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Abstract-This study was undertaken to investigate the biochemical events underlying the inhibitory action of 
ethanol on dihydropyridine-sensitive voltage-dependent Ca*+ channel8 in brain synaptosomes. The binding of 
radiolabeled dihydropyridhre was used to determine functional Ca*+ channels in synaptosomes following ex- 
posure to ethanol. No effect on [3H]PN 200-l 10 binding was found when disrupted synaptosomal membranes 
were incubated with ethanol concentrations as high as 300 mM, suggesting that ethanol did not interact directly 
with sites on or near the Ca” channels. However, when intact synaptosomes were first incubated with ethanol 
(100 mM) at 37” and then disrupted, a significant reduction in membrane binding of [3H]PN 200-l 10 was found. 
Ethanol incubation of synaptosomes at 0” was ineffective. It appears that metabolic processes involving intra- 
cellular factor8 were required in the ethanol action. In examining this possibility, [3H]PN 200-l 10 binding was 
activated by incubation of disrupted membranes with MgATP and Ca2+-calmodulin, and ethanol was found to 
inhibit the activation in a concentration-dependent manner (50-200 mM). [3H]PN 200-l 10 binding to mem- 
branes was also activated by incubation with MgATP and cyclic AMP-dependent protein kinase, but this 
activation was not inhibited by ethanol. These findings are consistent with the interpretation that ethanol acts on 
Ca*+ channels by inhibiting calmodulindependent activation of the channels. 
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There has been substantial evidence that dihydropyri- 
dine-sensitive voltage-dependent Ca*+ channels are 
among the cellular targets of ethanol actions in the CNS 
[ 11. The inhibition Iof depolarization-dependent Ca*” in- 
flux by ethanol has been studied in detail in brain syn- 
aptosomes, suggesting that this action may be involved 
in the central depressant effect of ethanol [2-6]. The 
inhibition of Ca*’ influx by ethanol has also been shown 
in PC12 cells, a clonal neural cell line [7-91. In animals 
chronically treated with ethanol, an increase of dihydro- 
pyridine binding sites has been found in brain membrane 
preparations, indicating that prolonged inhibition by eth- 
anol leads to an up-regulation of the Ca*’ channels [ lO- 
121. Similar adaptive increases of dihydropyridine bind- 
ing sites following chronic exposure to ethanol have 
been demonstrated in PC12 cells [7, 131 and in cultured 
adrenal chromaffin cells as a neuronal model [14-161. 
The up-regulation of the Ca*” channels may be among 
the cellular mechanisms underlying the development of 
tolerance and dependence after chronic exposure to eth- 
anol. This notion is supported by the findings that Ca*+ 
channel antagonists administered during withdrawal pro- 
tect against withdrawal syndrome in animals 117-191 
and humans [20]. Moreover, coadministration of Ca*+ 
channel antagonists during chronic channel exposure de- 
lays the acquisition of tolerance [21] and attenuates the 
signs of withdraw,al excitability while concomitantly 
preventing the up-regulation of dihydropyridine binding 
sites [11, 12, 221. 

Despite extensive research on the role of voltnge-de- 
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pendent Ca*’ channels in ethanol actions, the molecular 
mechanism whereby ethanol produces the inhibition of 
the channel activity remains unclear. In earlier studies, 
dihydropyridine binding in brain membrane preparations 
was not affected by ethanol in vitro, even at concentra- 
tions far exceeding those required to inhibit depolariza- 
tion-dependent Ca*+ influx in synaptosomes [6, 231. 
Therefore, it appears that ethanol does not interact di- 
rectly with sites on or near the Ca*’ channels in altering 
their functional activity. The present study was under- 
taken to investigate the biochemical events that underlie 
ethanol inhibition of Ca*+ channel activity in brain syn- 
aptosomes. 

MATERIALS AND METHODS 

Animals and materials 

Male Sprague-Dawley rats were supplied by a com- 
mercial breeder (Sasco King Animal Laboratories, Ore- 
gon, WI). (+)-[5-Merhyl-3H]PN 200-l 10 (70 Wmmol) 
was obtained from NEN Research Products (Boston, 
MA). Nifedipine, calmodulin (bovine brain), PKAt and 
its catalytic subunit (bovine heart), ATP, CAMP, PMSF 
and other biochemicals were purchased from the Sigma 
Chemical Co. (St. Louis, MO). 

Chronic ethanol administration 

For chronic ethanol treatment, the rats were given a 
liquid diet (Liquidiet RAT UD ‘82, BioServ, Inc., 

t Abbreviations: PKA. protein kinase A, CAMP, cyclic 
AMP, PMSF, phenylmethylsulfonyl fluoride; GABA, y-ami- 
nobutyric acid; and NMDA. N-methyl-o-aspartate. 
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Frenchtown, NJ) containing 6.0% (w/v) ethanol ad lib. 
for 3 weeks, as described in our previous studies [24- 
26]. This diet is based on the Lieber-DeCarli formula- 
tion [27]. For control of the liquid diet, one group of 
animals were given a control liquid diet, without ethanol 
but containing instead an isocaloric amount of maltose- 
dextrin, pair fed to the volume consumed by the ethanol- 
treated animals. Other control animals received standard 
laboratory food (Purina rat feed, PM1 Feeds, St. Louis, 
MO) and water ad lib. Daily ethanol consumption was 
determined as follows: 9.3 f 0.9 g/kg on day 7 of treat- 
ment; 13.5 rt 0.9 g/kg on day 14; and 14.2 f 0.8 g/kg on 
day 20. Blood ethanol concentrations were 344 f 75 
mg/dL at the time of brain dissection (day 21). Body 
weight was 148 f 11 g (day 1) and 195 f 15 g (day 21) 
for the ethanol-treated group, and 140 f 9 g (day 1) and 
204 * 13 g (day 21) for the pair-fed group (no significant 
difference in body weight gain between the two groups). 
The control animals fed laboratory food ad lib. were 
selected for matched body weight (210 f 18 g) at the 
time of brain dissection. All values indicated above are 
means f SEM (N = 10). 

Preparation of synaptosomes 

All animals were decapitated at 9:00-1O:OO a.m., and 
the cerebral cortex was homogenized in 5 vol. of 0.32 M 
sucrose-10 mM Tris-HCl, pH 7.4. Synaptosomes were 
prepared as previously described [28]. Nuclei and cellu- 
lar debris were pelleted by centrifuging at 1000 g for 10 
min. The synaptosomes remaining in the supematant 
were pelleted by a subsequent centrifugation at 10,ooO g 
for 20 min. The pellet was resuspended in the homoge- 
nization buffer and placed on a discontinuous gradient of 
0.85, 1.0, and 1.2 M sucrose. After centrifuging at 
90,000 g for 90 min, the synaptosomal fraction was re- 
moved from the interface between the 1.0 and 1.2 M 
sucrose. The fraction was diluted with 4 vol. of 0.25 M 
sucrose-10 mM Tris-HCl, pH 7.4, and centrifuged at 
15,000 g for 20 min to obtain the synaptosomal pellet. 

Ethanol treatments in vitro 

For experiments where intact synaptosomes were 
used, the synaptosomes were suspended in an isotonic 
buffer (20 mM Tris-HCI, pH 7.4, 135 mM NaCl, 5 mM 
KCI, 1.2 mM MgCl,, 1.2 mM CaCl,, 2.4 mM NaH,PO,, 
10 mM glucose, and 2 mM dithiothreitol) to give a pro- 
tein concentration of 2 mg/mL. The suspended synapto- 
somes, 0.2 mL, were equilibrated with ethanol at 37” for 
10 min. The synaptosomes were then disrupted by a 
Polytron (Brinkmann Instruments, Westbury, NY), and 
the membranes were pelleted at 48,000 g for 10 min for 
the determination of [3H]PN 200-l 10 binding. 

Incubation of synaptosomal membranes with com- 
pounds that promote phosphorylation of Ca” channels 
was carried out by modifications of a procedure de- 
scribed in a previous study [29]. After equilibration of 
the membranes with ethanol (10 min at 37’), the reaction 
by the calmodulin-dependent process was carried out in 
the presence of 50 mM Tris-HCI, pH 7.4, 10 mM 
MgSO,, 0.5 mM ATP, 0.5 mM CaCl,, 0.1 pM calmod- 
ulin and 0.05% B-mercaptoethanol. The reaction by the 
CAMP-dependent process was carried out in the pres- 
ence of 50 mM HEPES, pH 7.4, 10 mM MgCI,, 2 mM 
EGTA, 0.5 mM ATP, 1 mM CAMP and 10 units/ml 
PKA. In both cases, the incubation (0.3 mg membrane 

protein/ml) was allowed to proceed at 37O for l-5 min 
(as specified) and stopped by adding 4 vol. of ice-cold 
stop buffer (40 mM N+HPO,, 10 mM KH2PG4, 50 mM 
NaF, 20 mM EDTA, 1 mM iodoacetamide and 0.1 mM 
PMSF). The membranes were then pelleted at 48,ooO g 
for 10 min for the determination of [3H]PN 200-110 
binding. 

Assay for dihydropyridine binding 

High-affinity binding of dihydropyridine to synapto- 
somal membranes was determined by the procedure de- 
scribed previously in our laboratory [28], using [3H]PN 
200-l 10 as the ligand. The membranes (40-60 pg) from 
disrupted synaptosomes were incubated with [3H]PN 
200-l 10 (0.5 nM) in 200 pL of binding buffer (50 mM 
Tri-HCI, pH 7.4, 5 mM MgCl,, 20 mM NaF, 2 mM 
dithiothreitol, and 0.1 mM PMSF). The binding was al- 
lowed to reach equilibrium at 22” (90 min in the dark). 
The membranes were separated by filtration on a What- 
man GF/C filter and washed twice with 3 mL of ice-cold 
binding buffer. Radioactivity bound to the membranes 
was determined. Nonspecific binding, determined by 0.5 
pM nifedipine, was less than 10% of total binding in all 
cases. For Scatchard analysis, the one-site model was 
used and linear regression analysis was applied to the 
data. For assessment of the difference between values, 
Dunnett’s test for multiple comparisons or two-day 
ANOVA was used, as indicated under the results. 

RESULTS 

Ethanol effects in intact synaptosomes 

As an initial step, the effect of ethanol on [3H]PN 
200-l 10 binding was examined in membranes from dis- 
rupted synaptosomes. The membranes were preincu- 
bated with ethanol (100 mM) at 37” for 10 mitt, and 
[3H]PN 200-110 binding was determined in the ligand 
concentration range of 0.02 to 1 nM. As shown in the 
Scatchard analysis in Fig. 1, ethanol preincubation of the 
disrupted membranes produced no effect on [3H]PN 
200-I 10 binding. This lack of an effect by ethanol is in 
agreement with previous findings that ethanol as high as 
600 mM did not aher [3H]nitrendipine binding in mem- 
brane preparations [6, 231. For comparison, disrupted 
synaptosomal membranes from animals with chronic 
treatment of ethanol were similarly examined for 
[3H]PN 200-110 binding (Fig. 1). Scatchard analysis 
gave a B,, of 430 fmol/mg, as compared with a B,, of 
268 fmohmg for control animals. The significantly 
higher value of B,,, without a change in Kd for the 
ligand, represents the up-regulation of dihydropyridine 
binding sites as the result of chronic exposure to ethanol 
[l&12]. As in control membranes, [3H]PN 200-110 
binding in these membranes was not affected by ethanol 
at 100 mM. Higher ethanol concentrations up to 300 mM 
were similarly ineffective (not shown). It should be em- 
phasized that for control of the liquid diet effect in the 
chronic ethanol treatment, the membranes from animals 
pair-fed with a control liquid diet were also analyzed for 
[3H]PN 200- 110 binding in the absence and presence of 
ethanol. These membranes yielded identical results (not 
shown) as the membranes from control animals receiv- 
ing standard laboratory food (shown in Fig. 1). There- 
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Fig. 1. Scatchard andlysis of [3H]PN 200-l 10 binding in dis- 
rupted synaptosomal membranes preincubated with ethanol. 
Ligand binding was determined after the membranes were pre- 
incubated with ethanol (EtOH). Each point is the mean from 6 
determinations. Linear regression analysis was applied to the 
data. For control rats (receiving standard laboratory food ad 
lib.): control condition (0): r (correlation coefficient) = 0.987; 
& = 0.110 k 0.011 nP&, B, = 268 f 12 fmopmg; at 100 mM 
ethanol (0): r = 0.985; Kd = 0.116 + 0.009 nM, I&,, = 275 f 
10 fmopmg. These two lines were not significantly different 
(only the control line ;IS shown). For chronic EtOH rats (chron- 
ically treated with ethanol): control condition (A): r = 0.990, Kd 
= 0.107 f 0.011 nM; B,, = 430 f 17 fmol/mg (significantly 
different from control B,,, P c 0.001); at 100 mM ethanol (A): 
r = 0.992; Kd = 0.110 + 0.010 nM, 3, = 445 k 19 fmopmg. 
These two lines were not significantly different (only the con- 

trol line is shown). 

(A) Control Rats 

- _h c? l 

l Control (no EtOH) 

0 +lOO mM EtOH 

fore, the dietary difference did not pose as a variable to 
dihyclropyridine binding in the membranes. 

When intact synaptosomes were preincubated with 
ethanol (100 mh4) at 37” for 10 min and then disrupted 
for the determination of r3H]PN 200-110 binding, the 
binding was found to be reduced markedly (Fig. 2A). 
Scatchard analysis shows that the inhibition of [3H]PN 
200-l 10 binding was due to a decrease in B,, (158 
fmol/mg as compared with 255 fmol/mg under the con- 
trol condition) without a significant change in Kd for the 
ligand. Thus, in intact synaptosomes, ethanol preincuba- 
tion produced a reduction in the number of active dihy- 
dropyridine binding sites. In a parallel experiment, intact 
synaptosomes were preincubated with ethanol at 0” 
rather than 37’. No change in [3H]PN 200-l 10 binding 
was found even after extended preincubation such as 30 
min (data not shown). Thus, preincubation at 37” was a 
necessary condition for the ethanol action to occur. 

For comparison, synaptosomes from animals chroni- 
cally exposed to ethanol were similarly examined for 
ethanol inhibition of [‘H]PN 200-l 10 binding (Fig. 2B). 
At 100 mM ethanol, the inhibition was marginal and 
insignificant. #en ethanol concentration was increased 
to 200 mM, a significant inhibition of binding was 
found, with the B_ reduced to 267 fmol/mg from the 
control value of 418 fmol/mg. It appears that chronic 
ethanol exposure resulted in the resistance of dihydro- 
pyridine binding to the inhibitory action of ethanol in 
v&o. 

To assess this resistance to ethanol inhibition in a 
quantitative manner, concentration-response relation- 
ships were compared in synaptosomes from control and 
chronically ethanol-treated animals. After preincubation 

(B) Chronic EtOH Rats 
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0 +lOO mM EtOH 
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0 0 
0 1 2 3 0 1 2 3 4 

Bound (fmol/mg) (x10-2) Bound (fmoUmg) (x10 -2) 

Fig. 2. Scatchard analysis of [3H]PN 200-l 10 binding after ethanol preincubation of intact synaptosomes. Ligand 
binding was determined in membranes after intact synaptosomes were pmincubated with ethanol and then 
disrupted. Each point is the mean from 6 determinations. (A) Control rats (receiving standard laboratory food ud 
lib.). Control condition (a): r = 0.994; Kd = 0.115 f 0.008 nM, B_ = 255 f 11 fmol/mg; at 100 mM ethanol 
(0): r = 0.991; Kd = 0.120 f 0.008 nM; B, = 158 f 9 fmol/mg (significantly different from control 3,. P 
< 0.001). (B) Chronic EtOH rats (chronically treated with ethanol). Control condition (a): r = 0.988; K,, = 0.108 
f 0.009 nM, 8, = 418 f 15 fmopmg (significantly different from control B,, shown in panel A, P < 0.001); 
at 100 mM ethanol (0): r = 0.990; Kd = 0.105 + 0.010 nM; I?,_ = 390 f 14 fmol/mg. These two lines were 
not significantly different (only the control line is shown). At 200 mM ethanol (Cl): r = 0.992; Kd = 0.111 f 0.012 

nM; B_ = 267 f 11 fmopmg (significantly different from control B_, P < 0.091). 
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Fig. 3. Concentration effects of ethanol on [3H]PN 200-110 
binding after ethanol preincubation of intact synaptosomes. The 
animals and preincubation procedure were as described in the 
legend of Fig. 2, and equilibrium binding was determined at 0.5 
nM [3H]PN 200-110. At the ligand concentration used, the 
value at zero ethanol for control rats was 195 + 12 fmoVmg, and 
for chronic EtOH rats, 305 f 12 fmopmg. Both were normal- 
ized to 100% to facilitate comparison. Each value is the mean 
f SEM from 4 determinations. Significant difference from zero 
ethanol control (Dunnett’s test): (*) P c 0.05; and (**) P c 0.01. 

of intact synaptosomes with ethanol (25-200 mM), the 
disrupted membranes were examined for [3H]PN 200- 
110 binding (Fig. 3). In membranes from control ani- 
mals, ethanol at 25 mM produced a threshold and insig- 
nificant inhibition (lo%), but as ethanol reached 50 mM, 
the inhibition (32%) was significant. At 100 and 200 
mM ethanol, the inhibition was 58 and 70%, respec- 
tively. In membranes from animals receiving chronic 
ethanol treatment, ethanol at 100 mM was without a 
significant effect on [3H]PN 200-110 binding. Only 
when ethanol concentration reached 150 mM did an in- 
hibition of binding become significant (22%). At 200 
mM ethanol, the inhibition of binding was 31%. Thus, 
the inhibition of [3H]PN 200-110 binding at 200 mM 
ethanol was comparable to that found at 50 mM ethanol 
in control membranes. These results indicate that under 
the incubation conditions in vitro, dihydropyridine bind- 
ing sites from animals with chronic ethanol exposure 
were approximately 4 times less sensitive to ethanol in- 
hibition than those from control animals. 

Ethanol effects on calmodulin-dependent activation of 
[3H]PIv 200-l 10 binding 

Since preincubation of intact synaptosomes with eth- 
anol at 37” was a necessary condition for the inhibition 
of [3H]PN 200-l 10 binding to occur, it appears that met- 
abolic reactions requiring intracellular factors are in- 
volved in the inhibitory action of ethanol. To examine 
this possibility, attempts were made to modulate dihy- 
dropyridine binding by endogenous factors that are 
known to phosphorylate Ca”’ channels. In this experi- 
ment, synaptosomal membranes were incubated at 37” in 

the presence of 0.5 mM ATP, 10 mM Mg’+, 0.5 mM 
Ca*‘, and 0.1 @I calmodulin (“calmodulin system”). 
The membranes were then pelleted for the determination 
of [3H]PN 200-l 10 binding. As shown in the time course 
in Fig. 4, the activation of [3H]PN 200-110 binding by 
the calmodulin system was rapid, reaching a near plateau 
at 5 min. At 5 min, the increase of binding was 165% 
above the basal value. It should be mentioned that the 
concentration of calmodulin used (0.1 @I) produced 
optimal ethanol inhibition of binding under the incuba- 
tion conditions. The requirement for the four compo- 
nents (ATP, Mg*+, Ca*+ and calmodulin) in the activa- 
tion is summarized in Table 1. MgATP alone or Ca*‘- 
calmodulin alone was not sufficient to produce the 
activation. The addition of the Ca*+-chelator EGTA 
abolished the effect of the calmodulin system. In Scat- 
chard analysis, the activation resulted in the increase of 
B without a significant change in Kd (not shown), 
inzzating the increase of the number of active dihydro- 
pyridine binding sites. In membranes preincubated with 
ethanol, the activation of [3H]PN 200-l 10 binding was 
inhibited markedly (Fig. 4). At 100 mM ethanol, the 
increase of binding after a 5-min incubation was only 
70% above the basal value. 

The concentration-response relationship of the effect 
of ethanol on the activation was determined for ethanol 
concentrations of 25-200 mM (Fig. 5). In the absence of 
ethanol, the increase of [3H]PN 200-l 10 binding after a 
5-min incubation with the calmodulin system was 175% 
above the basal value. In the presence of 25 mM ethanol, 
only a threshold and insignificant decrease of the acti- 
vation was shown. At 50 mM ethanol, the reduction of 
the activation was small but significant. When ethanol 
reached 100 mM, the activation was only 75% above the 
basal value, an inhibition of 58% (when compared with 
the 175% activation in the absence of ethanol). At 200 
mM ethanol, the activation was reduced further to only 
37% above the basal value, an inhibition as much as 
83%. These data indicate that ethanol inhibits the acti- 
vation of [3H]PN 200-110 binding in a concentration- 
dependent manner. It is interesting to note that the pro- 
llle of the concentration-response relationship obtained 
here resembles that of the inhibition of [3H]PN 200-l 10 
binding by ethanol preincubation of intact synaptosomes 
(see Fig. 3). 

Table 1. Requirement in the calmodulin-dependent activation of 
[‘H]PN 200-l 10 binding 

Addition 

[3H]PN 200-l 10 
binding 

(% of control) 

None (control) 1OOf 4.5 
ATP 99* 5.0 
Ca” + CaM 105k 5.2 
ATP + Ca*+ + CaM 298 * 14.0* 
ATP + Caa+ + CaM + EGTA 95 + 3.2 

The basal buffer contained 10 mM Mg*+. Concentration of 
the additions: ATP, 0.5 mM; CaCl,. 1 mM, calmodulin (CaM), 
0.1 pM; and EGTA, 2 mM. After incubation (5 min, 37’), 
equilibrium binding was determined at 0.5 nM [3H]PN 200-l 10 
as described in the text. The control value was 210 k 9.5 fmop 
mg (100%). Bach value is the mean k SEM from 4 determina- 
tions. 

* Significant difference from control (Dunnett’s test): P < 
0.01. 
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Fig. 4. Time course of the activation of r3H]PN 200-l 10 bind- 
ing in synaptosomal membranes by the calmodulindependent 
process. The membranes were preincubated in the presence and 
absence of 100 mM ethanol (37”. 10 min) and then incubated 
with the following: O.!i mM ATP, 10 mM Mg’+, 1 mM Ca*+ and 
0.1 pM calmodulin (see text for details). The membranes were 
pelleted and equilibrium binding was determined at 0.5 nM 
t3H]PN 200-110. The basal value (zero time) was 182 f 10 
fmol/mg (100%). Each value is the mean f SEM from 5-7 
determinations. Significant difference (two-way ANOVA) from 
zero time value: (*) I’ < 0.01; and (**) P < 0.005. Significant 
difference from the corresponding control (in the absence of 

ethanol): (#) P < 0.01; and (##) P < 0.005. 

Ethanol effects on cAMP-dependent activation of 
[3H]Phr 200-l 10 binding 

In another experiment, [3H]PN 200-110 binding to 
synaptosomal membranes was also found to be activated 
by incubation with 0.5 mM ATP, 10 mM Mg’+, 1 mM 
CAMP and 10 unikd mL PKA (“CAMP system”). The 
time course of this activation, shown in Fig. 6, was sim- 
ilar to that produced by the calmodulin system. At 5 min 
after the incubation, the increase of [3H]PN 200-110 
binding was almost 200% above the basal value. The use 
of PKA at 10 uniWmL concentration produced the max- 
imal activation of the binding under our incubation con- 
ditions. The requirement for the four components (ATP, 
Mg’+, CAMP and PKA) in the activation is summarized 
in Table 2. No activation occurred when CAMP or PKA 
was absent from the incubation. The activation was fully 
produced when the catalytic subunit of PKA was sub- 
stituted for CAMP and PKA. Thus, the addition of ex- 
ogenous PKA or its catalytic subunit was an absolute 
requirement for the activation to occur. It is possible that 
certain endogenous membrane-bound factors, such as 
PKA, are labile and could be lost during membrane iso- 
lation. In electrophysiological analysis, the addition of 
exogenous PKA and MgATP has been shown to prevent 
the rapid rundown of Ca2+ channel activity recorded 
from cell-free membrane patches [30]. Of particular note 
here is the effect of ethanol on the activation (Fig. 6). In 
contrast to the inhibition found in the calmodulin-depen- 
dent activation, ethanol at 100 mM did not affect the 
activation of [3H]PN 200-l 10 binding by the CAMP- 

300 

I 50 100 150 200 

Ethanol (mM) 

Fig. 5. Concentration effects of ethanol on calmodulindepen- 
dent activation of [3H]PN 200-110 binding in synaptosomal 
membranes. The experimental conditions were as described in 
the legend of Fig. 4, and the incubation time was 5 min. The 
activation at zero ethanol was 255 f 16% of basal value (the 
value before activation, see Fig. 4). Each value is the mean + 
SEM from 4 determinations. Significant difference from the 

zero ethanol control (Dunnett’s test): (**) P c 0.01. 

dependent process. No effect was found even at ethanol 
concentrations as high as 300 mM (not shown). 

DISCUSSION 

The primary objective of these experiments was to 
characterize the biochemical action of ethanol on volt- 
age-dependent Ca” channels. There are two relevant 
points to be made in this regard. First, ethanol does not 
appear to inhibit Ca2+ channels by direct biochemical 
interaction with sites on or near the channels, thus alter- 
ing their functional state. No change in dihydropyridine 

Table 2. Requirement in the CAMP-dependent activation of 
r3H]PN 200-l 10 binding 

Addition 

[3H]PN 200-l 10 
binding 

(% of control) 

None (control) lOO* 4.2 
ATP 98 f 5.0 
ATP + CAMP 105 f 6.3 
PKA + CAMP 94+ 3.8 
A’lT’ + CAMP + PKA 310 f 12.8* 
ATP + CSiPKA 286 + 11.7* 

The basal buffer contained 10 mM Mg’+. Concentration of 
the additions: ATP. 0.5 mM; CAMP. 1 mM; PKA or the cata- 
lytic subunit (CWKA), 10 units/ml. After incubation (5 min. 
37’). equilibrium binding was determined at 0.5 nM r3H]PN 
200-110. The control value was 190 k 8.0 fmol/mg (100%). 
Each value is the mean f SEM from 4 determinations. 

* Significant difference from control (Dunnett’s test): P -z 
0.01. 
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Fig. 6. Time course of the activation of [‘H]PN 200-l 10 bind- 
ing in synaptosomal membranes by the CAMPdependent pro- 
cess. The experimental procedure was the same as in Fig. 4, 
except that the following incubation conditions were used: 0.5 
mM ATP, 10 mM Mg’+, 1 mM CAMP and 10 units/ml PKA 
(see text for details). The basal value was 205 k 11 fmol/mg 
(100%). Each value is the mean + SEM from 5-7 determina- 
tions. Significant difference (two-way ANOVA) from zero time 
value: (**) P < 0.005. No significant difference was found 
between all values in the absence (control) and presence of 100 

mM ethanol; therefore., only the control line is shown. 

binding occurred when isolated membranes were ex- 
posed to ethanol, as shown here as well in previous 
studies [6,23]. It is generally agreed that in biochemical 
analysis of dihydropyridine-sensitive voltage-dependent 
Ca” channels in isolated (depolarized) membrane prep- 
arations, there is a correlation between the number of 
high-affinity dihydropyridine binding sites and the num- 
ber of functional Ca” channels (active channels that can 
open) [31]. Thus, in isolated synaptosomal membranes 
exposed to ethanol, the alteration of the functional state 
of Ca*’ channels was not evident from the results on 
dihydropyridine binding. Instead, when intact synapto- 
somes were preincubated with ethanol at 37“ and then 
disrupted for the determination of [3H]PN 200-l 10 bind- 
ing, a significant reduction of the dihydropyridine bind- 
ing sites occurred. Preincubation with ethanol at 0’ was 
ineffective. The fact that preincubation in whole synap- 
tosomes at 37’ was a necessary condition to produce the 
inhibition suggests that metabolic reactions requiring in- 
tracellular factors were involved. 

Second, in examining the possibility that ethanol in- 
hibits metabolic reactions that modulate Ca” channel 
activity, we showed that dihydropyridine-sensitive Ca2’ 
channels in isolated synaptosomal membranes were ac- 
tivated by the addition of MgATP and Ca’+-calmodulin, 
and that ethanol inhibited this activation in a concentra- 
tion-dependent manner. In cell-free membrane patches 
(i.e. isolated membranes), it has been demonstrated that 
voltage-dependent Ca” channels must be phosphorylat- 
ed in order to open when the membranes are depolarized 
[30]. Dihydropyridine-sensitive Ca2+ channels in the 
membrane-bound state can be phosphorylated in vitro by 
calmodulin-dependent and CAMP-dependent protein ki- 

nases as well as by protein kinase C [29]. While all the 
three modes of phosphotylation have been implicated in 
the regulation of neuronal voltage-dependent Ca” chan- 
nels [30, 32-341, direct evidence is still lacking and the 
precise operation of phosphorylation by specific protein 
kinases in neuronal cells in vivo remains to be under- 
stood. If, however, calmodulin-dependent phosphoryla- 
tion does operate in vivo in the regulation of voltage- 
dependent Ca2+ channels in synaptosomes (synaptic ter- 
minals), the inhibition of this process by ethanol would 
be important. In this scenario, functional (i.e. phosphor- 
ylated) Ca” channels undergo rapid turnover of dephos- 
phorylation and phosphorylation, and the inhibition of 
phosphorylation by ethanol results in a rapid reduction in 
the number of functional channels. The data on the re- 
duction of [‘H]PN 200-110 binding following ethanol 
preincubation of intact synaptosomes are compatible 
with such a notion. We further showed that [3H]PN 200- 
110 binding in synaptosomal membranes was also acti- 
vated by the CAMP-dependent process, which required 
the addition of an exogenous protein kinase under our 
experimental conditions. This CAMP-dependent activa- 
tion of [3H]PN 200-110 binding was not affected by 
ethanol. Although the effect of ethanol on the possible 
activation by the protein kinase C process remains to be 
determined, we clearly demonstrated a selectivity in the 
inhibitory action of ethanol between the two processes 
examined. The selective inhibition of the calmodulin- 
dependent process may be related to the action of etha- 
nol on membrane binding of calmodulin (see below). 

Using patch clamp techniques, recent studies have ex- 
amined the effects of ethanol on Ca” currents in whole 
nerve terminals (synaptosomes) from rate neurohypoph- 
ysis [35, 361. The results show that long-lasting Ca” 
currents, which are generated by “L-type” voltage-de- 
pendent Ca2+ channels (sensitive to dihydropyridine), 
can be inhibited by ethanol as low as 10-25 mM. In our 
biochemical analysis of [‘H]PN 200-l 10 binding, only a 
small and statistically insignificant inhibition was de- 
tected at ethanol concentrations of 25 mM. A similar 
requirement for ethanol concentrations higher than 25 
mM was reported in earlier studies on the inhibition of 
depolarization-induced 45CaZ+ uptake in brain synapto- 
somes [2-41 and in cultured PC12 cells [7]. It is possible 
that electrophysiological techniques are more sensitive 
than biochemical approaches in detecting small changes 
of Ca” channel activities. It is also possible that Ca2+ 
channels in neurohypophysis are more susceptible to in- 
hibition by ethanol than those in the cerebral cortex ex- 
amined in the biochemical studies on synaptosomes. In 
research on ethanol actions in the CNS, it is generally 
thought that neuronal alterations found at low concen- 
trations of ethanol in vitro (~25 mM) are relevant to 
CNS responses to moderate ethanol intake in vivo (such 
as the alteration of GABA, receptors and NMDA re- 
ceptors), whereas neuronal changes produced by higher 
concentrations of ethanol (>25 mM) may be relevant in 
vivo only under heavy ethanol intoxication conditions 
[37]. According to this notion and taking into consider- 
ation only the biochemical data, the results from [‘H]PN 
200-l 10 binding in this study and from depolarization- 
induced “%Za’+ uptake in earlier studies would indicate 
that voltage-dependent Ca2+ channels in the CNS are 
involved only in response to high doses of ethanol. 

An additional aspect of our results is the demonstra- 
tion that the resistance of Ca2+ channels to acute ethanol 
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inhibition, occurriqp after chronic ethanol exposure, was 
reflected in r3H]PN 200-110 binding. By examining 
[3H]PN 200-l 10 binding in synaptosomes from animals 
chronically exposed to ethanol, we showed that the con- 
centration-response curve of ethanol inhibition of the 
dihydropyridine binding was shifted, and higher concen- 
trations of ethanol were required to produce the inhibi- 
tion of binding in these synaptosomes than in control 
synaptosomes. The!re data support the earlier finding that 
in depolarization-induced synaptosomal Ca’+ uptake, re- 
sistance to ethanol inhibition occurred after chronic eth- 
anol exposure [2-4]. Thus, in addition to the up-regula- 
tion of Ca” channels, which appears to involve gene 
expression for de now synthesis of channel proteins 
[ 151, adaptive responses to chronic ethanol exposure also 
include the resistance of the Ca*+ channels to the acute 
inhibitory action of ethanol. 

The selective inhibition of the calmodulin-dependent 
activation of Cal” channels, shown in our study, poses 
an interesting question as to the mechanism of the eth- 
anol action. We have reported recently that ethanol in- 
hibits calmodulin binding to synaptosomal plasma mem- 
branes from rat brain and that in animals chronically 
exposed to ethanol, the membranes are resistant to the 
inhibitory action of ethanol on calmcdulin binding [24, 
26, 381. Other studies have shown that calmodulin an- 
tagonists, such as trifluoperazine, calmidazolium and 
W-7, inhibit depolarization-dependent 45Ca2+ influx in 
PC12 cells [34] and adrenal medullary cells [39]. More- 
over, r3H]nitrendipine binding in brain membrane prep- 
arations is inhibited by calmodulin antagonists [40]. 
Therefore, we postulate that ethanol inhibition of cal- 
modulin binding to the membranes is related to the in- 
hibition of calmodulin-dependent activation of Ca2” 
channels. The resistance of dihydropyridine binding 
sites to ethanol inhibition, found after chronic ethanol 
exposure, may similarly be attributed to the resistance of 
the membranes to ethanol inhibition of calmodulin bind- 
ing. This working hypothesis of a calmodulin-mediated 
action may guide future studies. 
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