, NY), was incorporated into SPM suspension 
45Ca2+ and 0 or 1.6 mM Tris-ATP (Sigma Chemical (50 pg protein/ml) at a concentration of 0.5 pg/ml. 
Co., Cat. No. A0520) at 4”. After 130 set, the cells The probe was dissolved in tetrahydrofuran (THF), 
were resealed by restoration of isotonicity by addi- and a volume of 0.5 ~1 THF/ml was added directly 
tion of 3 M KC1 at room temperature. Cells were to the membrane suspension. The suspension was 
quickly washed twice with incubation medium incubated in the dark at 35” and was vortexed fre- 
(140mM NaCl, 5 mM KCl, 1 mM CaC12, 2 mM quently until maximal fluorescence was obtained 
MgCl2,lO mM Tris, pH 7.4). Cells were resuspended (20-30 min). After incorporation of probe, the mem- 
in incubation medium and incubated at 33” with brane suspensions were placed in quartz cuvettes 
appropriate concentrations of ethanol or pentobar- and the temperature was maintained at 35”. Control 
bital. After 5 or lOmin, RBC were pelleted by levels of fluorescence were determined and an ali- 
centrifugation for 2 min (Microfuge, Fisher Scien- quot (1-100~1) of a drug solution was then added 
tific, St. Louis, MO). Each sample was assayed in to the cuvette and fluorescence was again deter- 
duplicate. The efflux of calcium was determined by mined. Fluorescence polarization (P) was deter- 
measuring the amount of 45Ca2+ in the supernatant mined with an HH-1 T-format polarization spectro- 
fraction by liquid scintillation spectrometry. The fluorimeter (BHL Associates. Burlingame, CA) with 
ATP-dependent efflux was calculated as the differ- fixed polarization filters [6]. 
ence in efflux between cells resealed with ATP and Other methods. Protein was determined by the 
without ATP. phenol method [20]. Effects of drug treatments were 

Preparation of brain SPM. Male Sprague-Dawley evaluated statistically by Student’s t-test for paired 
rats (Sasco, Inc., Indianapolis, IN) were killed by samples. 
decapitation, and synaptic membranes (SPMl + 
SPMZ) were prepared from a whole brain hom- 
ogenate by a modification [15] of the method of RESULTS 

Cotman and Matthews [16]. Unless otherwise noted, 
SPM were not stored but were used immediately Effects of ethanol on efflux of “Ca’* from RBC. 
after preparation for the assay of ATPase. Human RBC were lysed and resealed with ‘jCa’- 

Determination of ATPase. ATPase activity was with or without ATP, allowing measurement of 
measured by the calorimetric determination of phos- ATP-dependent and ATP-independent efflux of cal- 
phate hydrolyzed from ATP following the approach cium from these cells. The ATP-dependent efflux 
of Sorensen and Mahler [ 121. RBC ghost membranes was three times larger than the ATP-independent 
were prepared from freshly obtained blood by lysing process. In uitro addition of ethanol stimulated the 
washed RBC (described above) with 20mM Tris, ATP-dependent efflux (Fig. 1). An enhancement of 
pH 8.1, for 10 min and washing with 50 mM imid- about 30% was produced by a concentration of 
azole, pH 7.4. To measure Ca2+-ATPase, RBC 50 mM, and higher ethanol concentrations produced 
ghosts or SPM were incubated with 1 ml of 50 mM no additional increase. ATP-dependent efflux 
imidazole (pH 7.4) containing 1 mM Tris-ATP, increased linearly between incubation periods of 
appropriate concentrations of ethanol or barbitu- l-10 min (not shown). The relative stimulation of 
rates, and 0.01 mM CaC12 or 1 mM ethylenegly- efflux by ethanol was similar for 5 and lo-min 
colbis(aminoethylether)tetra-acetate (EGTA) at 37”. incubation times (Fig. 1). ATP-independent efflux 
Incubation time was either 10 or 20 min (see figures). of calcium was not altered by ethanol (not shown). 
Samples were placed on ice, and the amount of Effects of ethanol and pentobarbital on Ca“- 
inorganic phosphate produced was determined [ 171. ATPase. The stimulation of ATP-dependent calcium 
Ca2+-ATPase activity was calculated as the difference efflux by ethanol raised the possibility that ethanol 
in hydrolysis of ATP in the presence of CaClz and might produce this effect by increasing the activity 
in the presence of EGTA (no calcium). Mg’+-ATPase of Ca2+-ATPase. Before studying drug effects on 
was measured in the same way as Ca’+-ATPase, Ca’+-ATPase, it was necessary to determine appro- 
except that 2 mM MgC12 was substituted for CaCh. priate storage conditions for RBC and brain mem- 
To study the effect of cis-VAME on Ca”-ATPase, branes. Freezing for 20 hr completely abolished the 
SPM (5 ml) were incubated with 0.3 mM cis-VAME Ca2+-ATPase activity of both RBC membranes and 
for 30 min on ice [IS]. cis-VAME was dissolved in SPM, while storage of SPM on ice for 27 hr reduced 
ethanol and the final concentration of ethanol was activity by about 25% (Fig. 2). With fresh prep- 
2%) v/v. A control group was incubated with ethanol arations, the Ca”-ATPase activity of SPM was about 
(2%, v/v) alone. To remove the ethanol and unin- fifteen times greater than that of RBC membranes. 
corporated cis-VAME. SPM were pelleted and Because of the loss of enzymatic activity with storage, 
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Fig. 1. Effects of ethanol on the ATP-dependent efflux of 
45Ca2- from red blood cells. Ethanol was added in uitro at 
the concentration (mM) indicated on the abscissa. The 
ordinate represents the ATP-dependent Wa** efflux. 
Closed circles represent a 5-min efflux period; open circles 
represent a lO-min eftlux period. Each value is the 
mean t S.E.M. of duplicate determinations of four mem- 
brane preparations. Asterisks indicate that ethanol con- 
centrations greater than 25 mM significantly (P < 0.01) 

increased efflux. 

all other experiments were performed immediately 
after preparation of membranes. 

Ca2+-ATPase activity of RBC membranes was 
increased by in vitro addition of ethanol (Fig. 3). 
The enhancement was similar to that observed for 
calcium efflux, with 50 and 100mM concentrations 
of ethanol producing 20-30% increase in Ca*+- 
ATPase and 200mM producing no additional 
increase. (?)-Pentobarbital also stimulated the 
activity of the enzyme with 0.06 mM producing an 
effect similar to that of 50 mM ethanol (Fig. 3). The 
Ca’+-ATPase activity of SPM was also increased by 
in vitro addition of ethanol (Fig. 4). A concentration 
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Fig. 2. Effects of storage conditions on the Ca2--ATPase 
of red blood cells (RBC) and synaptic plasma membranes 
(SPM). Open bars repesent Ca’+-ATPase activity of mem- 
branes assayed immediately after preparation, solid bars 
represent the activity of membranes assayed after storage 
at -20” for 20 hr and the hatched bar represents the activity 
of SPM after storage at 4” for 27 hr. Each value is the mean 

of six determinations. 

Ethanol.mM 
Pentobarb. 

Fig. 3. Effects of ethanol and pentobarbital on the Ca*+- 
ATPase activity of red blood cell (RBC) membranes. No 
drug (control), ethanol or pentobarbital was added in vitro 
at the concentration indicated on the abscissa. Ca2-- 
ATPase activity is indicated on the ordinate. Values rep- 
resent mean 2 S.E.M., N = 4. Asterisks denote a sig- 

nificant drug effect, P < 0.01. 

of 100mM increased activity by about 35%; thus, 
the magnitude of the effect was similar to that 
observed with RBC membranes. 

All of the results presented above were obtained 
using a calcium concentration of 0.01 mM. The 
effects of ethanol on the Ca2+-ATPase of SPM were 
also tested in the presence of higher concentrations 
of calcium. Increases in calcium resulted in higher 
Ca’+-ATPase, but the effect of ethanol was elimin- 
ated as calcium concentrations approached 0.1 mM 
(Table 1). 

Comparison of drug effects on SPM Ca2’-A TPase 
and membrane order. Stimulation of Ca’+-ATPase 
was also observed with the resolved isomers of pen- 
tobarbital, with the barbiturate derivative CHEB, 
and with the unsaturated fatty acid cis-VAME (Fig. 
5). The ability of such chemically diverse compounds 
to stimulate Ca2+-ATPase suggested that they might 
produce their effects by perturbing membrane lipids. 
This possibility was investigated by measuring the 
polarization of DPH fluorescence. This parameter 
is a sensitive measure of the ordering of membrane 
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Fig. 4. Effects of ethanol on the Ca2--ATPase activity of 
brain synaptic plasma membranes (SPM). Ethanol was 
added in vitro at a concentration of 50 or 100mM. The 
ordinate indicates the activity of Ca*‘-ATPase. Bars rep- 
resent mean * S.E.M., N = 4. Asterisks denote a sig- 

nificant effect of ethanol. P < 0.01. 
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Table 1. Effects of ethanol on Ca’+-ATPase activity of 
SPM as a function of calcium concentration 

Ca” concn 

(mM) 

Ca*--ATPase activity* 

Control Ethanol (100 mM) 

0.01 58 2 4 80 + 5t 
0.02 942 4 1262 7t 
0.08 192 + 9 178 + 8 
0.60 369 + 24 310 +- 18 

* Values represent mean k S.E.M., N = 4, and are 
expressed as nmoles P, per mg protein per 10 min. 

t Significantly different from control, P < 0.01 (f-test for 
paired observations). 

lipids [21]. All of the drug treatments decreased the 
polarization of fluorescence (Fig. 5), indicating a 
disordering of the synaptic membrane. The potencies 
of the drugs varied greatly but, at the concentrations 
tested, the relative magnitude of the decrease in 
polarization was similar to the increase in Ca2+- 
ATPase activity. Linear regression analysis of the 
data in Fig. 5 indicated a correlation (r = 0.95) 
between the change in fluorescence polarization and 
the percent increase in Ca’+-ATPase activity. 

Effects of ethanol and pentobarbital on Mg2’- 
ATPase. ATPase activity of SPM and RBC mem- 
branes was also stimulated by magnesium and, as 
was demonstrated for Ca2+-ATPase, Mg”-ATPase 
was much higher for SPM than for RBC (Fig. 6). 
Ethanol and pentobarbital failed to alter the activity 
of Mg2+-ATPase. 

a I 

Fig. 5. Comparison of the effects of drugs on Ca”-ATPase 
and synaptic membrane fluidity. The upper half represents 
the drug-induced increases in SPM Ca2’-ATPase as a per- 
centage of the control (no drug) activity. The lower panel 
represents the fluorescence polarization of DPH incorpor- 
ated into SPM. The bars represent effects of the following 
drugs (left to right): ethanol (100 mM), (k)pentobarbital 
(60pM), R(+)pentobarbital (60 ,uM), S(-)pentobarbital 
(60 FM), CHEB (60 PM), and ck-VAME (0.3 mM). Values 
are the mean k S.E.M., N = 6. All drugs produced sig- 
nificant (P < 0.01‘) increases in CaZ’-ATPase and decreases 

in fluorescence polarization 

DISCUSSION 

The evidence presented here, derived both from 
measurement of calcium transport and enzyme 
activity, demonstrates that ethanol and pentobarbital 
increased the Ca”-ATPase of the plasma mem- 
branes of erythrocytes and nerve endings. Plasma 
membranes of cells from liver and muscle also con- 
tain a Ca2+-ATPase [22,23], and our results raise 
the possibility that ethanol alters calcium transport 
in other tissues. The stimulation of Ca2+-ATPase 
was observed with pharmacologically relevant con- 
centrations of the drugs, as the concentrations of 
ethanol (50 mM) and pentobarbital (60 PM) which 
produced significant effects are associated with mod- 
erate to severe intoxications in vivo [24,25]. The 
increase in Ca’+-ATPase activity amounted to 2s 
40% with a calcium concentration of 10 PM. The 
calcium dependence of the effect indicated, however, 
that the enhancement is greater at lower concentra- 
tions of calcium. Because intracellular concentra- 
tions of free calcium are between 1 and 0.01 yM in 
vivo [26], it is likely that the effects of the drugs are 
even greater under these conditions. 

Several lines of evidence indicate that the stimu- 
lation of Ca2+-ATPase by ethanol and barbiturates 
was due to their membrane-disordering action. First, 
three chemically diverse membrane perturbants, 
ethanol, pentobarbital and cis-VAME, all increased 
enzyme activity. Second, the increase in Ca’+- 
ATPase produced by six different compounds was 
proportional to their abilities to disorder the synaptic 
membrane. Third, the optical isomers of pentobar- 
bital were equally effective in stimulating Ca*‘.- 
ATPase (and in disordering the membrane) despite 
their stereoselective interaction with some mem- 
brane proteins [27]. Fourth, other studies indicate 
that biochemical manipulations which increase mem- 
brane fluidity also enhance Ca”-ATPase activity 
[4,28]. An important aspect of the present study is 
that it suggests that the membrane perturbation pro- 
duced by pharmacologically relevant concentrations 
of ethanol and pentobarbital was sufficient to alter 
membrane function. Demonstration of functional 
consequences of the membrane perturbation pro- 
duced by low concentrations of these drugs is a 
crucial component of the “disordered lipid” hypoth- 
esis of anesthetic action which has seldom been 
addressed experimentally [29]. 

The observed stimulation of SPM Ca”-ATPase 
suggests that ethanol and barbiturates enhance the 
efflux of calcium from nerve cells. Studies with iso- 
lated synaptosomes indicate that pentobarbital does 
indeed stimulate “Ca’+ efflux, but this effect was not 
observed with ethanol or CHEB [30,31]. Interpret- 
ation of these results is difficult due to the complexity 
of calcium transport in synaptosomes. For example, 
the effects of ethanol on calcium efflux were meas- 
ured under conditions where both sodium-calcium 
exchange and Ca 2+-ATPase contribute to efflux. 
There is now evidence that ethanol inhibits 
sodium-calcium exchange [32], and this effect may 
have obscured an increase in ATP-dependent efflux. 
In addition, the efflux studies require loading of the 
synaptosomes with calcium. (In contrast to RBC, 
intrasynaptosomal calcium cannot be reliably 
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Fig. 6. Effects of ethanol and pentobarbital on Mg”-ATPase activity of SPM and RBC membranes. 
For each membrane, the bars represent the following treatments (left to right): no drug (control), 
ethanol (50 mM), ethanol (100 mM), and pentobarbital (0.06 mM). The ordinate represents the activity 

of Mg*+-ATPase. Values are mean 2 S.E.M., N = 4. 

adjusted by resealing with known amounts of cal- 
cium.) Because the effects of drugs on Ca2’-ATPase 
were diminished as the calcium concentration was 
increased, preloading with excessive calcium may 
reduce the effects of the drugs on ATP-dependent 
efflux. 

In summary, the present results, together with 
those from other studies [7], indicate that the 
Ca’+-ATPase of the neuronal plasma membrane is 
one of several sites responsible for the actions of 
alcohols and barbiturates on neuronal calcium 
homeostasis. 
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