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Inhibition of Plasma Membrane and Mitochondrial
Transmembrane Potentials by Ethanol
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The actions of ethanol and its primary oxidative metabolite, acetaldehyde, on plasma membrane
and mitochondrial transmembrane potentials were examined in rat brain using fluorescence tech-
niques. Subchronic treatment of adult rats with ethanol resulted in a significant depolarization of
both the plasma and mitochondrial membranes when the mean blood ethanol level of the rats was
59 = 11 mM (mean = SEM, n = 6). Acute dosing of animals (4.5 g/kg, i.p.) failed to show any
significant alterations. Various concentrations of ethanol, added in vitro to a crude synaptosomal
preparation isolated from the rat cerebrocortex (P,) from untreated animals, depolarized both the
plasma and mitochondrial transmembrane potentials in a dose-related manner. Addition of acet-
aldehyde in vitro did not reveal any significant effects on plasma or mitochondrial transmembrane
potential.

KEY WORDS: Ethanol; membrane potential; mitochondrial potential; plasma membrane; nervous system;

synaptosomes.

INTRODUCTION

The primary focus of this study was to examine the
relative potency of ethanol and its primary oxidative me-
tabolite, acetaldehyde, in disruption of membrane poten-
tial in the synaptosome. Since it has been shown that a
major morphological locus of action of alcohol is the syn-
aptic nerve ending (1,2), all assays were done using P,,
a crude synaptosomal preparation isolated from rat brain.

Transmembrane potentials of nerve terminals mod-
ulate both directly and indirectly, a variety of events
associated with terminal metabolism and cell-to-cell sig-
naling. The establishment and maintenance of a trans-
membrane potential is crucial for normal uptake of
amino acids and regulation of neurotransmitter release.
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In turn, the maintenance of the bilayered structure of
biological membranes is critical for stabilization of the
transmembrane potential. Any damage to the integrity of
the membrane may lead to a disruption of the transmem-
brane potential. Since ethanol has been shown to make
the synaptosomal membrane more fluid (3-5), it may
modulate plasma membrane potential. A study con-
ducted by Boonstra et al. (6) showed that an increase in
the lateral mobility of lipids in the plasma membrane
was accompanied by a marked depolarization of the
membrane potential.

The literature contains few investigations relevant
to the current study. Murphy and Tipton (7) reported that
proton leak through the mitochondrial inner membrane
was unaffected by ethanol treatment and thus changes in
proton leak were not responsible for alterations in res-
piration found in the mitochondria isolated from ethanol-
treated rats. They concluded that the lowered coupled
respiration rate which was observed, was solely due to
decreased activity of the electron transport chain. In an-
other study assessing mitochondrial transmembrane po-
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tential as an indicator of cytotoxicity, acetaldehyde was
not found to reduce mitochondrial potential in rat liver
epithelial cells (WB cell line) or human skin fibroblasts
(MSU-2 cell line) (8). Since there are very few reports
on the effects of ethanol and acetaldehyde upon mem-
brane potentials, their effects on potential across the
plasma and mitochondrial membranes have been studied
both in dosed animals and in an isolated system.

Experiments were performed using a freshly pre-
pared crude synaptosomal fraction, as membrane depo-
larization cannot be determined after freezing (9). The
small size of synaptosomes renders them intractable to
traditional microelectrode impalement techniques nor-
mally used to quantify potentials (10). For this reason,
it was necessary to calculate membrane potentials using
fluorescence techniques. The probe rhodamine 6G was
used to estimate alterations in potential. This cationic
fluorescent dye is noncytotoxic and can stain mitochon-
dria directly without passage through endocytic vesicles
and lysosomes (11). The incorporation of this dye is de-
pendent on the maintenance of an electrochemical po-
tential across the mitochondrial membrane, as described
by the Nernst equation (12). In the absence of a mito-
chondrial transmembrane potential, the dye will not se-
lectively partition into mitochondria (13). Dissipation of
the electrochemical potential is indicated by a decrease
in the fluorescence of rhodamine (8). Previous investi-
gations have shown rhodamine 6G to also be of value
in the study of potential across the limiting membrane
of synaptosomes (14).

EXPERIMENTAL PROCEDURE

Animals. 150175 g male rats (Charles River Breeding Labora-
tories, Inc. (Wilmington, MA) of the Sprague-Dawley CD strain were
used. Animals were housed four per cage with wood chip bedding and
maintained on a 12-hour light/dark cycle in a temperature controlled
(20 = 1°C) room. Food (Purina Laboratory Chow, St. Louis, MO)
and water were provided ad lib. until the start of the feeding protocol
(for in vivo studies only).

Ethanol Treatment

Acute exposure study. Animals were injected i.p. at two sites with
a solution of 25% ethanol (v/v) in physiological (0.9% NaCl) saline
at a dose of 4.5 g ethanol per kg body weight. They were sacrificed
4 hrs after injection. Control rats were injected i.p. with saline.

Subchronic exposure study. An all liquid nutrient (Sustacal, Mead
Johnson, Evansville, IN) was employed. All rats received 88% Sus-
tacal and 12% water (v/v) for 2 days. Then half of the rats received
88% Sustacal, 7% water, and 5% ethanol (v/v) for 2 further days.
Fresh solutions were made up daily. At this time, the ethanol propor-
tion was raised to 7% and water was reduced to 5%. The fluid intake
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of the control group drinking the liquid nutrient alone was limited to
120% of the volume drunk on the previous day by the group receiving
the ethanol-containing liquid diet. This was isocaloric with the ethanol-
containing nutrient diet. Rat weights were monitored and recorded
every second day, together with the fluid consumption of each group.
Rates of weight gain were identical in control and alcohol-treated
groups. Ethanol consumption averaged 11.9 = 1.4 g/kg of body wt
per day. Animals were decapitated after a total of 10 ethanol drinking
days.

Preparation of P, Fractions. Rats were decapitated, the brains
excised quickly on ice, and the whole brain except the cerebellum and
pons-medulla dissected out. Each tissue was weighed, homogenized in
10 volumes of cold 0.32 M sucrose, and centrifuged for 10 min at
1800 X g at 2°C to remove the crude nuclear fraction (P,). The re-
sulting supernatant fraction (S,) was centrifuged for 10 min at 31,500
X g to yield the P, pellet. This was suspended in HEPES buffer, pH
7.4, to give a tissue concentration of 0.037 g-equivalent/ml (about 0.8
mg/ml of protein). The composition of HEPES buffer was (mM):
NaCl, 120; KCl, 2.5; NaH,PO,, 1.2; MgCl,, 0.1; NaHCO,, 5.0; glu-
cose, 6.0; CaCl,, 1.0; and HEPES, 10.

Determination of Transmembrane Potential. 200 pl aliquots of
the P, suspension were each diluted with 1.6 ml HEPES buffer, pH
7.4, and incubated 5 min at 37°C in the presence of 1 pM rhodamine
6G (15). This concentration of rhodamine has a negligible effect on
synaptosomal metabolism (16).

Determination of Mitochondrial Transmembrane Potential. After
an initial fluorescent reading was taken at excitation and emission
wavelengths of 520 nm and 550 nm, respectively, with the band width
of both monochromators at 5 nm, KCI was added to a final concen-
tration of 100 mM in order to depolarize the plasma membrane while
not changing mitochondrial potential (14,17). The fluorescence of rho-
damine was then determined again. For in vitro studies, ethanol or
acetaldehyde was added after this determination. Incubation was con-
tinued for a further 10 min at 37°C after which fluorescence was again
recorded. In order to completely depolarize mitochondria, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was then added to a final
concentration of 1 UM (18) and fluorescence was measured 5 min
later.

Determination of Plasma Transmembrane Potential. Plasma mem-
brane potential was estimated in a parallel manner. After initial fluo-
rescence was recorded, 1 pM CCCP was added in order to remove
any contribution of mitochondrial potential, and rhodamine fluores-
cence was measured 5 min after the depolarization of mitochondria.
Plasma membrane potential has been shown to remain unaltered for
some time after such a suppression of mitochondrial potential (19).
For in vitro studies, either ethanol or acetaldehyde was then added
and, after a further 10 min incubation at 37°C, fluorescence was de-
termined once more. A final fluorescent value was recorded immedi-
ately after depolarization of the plasma membrane with 100 mM KCl.
This permitted the proportional reduction of the plasma membrane
potential by ethanol or acetaldehyde to be calculated.

The range of ethanol and acetaldehyde concentrations that was
used reflect both moderate and maximal physiological levels occurring
in blood during ethanol oxidation. Ethanol, acetaldehyde, thodamine
6G, and XCl were added in water, CCCP was dissolved in dimethyl-
sulfoxide. Control samples received equivalent amounts of all solu-
tions with the exception of ethanol or acetaldehyde, and an equal
volume of water was added in place of ethanol or acetaldehyde. Au-
tofluorescence of P, fractions, always less than 1%, was recorded and
subtracted before calculation of membrane potential.

Calculation of membrane potentials. Plasma membrane potential
was derived from the equation:
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Fig. 1. Effect of ethanol upon plasma and mitochondrial transmem-
brane potentials in cerebral P, fractions isolated from animals 10 days
after subchronic administration with an ethanol-containing liquid diet.
The control group was isocalorically pair-fed with a corresponding
ethanol-free liquid diet. Values were obtained from duplicate deter-
minations per animal with 6 animals/group. Each column represents
the mean = SEM. *Significantly different from corresponding control
value (p < 0.05).
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Fig. 2. Effect of varying concentrations of ethanol upon plasma trans-
membrane potential in cerebral P, fractions isolated from untreated
animals. Each point represents the mean + SEM of 3-8 individual
replications. *Value differs significantly from control value (p < 0.05).

(F* — DIF," — 1) = RT/FE[1 — exp(—Fc/RT)]

where F is the fluorescence of rhodamine when synaptosomes are in
HEPES buffer, F, is that fluorescence in the presence of 100 mM KCl,
c is potential, and R, T, and F have the usual thermodynamic signif-
icance (12). Mitochondrial potential was similarly calculated substi-
tuting F_ (fluorescence in the presence of 1 uM CCCP) for F,.

Determination of Blood Ethanol. Ethanol was assayed in plasma
by enzymatic conversion to acetaldehyde in the presence of NAD. The
consequent rise in NADH, which was monitored at 340 nm, is directly
proportional to alcohol concentration (20).

Statistical Analysis. Differences between groups were assessed by
Fisher’s Least Significant Difference Test after one-way analysis of
variance. The acceptance level of significance was p < 0.05 using a
two-tailed distribution.

Chemicals. Ethanol (200 proof) was obtained from Quantum
Chemical Corp., USI Division (Tuscola, IL). Acetaldehyde (99%) was
purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI). KCl was
obtained from Fisher Scientific (Fair Lawn, NJ). All other chemicals
and the ethanol assay kit were obtained from Sigma Chemical Co. (St.
Louis, MO).
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Fig. 3. Effect of varying concentrations of ethanol upon mitochondrial
transmembrane potential in cerebral P, fractions isolated from un-
treated animals. Data represent the average from two independent de-
terminations that were within 22% of each other.

RESULTS

Synaptosomal plasma and mitochondrial membrane
potentials of control rats were found to have basal values
of =65 = 3 and —145 £ 7 mV at time of sacrifice,
respectively (9).

The mean blood ethanol level of rats exposed to the
subchronic ethanol regimen for 10 days was 59 + 11
mM (mean * SEM, n = 6). This treatment resulted in
a significant depression in potential across both the
plasma and mitochondrial membranes (Fig. 1). In the
rats receiving a single acute dose of ethanol, the mean
blood ethanol concentration of the treated rats after 4
hours was 146.3 + 5.9 mM (n = 6). At this time point,
no significant effect on either the plasma membrane or
mitochondrial transmembrane potential was found (data
not shown).

The effect of various concentrations of ethanol
upon plasma and mitochondrial transmembrane poten-
tials in P, fractions exposed in vitro was also studied.
Plasma membranes were depolarized by ethanol in a
dose-dependent manner (Fig. 2). This effect was signif-
icant at ethano! concentrations of 400 and 800 mM only.
Ethanol also depressed mitochondrial potentials to a
lesser extent in a dose-dependant manner (Fig. 3).

In a parallel set of experiments, the role of acetal-
dehyde on transmembrane potentials was examined in
vitro. Exposure of P, to different concentrations of ac-
etaldehyde at levels ranging from 25 to 200 uM did not
significantly modify plasma or mitochondrial transmem-
brane potential (data not shown).
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DISCUSSION

- Ethanol. A prior investigation on the effects of eth-
anol on Purkinje neurons in rat cerebellar brain slices
found that 100 mM ethanol had a minimal effect on
membrane potential (21). In the present study, such a
concentration of ethanol also had little effect on trans-
membrane potential in vitro. Another report, using a per-
meant fluorescent cation in rat synaptosomes, found
slight decreases in membrane potential (of 1 to 4 mV)
in the presence of 100 to 600 mM ethanol (22). While
these changes were not significant, they were in the same
direction as our results. Within the last few years, there
have been several studies on the electrical properties of
cells in isolation using neuronal cell cultures. In cell cul-
ture studies using fetal chick and mouse spinal cord neu-
rons, ethanol, at concentrations of up to 100 mM, was
found to have little or no significant change in resting
membrane potential (23,24). The same was true for cer-
ebellar Purkinje neurons and hippocampal neurons (25).
There are however other reports showing biphasic re-
sponses (26-28).

Subchronic exposure of rats to ethanol depressed
membrane potentials significantly below that of the con-
trol value. This parallels our findings in isolated synap-
tosomes. However, the attenuations found in membrane
potentials of synaptosomes isolated from ethanol-treated
animals cannot be due to a direct influence of ethanol
since this was essentially removed during tissue frac-
tionation. Therefore, the in vivo results reflect permanent
changes in membrane structure induced by ethanol. A
possible explanation for our findings may be the ethanol-
induced depression of the activity of the Na*/K* ATP-
ase. Brodie and Sampson (29) demonstrated that ethanol
acutely produced a dose-dependent depolarization of the
transmembrane resting potential in cultured skeletal my-
otubes. Furthermore, they showed that this effect was as-
sociated with an inhibitory action of the Na*/K* ATPase
pump. These authors concluded that the decrease in rest-
ing transmembrane potential by ethanol was a result of
inhibition of Na*/K* ATPase activity. Ethanol has been
shown to inhibit microsomal Na*/K* ATPase activity in
vitro in a concentration-dependent manner in the brains
of rats, guinea pigs, and mice, and in the electroplaque
of the electric eel (30,31). Significant inhibition of this
enzyme was also demonstrated in vitro in hepatocytes af-
ter addition of ethanol (32). Several other studies have
shown that acute exposure to ethanol depresses the activ-
ity of Na*/K* ATPase in a variety of excitable and non-
excitable cells (33-36). The Na*/K* ATPasc activity
appears to be a major factor in the determination of the
resting potential of the plasma membrane (37-39).
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Ethanol is known to affect several additional mem-
brane-bound and soluble enzymes (33-35). A range of
synaptic and other physiological activities of neurons are
also affected (23,26,27). Thus, it would be inaccurate to
suggest that the depolarizing effects of ethanol on the
transmembrane potential of synaptosomes could be un-
equivocally ascribed to a single action such as the in-
hibition of the Na'/K* ATPase. Furthermore, the
inhibition of the Na*/K+ ATPase would be expected to
be initially associated with neuronal excitation, not de-
pression. Therefore, it remains unclear how ethanol’s al-
terations of resting transmembrane potential and Na*/K*
ATPase activity could contribute to its depressant ac-
tions. The potentially excitatory effects of ethanol, as a
result of plasma membrane depolarization which were
demonstrated in the present study, may be a compen-
satory reaction for the depressant effects of ethanol re-
lated to modulation of ion channels.

The mitochondrial membrane potential was also de-
pressed in a dose-related manner by ethanol added in
vitro to synaptosomes (Fig. 3). Murphy and Tipton (7)
reported that chronic ethanol treatment decreased the ac-
tivity of the components of the hepatic mitochondrial
electron transport chain or substrate transporters which
have control over coupled, but not uncoupled, respira-
tion. Under normal conditions, the transfer of electrons
through the respiratory chain leads to the pumping of
protons from the matrix to the other side of the inner
mitochondrial membrane. Since the transmitochondrial
membrane potential is generated by, and dependent
upon, this movement of protons across the inner mito-
chondrial membrane, any alteration in activity of the
electron transport chain may modify mitochondrial po-
tential. This, in turn, may have adverse effects on mi-
tochondrial energy generation, in particular, ATP
synthesis because this proton gradient is critical for the
formation of ATP from ADP. Indirectly, this also has an
effect on the plasma membrane potential because main-
tenance of this gradient is an energy-requiring process.

Acetaldehyde. Examination of the action of in vitro
acetaldehyde upon plasma and mitochondrial transmem-
brane potentials failed to reveal any significant modifi-
cations at either of the membranes, even at concentra-
tions in excess of those that have been reported in the
brain of the intact ethanol-treated rat, i.e., 5 uM (40)
(Table II). Only one previous work is known to have
explored the effect of acetaldehyde on mitochondrial
transmembrane potential (8). In trying to assess altera-
tions in mitochondrial transmembrane potential as an in-
dicator of cytotoxicity, these researchers found that the
addition of very high concentrations of acetaldehyde
(7.7, 15.0, and 22.5 mM for 1 hr) to cultured rat liver
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epithelial cells (WB cell line) or human skin fibroblasts
(MSU-2 cell line) did not reduce the potential in either
cell line. Another study which examined in vitro acet-
aldehyde effects on hepatic plasma membrane ATPases
found no significant change in Na*/K+ ATPase after ad-
dition of 10 to 480 uM and 1 and 3 mM acetaldehyde
(32). Following addition of acetaldehyde at concentra-
tions of 6 mM and higher, progressive inhibition was
observed. However, such concentrations are very much
higher than those occurring in an intact organism during
ethanol oxidation. In yet another investigation, acetal-
dehyde, at concentrations of 1 mM and greater, was
found to inhibit mitochondrial respiration, energy pro-
duction, and energy utilization (41). Again, such high
concentrations are physiologically irrelevant. These ob-
servations suggest that, at physiological concentrations,
acetaldehyde does not affect either the plasma or mito-
chondrial transmembrane potential.

Taking the results as a whole, it is clear that the
effects of ethanol exposure upon membrane potentials
are likely to be caused by changes in membrane structure
consequent to ethanol catabolism rather than by ethanol
directly or by its metabolites.

ACKNOWLEDGEMENT

This study was supported by a grant from the National Institute
of Health (AA8281).

REFERENCES

1. Siggins, G. R., Pittman, Q. J., and French, E. D. 1987. Effects of
ethanol on CAl and CA3 pyramidal cells in the hippocampal slice
preparation: an intracellular study. Brain Res. 414:22-34.

2. Renau-Piqueras, J., Miragall, F., Marques, A., Baguena-Cervel-
lera, R., and Guerri, G. 1987. Chronic ethanol consumption affects
filipin-cholesterol complexes and intramembranous particles of
synaptosomes of rat brain cortex. Alcohol. Clin. Exp. Res. 11:
486-493.

3. Chin, J. H., and Goldstein, D. B. 1977. Effects of low concentra-
tions of ethanol on the fluidity of spin-labeled erythrocyte and
brain membranes. Mol. Pharmacol. 13:435-441.

4. Harris, R. A., and Schroeder, F. S. 1981. Ethanol and the physical
propetties of brain membranes: fluorescence studies. Mol. Phar-
macol. 20:128-137.

5. Hitzemann, R. J., and Harris, R. A. 1984. Developmental changes
in synaptic membrane fluidity: a comparison of 1,6-diphenyl-
1,3,5-hexatriene (DPH) and 1-{4-(trimethylamino)phenyl]-6-
phenyl-1,3,5-hexatriene (TMA-DPH). Brain Res. Dev. Brain Res.
14:113-120.

6. Boonstra, J., Nelemans, S. A., Feijen, A., Bierman, A., Van Zoe-
len, E. J., Van Der Saag, P. T., and De Laat, S. W. 1982. Effect
of fatty acids on plasma membrane lipid dynamics and cation
permeability in neuroblastoma cells. Biochim. Biophys. Acta 692:
321-329.

7. Murphy, M. P., and Tipton, K. F. 1992. Effects of chronic ethanol
feeding on rat liver mitochondrial energy metabolism. Biochem.
Pharmacol. 43:2663-2667.

8. Rahn, C. A., Bombick, D. W, and Doolittle, D. J. 1991. Assess-
ment of mitochondrial membrane potential as an indicator of cy-
totoxicity. Fundam. Appl. Toxicol. 16:435-448.

9. Bondy, S. C., and McKee, M. 1991. Disruption of the potential
across the synaptosomal plasma membrane and mitochondria by
neurotoxic agents. Toxicol. Lett. 58:13-21.

. 10. Hare, M. F., and Atchison, W. D. 1992. Differentiation between

alterations in plasma and mitochondrial membrane potentials in
synaptosomes using a carbocyanine dye. J. Neurochem. 58:1321—
1329.

11. Johnson, L. V., Walsh, M. L., and Chen, L. B. 1980. Localization
of mitochondria in living cells with thodamine 123. Proc. Natl.
Acad. Sci. USA 77:990-994.

12. Ehrenberg, B., Montana, V., Wei, M.-D., Wuskell, J. P., and
Loew, L. M. 1988. Membrane potential can be determined in in-
dividual cells from the Nernstian distribution of cationic dyes.
Biophys. J. 53:785-794.

13. Bunting, J. R., Phan, T. V., Kamali, E., and Dowben, R. M. 1989.
Fluorescent cationic probes of mitochondria: metrics and mecha-
nism of interaction. Biophys. J. 56:979-993.

14. Aiuchi, T., Daimatsu, T., Nakaya, K., and Nakamura, Y. 1982.
Fluorescence changes of rhodamine 6G associated with changes
in membrane potential in synaptosomes. Biochim. Biophys. Acta
685:289-296.

15. Aiuchi, T., Matsunaga, M., Daimatsu, T., Nakaya, K., and Nak-
amura, Y. 1984. Effect of glucose and pyruvate metabolism on
membrane potential in synaptosomes. Biochim. Biophys. Acta
771:228-234.

16. Aiuchi, T., Matsunaga, M., Nakaya, K., and Nakamura, Y. 1985.
Effect of probes of membrane potential on metabolism in synap-
tosomes. Biochim. Biophys. Acta 843:20-24.

17. Davies, S., Weiss, M. J., Wong, J. R, Lampidis, T. J., and Chen,
L. B. 1985. Mitochondrial and plasma membrane potentials cause
unusual accumulation and retention of rhodamine 123 by human
breast adenocarcinoma-derived MCF-7 cells. J. Biol. Chem. 260:
1384413850,

18. Emaus, R. K. Grunwald, R., and Lemasters, J. J. 1986. Rhodamine
123 as a probe of transmembrane potential in isolated rat-liver
mitochondria: spectral and metabolic properties. Biochim. Bio-
phys. Acta 850:436-448.

19. Scott, I. D., and Nicholls, D. G. 1980. Energy transduction in
intact synaptosomes. Biochem. J. 186:21-33.

20. Bucher, T., and Redetzki, H. 1951. Eine specifische photometris-
che Bestimmung von Athylalkohol auf fermantiven Wege. Klin
Wochenschr 29:615-619.

21. Proctor, W. R., and Dunwiddie, T. V. 1988. Effects of ethanol on
Purkinje neurons in rat cerebellar brain slices. Soc. Neurosci.
Abstr. 14:194,

22. Mrak, R. E. and North, P. E. 1988. Ethanol inhibition of synap-
tosomal high-affinity choline uptake. Eur. J. Pharmacol. 151:51—
58.

23. Groul, D. L. 1982. Ethanol alters synaptic activity in cultured
spinal cord neurons. Brain Res. 243:25-33.

24. Celentano, J. J., Gibbs, T. T., and Farb, D. H. 1988. Ethanol po-
tentiates GABA- and glycine-induced chloride currents in chick
spinal cord neurons. Brain Res. 455:377-380.

25. Urrutia, A. and Gruol, D. L. 1992. Acute alcoho! alters the excit-
ability of cerebellar purkinje neurons and hippocampal neurons in
culture. Brain Res. 569:26-37.

26. Seil, F. J., Leiman, A. L., Herman, M. M., and Fisk, R. A. 1977.
Direct effects of ethanol on ceniral nervous system cultures: an
electrophysiological and morphological study. Exp. Neurol. 55:
390-404. )

27. Mereu, G., Fadda, F., and Gessa, G. L. 1984. Ethanol stimulates
the firing rate of nigral dopaminergic neurons in unanesthetized
rats. Brain Res. 292:63-69.

28. Schoener, E. P. 1984. Ethanol effects on striatal neuron activity.
Alcohol. Clin. Exp. Res. 8:266-268.



176

29.

30.

3L

32.

33.

34.

3s.

Brodie, C., and Sampson, S. R. 1987. Effects of ethanol on elec-
trophysiological properties of rat skeletal myotubes in culture. J.
Pharmacol. Exp. Ther. 242:1098-1103.

Jarnefelt, J. 1961. Inhibition of the brain microsomal adenosine
triphosphatase by depolarizing agents. Biochim. Biophys. Acta 48:
111-116.

Goldstein, D. B. and Israel, Y. 1972. Effects of ethanol on mouse
brain (Na+K)-activated adenosine triphosphatase. Life Sci. 11:
957-963.

Sun A. Y., and Seaman, R. N. 1980. Physico-chemical approaches
to the alcohol-membrane interaction in brain. Neurochem. Res. 5:
437-445,

Mandel, P., Ledig, M., and M’Paria, J.-R. 1980. Ethano! and neu-
ronal metabolism. Pharmacol. Biochem. Behav. 13:175-182.
Collins, A. C., Smolen, A., Wayman, A. L., and Marks, M. J.
1984. Ethanol and temperature effects on five membrane bound
enzymes. Alcohol 1:237-246.

Ledig, M., Kopp, P., and Mandel, P. 1985. Effect of ethanol on
adenosine triphosphatase and enolase activities in rat brain and in
cultured nerve cells. Neurochem. Res. 10:1311-1324.

36.

37.

38.

39.

40.

41.

Samynathan and Bondy

Swann, A, C. 1985. (Na*, K*)-ATPase and noradrenergic regu-
lation: effects of cardiac glycoside treatment and noradrenergic
manipulations. Eur. J. Pharmacol. 119:67-74.

Bannett, R. R., Sampson, S. R., and Shainberg, A. 1984. Influence
of thyroid hormone on some electrophysiological properties of
developing rat skeletal muscle cells in culture. Brain Res. 294:
75-82.

Yoles, E., Bak, A., and Sampson, S. R. 1984. Some electrophysiol-
ogical properties of developing rat skeletal myotubes grown in serum-
free, chemically defined medium. Int. J. Newrosci. 2:483-490.
Brodie, C., and Sampson, S. R. 1986. Influence of various growth
factors and conditions on development of resting membrane po-
tential and its electrogenic component in cultured rat skeletal my-
otubes. Int. J. Neurosci. 4:327-337.

Westcott, J. Y., Weiner, H., Schutz, I., and Myers, R. D. 1980. In
vivo acetaldehyde in the brain of the rat treated with ethanol.
Biochem. Pharmacol. 29:411-417.

Cederbaum, A. L, Lieber, C. S., and Rubin, E. 1974, The effect
of acetaldehyde on mitochondrial function. Arch. Biochem. Bio-
phys. 161:26-39.





