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BRIAN E. LEONARD 

Pharmacology Department, University College, Galway, Republic of Ireland 

It is universally accepted that ethanol consumption 
can have a pronounced effect on behaviour, the brain 
being affected more obviously than any other system. 
While the initial effects of the drug appear to be 
stimulant, ethanol resembles the general anaes- 
thetics in its action, as this apparent stimulation 
results from the unrestrained activity of various brain 
regions that have been freed from inhibition as a 
consequence of the depression of inhibitory control 
mechanisms. Thus, ethanol depresses both excit- 
atory and inhibitory polysynaptic potentials and is 
more effective in inhibiting synaptic than impulse 
propagation and in potentiating pre-synaptic inhi- 
bition. In general, the effects of ethanol on the CNS 
are proportional to its blood concentration. 

Whereas the effects of occasional ethanol con- 
sumption on CNS activity are readily reversible, 
chronic and excessive ingestion of ethanol is directly 
associated with serious neurological and mental dis- 
orders associated with memory loss, sleep dis- 
turbances, psychotic episodes and brain damage. In 
addition, nutritional and vitamin deficiencies which 
arise as a consequence of an inadequate diet, com- 
bined with faulty gastro-intestinal absorption of sub- 
stances such as thiamine and carnitine, are closely 
associated with such neuropsychiatric syndromes as 
Wemicke’s encephalopathy, Korsakoff’s psychosis, 
polyneuritis and nicotinic acid deficiency encepha- 
lopathy [l, 21. Partly as a consequence of the dra- 
matic increase in first admissions to psychiatric hos- 
pitals in Europe and North America in recent years, 
attention.has been directed towards the effects of 
chronic ethanol consumption on brain function and 
morphology. The studies of Courville [3] on post- 
mortem brains of alcoholics show that atrophy of the 
frontal lobes is extensive, and he suggested that such 
changes arose from chronic anoxia. Later studies, 
using air encephalography or computer-assisted 
tomographic (CAT) scanning devices, have shown 
distinct dilation of the lateral ventricles and cortical 
sulci [4-6]. Epstein et al. [5] further demonstrated 
that patients with enlarged sulci show impaired psy- 
chological performance, while other investigators 
found that cognitive dysfunction is correlated with 
the width of the anterior horn of the ventricles [7]. 
The results of these, and other [8], studies clearly 
suggest that the psychological malfunction seen in 
chronic alcoholism is associated with brain damage. 
The purpose of this review is to consider the various 
proposals which may explain how such damage 
occurs. 

Three major mechanisms have been proposed in 
an attempt to explain the neurotoxicity of ethanol. 
First, many of the toxic effects have been ascribed 

to the accumulation of acetaldehyde together with 
an increase in the ratio of NADH to NAD+ [9]. 
Many of the metabolic changes that occur following 
ethanol consumption, as exemplified by an increase 
in the lactate and fatty acid concentrations and 
decreased tricarboxylic acid cycle activity, appear to 
be a direct reflection of the increased NADH : NAD+ 
ratio [lo]. The effect of the accumulation of acet- 
aldehyde in inhibiting protein synthesis [ll] undoubt- 
edly contributes to these metabolic effects. Second, 
ethanol has membrane fluidizing effects [12] that 
correlate well with the pharmacological actions of 
the drug on the brain. It has been speculated that 
the disordering effects of ethanol on nerve mem- 
branes are responsible for many of the abnormalities 
in function that are mediated by such membrane- 
bound proteins as Na+, K+-ATPase and adenylate 
cyclase [13,14]. As such processes are linked to 
central neurotransmitter transport and function, it 
has been hypothesized that the changes in neuro- 
transmission associated with chronic consumption 
are secondary to those in neuronal membrane 
activity. The third hypothesis which has been pro- 
posed to explain the central effects of the drug relates 
to the production of such specific psychosis-pro- 
ducing agents as salsinol and tetrahydropapaveroline 
[15]. Of these three possibilities, only the second will 
be considered in detail in the present review as this 
has the advantage of more completely unifying both 
the morphological and the functional changes seen 
following chronic ethanol consumption. 

Effects of chronic ethanol administration on the lipid 
composition of neuronal membranes 

The molecular action of ethanol on cell mem- 
branes has been the subject of intense investigation 
in recent years. Although the exact nature of these 
interactions and the subsequent changes in the bio- 
chemical processes have not been delineated clearly, 
some aspects of the subject have been reviewed 
recently [16, 171. Studies using electron spin res- 
onance and fluorescence polarization show that etha- 
nol and other aliphatic alcohols perturb the fine 
structure of the cell membrane. In addition, 
[14C]ethanol has been shown to bind reversibly to 
synaptic membranes [18] and to interact directly with 
membrane proteins by either altering the protein 
conformation or disrupting the relationship between 
the membrane proteins and lipids [19,20]. As a 
consequence of these actions, a perturbation in mem- 
brane function occurs [21]. 

The specificity of action of ethanol on neuronal 
membranes may be at least partly related to the lipid 
composition of the membranes. Goldstein et al. [22] 
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examined the effects of ethanol on brain tissue of 
mice, using an electron paramagnetic resonance 
method to explore the changes in membrane fluidity 
following in ~ifro and in oivo administration of the 
drug. They showed that there is a concentration- 
dependent increase in membrane fluidity when etha- 
nol is administered it7 uirro. However, following 
chronic administration in oiz~o, the neuronal mem- 
branes are resistant to the fluidizing effect of the 
drug when added to a membrane fraction in vitro. 
which the investigators suggest is a reflection of the 
development of tolerance. The development of tol- 
erance appears to be associated with an increase in 
the cholesterol content of the membranes (221; a 
replacement of unsaturated by saturated fatty acids 
in the membrane may also play an essential role in 
the resistance of the membranes to the fluidizing 
effects of ethanol [23.24]. Rubin and Rottenberg 
1251 have used the term homeoviscous adaptation to 
describe this process and suggested that the cross- 
tolerance between ethanol, sedative-hypnotics, and 
general anaesthetics may arise because all three 
classes of drugs have a similar action on biological 
membranes. 

Not all reported changes in membrane lipid com- 
position following chronic ethanol administration, 
however, are consistent with this hypothesis. Thus, 
Sun and Sun [26] reported a proportionate increase 
in polyunsaturated fatty acids in synaptosomal mem- 
branes from guinea pigs, whereas Wing and 
coworkers [27] found that changes in membrane 
fatty acyl composition after ethanol vary with the 
membrane type. Mice selectively bred for their dif- 
ferences in sensitivities to the pharmacological 
effects of ethanol show no differences in the synaptic 
membrane phospholipid, fatty acid, or cholesterol 
composition [28]. In a detailed study of the effects 
of chronic ethanol on the fatty acyl composition of 
erythrocyte membranes, Wing et al. [28] demon- 
strated that the monounsaturated fatty acyl groups 
of phosphatidylethanolamine are particularly sen- 
sitive to ethanol and suggested that this may have a 
pivotal role in such processes as membrane transport 
and fusion. These authors hypothesized that, as in 
ethanol tolerant rats isolated synaptosomal mem- 
branes show altered Caz’ sensitivities to neuro- 
transmitter release, changes in the phosphatidyl- 
ethanolamine fatty acyl composition may play a key 
role. 

These changes in membrane lipid composition 
have also been detected in clinical studies. Thus, 
Lesch and coworkers [29] reported that demy- 
elination and lipid loss occur in the brains of chronic 
alcoholics, while Ailing and Bostrom (301 showed 
that the mammillary bodies are particularly sensitive 
to the effects of ethanol as shown by a loss of myel- 
inated fibres. The proportion of polyunsaturated 
fatty acids in the phospholipid fraction of brain 
myelin has also been shown to decrease following 
chronic ethanol treatment [31]. One of the primary 
metabolic effects would appear to be an induction 
of essential fatty acid deficiency [32], and there is 
circumstantial experimental evidence to support the 
view that such a deficiency may be instrumental in 
causing learning deficits, particularly if the deficiency 

occurs during the critical periods of brain devel- 
opment [33.34]. 

The effects of ethanol on lipid metabolism can be 
ascribed to a deficiency in the absorption of thiamine 
and carnitine, combined with a reduction in the 
activities of the delta-6 and delta-5 desaturases (which 
are responsible for the conversion of dietary linolenic 
acid to the higher polyunsaturated fatty acids. 
gamma-hnolenic and arachidonic acids). The thia- 
mine-deficient diet, combined with impaired absorp- 
tion of the vitamin [35.36]. is associated with a 
diminished pyruvate dehydrogenase activity. which 
therefore reduces the essential precursors for lipo- 
genesis. The inhibition of the desaturases by ethanol 
results in the synthesis of a higher proportion of 
saturated and monounsaturated fatty acids [37]. 
while the reduction in the tissue concentrations of 
carnitine (381 reduces fatty acid oxidation as this 
dietary cofactor plays an essential role in the trans- 
port of fatty acids from the cytoplasm into the mito- 
chondria where oxidation occurs [39]. The final effect 
of chronic ethanol administration, therefore, is 
associated with a shift in the membrane composition 
from unsaturated to saturated fatty acids, with choi- 
ester01 and glycerophospholipids containing a higher 
proportion of saturated fatty acids than would occur 
in the absence of ethanol [40]. Such changes are 
aided by an increase in phosphohydrolase activity 
which results in an enhanced conversion of phos- 
phatidic acid to 1,2-diacylglycerol [41,42]. 

In addition to their role in membrane structure, 
the polyunsaturated fatty acids also act as precursors 
of prostaglandins [43]. Anggard [44] has shown that 
chronic ethanol treatment increases the urinary 
excretion of immuno-reactive prostaglandin PGF,. 
Thus, a combination of a decrease in the synthesis 
of the precursor unsaturated fatty acid, arachidonic 
acid, and an increase in the release and metabolism 
of the prostaglandins following chronic ethanol 
administration can explain the subsequent decrease 
in the products of the cyclooxygenase pathway. 
There is also some evidence that some of the changes 
associated with chronic ethanol abuse may be associ- 
ated with the altered availability of prostaglandins 
[4_5-47]. It may be concluded that the reduction in 
the unsaturated fatty acid composition of neuronal 
membranes may underlie the effects of ethanol on 
membrane fluidity and changes in permeability, ther- 
eby predisposing the animal to brain damage. In 
experimental studies, Walker et al. [48] have demon- 
strated that the number of hippocampal and cer- 
ebellar neurons, and the number of dendritic pro- 
cesses, decrease following chronic ethanol 
administration. Evidently. good nutritional status 
does not protect the animals from these detrimental 
effects of ethanol [49]. Such changes in cell structure. 
combined with cell loss, could account for the gross 
histopathological changes seen in chronic alcoholics. 

Possible reversal of the effects of ethanol 017 men- 
brane lipids 

If the inhibition of the delta-5 and -h desaturases 
is an important factor that underlies the toxicity of 
ethanol, then it may be postulated that the adminis- 
tration of polyunsaturated fatty acids whose synthesis 
is reduced by the drug should alleviate some of its 
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neurotoxic effects. In support of this hypothesis, 
Goheen et al. [50] have shown that a mixture of 
polyunsaturated fatty acids rich in arachidonic acid 
prevents liver damage which would normally result 
from the chronic administration of ethanol. Studies 
by Corbett and Leonard [51], on the incidence of 
sound-induced seizures that occur following the 
abrupt withdrawal of chronically administered etha- 
nol to rats, have also shown that the incidence and 
severity of the seizures are reduced following the 
concurrent administration of gamma-linolenic acid. 
Recently, these studies have been extended to show 
that the reduction in the turnover of y-aminobutyric 
acid (GABA) in the brainstem and hippocampus 
following chronic ethanol administration is antag- 
onized by the concurrent administration of gamma- 
linolenic acid (given as a component of Evening 
Primrose Oil) or carnitine [X2]. As there is evidence 
from the studies of others that the intracisternal 
administration of GABA or GABA agonist drugs 
attenuates ethanol withdrawal seizures [52], it may 
be concluded that the lowering of the seizure 
threshold and the reduction in the availability of 
GABA following chronic ethanol administration are 
correlated. There is no evidence from our exper- 
imental studies [.51] that either gamma-linolenic acid 
or carnitine has a direct effect on GABA turnover, 
so it would appear that these substances antagonize 
the action of ethanol by facilitating the incorporation 
of polyunsaturated fatty acids into neuronal 
membranes. 

So far it is unclear whether chronic gamma-lino- 
lenic acid treatment has any beneficial effects in the 
treatment of alcoholism. A preliminary study on 
severely alcoholic patients by Glen et al. [53] suggests 
that prolonged treatment with this fatty acid (as a 
component of Evening Primrose Oil) following a 
standard detoxification programme results in an 
improvement in some aspects of cognitive function 
and a reduction in the dose of diazepam that needs 
to be administered to prevent alcohol withdrawal 
convulsions. Analysis of the lipid composition of 
the erythrocyte membranes of these patients clearly 
showed that such treatments increased the higher 
polyunsaturated fatty acid (e.g. arachidonic acid) 
component of these membranes. Qualitatively simi- 
lar changes have also been found in the nerve ter- 
minals and platelets of rats to whom gamma-linolenic 
acid, alone or together with ethanol, had been 
administered [54]. 

Another method whereby the effects of ethanol 
on the composition and structure of nerve mem- 
branes may be attenuated involves the use of carni- 
tine. We [51] and others [38] have shown that chronic 
ethanol treatment reduces tissue concentrations of 
carnitine in rats. In view of the importance of car- 
nitine in the intracellular transport of unsaturated 
fatty acids already alluded to, it has been hypoth- 
esized that dietary supplementation with carnitine of 
ethanol-dependent rats may counteract some of the 
biochemical and behavioural effects of the drug. 
Preliminary studies have shown that the frequency 
of audiogenic seizures which occur in approximately 

* R. Corbett and B. E. Leonard, Proc. 14th Congress 
C.I.N.P., p. 198. Florence, Italy (1984). 

60% of rats following the abrupt withdrawal of etha- 
nol is reduced to below 30% following chronic car- 
nitine administration.* This effect of carnitine was 
also associated with a reduction in the ethanol- 
induced rise in the activity of hippocampal Ca*+, 
Mg*+ ATPase activity. This is further circumstantial 
evidence for the view that carnitine partially reverses 
the ethanol-induced changes in lipid composition of 
the neuronal membranes and thereby prevents the 
changes in the activities of membrane-bound 
enzymes whose microenvironment in the neuronal 
membrane is altered by chronic ethanol treatment. 
The inter-relationships of thiamine, carnitine and 
gamma-linolenic acid deficiencies that are initiated 
by chronic ethanol, and the neurotoxicity of this 
drug, have been the subject of a short review [55]. 

Effect of ethanol as a behavioural teratogen 

It is well established that severe structural damage 
occurs to the brains of infants who have been exposed 
to high concentrations of ethanol during the pre- 
natal period [56,57]. Pre- and post-natal dystrophy, 
developmental retardation, and microcephaly are 
typical features of children with the foetal alcohol 
syndrome. These effects may result from the action 
of ethanol on all developmental stages of the CNS, 
especially in the periods of organogenesis associated 
with the first trimester of pregnancy. It is also evident 
that the drug can interfere with the “brain growth 
spurt” which occurs relatively late in pre-natal devel- 
opment. Mental retardation and persistent behavi- 
oural deficits (e.g. hyperexcitability) may arise as a 
consequence of the effects of ethanol at the later 
stages of brain development and can occur in the 
absence of obvious neurological damage [58]. 

Several studies in rats have shown that pre- and 
early post-natal exposure to ethanol produces a 
significant reduction in brain weight, especially in 
the cerebellum [59,60], a selective loss of Purkinje 
cells [61], impaired maturation of the Purkinje cells 
and retarded synaptic development [62]. Detailed 
histological changes have also been reported in the 
dendritic spine distribution in pyrimidal cells [63], 
and deficits in dendritic structure and pyrimidal cell 
number have been observed in the hippocampus 
[64,65]. These changes are qualitatively similar to 
those reported to occur in adult rats that have been 
exposed to prolonged ethanol treatment [49]. 

The mechanisms whereby ethanol can produce 
these effects are numerous, but two mechanisms 
seem worthy of particular attention. The first con- 
cerns the actions of ethanol on the membrane lipid 
composition which has already been referred to in 
this review. The second action, which may be par- 
ticularly pertinent to our understanding of the foetal 
alcohol syndrome, concerns the action of ethanol on 
the activity of neural cell adhesion molecules (N- 
CAM) during early pre-natal development. These 
complex and highly varied oligosaccharide units, rich 
in sialic acid, appear to be involved in many basic 
membrane-related events such as cellular migration, 
recognition and adhestion [66]. N-CAM are also 
constituents of a number of key enzyme and receptor 
units [67]. Stibler and co-workers [68] have shown 
that ethanol exposure in utero results in a reduction 
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in the incorporation of sialic acid into membrane- 
bound sialoglycoconjugates, an effect which is par- 
ticularly marked in nerve terminals. It may be 
hypothesized therefore that a reduction in N-CAM 
can result in an inhibition of neuronal migration at 
a critical stage in development and lead to premature 
cellular migration and adhesion. Such changes may 
underlie the structural abnormalities that char- 
acterize the foetal alcohol syndrome. Such effects 
are undoubtedly complicated by a reduction in the 
placental transport of amino acids, glucose and other 
nutrients which could arise as a consequence of 
ethanol-induced hypoxia (69,701. 

General conclusions 

It is universally accepted that the effects of ethanol 
on the brain are complex and incompletely under- 
stood. Nevertheless, one of the major advances in 
understanding of the neurotoxicity of this drug deri- 
ves from observing its effects on membrane com- 
position and fluidity. The changes in the membrane 
lipid composition would appear to precede any alter- 
ation in conformational state of membrane proteins 
[71] and suggest that the well established changes in 
such membrane-bound enzymes as Na*, K+-ATPase 
[70,72] on calcium ion fluxes [73], on central inhibi- 
tory neurotransmitter metabolism [74] and on bio- 
genie amine metabolism [75] may be secondary to the 
changes in lipid composition. While the preliminary 
results of the experimental and clinical studies indi- 
cating that dietary supplements of polyunsaturated 
fatty acids can counteract some of the behavioural 
and neurochemical effects of chronic ethanol appear 
promising, clearly more extensive studies need to be 
undertaken before any conclusions can be made. 
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