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I-h. 1983.-The enhancement of L-glutamic acid binding activity of brain synaptic membranes by low concentrations 
of ethanol (~50 mM) and the decrease in binding at high concentrations (;-IO0 mM) was not due to a direct action by 
ethanol on the glutam:tte binding protein. Biphasic effects of ethanol on membrane protein complexes such as the glutamate 
binding sites might be the result of biphasic changes in membrane lipid organization. Low ethanol concentrations (0.1-4.0 
mM) were shown to decrease fatty acid chain motion detected by the EPR probe 5-doxyl stearic acid. whereas high 
concentrations t>400 mM) increased lipid motion in egg phosphatidylcholine liposomes. The function of the L-glutamate 
receptor-ion channel complex in the presence of ethanol was also determined by measuring the changes in thiocyanate 
tSCN_) influx brought about by I.-glutamate or ethanol. A low concentration of ethnnol (9.4 mM) diminished the 
L-glutamate-induced depolarization of synaptic membranes, while a high concentration (93.7 mM) increased the passive 
SCN- influx :md ptoduced a transient overshoot in glutamate-stimulated SCN flux. 
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INTERACTION of ethanol with neuronal membranes is 
known to affect depolarization-induced Na+ and Ca2+ fluxes 
(e.g., 12. 9, 12, 30, 351). to alter the activity of membrane- 
bound enzymes such as the (Nat + K+) ATPase, adenylate 

cyclase. and 5’ nucleotidase (e.g.. Ill, 15. 18, 20, 22, 321). 
and to change the interaction of neurotransmitters with their 
respective membrane receptor complexes (e.g., [ 15, 26, 28, 
331). The multiple effects of ethanol on the activity of 
membrane-associated ion channels, enzymes, and receptors 
are thought to be produced through a perturbation of the 
membrane lipid and protein organization which follows 
ethanol interaction with the membrane bilayer (e.g.. 17, 8, 
11. 13. 14, 16, 17, 19, 311). The change in the physical state of 
the membrane lipid environment has most often been de- 
scribed as being one of increased phospholipid fatty-acyl 
chain motion caused by exposure of the membrane bilayer to 
increasing concentrations of ethanol 17. 8, 13. 17, 311. 

higher ethanol concentrations (>I00 mM) 124-26, 28, 321. 
These observations may indicate that the effect of ethanol on 
the activity of these membrane protein complexes is not due 
totally to the alcohol-induced perturbation of the organiza- 
tion of their lipid environment but may be in part the result of 
a direct action of ethanol on the protein conformation. Alter- 

natively. ethanol may cause biphasic changes in lipid motion 
in a population of phospholipids that form the boundary re- 
gion surrounding some of the membrane proteins. 

In some studies the increase in fatty acid chain isomeri- 
zations brought about by ethanol has been shown to be a 
continuously increasing, monotonic function that is related 
to the ethanol concentration in the surrounding medium 17, 
13, 171. Yet, for a variety of membrane-associated enzymes, 
receptors, and divalent cation binding sites, the changes in 
activity produced by increasing ethanol concentrations are 
of a biphasic nature, i.e., they show enhanced activity at low 
ethanol concentrations, (~50 mM) and decreased activity at 

We have previously shown that, in egg phosphatidyl- 
choline (PC) liposomes which contained the electron 
paramagnetic resonance CEPR) probe Sdoxyl stearic acid, 
there was an indication of a biphasic effect of ethanol on 
fatty acid chain isomerizations [29]. This effect was seen 
most clearly when the more superficially located nitroxide 
group of Sdoxyl stearic acid was used, as compared to the 
more deeply located probes of 7- and 12-doxyl stearic acid 
1291. Furthermore, the range oflow ethanol concentrations that 
produced an apparent decrease in fatty acid chain motion in- 
cluded the ethanol concentrations which we have previously 
found to produce an increase in L-[“HI glutamic acid and ‘“Ca 
binding to synaptic membranes and in the activity of the Na+- 
Ca2+ exchange transport in isolated-resealed synaptic mem- 
branes 12426. 281. 

We have explored in the present study the effects of 
ethanol on the activity of a purified membrane protein, the 
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purified L-glutamate binding protein, and compared these 
effects with ethanol's actions on L-[:~H] glutamate binding to 
intact synaptic membranes and on L-glutamate activation of 
the glutamate receptor-ion channel complex in these mem- 
branes. In addition, we have attempted to provide more de- 
tailed documentation of the decrease in fatty acid chain mo- 
tion near the surface of PC liposome membranes produced 
by exposure to low ethanol concentrations. 

METHOD 

Synaplic Membrapte Preparation,s and Glutamate Bimlin~, 
Protein Pur~fi('ation 

Synaptic plasma membrane vesicles from adult, male 
Sprague Dawley rats were prepared and stored as previously 
described [4]. The glutamate binding protein was extracted 
and purified from freshly prepared batches of synaptic mem- 
branes according to the published procedure [23]. The 
purified protein was subjected to sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and isoelectric focusing 
in the presence of Triton X-100 and was found to be 
homogeneous for the small M,. glycoprotein which was pre- 
viously shown to be the glutamate binding protein [27]. 

L-I:~H] Glutamate Binding and [3:'S ]SCN- 
Upla/,e Mea.surentents 

Glutamate binding to the purified binding protein was 
measured by a Millipore filtration assay employing L-[~H] 
glutamic acid (40-50 Ci/mmol, New England Nuclear Cor- 
poration) as was described elsewhere [23]. The uptake of 
[:~5S] thiocyanate (30 Ci/mol, New England Nuclear Cor- 
poration) by synaptic plasma membrane vesicles was meas- 
ured under conditions identical to those described in a previ- 
ous paper [6]. 

EPR Spectroscopy of Egg PC Liposome Membranes 

The preparation of egg PC liposomes, the incorporation of 
the 5-doxyl stearic acid EPR probe in the liposome structure, 
and the measurement of the EPR spectra were conducted 
according to the procedures reported previously [29]. The 
order parameter S from each spectrum was calculated ac- 
cording to the formula shown below which includes a cor- 
rection for differences in solvent polarity: 

T,,' T~' a 
S =  

T~ - T~  a' 

where a (1/3) (2T~ - T:~) and 

a' = (1/3) (T. '  + 2T~') 

The values 2T,,' and 2T~' are the separations between the 
outer and inner hyperfine extrema of the 5-doxyl stearic acid 
spectra, and T~ and T×~ were obtained from single crystal 
data [3]. 

R E S U L T S  

The in vitro exposure of synaptic membranes to ethanol 
concentrations ranging between 2.5 and 25 mM produced an 
increase in L-[~H] glutamic acid binding to the high affinity 
synaptic membrane binding sites [26,28]. Ethanol concen- 
trations higher than 50 mM brought about a progressive de- 
crease of L-[:~H] glutamate binding towards the baseline con- 
trol level, and concentrations higher than 100 mM tended to 
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FIG. 1. Effects of increasing ethanol concentrations on L-F~HI 
glutamate binding to the purified glutamate binding protein. All as- 
says were conducted in triplicate at 24°C for 25 min, in the absence 
or presence of the ethanol concentrations shown, according to the 
procedures described in the Method section. Final protein concen- 
tration in each assay was I /xg/ml and the concentration of L-I:~H] 
glutamic acid was 96 nM. The specific L-glutamate binding activity 
of the control samples in the absence of ethanol was 0.922+0.058 
nmol/mg (mean+S.E.M.). Each value is the mean of three experi- 
ments. 

produce a small degree of inhibition of the synaptic mem- 
brane L-[3H] glutamate binding activity ([26,28] and unpub- 
lished observations). In order to determine whether these 
biphasic effects of ethanol on the activity of putative 
L-glutamate receptors in synaptic membranes are the result 
of a direct ethanol action on the glutamate binding protein, 
the effects o f i ,  vitro exposure of the purified glutamate bind- 
ing protein to ethanol on the protein binding activity were 
determined (Fig. 1). As is shown in Fig. 1 ethanol at concen- 
trations ranging between 2.5 and 25 mM caused a small to 
moderate degree of inhibition of L-[Z~H] glutamate binding to the 
purified protein, while at concentrations of 50 and 100 mM, 
ethanol had no significant effect on the L-glutamate binding 
activity of the protein. Since the influence of ethanol on the 
binding activity of the purified protein was determined under 
conditions that were identical to those employed previously to 
measure the effects of ethanol on the membrane-attached 
glutamate binding sites, it would appear that the enhance- 
ment of L-[:~H] glutamate binding to the synaptic membranes 
at low ethanol concentrations cannot be ascribed to a direct 
effect of this alcohol on the glutamate binding protein. 

The differences between the effects of ethanol on the 
synaptic membrane glutamate binding sites and those on the 
purified protein may be indicative of ethanol interactions 
with some synaptic membrane lipids which secondarily in- 
fluence glutamate binding activity. Model lipid membranes, 
in particular egg PC liposomes, were used in the current 
attempts to detect the appearance of a biphasic ethanol- 
induced change in lipid organization within the bilayer. Since 
in our previous studies egg PC liposomes labeled with 
5-doxyl stearic acid exhibited changes in EPR signals consis- 
tent with a small decrease in lipid motion following exposure 
to low ethanol concentrations (0.02-20 raM), the same lipo- 
some membrane system was used to examine in greater de- 
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FIG. 2. Changes in egg PC order parameter in the presence of in- 
creasing ethanol concentrations. The egg PC liposomes were formed 
and labeled with 5-doxyl stearic acid as described in the Method 
section. "]he PC liposomes were formed in water and all measure- 
ments were oblained at 24°C following a 2 min preincubation with 
ethanol. Each data point is the mean (+S.E.M.) of 5 experiments. 
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FIG. 3. Ethanol-induced changes in passive [35S] SCN flux in 
synaptic plasma membrane vesicles. Synaptic membrane vesicles 
(40/xg protein) preloaded with sucrose buffer were diluted into 100 
p,g of external solution containing 50 mM Na.,SO,/5 mM Tris- 
H~SOJl mM K 3~SCN/120 mM sucrose. Assays were conducted in 
duplicate at 24°C in the absence (V) or in the presence of either 9.4 
mM ( i )  or 93.7 mM (@) ethanol. All membrane aliquots were prein- 
cubated for 30 min at 4°C either with buffered sucrose or with su- 
crose containing ethanol. Each point is the mean (~S.E.M.) SCN- 
uptake for 5 membrane preparations. 

tail this phenomenon of ethanol-induced decreases in fatty 
acid chain isomerizations. The results of these studies are 
shown in Fig. 2. It is quite clear that in the egg PC liposomes, 
at 24°C, ethanol concentrations ranging between 0.14 and 
1.62 mM produced a concentration-dependent increase in 
the lipid order parameter. Ethanol concentrations greater 
than 1.62 mM caused a decrease in the S parameter towards 
the baseline values (Fig. 2) and at 40 mM ethanol the S 
parameter was almost identical to the baseline values (data 
not shown). Ethanol concentrations greater than 400 mM 
produced a substantial decrease in the S parameter below the 
control values. The increases in the S parameter produced 
by ethanol concentrations between 0.4 and 1.62 mM were 
statistically significant at the 95% confidence level or higher. 
Statistical significance of differences was determined by 
Student's t-test for unpaired samples with a minimum of 15 
(.~[ for any set of values tested. In addition, the slope of the 
line for the data points between 0.14 and 1.62 mM was signif- 
icantly different from the zero slope as determined by the t 
statistic [ 101. 

The net effect of ethanol on the activity of various mem- 
brane protein complexes may be due to a combination of the 
direct interaction of this alcohol with the proteins and of the 
changes in the organization of certain lipids within the 
plasma membrane. The glutamate binding protein is a 
hydrophobic, intrinsic membrane protein in the synaptic re- 
gion of brain neurons [27] and its function could be influ- 
enced by both direct and lipid-mediated ethanol effects. 
However, the demonstration of ethanol-induced changes in 
glutamate binding activity described above does not neces- 
sarily indicate the ultimate effect of this alcohol on the activ- 
ity of the L-glutamate receptor-ion channel complex in these 
membranes. The process of activation of these glutamate 
receptor-ion channel complexes in isolated-resealed synaptic 

plasma membranes has been studied in this laboratory by: (a) 
monitoring the L-glutamate initiated Na + flux across the ves- 
icular membrane [4,5], and (b) determining the electrogenic 
nature, i.e., depolarizing effect, of this glutamate-stimulated 
ion flux by measuring the distribution of the lipophilic anion 
[3'~SI thiocyanate into synaptic membrane vesicles [6]. The 
potential difference (A@) in these membrane preparations 
can be calculated from the distribution of the lipophilic anion 
SCN- according to the Nernst equation 

Aq ~ = (RT/nF) In([SCN-]~./[SCN-]o,,t) 

The latter method was used in the present studies to deter- 
mine the effects of ethanol on passive ion fluxes in these 
membranes as well as on the glutamate-stimulated SCN- 
accumulation. 

The results shown in Fig. 3 demonstrate the effects of 9.4 
and 93.7 mM ethanol on the passive SCN- accumulation in 
the resealed synaptic plasma membrane vesicles. When 
these sucrose-loaded vesicles were incubated in a medium 
containing 50 mM Na._,SO~, the SCN- uptake reached a 
plateau level of approximately 2 nmol/mg protein. The 
plateau level of SCN- accumulation under these incubation 
conditions was previously shown to be due to the greater 
membrane diffusion potential of Na + as compared to SOft- 
[6]. Ethanol appeared to enhance the passive accumulation 
of SCN- into synaptic membrane vesicles, especially when it 
was present at a concentration of 93.7 mM (Fig. 3). This 
might indicate a greater diffusion potential for Na + in the 
presence of increasing ethanol concentrations. 

Exposure of the synaptic membranes to increasing con- 
centrations of L-glutamate leads to increased SCN- influx in 
these membranes which reaches a maximum at 1-10 p,M 
L-glutamate [6]. When 5 /zM L-glutamate was introduced 



4 MICHAELIS ET AL. 

2.5 

o (  ,,mME, o. 
R 2.0 

m ~ ~,'- 1.5 / / / ~ L - G l u  

e l.O 
= ~  _~ ~L-Olu+9.4mMEtOH 
z 0.5 

0.0 I I I , I I 
0 i0 20 30 40 50 60 

Seconds 

FIG. 4. Effects of ethanol on L-glutamate-stimulated SCN- uptake 
in synaptic membranes. The net increase in SCN influx brought 
about by exposure of the membranes to 5 /xM L-glutamic acid is 
shown. Both control and L-glutamate-exposed membrane vesicles 
were incubated in the Na._,SO, medium described in Fig. 3 in the 
absence of ethanol (@) or in the presence of either 9.4 mM (11) or 
93.7 mM (~') ethanol. Each point is the mean of duplicate determinations 
from 3 or 4 membrane preparations. The average standard error of 
the mean was 149~. 

into the assay medium, there was a time-dependent net in- 
crease in SCN- influx above that observed under passive 
diffusion conditions (Fig. 4). The L-glutamate-stimulated 
SCN accumulation was markedly inhibited by preincuba- 
tion of the membranes in 9.4 mM ethanol (Fig. 4). On the 
other hand, 93.7 mM ethanol caused a large initial overshoot 
in glutamate-induced SCN- uptake which rapidly returned to 
lower levels (Fig. 4). An intermediate ethanol concentration 
(56.3 mM) produced a lesser overshoot of L-gluta- 
mate-st imulated SCN- influx than that observed in the 
presence of 93.7 mM ethanol (data not shown). Overall, a 
lower ethanol concentration (9.4 raM) appeared to produce 
an inhibition of both the initial and late phases of 
L-glutamate-stimulated SCN influx, whereas a higher 
ethanol concentration (93.7 raM) tended to enhance the ini- 
tial phase of glutamate-induced SCN- uptake. 

DISCUSSION 

The demonstration in the present study that the ethanol- 
induced increase in the L-glutamate binding activity of 
synaptic membranes was not due to a direct effect of ethanol 
on the glutamate binding protein was suggestive of a lipid- 
mediated action of ethanol on these membrane glutamate 
receptor sites. Partial support for this interpretation has 
previously been obtained by demonstrating the importance 
of a class of synaptic membrane lipids, the gangliosides, in 
the expression of ethanol-induced enhancement of the high 
affinity L-[SIll glutamate binding to synaptic membranes at 
low ethanol concentrations (4 mM) [26]. The documentation 
in the present study of the biphasic response of lipid motion 
in egg PC liposomes to increasing ethanol concentrations 

represents further evidence that the biphasic actions of this 
alcohol on some membrane protein complexes may be 
produced in part through a lipid-mediated change. No di- 
rect link has been demonstrated between the biphasic effects 
of ethanol on L-laH] glutamate binding and those on egg PC 
liposome fatty acid-chain organization. It would be worth- 
while, nevertheless, to pursue the idea that ethanol alters 
membrane organization in the direction of either greater or 
lesser acyl chain motion depending upon its concentration 
and upon the lipid composition of a given membrane. 

It has previously been suggested that ethanol may alter 
the dielectric constant in the environment of transmitter re- 
ceptors and that such a change may cause an alteration in the 
rate of the decay of synaptic currents [11. If ethanoJ did 
produce a change in the interaction between a group of 
charged membrane lipids, such as the phospholipids or 
gangliosides, and the glutamate receptor protein complex, 
then it might affect not only the receplor's binding activity 
but also the ion conducting properties of this receptor com- 
plex. ]'he results obtained in out studies of glutamate- 
induced depolarization in synaptic membranes determined 
by the distribution of the lipophilic anion SCN , were indi- 
cative of an inhibition of glutamate-stimulated Na + diffusion 
by low ethanol concentrations (9.4 raM). Ethanol at this low 
concentration did not inhibit the passive synaptic membrane 
permeability to Na +. On the contrary, both lower and higher 
ethanol concentrations have been found to cause a 
concentration-dependent increase in passive SCN influx 
(Fig. 3 and unpublished observations). Thus, the inhibition 
of glutamate-induced SCN- flux cannot be attributed to a 
non-specific effect of ethanol on the passive ion permeability 
of synaptic membranes. 

Higher concentrations of ethanol that would normally be 
considered within the general anesthetic range lended to 
produce a large initial overshoot of glutamate-induced ion 
fluxes which rapidly returned to lower levels. This overshoot 
may be due in part to the increase in passive membrane 
permeability brought about by ethanol at high concentra- 
tions, although the background increase in SCN influx with 
either 9.4 or 93.7 mM ethanol was subtracted from the wdues 
obtained for glutamate-enhanced S C N  uptake determined 
in the presence of each ethanol concentration. On the basis 
of these results it was apparent that the response to ethanol 
of the glutamate receptor-ion channel complex did not follow 
the same pattern as the binding of L-F~H] glutamic acid. 
Whereas glutamate binding to synaptic membrane sites was 
increased by low ethanol concentrations 126.28], the 
glutamate-induced ion flux was decreased in the presence of 
low alcohol concentrations. Concentrations of ethanol 
around 100 mM did not produce significant changes in L-IaH] 
glutamate binding to synaptic membranes yet, similar 
ethanol concentrations led to a transient enhancement of 
receptor-coupled ion fluxes. 

The effects of ethanol on brain synaptic membrane gluta- 
mate receptors may be comparable to the effects of volatile 
and local anesthetics on cholinergic receptors. These agents 
have been shown in vitro to increase the rate of transition of 
the acetylcholine receptors in Torpedo electroplax mem- 
branes and in brain neuronal membranes to a high affinity 
binding but desensitized state [21,34]. If ethanol produces 
similar changes in synaptic membrane glutamate receptors, 
then the increase in binding activity brought about by expo- 
sure of the membranes to low ethanol concentrations may be 
related to a desensitized state of the receptor-ion channel 
complex. Alternatively, ethanol may alter the kinetics of 
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glutamate receptor - ion  channel  act ivat ion or  the decay  of  ion 
currents  in the synapt ic  region. This lat ter  action o f  ethanol  
has been desc r ibed  previously for g lu tamate- induced  excita- 
tory pos t synap t ic  potent ia ls  in inver tebra te  neuromuscu la r  
junc t ions  [1]. The kinetic charac ter iza t ion  of  ion fluxes 
needed  to dist inguish be tween  these  two mechan i sms  would 

require m e a s u r e m e n t s  of  ion flux changes  within the range of  
mil l iseconds,  which we have not yet ach ieved  in our  studies.  
Such charac ter iza t ion  will never the less  be needed  in order  to 
achieve  a be t te r  unders tanding  at the molecular  level o f  
e thano l ' s  act ions on the glutamate exci ta tory  synaptic  activ- 
ity in the mammalian central nervous  sys tem.  
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