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ABSTRACT 

Maternal alcohol consumption during pregnancy and lactation 
~ 

has long beenthought to have deleterious effects on the progeny's 

growth and development. In the present study, the effects of 

chronic alcohol intake on biological membranes frQm the brain 

were investigated in an attempt to elucidate membrane perturba-

tion by ethanol and the adaptative response after long term expo-

sure to the drug. 

A biophysical study of synaptosoma~ and mitochondrial mem

branes was performed using the pyrene excirner-formation techni-

que. It was observed that only synaptosomal membranes from 10 day-

old progeny were cross-tolerant to the in vitro fluidifying 

effects of pentanol. The lipid fractions of synaptic membranes 

were further analysed by this fluorescent method. The total lipid 

fraction from the alcohol-fed group unlike the phospholipid one 

was shown to be cross-tolerant to fluidization by pentanol. Cho-

lesterol levels were slightly but not significantly elevated in 

the alcoholic group. Studies on reconstituted total lipids with 

equalized cholesterol molar fraction revealed a similar tolerance 

phenomenon. Reconstituted total lipid extracts with varying cho-

lesterol showed that the sterol rigidifiPs lipid bilayers but 

also sensitizes them to fluidization by alkanols. 
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The Na,K-ATPase was then assayed in brain homogenates and it 

also revealed a component of tolerance to in vitro inhibition by 

ethanol. This was shown to be the case for both the basal and 

dopamine stimulated enzyme. 

These findings suggest that cholesterol by itself 

responsible for acquired tolerance but is essential in 

is not 

mediating 

membrane perturbation by alkanols and is required in the expres

sion of membrane adaptation to alcohol. This in turn can be cor

related with membrane-associated functions such as ATPase activi

ty. 
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RESUME 

On a longtemps cru que la consommation maternelle d'alcool 

durant la grossesse et l'allaitement ~tait dangereuse pour le 

developpement et la croissance du foetus. Dans cette etude, les 

effets de !'ingestion chronique d'alcool sur des membranes 

isolees du cerveau sont determines dans le but d'elucider la per

turbation causee par l'alcool et !'adaptation envers cette drogue. 

Une etude biophysique des membranes synaptosornales et mito

chondriales est faite utilisant une technique de fluorescence avec 

le pyrene. Seules les membranes synaptosomales se revelent 

tolerantes aux effets fluidisant 

nol. Les fractions lipidiques 

de !'addition in vitro de penta

des synaptosornes sont alors 

sournises a la rnerne etude fluorescente. Contrairernent aux phospho

lipides, la fraction de la totalite des lipides proven~nt du 

groupe alcoolique est observee comrne etant tolerante i la fluidi

sation par le pentanol. Les niveaux de cholesterol sont legere

ment plus eleves chez les alcooliques. Des etudes sur des frac

tions de la totalite des lipides reconstitues avec un contenu 

egal en cholesterol rev~lent un phenomene similaire de tolerance. 

En variant les niveaux de cholesterol des fractions reconsti

tuees, on a observe que ce sterol rend les membranes plus rigides 

mais les rend aussi plus sensibles ~ la fluidisation par des 

alkanols. 

La Na,K-ATPase obtenuc du cerveau est ensuite etudiee et re-
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v~le une tolerance envers !'inhibition par l'ethanol in vitro. 

Ceci fut le cas pour l'activite de base et celle stimulee par la 

dopamine. 

Ces r~sultats sugg~rent que le cholesterol par lui-m~me 

n'est pas responsable du phenom~ne de tolerance mais est requis 

pour !'expression de !'adaptation membranaire a l'alcool. Ceci, 

en retour, peut ~tre reli~ avec les fonctions associ~es aux mem

branes comme l'ATPase. 
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INTHODUCTION 

A. Fetal alcohol syndrome and teratogenicity of alcohol 

1. Historical. The belief that maternal consumption of al-

cohol during pregnancy and lactation could have deleterious 

effects on the growth and normal development of offspring has a 

long and varied history (1). Throughout the 19t"century, children 

of alcbholic parents were observed to have significantly higher 

frequencies of mental retardation, epilepsy, stillbirths and 

neonatal deaths (2). Early in this century, Stockard ~_al studied 

the effects of alcohol consumption on the development of chicks, 

minnows and guinea pigs (3,4). However, such studies along with 

others (5) performed at about the same time were fraught with me

thodological difficulties such as lack of adequate nutritional 

control (6). This made the assessment of the teratogenic ·~otential 

of alcohol difficult. In the following 3 or 4 decades only a few 

scattered reports appeared in the clinical or experimental 

literature describing the effects of parental alcoholism on the 

offspring (6). 

More recently, Jones et al recognized a specific pattern of 

malformations in children of alcoholic mothers ( 7 ). The term 

Fetal Alcohol Syndrome (or FAS) was first used to describe 

this pattern of prenatal and postnatal growth deficiency, 

developmental delay, mental deficiency, microcephaly, fine 

motor dysfunction and facial dysrnorpholoqy (2,7). All such anom<.l-
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lies are now diagnostiC of FAS. As a result of the increasing 

body of information regarding the FAS, researchers tried to 

develop suitable animal models to study the syndrome (6). Such 

animal studies were of great importance as they accomodated the 

possibility of controlling the numerous confounding variables in

herent to human research. For example, the control of the 

amount of alcohol administered daily could be maintained. 

Furthermore, genetic variables and polydrug use were no longer 

confounding factors as they were in the human studies (6). 

1.2 Terat..:-logy. Teratology is the field of basic 

research which endeavours to determine or elucidate 

the various causes of birth defects (2). Originally, only gross 

structural defects in offsprings were described by terato

logists. Nowadays, such studies include microscopic abnormalities, 

behavioural disorders and biochemical consequences. Teratogenic 

agents seem to act primarily on a particular aspect of cell 

metabolism and accentuate the incidence of defects and malforma

tions as a result of cellular and genetic instabilities. Te

ratogenic agents are widespread in nature and they include exposure 

to radiaton such as X-rays and radium sources~ mercury, pesticides 

and a variety of drugs (2). For example, anticonvulsant drugs 

like phenobarbital or hydantoins are associated with a greater 

incidence of mi.ljor malfonaations similar to those seen in rAS 

(2). J\drninistrution of hormont·~_; nucha:~ corti~;onc and some 
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synthetic progestins can also increase the incidence of anoma

lies (2). Deficiencies in vitamins and trace minerals.like zinc 

and magnesium have also been shown in animal studies to be tera

togenic (8). In fact, all chemicals administered experimentally 

in sufficiently high doses retard embryonic growth or kill them 

(9). The timing of exposure to the drug or chemical can also 

affect the progeny (2). In general, exposure early in 

gestational phases causes morphologic damage or death whereas 

exposure late in gestation causes functional decifi.ts and growth 

retardations (10). 

Although our understandin~ of multiple potential teratogens 

has increased, the origin of most developmental defects still re

mains unclear (2). 

B. Pharmacology and bioqhemistry of alcohol 

1. Source and chemistry. Beverage alcohol is a simple mole

cule, CH 3CH2 0H, of molecular weight 46.07. Ethanol may be produ

ced either from bacterial fermentation of carbohydrates or syn

thesized by catalyzed hydration of ethylene (11). When yeast is 

grown under anaerobic conditions in a carbohydrate containing 

solution, sugars are fermented to alcohol and carbon dioxide. 

Wlten the concentration of alcohol reaches about 12%, 

ethanol itself inhibits further growt-h of the microbial organisms 

and the proce~;~; ~~top~:; ( 2) . 

Ethyl alcolwl by virtue of Jt~; polar hydroxy (Jrour can forlll 
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hydrogen bonds and thus exhibits intermolecular association in 

the same manner as water. However, the pKa of the ~OH group is 

about 20 making the terminal group virtually undissociated under 

physiological conditions (12). Furthermore, the ethyl moiety of 

the molecule is non polar and associates through Van der Waals 

forces (12). Therefore, many chemical properties of ethanol are a 

balance between the polar but uncharged -OH group and 'the non 

polar ethyl carbons. 

2. Alcohol metabolism 

2.1 Absorption. Following ingestion of al-

cohol, some 20 to 30% of the ethanol is rapidly absorbed through 

the stomach wall (2). At first absorption is rapid but then it 

decreases to a very s 1 ow rate even though gastric concentrations 

remain high (13). Absorption from the small intestine is 

extremely rapid so that the rate of absorption of alcohol in 

a given subject will depend upon the rate at which the ingested 

alcoholic beverage will flow from the stomach into the duodenum 

( 13) • Major 

include the 

factors influencing the rate of gastric emptying 

volume, character and dilution of the alcohol 

beverage together with the presence of food, the period of time 

taken to ingest the drink and individual peculiarities (13,14). 

2.2 Distribution. fd'tnr absorption, alcohol diffuses throughout 

the botly ,1nd 1:; f.::tirly uniformly distributed into all tissues and 
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fluids (13 ) . In fact, except for intact skin tissue; there 

appears to be no barrier for alcohol diffusion in the body (12 l. 

This is as a consequence of the solubility of ethanol in both 

aqueous and lipid compartments of tissues and organs. Since the 

placenta is permeable to alcohol; it gains free access to fetal 

circulation and therefore can have adverse effects on fetal 

development. Ethanol also crosses the blood brain barrier so that 

the central nervous system becomes an important target during 

alcohol intoxication. Moreover, as a result of the large blood 

supply to the brain, CNS alcohol concentration quickly approaches 

that of the blood (13). In general, during the course ·Of its 

elimination alcohol can affect many functions and indeed there 

has been literature on pathological conditions brought about by 

chronic ethanol consumption on most of the body organs (2,13). 

2.3 Elimination. Ninety to 98% of the ingested drug is 

completely oxidized (12,13). The small amounts remaining are excre

ted unchanged in the breath, urine and sweat (13). The rate of 

metabolic oxidation of alcohol is governed by zero order 

kinetics, that is, blood alcohol levels fall some 15 mg% per hour 

regardless of the initial alcohol levels in the blood {13). The 

rate-limiting step is the oxidation of ethanol to acetaldehyde {2). 

This initial oxidation of ethanol is accomplished mainly in the 

liver (14) although kidney (15), muscle (2), lung (2) and intes

tine (2,17) have been shown to metabolize small quantities. The he

patic enzyme responsible for the conversion of ethanol to acetal-



c 

-6-

dehyde is alcohol dehydrogenase (ADH), a zinc dependent 80K poly-

peptide which utilizes NAD as hydrogen acceptor (18). The Km of ADH 

for ethanol lies in the order of 0.5 to 2.0 mM (14,19), ADH also 

has a broad substrata specificity and can be inhibited non compe-

titively by pyrazole (14), a compound freqently used in animal 

studies to maintain steady blood alcohol levels. ADH functions 

normally in the liver to oxidize the ethanol that is spontaneously 

being produced within the intestine by the microbial flora which 

ferment carbohydrates (20). Lester et al estimated that humans and 

most mammals endogenously produce some 12 to 40 grams of alcohol 

per day (21,22}. The production of acetaldehyde by ADH may also 

play a role in alcohol toxicity as the aldehyde is a reactive 

molecule which is also lipid soluble {2). For example, binding 

of acetaldehyde to proteins was demonstrated in liver microsomes 

of rats chronically fed alcohol (23). However, acetaldehyde can 

be further oxidized to acetate by the enzyme aldehyde dehydroge-

nase in a reaction coupled to the reduction of the coenzyme NAD 

(2,19). The acetate produced is ultimately oxi.dized to H
4
o and CO~ 

through the Krebs cycle of intermediate metabolism. 

The acquired ability to consume large quantities of alcohol 

common to alcoholics results from CNS tolerance to higher blood 

alcohol levels as well as induction of additional oxidizing 

capacity (18,24). The hepatic microsomal ethanol oxidizing 

system (MEOS) which was recently discovered (25), has been shown 

to be of importance in the metabolism of alcohol. The hepatic 
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MEOS catalyzes the oxidation of ethanol to acetaldehyde using 

molecular oxygen and NADPH as substrates (24). The Km of MEOS for 

ethyl alcohol is in the order of 8-9 mM (14 ). The purified 

components of this system include cytochrome P450, NADPH 

cytochrome C reductase and require phospholipids for biological 

activity (26). In heavy drinkers MEOS can contribute as much 50% 

of the total alcohol metabolism (2). MEOS has been shown to be 

induced in chronic alcoholism and also oxidizes other sedative 

drugs like barbiturates (2,13). Thus, a cross-tolerance develops 

simultaneously between alcohol and various hypnotics. 

2.4 Nutritional aspects. Alcohol is both a drug and a food. 

',l'he metabolism 

whiCh amounts 

of ethanol can produce some 7 calories per gram 

to about 105 calories per standard drink (2). 

Taking only these considerations into account, alcohol may provide 

more than half of the daily required calories in some heavy 

drinkers. However, it cannot provide the vitamins, minerals and 

essential amino acids normally present in an adequate diet. As a 

consequence, ethanol has often been referred to as providing 

"empty calories" (271. Furthermore, ethanol may interfere in 

gastrointestinal absorption of various nutrients and also 

increase their 

urinary excretion 

magnesium, zinc 

loss through vomiting, diarrhea and increased 

(2,27,2B). For example, Flink et al showed that 

c..~nd tolic dCid ure depleted as a result of 

increased urinary (·;,.:crct ion .1nd inad0quat<> intake during chronic 

dlcohol1sm U9l. In t•·rm~; of tlH' te>ratoq.~nic pffect·s of ethanol, 
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magnesium has important roles in fetal development since it 

stabilizes DNA, RNA, binds SRNA to ribosomes and is involved in 

the activation and transfer systems of all amino acids (30). Zinc 

is required for RNA and DNA synthesis and for a number of 

metallo-enzymes including alcohol dehydrogenase ( 19 ) • Zinc 

deficiencies have been associated with high rates of stillbirth, 

neonatal mortality, congenital abnomalies, low birthweight and 

growth retardation (2). Tanaka et al have demonstrated in rat 

model systems that diets rich in zinc can alleviate some of the 

teratogenic effects of alcohol (31 ) • Ethanol also impairs 

intestinal absorption of folate. Sullivant and Herbert showed 

that hematologic response to folic acid therapy was repeatedly 

prevented by the administration of liquors or laboratory ethanol 

(32). Ethanol may also act as a weak folate antagonist when body 

stores are decreased and dietary intake is poor (2). 

Folic acid antagonists have been shown to cause fetal 

resorption, stillbirths and congenital malformations in the rat 

( 3 3) • 

Metabolism of large amounts of ethanol within liver cells 

causes fat accumulation and can predispose to alcoholic hepatitis 

and cirrhosis. These in turn may result in portal hypertension 

and repeated attacks of pancreatitis with subsequent nutritional 

deficiencies (2). 



-9-

c. General Anesthetics. 

General anesthetics comprise a wide variety of structurally 

unrelated compounds including alkanols (up to 9 carbon long), 

gaseous and volatile agents, halocarbons, steroids, amines and 

barbiturates. All such chemicals have been shown to perturb lipid 

bilayers and biological membranes (34,38). Although the molecular 

mechanisms of general anesthesia remain to be fully elucidated, 

current theories are roughly divided into 2 categories. Either 

general anesthetics bind directly on apolar sites of sensitive 

proteins or they partition within the lipid fraction of 

c biomembranes and perturb membrane - associated functions. 

1. Protein hypothesis. A major experimental problem arises 

when working with membrane-bound proteins: differentiation of 

direct effects on protein from those on the neighbouring lipids. 

There have been studies using simple, relatively pure protein 

systems where the observed effects can be unambiguously 

interpreted in terms of protein - anesthetic interactions. For 

example, some alkanols and anesthetic alkanes have been shown to 

bind to bovine serum albumin (39,40). Hansch et al also accumulated 

data on the binding of small molecules, including anesthetics, to 

bovine serum albumin and haemoglobin (41,42), where it was shown 

0 
t"hat bi ndi nq of the anesthet s t·o protein surfaces could b<: 

correlated with thP octanol-water partition coefficient of the 
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molecule. Although such information is irrelevant to general 

anesthesia, it serves to illustrate that a large range of 

molecules may bind to proteins in a fashion related to their 

solubility in organic solvent. Eventhough general anesthetic-pro

tein interactions are a possibility in the mechanisms of general 

anesthesia, circumstantial support for the lipid theories of gene

ral anesthetic action has remained strong since the turn of the 

century (43,44). 

2. Disordered lipid hypothesis. The disorde~ed lipid 

hypothesis, on the other hand, is unitary since it 

correlates anesthetic potency with lipid solubility (45,46). In 

such a model, the anesthetic molecule ist~ught to partition wi

thin the lipid fraction of biomembran~s and indirectly to affect 

membrane-associated functions (47). 

A variety of experimental data have supported the lipid 

hypothesis since its conception. First, anesthesia in vivo and 

anesthetic - induced disordering of biological membranes and 

lipid bilayers can be reversed by an increase in hydrostatic 

pressure (48,49,50). 

Also, the concentrations of anesthetic agents (like 

alkanols) required to induce physiological effects are much 

greater than those required for th~ pharmacological activity of 

drugs known t:o interact. specifically with protein recc>ptors (51). 

In dthiition, thP tliqt1 de9rPt' of <.:hPmical divPr~lity found in the• 
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family of general anesthetics (52) would seem to preclude any spe

cific chemical interaction at the basis of general anesthesia. 

Further evidence for the non-specific interaction between alcohol 

and biological membranes comes from the development of tolerance 

to anesthetics. It is known that humans and rodents chronically 

fed with alcohol will have an increased requirement for the drug 

to still produce anesthetic effects (53,54). 

In some cases organisms made tolerant to a given anesthetic 

drug also display tolerance to another general anesthetic. 

For instance, mice made tolerant to nitrous oxide were also 

tolerant to alcohol (55). This phenomenon, known 

tolerance, has been observed between many general 

including barbiturates, alkanols, halocarbons and 

(55,56). such observations would seem to exclude any 

as cross

anestheti.cs 

rare gases 

specific 

membrane anesthetic interaction. Of great importance in. the disor

dered lipid hypothesis is the correlation between anesthetic po

tency and lipid solubility of the drug molecule. In the early 

1900's, Meyer and Overton simultaneously but independently noted 

a correlation between anesthetic potency and olive oil solubility 

(46,51,52,57). Since then, the solubility in olive oil has 

been shown to be inadequate in correlating anesthesia with lipid 

solubilJty. Por example, it was observed that n-alkanols systema

tic.Jlly dt'Vldtc·'(i from otl!er cH1-::':;tlwtic agent~> in the ollve oil 

col t'•' lilt· ion tlh' octanol partition 

C()f' I [ i c i (.':11 ( ') H I . I ! d h,_,t·t ('r modP l for 
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biological membranes had to be used in the lipid solubility 

correlation hypothesis. Since biomembranes are made of amphipathic 

components (59): octanol partitioning serves as a more precise 

figure than the olive oil solubility (58). More recently, it was 

shown that the original Meyer and Overton hypothesis accomodates 

a wide range of anesthetics including the alkanol series, vola

tile and gaseous agents and barbiturates, when partition into 

phosphotidylcholine vesicles is substituted for olive oil solubi

lity (51). 

D. Membrane structure and function 

Membranes are ubiquitous to all living systems. In prokary

otic cells, the plasma membrane is the only membranous component 

of the cell. In Eukaryotes, biomembranes also constitute a large 

number of intracellular compartments including nucleus, 

endoplasmic reticulum, Golgi apparatus, mitochondria and 

chloroplasts, lysosomes, etc. (60 ) • It is evident that since all 

these organelles are involved in key cellular processes, membrane 

systems are vital to cell integrity. 

1. Composition. Biomembranes are primarily composed of 

lipids and proteins with small contributions from carbohydrates 

(61,62,63). These components are held together mostly by hydro

phobic interactions (64). Lipids constitute the major molecular 
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species present in biological memGrancs. Phospholipids can be sub

divided following their polar head-group structure info 5 major 

classes including phosphatidylcholine (PC), phosphatidyl etha

nolamine (PE), phosphatidic acid (PA), phosphatidyl inositol (PI) 

and phosphatidyl serine (PS). All the head-groups, except PA, are 

zwitterionic in nature but only PC and PE are electroneutral 

while the others carry a net negative charge (59). 

can also vary in their acyl chains both in 

Phospholipids 

length and 

unsaturation. Unsaturation is usually cis in conformation and is 

non conjugated in polyunsaturated fatty acids (59,6~). All fatty 

acids in normal mammalian cell membranes possess an even number of 

carbon atoms (61,65). Essential fatty acids of the n-6 series are 

important constituents of all tissues and the n-3 series is 

important in many organs (G5). Some of the more abundant fatty 

acids include palmitic, stearic, linoleic, linolenic, oleic and 

arachidonic acids. Other lipids include sphingomyelin, cerebrosides, 

gangliosides and sterols which comprise cholesterol and its 

esters, desmosterol, etc. 

There exists a large variety of membrane-bound proteins. 

They may largely be classified as peripheral (extrinsic) i.e. 

relatively \vater soluble or intr:>gral (intrinsic) i.e. lipid soluble 

anu in strong association wit·h membrane lipids (66,67). 

Membrane oligo'~~cc'lurides drc· ouJlt- from 9 different 

c u n t d i n c~ li d c '·' t y l d m i n o 'J r nu : , ( :) i ) . 
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2. Membrane architecture. Although there is no universally 

accepted model for membrane architecture much evidence stands to 

show that many membranal prbperties can be accounted for by a 

dynamic, fluid lipid bilayer structure (59,62,64,66,68). It had 

been acknowledged much earlier that biological lipids are amphi-

pathic in nature (59) and that their tendency to form a polar/ 

nonpolar interface was the key to membrane models (59,69). However, 
. 

the earlier models suffered from a static design where diffusion 

of the various components could not be accounted for (70). 

2.1 Organization of membrane lipids. It is now generally 

accepted that the phospholipid bilayer model can account for both 

structural and functional features of all biomembranes (66,68). In 

such a bilayer the polar phosphate head-groups face the aqueous 

milieu on both sides of the bilayer plane while the methyl end-

groups of the fatty acyl chains face eachother at the hydrophobic 

core of the membrane (66,68,70). Cholesterol is intercalated bet-

ween phospholipid molecules with its hydrophylic hydroxy group (OH) 

facing the aqueous surface of the bilayer and with the bulky 

hydrocarbon rings extending inside the hydrophobic domain (70,67). 

Such a bilayer configuration is of high stability~ furthermore, 

the energy of tite system can be lowered by folding over of the 

bilayer into a closed vesicle shape (64,67). This compartimentation 

effectively reduces inter~ctions between the water phase and the 

fatty acids. 
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2.2 Organization of membrane proteins. Proteins constitute 

40 to 50% of the total dry weight of biomembranes (63,64) and 

occupy half or more of the membrane surface (71). Membrane-bound 

proteins are roughly divided into 2 major classes: intrinsic 

and extrinsic. Extrinsic (or peripheral) membrane proteins are 

located on the surface of biological membranes and are in 

limited interaction with the hydrophobic milieu inside the bilayer 

(66). Such proteins bind to membranes mainly via electrostatic 

interactions and they can be extracted using mild conditions 

like alterations in ionic strength (66). 

Intrinsic {or integral) membrane proteins are inserted more 

deeply within the lipid bilayer. They interact hydrophobically 

with either one phospholipid monolayer (leaflet) or traverse com

pletely the bilayer spanning both sides of the membrane surface 

(59,64). Examples of integral membrane proteins are Na,K-ATP ase, 

adenylate cyclase, cytochrome C, etc. This class of proteins can 

only be removed from the membrane using relatively harsh methods 

such as detergent or organic solvent extraction (63,66,67). The 

long sequences in hydrophobic amino acid residues present in 

some intrinsic membrane proteins favor "solvation" of these parts 

of the polypeptide chain within the acyl chain domain of the bilayer 

(64). Membrane proteins may be topographically organized so that 

substrates or reaction intermediates can be channeled through 

some biological pathway. A good example of this is the electron 
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transport chain within the inner membrane of mitochondria where 

electrons are channeled to ultimately reduce molecular oxygen to 

water (30). 

2.3 Asymmetrical distribution of membrane components. 

Biological membranes display a fairly high degree of 

asymmetry in the distribution of their structural components (64, 

72). The arrangement of polar head-groups in the erythrocyte mem

brane was shown to be highly asymmetric with PC and Sphingomyelin 

largely situated on the outer (external) leaflet and with 

PE and PS located mainly within the inner monolayer (62,73). Asym

metry extends also to glycosylation of membrane components where 

carbohydrates covalently linked to proteins or lipids are located 

exclusively on the external face of plasma membranes (72). The 

reverse holds true for intracellular membrane compartments (74 ). 

3. Membrane dynamics 

3.1 Molecular motions within the bilayer. 

The lipid bilayer can be pictured as a 2 dimensional fluid 

(58,59). Using techniques like electron spin resonan'Ce (ESR), 

nuclear magnetic resonance (NMR}, fluorescence polarization, x

ray crystallography and others it is possible to study the various 
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motionsoccurringv.:ithin the: lipid bilayer. Lateral diffusion is 

the term used to describe random translational diff~sion of lipids 

within their own monolayer (61). The experimentally determined 

range of values for translational diffusion coefficient (DT) of 

lipids is 
-s 

10 10-
7 

cm2 s-1 (61,63). Another relatively fast motion 

occurring within lipid bi layers is rotati.on of a lipid molecule 

about its long axis; perpendicular to the plane of the bilayer. 

Experimentally observed values for rotational diffusion coeffi-

c:ients of lipids lie in the order of 10
8 s- 1 

(75). 

Measurements of acyl chain rotation have shown an increasing 

gradient in molecular motion from polar head-groups near the 

surface of the bilayers, to the methyl end-groups within the 

hydrophobic core. For example, nitroxide spin-labeled fatty 

acids or lecithins incorporated into liquid-crystalline egg leci-

thin bilayers were found to decrease in their order parameter (s) 

with the number of methylene carbons separating the label from 

the phosphate head-groups (76). Since the increased motion 

towards central regions of bilayers is not consistent with a 

model in which the acyl chains are in parallel array, it has been 

suggested using spin-labelcd phospholipids that there is a tilt 
0 

of about 30 in the head-group region of hydrated egg lecithin 

rnult.i layers (77). This result:3 in a carbon atom density some 12% 

hi er her t ha n t t1 a t :J b s 0 r v e d n '.' c1 r t h <: t c r m i n a I met h y 1 groups ( 7 7 ) • 

Th•' <.la tit on DR i C' ,, d l ~>O c t) n:; i ~; t (~ n '· \i I I h <kutcron rna fJ rP • t ic 

r• •:;Otid!lCI• \."'"t'1 (" r J_) i t \o.J\:1 s ',' 'JO\·Irl t hat 'IJ qr\>Up:; 
2. 

nc.:tr I t 1• ' 
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polar/apolc..~r interface are restrictt~d in their mot)on compared t.o 

those de~ply burried within the hydrophobic core (78). Transbila-

yer motion of phospholipids or ''flip-flop" across the bilayer has 

been shown to be exceedingly slow relative to lateral or 

rotational diffusion. For example by using spin-labeled single 

bilayered phospholipid vesicles and following the selective des-. 

truction of label on the external side of vesicles by ascorbate, 

exchange rates in the order of 2x1~5 ~~were obtained (79). 

H.J. Galla et al using pyrene lecithin as fluorescent probe 

detected a long-term exchange process with rate constant 

k 
-5 -1 = 4xl0 S (or T 1/2 of hours) in dipalmitoyl lecithin membranes 

at 50° C (80). This exchange was attributed to the "flip-flop" 

process between 2 layers of a single bilayer vesicle. A thermody-

namically unfavorable transbilayer motion is expected since it 

would im~ly disturbing considerable amounts of neighbouring lipid 

molecules and introducing polar head-groups within the internal 

hydrophobic environment (63,64). Cholesterol, the main sterol in 

most biomembranes, has also been shown to have a fairly rapid rate 

of lateral diffusion. Using fluorescent methods, NBD-cholesterol had 

a D = 
T 

-s ;... _, 
1.6xl0 cm s above the lipid phase transition in 

dimyristoylphosphatidyl choline liposomes (81). Again here "flip-

flop" or transbilayer migration was slow, with a half-life of 3 

days as obtained using tritiated chol0stcrol in 
~ 

liposomes at 37 C 

• 
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molecular weight, proteins are expected to have lower mobilities 

than their lipid counterparts. The experimentally determined 
-<=t -8 .2 1 '3 ')- -\ 

range of values for DT is 10 - 10 cm ~ and for DR=10 - 10 s 

(83). Transbilayer migration of membrane-bound proteins has been 

shown to be virtually non-existent (84,85). Slow transbilayer 

migration rates are believed to be important in maintaining the 

high degree of asymmetrical distribution of components in 

biomembranes (64,72). 

3.2 Lipid composition and fluidity. The recognition of 

all the molecular motions taking place in bilayers suggested that 

the 2 dimensional medium of a biological membrane has a characte-

ristic viscosity (inversely related to fluidity) which is of 

importance in structure and function (86). Using biophysical 

methods the effecis of lipid composition on bilayer fluidity can 

be determined. Sackmann and eo-workers using the pyrene-excimer 

formation technique have shown that the jump frequency of the 

probe was two times greater in dioleyl lecithin than in the 

saturated analogue and that cholesterol enrichment of bilayers 

markedly reduces translational diffusion within fluid bilayers at 

physiological temperature (71). ESR and fluorescence polarization 

studies are in good qualitative agreement with such results 

( 78 ) • The study of thermotropic phase transitions which are 

characteristic of phospholipid-water systems like 1 it--id 

dispersions, black lipid films and monolayers (87,88) has yielded 
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much useful information on membrane fluidity. Using differential 

scanning calorimetry (DSC) it was demonstrated that for the same 

head-group and extent of hydration, lipids with more unsaturated 

acyl chains have lower transition temperatures (Tm) than more sa

turated ones (89), and cis-unsaturated chains lower Tm than trans

unsaturated ones (91). The effects of cholesterol on the gel to 

liquid crystalline transition havebeen studied for several lipid 

classes (78). It was shown that cholesterol addition broadens mel

ting endotherms of phospholipid dispersions over a wide temperature 

range and decreases heat of transitions. This suggests an "inter

mediate fluid" condition where cooperativity in the phase transi

tion is lowered by cholesterol enrichment (89). The "dual" role of 

cholesterol in formation of an "intermediate fluid" state was de

monstrated in many types of lipids using electron paramagnetic re

sonance (EPR) methods. For instance, using labeled stearate (4-NS) 

it was observed that cholesterol addition causes fluidization of 

dipalmitoyl phosphotidyl choline at 20°C (below Tm) and immobili

sation of egg-yolk phosphotidyl choline in its liquid-crystalline 

state (92 ) . X-ray crystallography of dipalmitoyl lecithin: 

cholesterol: H~O systems below T,n (25 o C) also demonstrated 

fluidiZation of the hydrocarbon chains between 7.5 and 50 mole% 

cholesterol as indicated by an increase in high angle spacing 

together with a decrease in the long spacing due to increased 

lateral motions of the chains (78,89). 
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3.3 Lipid-protein interactions. Since intrinsic membrane 

proteins have a large part of their amino acid residues "solva

ted" within the hydrophobic milieu of the bilayer (64) it is 

expected that lipid-protein interactions will play an important 

role in their activity. The dependence of membrane-associated 

enzyme activity on phospholipids was originally demonstrated with 

beef heart mitochondrial p-hydroxybutyrate dehydrogenase (93 ). 

Detergent extraction of the enzyme destroyed activity which was 

then gradually restored by addition of unsaturated lecithins. 

Since then cell membrane lipids have been shown to play a vital 

role in regulating the activities of several membrane-bound enzy

mes (61,66,94). Arrhenius plots which relate membrane-bound enzyme 

function to temperature provide other evidence for lipid 

involvment in the regulation of membrane-associated protein 

activity. Discontinuities in these plots are generally 

interpreted in terms of the gel to liquid-crystalline phase 

transition of membrane lipids (95). Although there remains some 

controversy about the direct relation between Arrhenius breaks 

and thermotropic phase transitions (61,86,96) it has been clearly 

shown that membrane lipid composition can modulate both tempera

ture breaks and activation energies (61,86,97,98). There is now 

little doubt that membrane lipids interact with intrinsic proteins 

and that furthermore these proteins are surrounded by a rigid 

lipid annulus tightly bound to their hydrophobic domains (61,94). 

This lipid portion which is distinct from the bulk, structural 
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lipid fraction is termed boundary lipid. The existence of 2 

motionally different lipid populations in biomembranes was first 

demonstrated using ESR (99). The two distinct spectral 

components observed were interpreted as bulk and boundary lipids. 

Boundary lipid cannot always be easily extracted (61,85) and 

for some membrane-bound proteins will not readily exchange with 

the more fluid bulk lipids in membranes (100). Boundary lipids 

are more irregularly packed than bulk lipids yet they experience 

a more severe restriction in motional freedom (61). 

The existence of boundary lipid suggests fairly specific 

interactions between protein and lipid components within 

biological membranes. An example of this specificity is the 

preferential reactivation of detergent-extracted Na,K-ATPase by 

the anionic phospholipids PS and PI (101). The specificity of 

proteins for boundary lipids implies that structurally 

unimportant phospholipid species may have great functional 

importance. Furthermore, various lipophilic drugs may exert 

differential effects on boundary domains and thus selectively 

affect membrane-associated function (61). 

The presence of boundary lipid in tight interaction with 

integral proteins renders membrane transport more effective since 

such transport processes will be restricted to the streamlets of 

fluid lipid spreading between these rigid halos of bound phospho

lipid molecules (71). 



c 

0 

-23-

E. Ethanol Induced Membrane Perturbation 

Current views on alcohol induced anesthesia suggest partitioning 

of ethanol into biomembranes (46). The alcohol molecules would 

presumably intercalate between the fatty acyl chains of phospho-

lipids (47) and non-specifically disturb cell membrane structure 

and function (12,46,47). 

1. Membrane expansion and fluidization. Seeman et al 

working on intact erythrocytes demonstrated that a wide ran-

ge of anesthetics added in vitro could protect the cells against 

osmotic rupture in a hypotonic medium (102). In the case of 

alcohol a biphasic effect was observed; concentrations in the 

order of 100 mM displayed antihemolytic effects whereas · higher 

ethanol concentrations caused a rapid lysis of the erythrocytes 

(103). Later on Seeman and Weinstein went on to interpret the 

antihemolytic effects of alcohol in terms of membrane expansion 

caused by tranquilizers and other general anesthetics (104). In 

this hypothesis, the binding of anesthetic molecules to 

biomembranes physically increases the membrane so that the cell 

can now hold a larger volume prior to osmotic lysis. In 1969, 

Seeman et al using a Coulter counter and a mean cell computer 

measured the cell volume of vesicular erythrocyte ghosts. This 

was found to be in the order of 150/ 
3 

with a corresponding 

membrane surface area in the range of 
.... 

135/ (105). When the 
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cells were hemolyzed in presence of low concentrations of 

anesthetic drugs like pentanol, nonanol and benzyl alcohol, the 

mean cell volume of the ghosts was larger than the control value. 

Erythrocyte ghost membrane area simultaneously increased by 1.3 

to 1.6% and achieved a maximum of 5% in area expansion at high 

but sublytic drug concentrations (105). 

1.1 Acute effects of alcohol 

It is now widely accepted that anesthetic agents expand 

membranes (104,100) and increase the fluidity of both biological 

and model membrane systems (107,108). Although the effects on 

membrane osmotic stability and expansion were only observed at 

irly high ethanol concentrations, recent work using sensitive 

biophysical techniques demonstrated disordering of membranes 

and lipid bilayers at physiologically relevant alcohol concentra

tions. For instance, S.J. Paterson ::.! al using the steroid spin 

probe 3-spiro-cholestane observb~d that the onset of perceptible 

changes in the order paramater correlated well with those causing 

anesthesia in vivo (109). Chin and Goldstein, using a sensitive 

electron paramagnetic resonance technique showed a decrease in 

order paramater of the nitroxide probe 5-doxyl stearic acid at 

ethanol concentrations as low as 20 mM (110). Hence, fluidization 

of biomem~r~n~s and lipid bilayers by physiological concentrations 

of ethanol could well be related to in vivo anesthesia. In later 

work, Chin and Go J J~> te in probed mouse synapt·osorlia 1 membranes at 
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different depths by incorporating stearic aci.d labeled at either 

the carbon 5, C 12 or C 16 position into liposomes (108). It was 

observed that ethanol's disordering effect was greater in the 

middle of the bilayer than near the water interface. The 

perturbation of egg lecithin vesicles by in vitro ethanol was 

potentiated by temperature and progressively reduced by 

cholesterol enrichment of the liposomes. In contrast, Jane M. 

Vanderkooi, using pyrene fluorescent probes observed that 

physiological concentrations of ethanol have little effect on the 

fluidity of the hydrocarbon core of membranes, while the 

interface, as probed by 1-aminopyrene, was fluidized by similar 

alcohol concentrations (111). 

However, the reason alcohol affects the fluorescence of 

1-aminopyrene is not yet fully understood and could result in 

part from excited state protonation reactions (111). Johnson et al 

working with diphenylhexatriene polarization also demonstrated 

the fluidifying effects of ethanol (112). It was observed here 

that addition of cholesterol to phospholipid fractions isolated 

from synaptosomal membranes resulted in enhanced disordering by 

the alkanol. Other workers like Pang t also found that 

general anesthetics like amines and barbiturates induce disorder 

in lipid bilayers only if certain proportions of cholesterol are 

included in the phospholipid fraction (37). 
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1.2 Membrane adaptations in chronic alcohol consumption 

Ethanol, 

specifically 

like other anesthetic agents, seems to act non

within the hydrophobic domains of biological 

membranes (105,106) and results in physical disordering of the 

bilayer (108,109). In chronic alcoholism, tolerance and dependen

ce to the effects of alcohol probably arise from long-term 

induced alterations in membrane properties of the nervous system 

(113,114). To compensate for the fluidifying effects of alcohol, 

membranes could adapt by restoring their rigidity •. Therefore, 

a decrease in membrane disordering by alcohol would be indicati

ve of a tolerant state while dependence would be displayed in the 

fact that upon removal of alcohol, the membranes would be in a 

more rigid, "non-functional" state (115). 

2. Tolerance and dependence. Lyon and Goldstein using 

12-doxyl stearic acid as an electron paramagnetic resonance probe 

observed an increase in the order parameter of synaptosomal 

membranes isolated from ethanol-treated mice (115) • Other workers 

using DPH fluorecence polarization detected a decrease in the 

intrinsic fluidity of synaptosomal membranes from alcohol-treated 

mice (112). On the other hand, Chin and Goldstein using EPR methods 

and labelling with 5-doxyl stearate found that synaptosomal and 

erythrocyte membranes from mice continuously exposed to ethanol 

were as fluid as control membranes (113). Such discrepancjes may 

well result from differences in the location of the probes within 
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~he lipid bilayer as this was shown to affect their sensilivity 

to ethanol and to the changes in lipid bilayers expected after 

prolonged intoxication with alcohol. Tolerance to the disorde

ring effects of ethanol has been observed in membranes isola

ted from rodents after long-term exposure to the alkanol. For 

example, using DPH it was observed that reconstituted mem

branes formed from the lipid extracts of crude synaptosomal 

membranes from alcohol treated mice were less fluidizable by 

ethanol in a dose related manner than those from controls (112). 

Using other biophysical methods, similar results were reported 

for synaptosomal, erythrocyte and mitochondrial membranes (113, 

115). The increase in molecular order observed in some biomembra

nes as a consequence of chronic ethanol consumption has been shown 

to be negatively correlated with the membrane partition of 

many lipophilic and amphiphilic compounds including ethanol, halo

thane and phenobarbital . Kelly-Murphy et al have reported 

decreased partition of radiolabeled halothane into erythrocyte 

ghost membranes isolated from alcohol-fed rats (116). They 

obtained similar findings using 5-nitroxydecane (5N10) and EPR 

spectroscopy to determine the partition parameter of the spin 

probe. Rottenberg et al also demonstrated reduced membrane 

binding of ethanol and other anesthetics in brain synaptosomes 

obtai.ned from alcohol-treated rats (117). The decreased anesthetic 

binding to membranes was correlated with the resistance of the 

bilayers to the structural disordering caused by in vitro ethanol 
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and halothane. The changes in physical properties of biological 

membranes occuring after prolonged intake of alcohol could result 

from modifications in the lipid composition (118,119). 

2.1 Changes in membrane composition. Factors which 

influence membrane viscosity include the cholesterol to 

phospholipid ratio, protein to lipid ratio, sphingomyelin 

content, phospholipid methylation and the saturation degree of 

the fatty acyl chains (61,85,120). Since all these paramaters 

are related to membrane order, they would be expected to change 

following prolonged consumption of alcohol. However, 

experimentally the results together with their significance remain 

c controversial. 

(i) Fatty acid compositional changes. Morrisson et al working on 

mice embryo neuronal cultures have reported an increase in the 

double bond index to saturated fatty acid ratio (DBI/SFA) 

following growth in sublethal ethanol concentrations (121). 

Although, the time course showed some oscillations, they observed 

an increase in palmitoleic acid (16:1) and a decrease in both 

palmitic (16:0) and stearic (18:0) acids. LaDroitte et al detec-

ted significant changes in saturated and unsaturated fatty acids 

in rat and mice erythrocyte membranes following chronic intrape-

ritoneal ethanol injections (122). The changes in fatty acid 

0 
composition correlated well with the development of tolerance 



c 

0 

-2')-

to the effects of alcohol. Littleton and John found that inh~-

lation of alcohol vapor for a 10 day period produce~ a decrease 

in the DBI/SfA of mouse synaptosomal membranes (123). On the other 

hand, Sun and Sun detected an increase in unsaturated fatty 

acids in guinea pig synaptic membranes after 3 weeks of feeding 

with an alcohol containing liquid diet (124). Wing·and eo-workers 

detected no changes in fatty acid composition of rat synaptosomal 

membranes after continuous intake of ethanol (125). Ingram et ~ 

using E.Coli cultured in alcohol containing media reported an 

increase in unsaturated fatty acids and a decrease in 18:0 levels 

(126). Therefore, it would seem that fatty acyl chains undergo 

delicate and complex changes which vary both in magnitude and 

direction. Studies which reported increases in the unsaturation 

levels cannot explain the increases rigidity of membranes from 

alcohol fed animals. Furthermore, the . controversial results 

obtained on fatty acid compositional changes may arise from the 

type of diet given throughout the ethanol treatment. Other factors 

which could explain such discrepancies include duration of the 

alcohol treatment, the route of administration of the drug 

and the various membrane tissues examined (127) • 

(ii} Cholcst0rol levels. There have been reports on chang0s 

levels after chronic treatment with 

c'hldtlOl. For insLJ!lCf.', Chill c•l .J] reported an increast• in t·lH.> cho-
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membranes from mice (128). Others studi0s on synaptic membranes 

have reported no significant changes in the cholesterol levels of 

these membranes following chronic exposure to alcohol (112,129). 

The requirement for cholesterol in the expression of tolerance 

to alcohol has been claimed by some workers (112,128). Indeed, 

cholesterol enrichment of biomembranes and lipid bilayers leads 

to a rigidification of the phospholipid matrix and could explain 

how membranes increase their ri.gidity in response to a continuous 

exposure to a disordering agent like alcohol (128). However, 

parallel studies also revealed that increased cholesterol levels 

resulted in potentiation of the fluidifying effects of alkanols 

and other general anesthetics (37,112). Further~ore, organelles 

such as mitochondria which have been shown to develop tolerance 

to alcohol (117,130) do not contain any appreciable amounts of 

the sterol (30). Thus, the true significance of cholesterol in 

membrane adaptation remains to be elucidated. 

(iii) Membrane-bound proteins. As far as protein density is 

concerned, there have been some reports on changes brought on by 

a long-term treatment with alcohol. For instance, Lee and Hosein 

working on rat liver plasma membranes observed an increase in 

buoyant density following chronic ethanol consumption (131). 

Although ch<:mges in lipid composition were detected, they could 

not explain this difference since afh.'?r 48h. withdrawal most: of 

ttle lipids had re:~verted to normal L>ut. mPmbrane peak density still 
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remained higher. It is likely that membrane proteins play an 

important role in such longer lasting adaptive changes (131). 

Other work in our laboratory showed an increase in synaptosomal 

membrane protein to lipid ratio from day-6 rat neonates following 

chronic exposure to alcohol (unpublished). 

An increase in the protein to lipid ratio generally leads to 

membrane ordering as it augments the fraction of lipid molecules 

found in bounda~y regions (94,100). Therefore, this could explain in 

part the phenomenon of membrane homeoviscous adaption. It should 

be noted that although the changes in cell membrane lipid 

composition described above are small in magnitude, they may 

still have great functional importance. Since boundary lipids 

have been shown to be involved in regulating the activity of 

membrane-bound enzymes (97,98), slight changes in such phospho-

lipid species may result in alteration of biological activity. 

For instance, increases in acidic phospholipids like phosphotidyl 

serine and phosphotidyl inositol have been reported in membranes 

isolated from animals following chronic ethanol intoxication 

(132). This could be correlated with an increased activity of the 

sodium, potassium adenosine triphosphatase (Na,K-ATPase), an 

enzyme known to require anionic phospholipids for biological 

function (132). 
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F. (Na+K) stimulated ATP-ase and its interaction with ethanol. 

The behavioural manifestations of ethanol intoxication in 

humans include loss of inhibition, euphoria, diminished motor 

control and with increasing doses loss of consciousness and death 

(133). The interference of ethanol with key membranal processes of 

the central nervous system such as cation transport may be of 

importance in the production of central nervous depression by 

alcohol and other general anesthetics (133). 

1. Properties of the Na,K-ATPase. The sodium-potassium 

adenosine triphosphatase is an integral membrane protein with 

exposed sites on both fa~es of the membrane (134). The protein is 

in tight interaction with the surrounding membrane and the 

delipidated enzyme is totally inactive (134} .- Furthermore, the 

enzyme shows a specific requirement for phosphotidylserine (PS). 

For example, using rat brain ATPase it was shown that addition of 

PS to the detergent extracted protein is far more efficient in 

restoring enzyme activity than any other phospholipid (135). The 

requirement for anionic phospholipids could reflect the involv

;~·~nt of the Pnzyme ln cation transport as this offers a suitable 

ci1<:Hged environment for :unctjon. 
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The purified protein contains 2 types of polypeptide chains 

r.>< and (3 probab 1 y in a 1: 1 stoichiometry. The enzyme may either 

be of o<.(! or {rxf).:t.- configurat.ion, with the latter seeming most 

probable (136). The molecular weight. of o< is in the order of 105 

K and that off is about 40 K (137). The 1 polypeptide is 

covalently coupled to carbohydrate, about 10% by wei.ght (134). 

The cardiac glycoside ouabain is a potent and specific inhibitor of 
-1 

the enzyme (Kd=lO M) and the photo affinity label 2-nitro -5 azido-

benzoylouabain can be covalently linked to the o< polypeptide (138). 

Vanadate ion is a specific ~nd very strong inhibitor of the 

enzyme with a KJ in the range of 4 nM (139). Since the catalytic 

site for ATP hydrolysis involves an aspartate residue on the 

o<. chain (140), vanadate ion has been postulated to be a 

transition state analogue as it resembles the trigonal bipyramid 

configuration expected for the hydrolysis of the phosphaste as-

partate anhydride bond. The number of monovalent cation sites 

per functional unit is of considerable importance. 

Equilibrium binding studies suggest 3 sodium and 2 potassium 

sites per phosphorylation site (141,142). Therefore, for each ATP 

hydrolyzed 3 sodium ions would move out of the cell and 2 

potassium ions would move inwards. In the brain, the electroche-

mical gradient provided by (Na+K) activat ATPase is essential 

for neuronal cell excitability as well as the uptake processes for 

amino ac:ids and neurotransmitter::~ (13,30). The enzyme is also 

known to be stimulated by addition of catc,cholamitws (143), hovJ<.:ver 
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the molecular mechanisms underlying this stimulation still remain 

controversial. For example, many authors have reported that stimu

lation occurs through chelation by the catecholamines of a 

metallic ion inhibitor (144). In contrast, Wu and Phillis (145) 

have shown that noradrenaline stimulates enzymatic activity via 

a receptor-specific mechanism. 

2. Effects of ethanol on brain ATPases. Although the 

molecular mechanisms underlying the depressant effect of ethanol 

remain to be fully understood, a few neural processes have been 

shown to be inhibited at concentrations below those that are 

lethal. One of them is the activity of the (Na+K) stimulated 

adenosine triphosphatase (146,147). Since then, this enzyme has 

been extensively used as a useful and sensitive "probe" in the 

assessment of membrane perturbation by ethanol. 

2.1 Acute effects. Ethanol in vitro has been shown in many 

instances to 

example, rat 

stimulated by 

alter the activity of several brain 

brain microsomal Na,K-ATPase was 

low concentrations of ethanol 

ATPases. For 

shown to be 

<100mM) and 

inhibited by higher ones (148). While ethanol intoxication has 

been associated with an inhibition of the microsomal ATPases of 

brain (147,149), interference with the synaptosomal (Na+K)-ATPase 

may also be involved as this enzyme participates in ion transport 

and regulates polarization of neuronal membranes (133,150). A.Y.Sun 
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et al have shown a dose dependent inhibition of the (Na+K) stimu-

lated ATPase in nerve ending particles by short chain aliphatic 

alcohols (133). In this study ethanol was shown to be a non-

competitive inhibitor of the enzyme with respect to the rate of 

hydrolysis of ATP ll33). Furthermore, the degree of inhibition 

increased with increasing chain length of the alcohols studied and 

correlated well with their oil/water partition coefficients. 

Thus, aliphatic alcohols seem to exhibit their anesthetic 

effects primarily through perturbation of the lipid component of 

biological membranes (46,47). 

Potassium has been shown to competitively antagonize the 

inhibitory effects of ethanol. For instance, Goldstein 

+ 
and Israel have shown that SmM K abolishes the inhibition of 1% 

(w/v) ethanol on mouse brain (Na+K) activated ATPase (151). It has 

been suggested that ethanol in higher concentrations lowers the 

affinity of the outward-facing form of the enzyme for potassium 

ions thereby preventing subsequent dephosphorylation and 

conversion to the inward-facing form (143). 

Stimulation of the (Na+K)-ATPase by catecholamines can 

provide further insight on how ethanol perturbs membranes 

associated function. Kalant and Rangaraj have shown that the 

combination of O.OSM ethanol plus 0.1mM noradrenaline (or 

dopamine) increased the Km of the enzyme for potassium by more 

than two fold (143). In contrast, ethanol alone in similar 

concentrations was shown to have no significant effect on the 

ATPase. Therefore, these findings indicate that the effect of 
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ethanol p 1 us ea techo 1 ami ne is the same as t.ha t of a higher 

concentration of ethanol alone. 

2.2 Chronic effects. Most of the accumulated evidence seems 

to indicate that the activity of (Na+K)-ATPase in brain 

homogenates is increased following chronic exposure to alcohol. 

Using rats as a model syste~, Israel and eo-workers 

observed an increase in the activity of Na,K-ATPase in whole 

brain homogenates after chronic administration of ethanol (152). 

Furthermore, reversal of Na,K-ATPase activity to normal values 

after cessation of the alcohol treatment correlated well with 

disappearance of acquired tolerance. Thus, the metabolic 

properties of Na,K-ATPase apparently fit the "derepression" theory 

of tolerance and dependence proposed by Goldstein and Goldstein 

(153,154) and Shuster (155). On the other hand, (Na+K) activated 

ATPase in mouse whole brain homogenates does not respond similarily 

to chronic ethanol treatment. For example, Goldstein et al showed 

that {Na+K)-ATPase activity was not modified by chronic exposure 

to ethanol despite the fact that the animals were shown to be 

dependent on the drug (151). Besides differences in the species 

used, other factors may explain the discrepancies mentioned 

above. First, it is possible that the ATPase activity does not 

respond equally in different parts of the brain. For instance, in 

cats chronicully treuted with ulcohol, (Nu+K) -ATPase activi t.y 
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increased in the cortex and hippocampus but not in other areas 

of the brain (156). Another possible factor is suggested by the 

work of Eb0l et al which points out to the existence of 2 different 

(Na+K)-ATPase in synaptosomes and microsomes (157). In that study, 

it was shown that adrenalectomy markedly reduced the brain 

synaptosomal (Na+K)-ATPase activity while it increased it in 

microsomes. Thus, the ATPases from these two subcellular 

fractions appear to be under different control mechanisms. Such 

observations suggest that results obtained using whole brain can 

perhaps fail to detect a loc~lized change in ATPase activity. 
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r·~~ATERIAL3 AND METHODS 

A. MATERIALS 

All solutions for the experiments were prepared with 

deionized distilled water and all chemicals were at least of reagent 

grade. 

Fyrene, bovine serum albumin (BSA), cholesterol, adenosine 

5'-triphosphate (ATP), tris-(hydroxymethyl)-aminomethane (Tris), 

imidazole, ouabain, ethylenediamine tetraacetic acid (EDTA), 

Ficoll, dithiothreitol (DTT), ascorbic acid and dopamine (DA) 

were purchased from Sigma Chemical Co., St. Louis, ff:issouri. 

Methanol (HPLC grade), sucrose, pentanol, magnesium chloride 

0 (MgC12). sod iurn chloride ( NaCl), potassium chloride (KCl), sul

furic acid C'-I?SOJJ-) and trichloroacetic acid (TCA) were obtained 

0 

from Fisher Scientific Co., MTL, Quebec. Ammonium molybdate 

was purchased fro:n Anachemia Chemicals Ltd. and ethanol (ab

solute) was obtained from Consolidated Alcohols Ltd., Toronto, 

Ontario. Chloroform was purchased from American Chemical Ltd. 

Sustacal was prepared by Mead Johnson, Canada. 
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B. ME'fHODS 

1. Animals 

Female Spraque-Dawley rats obtained from breeding laborato

ries (St-Constant, Quebec) weighing between 200-230 gms were 

used. The females were caged with breeders and day-1 of pregnancy 

was determined from a positive sperm test. Once pregnant the 

females were housed individually and fed a totally liquid diet of 

Sustacal supplemented with zinc. The alcohol-fed group was slowly 

phased in to achieve a final 37% of calorie intake from ethanol 

while controls received diets isocalorically balanced with 

sucrose. 

The birthdate of the pups was determined and 10-day old 

progeny of either control or experimental groups was used in the 

following experiments. 

2. Preparation of brain synaptosomal and mitochondrial membranes. 

Modified method of Cotman and Matthews (158)). 

The control and/or alcohol-treated progeny was decapitated 

and the brain was rapidly excised and placed in 9 volumes of cold 

sucrose tris (ST) buffer containing 320mM sucrose and SmM Tris

lfCL at pll 7. 4. 

All remc1ining srcp~; \verc carried out at 0-4''c. The brain~.; 

were !Jo:noqenizf·d v:iltl t) 11fl .. Hid down strok<:s in a Tri-H-gL:tss

tr·flon ilomo•wniz•'r. Tll·· llu:1,oq<.>IJ,1r•· 'l<id!i then CPntrifugL~d at. 2500 
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rpm for 10 minutes in a refrigerated Sorvall RC-2B centrifuge. 

The supernatant was centrifuged at 12000 rpm for 10 minutes. The 

pellet was resuspended in 9 volumes of ST buffer and the above 

procedure was repeated. The pellet obtained was resuspended in a 

small volume (about 0.3ml/2g brain wt.) of STand layered on a 

discontinuous Ficoll gradient (7.5/13% w/v in sucrose-Tris 

buffer) to be centrifuged at 22500 rpm for 45 minutes in a sw27.1 

rotor with a Beckman LS-50 ultracentrifuge. The synaptosomes were 

collected at the interphase of the gradient while the 

mitochondrial fraction was at the bottom. Both fractions were 

suspended in cold distilled water (2ml/g.brain weight) for 30 

minutes. The purified membranes were then centrifuged at 17500 

rpm for 15 minutes and the pellets resuspended in SOmM Tris-HCL 

pH 7.5. This was centrifuged at 1500Grpm for 10 minutes and the 

pellets were again resuspended in about 2 mls of Tris-HCL pH 7.5 

and used later for lipid extraction and pyrene labelling. 

3. Lipid extraction. 

Total lipid extracts were obtained from the purified synap

tosomal and mitochondrial membranes according to the method of 

Bligh and Dyer as described by Kates (159). 

4. Lipid resolution. 

Polar and non-polar ljpids were fractionatcd by silicic acid 
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column chromatography (SIL-LC, 325 mesh). The column was 

initially washed with 1 volume of anhydrous ether and 3 column 

volumes of distilled chloroform. Total lipid extracts were then 

applied and the non-polar fraction eluted with 5 volumes of 

chloroform. The polar fraction was obtained by elution with 3 

column volumes of methanol: chloroform (2:1 v/v) followed by 2 

volumes of methanol. Eluates were placed under a nitrogen 

atmosphere. 

5. Chemical analysis. 

Cholesterol was measured by the method of Zlatkis et al 

as described by Kates (159). Phospholipids were digested according 

to Duck-Chong (160) and the inorganic phosphorus assayed by the 

procedure of Chen et al (161). Protein was determined by the 

method of Lowry et al (162) using recrystallized bovine serum 

albumin as standard. 

6. Pyrene labelling and vesicle preparation. 

In all the snrnples studies, the pyrene to lipid weighted 

rntio was fixed at 0.0093mg probe/mg lipid (or a molar ratio of 

about 0.037 assuming molecular wt. of a phospholipjd 794). This 



c 

0 

-42-

showed to be in the linear range for fluorescence versus 

concentration of excimer forming probe. Lipids were weighed after 

extensive solvent evaporation using a Metier AE-163 analytical 

balance accurate to 20~g. 

(i) Biomembranes: 

Pyrene dissolved in absolute ethanol was added to the 

membrane suspensions in 50mM Tris-HCL pH 7.5. After a 15 minute 

incubation at 0-4°C the suspensions were centrifuged at 15000 rpm 

for 15 minutes. The pellets were resuspended in Tris-HCL buffer 

to afford a final lipid concentration of 0.13mg/ml (in presence or 

absence of added n-pentanol}. With this procedure no pyrene 

fluorescence could be detected in the supernatants following cen

trifugation. 

(ii) Liposomes: 

Pyrene dissolved in chloroform was added to weighed lipid 

fractions and the organic solvent was evaporated by · extensively 

flushing nitrogen gas onto samples places in a warm water bath. 

After solvent evaporation, liposomes were prepared by 

incubating the dopped lipid films in a 2mM CsCl buffer, pH 7.1 for 

45 minutes at about 45°C (above lipid phase transition) with 

vigorous vortexing. This method is similar to Galla and Sackmann 

{71) and removes at least 96% of the lipid from the glass walls. 

The liposomes were then suspended (in Cscl buffer) to a final 

concentration of 0.13mg lipid/ml (with or without in vitro 
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pentanol). All buffers used were freed from oxygen by bubbling 

nitrogen. The experiments were also performed under an atmosphere 

of nitrogen. 

7. Fluorescence measurements: 

Pyrene fl~orescence was read in a Turner Fluorometer Model 

430, equipped with a circulating water jacket regulated at 37°C. 

The excitation monochromator was set at 340nm and 

emission was recorded at 373, 392 (monomer) and 470nm (excimer). 

All readings were corrected for light scattering and excimer to 

monomer ratios (related to fluidity) were calculated from 

F(470)/F(392)=R 470/392. 

Increases in R 470/392 upon in vitro n-pentanol addition were also 

measured. 

8. Principle of method: 

The diffusion coefficient, DT, of molecules performing a 

lateral diffusion parallel to the membrane surface may be rela

ted to the number of collisions per unit time. In principle the 

frequency of collisions can be determined if the diffusing 

particles undergo a reversible physical or chemical reaction 

upon the encounters. In the case of aromatic molecules, 

formation of short lived excited complexes between a ground 

state (A) and an excited state molecule (A*) provides a rever-
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sible physical reaction which may be used to measure DT. 

- Excimer formation process first reported by Foster and Kasper 

(163): 

Kac 

A* + A (AA)* 

j\ K, 

Kd 

Kf r\\_~1, Kf 
\ 
~ 

A+hv A A+A+h v1 A+A 

Excimer formation is characterized by the second order rate cons-

tant Ka. • Kf and Kj are the transition probabi 1 i ties (in s- 1 
) for 

the radiative decay of the excited monomer and excimer respec-

tively. K1 and K1' are the corresponding non radiative transition 

probabilities. Kd is the rate constant for dissociation of the 

excited dimer into A and A*. 

For pyrene, the fluorescence ratio R 470/392 is directly related 

to K a by (16 4 , 16 5) : 

R 470/392= 
I t' F { 4 7 0) KF () Ka c 

Thus, excimer formation in fluid media is a diffusion controlled 

process where the rate of excited dimer formation, Kac, is pro

portional to the collision rate. In 2-dimensional fluid bilayers, 

c(pyrene concentration) refers to the number of probe molecules 

per unit area of lipid. 
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9. Na,K-ATPuse activity in bruin homog0nates: 

~ 

(i) Homogenates - Brain homogenates were obtained as described 

earlier in this section. The iso-osmolar homogenates (in sucrose) 

were then diluted in about 30 times their volume with cold distil-

led water. Such a hypotonic shock fragments vesicular synaptosomes 

into open forms and dilutes the various salts and effectors 

endogenously found in brain tissue. 

(ii) Na,K-ATPase assay (166) - The sample incubation mixture 

contained 50 mM imidazole-HCL, pH 7.4, 4 mM MgCl , 120 mM NaCl, 

1 mM KCl and ethanol 1 to 2% w/v. In the control cuvettes Na+ and 

K+ were omitted from the incubation mixture and 1.5 mM ouabain was 

added. For the dopamine (DA) stimulated ATPase activity 0.1 ml 

(0.1 ~mole) of DA solution* was added to sample and control 

incubation mixture. To all cuvettes, 0.4 ml of diluted brain 

homogenate ( 90-llOj" g protein) 1t1as added and the mixtures were 

allowed to equilibrate to 37°C for 4 minutes in a preset water 

incubator. The reaction was then initiated by addition of 0.1 ml 

( 3 ./"moles) of ATP and a 11 the cuvettes no1t1 contained 1 ml as 

final volume. The reaction was terminated after 20 minutes with 

1 ml of add 10% TCA. The solutions were centrifuged at 2000g for 

4 minutes in an IEC table-top centrifuge. The amount of inorganic 

phosphate present in the supernatant was determined by the method 

of Clwn et .J 1 

,Jet ivity. 
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* DA was initialy dissolved in 50 mM Imidazole-HCL, pH 7.4 

containing 0.2 mM OTT. The solution was made up fresh each day. 

10. Statistical analysis: 

All values are expressed as means± S.E.M. Two-tailed stu

dent's t-test was used to assess the level of significance of 

differences between mean values. P<0.05 was taken as being 

significantly different. For pyrene fluorescence, two-way ana

lysis of variance (ANOVA) was performed and the F values were 

used to determine statistical differences (167). 
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RESULTS 

The pyrene treated mitochondrial and synaptosomal 

membranes were analysed for their excimer-formation efficiency 

(R 470/392; related to fluidity) and for the dose-dependent 

increase in the R 470/392 values i.nduced by in vitro pentanol. 

Total and polar lipid extracts of synaptosomes were also analysed 

by the pyrene excimer technique. 

A - Mitochondrial membranes 

The fluidizing effects of pentanol on the purified mitochon

drial fractions at 37°C are shown in Figure 1. The increase in the 

basal fluidity of mitochondrial membranes obtained from alcohol

fed pups in presence of the alkanol in vitro was not significan

tly different from the control (F=0.39, d.f.=1,31 ,p>O.OS). The 

basal fluidity values for control and alcohol-fed groups were 

0.528 and 0.515 respectively (Table 1). 

B - Synaptosomal membranes 

The dose-related increase in dimer formation was significan

tly lower in the alcohol-fed synaptosomal fraction; F=16.4, 

d.£.=1 1 34, p<O.Ol (Figure 2). Basal fluidities were similar in the 

alcohol-fed and control groups and were also in the same range as 

the mitochondrial values (Table 1). As shown in Table 2, the 
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higher in 

p<O.Ol). 

-4Q,-

membrane lipid to protein ratio was 

the alcohol-fed group (1.75 and 1.61 

significantly 

for control; 

determine whether protein density alone is responsible 

long term adaptations to chronic maternal ethanol 

ingestion, lipid extracts were obtained from the synaptosomal 

To 

the for 

membrane fractions as described under methods p.~o. The results on 

the liposomes total lipid extracts treated with pyrene are presented 

in Figure 3. The alcohol-fed group was significantly less fluidized 

'than the corresponding control (F=37.1, d.f.=1,30 , p<O.Ol). 

This indicated that tolerance to in vitro alkanols persists 

in the lipid fraction of tolerant membranes. To elucidate the 

effects of cholesterol on the fluidizability (and fluidity) of 

synaptosomal lipid extracts, pyrene labeled liposomes made of 

polar (or phospho) lipid were analysed. As shown Figure 4, the 

alcohol-fed and control polar lipid fractions were equally 

perturbed by in vitro pentanol (F=0.38, d.f.=l,30 , p>0.05) 

suggesting the requirement for cholesterol in the expres

sion of tolerance. However, the cholesterol to phospholipid molar 

ratio of the alcohol-fed progeny was not significantly dif

ferent from the controls; 0.41 versus 0.37 respectively, p>O.l 

(Table 2). Also, equalization of the cholesterol molar fraction 

(at the control value 0.37) in reconstituted total lipid extracts 

from thf' poL::.r fractions of alcohol-fed and control (jroups 

r(~storcd "tolcrancr" to the alcohol-ft>d group to in vitro 
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pentanol (F'= iO.i, d.f.=l,l8 , p<O.Oi, Figure 5). This indicated 

that some difference in the polar fractions between control and 

alcoholics must exist, but it is only expressed in presence of 

cholesterol. 

The rigidifying effects of cholesterol in bilayers are shown 

in Figure 6A. The excimer-formation efficiency decreases with 

increasing cholesterol molar fraction in control samples. 

Increasing the cholesterol to phospholipid ratios enhanced 

the ability of pentanol to disorder the reconstituted liposomes 

from the control polar fractions (Figure 6B). 

C - "Polarity" within biomembranes and liposomes. 

It is known that the ratio of fluorescent intensities of 

392 to 373 nm (R 392/373) is inversely related to the "pola

rity" of the probe's microenvironment. As shown in Table 3, 

mitochondrial and synaptosomal membranes seem to afford a more 

hydrophobic (or apolar) hydrocarbon interior than liposomes of 

total or phospholipids. 

D - Experimental design. 

0 In the present study, pentanol was used to perturb biomem-
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branes and lipid bilayers as ethyl alcol1ol in lower concentrations 

did not consistently alter the excimer to monomer ratio of pyrene. 

In preliminary studies it was found that although ethanol produced 

slight increases in the excited dimer fluorescent intensity it 

often causes the monomer intensity to fluctuate with no clear cut 

pattern. Only at concentrations in the order of 6% (v/v) did etha

nol achieve a consistent and appreciable decrease in the fluores

cent intensity of the monomeric species. On the other hand, more 

lipophilic alkanols (butanol, pentanol, isopentanol) or chloroform 

noticeably increased the excimer to monomer ratio in a dose-dependent 

manner, pentanol yielding a practically linear response with concen

tration. 

E - Na,K-ATPase assays. 

The inhibitory effects of in vitro ethanol on Na,K-ATPase 

activity from brain homogenates of day-10 pups are shown 

in Figure BA. The basal activity of the ATPase from the alcohol-fed 

group was resistant to inhibition by 1% and 2% (w/v) ethanol 

relative to controls (p<O.Ol). 

Inhibition of dopamine-stimulated Na,K-ATPase activity 

by in vitro ethanol is depicted in Figure 88. The dopamine stimu

lated component of the enzyme from alcohol-fed neonates was also 

resistant to inhibition by si.milar alcohol concentrations (p<0.01 

at 1% and 0.02<p<0.05 at 2% (w/v) ethanol). Furthermore, chronic 

exposure to alcohol resulted in increasing the DA-stimulated 
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Na,K-ATPase activity even in absence of added reagent. 

The percent stimulation of Na,K-ATPase activity by O.lmM 

DA as a function of in vitro ethanol is shown in Figure 9. 

Ethanol in vitro resulted in a biphasic effect on the control 

group with enhancement of the stimulatory effect of DA at the 

intermediate alcohol concentration. In contrast, added ethanol 

did not yield much response on the alcohol-treated group. 

It can be seen from Table 4 that prolonged treatment with 

alcohol did not result in altering basal Na,K-ATPase activity 

(at 0% in vitro ethanol) from 10 day-old rat neonates. 



Figure 1: Effect of chronic maternal ethanol ingestion on the 

fluidizability of brain mitochondrial membranes from 

10 day-old progeny. Control (-o--) , alcohol-fed (-- 0- -) . 

~R470/J92 = R470/J92(+pentanol) - R470/J92(basal) 0 

-+ 6 X- S.E.M. of 5 to experiments 

F = O.J9, d.f. = 1, J1, p) 0.05 
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Figure 2: Effect of chronic maternal ethanol consumption on the 

fluidizability of rat brain synaptosomal membranes 

0 from 10 day-old progeny. Control (-D--), alcohol-fed 

(- -0--). 

X ::!: S. E. M. of' 6 experiments 

F == 16.4, d.:f'.= 1, Jll-, p<0.01 

) 
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Figure 3: Pentanol induced fluidization on the liposomes of 

total lipid extracts from rat brain synaptosomal 

membranes of day-10 progeny from alcohol-fed or 

control mothers. Control (~), alcohol-fed 

(- -o- -). 

X±S.E.M. of 5 to 6 experiments 

F = 37. 1, d. f. = 1, 30, p < O. 01 

d 

0 
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Figure 4: In vitro pentanol induced fluidization on liposomes 

of phospholipid extracts from rat brain synaptoso~al 

membranes of day-10 progeny from alcohol-fed or con

trol mothers. Control (-D-), alcohol-fed (--Q--). 

X S.E.M. of 5 to 6 experiments 

F = 0.38, d.f. = 1, 30, p)>0.05 

0 

d 
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Figure 5: In vitro pentanol induced fluidization of reconstitu

ted liposomes made of polar lipids with equalized 

cholesterol to phospholipid ratio (0.37) from control 

and alcohol-fed rat pups. Control (--Cl--), alcohol

fed (--o--·). 

X:±S.E.M. of .3 to 4 experiments 

F = 10.1, d.f.= 1, 18, p<.O,Ol 

0 
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Figure 6A: Effects of cholesterol on excimer-formation efficien-

cy of reconstituted liposomes from control phospho-

lipid fractions from the brain of r~t pups. 

Figure 6B: Effects of cholesterol on pentanol-induced fluidiza-

tion of reconstituted liposomes from the polar lipid 

fraction of the brain of 10 day-old control rat pro-

geny. 
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Figure 7A: Pentanol induced fluidization on the various fractions 

of brain from 10 day-old control progeny. 

Figure 7B: Pentanol induced fluidization on the various fractions 

ARlR 0 (%) 

of brain from the 10 day-old progeny of alcohol-fed 

mothers. 

= R.., - Re 
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Figure 8: Effect of chronic ethanol intake on basal and 

dopamine-stimulated Na,K-ATPase. Control (--Q--), 

alcohol-fed (--0--). 
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Figure 8 
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Figure 9: Percent stimulation of Na,K-ATPase activity from 10 

day-old rat brain by dopamine as a function of in 

vitro ethanol. Control ( -o--), alcohol-fed (--O--). 
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Table 1. 

Pyrene excimer-formation efficiency in mitochondrial 

membranes, synaptosomal membranes, synaptosomal total 

and phospholipid fractions. 

Fract.ion alcohol-fed n control n 

Mitochondrial membranes 0.515 0.010 5 0.528 0.015 6 

Synaptosomal membranes 0.513 ::!::0.017 6 0.487:!: 0.016 6 

Synaptosomal total lipid 0.792+0.026 6 0.842±0.027 5 

Synaptosomal phospholipid 1. 04 0.04 6 l.OO:t 0.05 5 

c Syn. reconstituted 0,619:!0,035 J 0, 671:!: o. 027 4 
total lipid 

Table 2. 

- Synaptosomal protein to lipid ratio and cholesterol 

to phospholipid ratio for the 10 day-old progeny of 

control and alcohol-fed groups. 

Fraction Alcohol-fed n Control n 

Protein/total mitochondrial 
lipid membranes 2.19± 0.07 8 2.07+0.06 9 

(mg/mg) synaptosomal 
membranes * 1. 75 !:0.03 5 1.61 :!:.0.03 7 

C/P molar synaptosomal 
ratio total lipid 0.41!:0.03 3 0.37:!:.0.02 4 

0 X"'!:.S.E.~l. of n experiment~;) 

·le p<O.Ol 
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Table 3. 

- "Polarity" of the hydrocarbon interior of biom~mbranes 

and li posomes. 

R392/373 (37"C) 

Fraction 

l.r-tito. membrane 

Treatment 

Alcohol-fed Control 

2.os :to.oG 1.97±o.o9 

2. Syn. membrane 1. 96 ± 0. 02 

3.Syn.Tot:al lipid 1.64 ± 0.03 

4.Syn.Pola:r lipi~.! 1.60:!::0.03 

2.00±. 0.05 

1.64 :t 0.03 

1.59±.0.04 

(X :t S. E. M. of 5 experiments) 
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Table 4. 

- Basal and dopamine stimulated Na,K-ATPase specific 

activity in brain homogenates from control and 

alcohol-fed rat neonates. 

Basal 

0% 

1% (w/v)EtOH 

2% 

DA-stimulated 

0% 

l%(w/v)EtOH 

2% 

Controls 

496::! 16 

196 ± 31 

168 '!: 19 

626:!. 26 

316":!:.50 

232 ::!:43 

(X:. S.E.M. of l~ experiments) 

* p ( o. 01 

** 0.02<p<0.0.5 

Alcohol-fed 

518 ± 46 

* 480 :!: 26 

* 290 ±20 

758!:47 

* 634 :!:43 

** 388 ± 30 
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DISCUSSION 

I- Biophysical 

In recent years, biophysical studies have 

provided us with a great deal of information concerning the pro

perties of lipid bilayers and biological membranes (61,71,76,78). 

In particular, fluorescent probe analyses of membranes yielded 

much data on the physical behavior of bilayers and on the effects 

of ethanol on such systems (111,112). Pyrene is a fluorescent hy

drocarbon (C~ H10) being soluble in aqueous medium only in micromolar 

concentrations (168). By virtue of its lipophilic nature it is 

expected to favorably partition within the hydrophobic domains of 

lipid bilayers (71,111,169). Mitochondrial membranes isolated 

from the brains of day 10-old rat pups did not show any changes in 

baseline "order parameter" associ.ated with prolonged maternal 

alcohol consumption (Table 1). These results are in agreement 

with other studies using EPR techniques. For instance, 

using 5-doxyl stearate it was shown that the baseline order para

meter of brain mitochondrial membranes from mice was the same 

between alcohol and sucrose-fed animals (113). When the purified 

mitochondrial membranes were subjected to the in vitro addition of 

n-pentanol, the fractions from both control and alcohol-fed 

groups were fluidized to the same extent. This confirms the 

results of Chin and Goldstein where it was shown that no tolerance 

to tl1e fluidifying effects of alcohol develops in the mitochon-
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drial or myelin fractions isolated from mice brain (113). On the 

other hand, synaptosomal membranes from the day-10 pups revealed 

a component of cross-tolerance as n-pentanol was more efficient 

in fluidizing the control membranes than the ones isolated from 

the alcohol-fed group. An ANOVA using data from all 6 experiments 

confirmed the differences between the 2 groups. 

Again here, using pyrene fluorescence it was impossible to 

detect a difference in the baseiine fluidity (E/M valuer Table 1) 

of the synaptic fractions. As pointed out by other workers (113), 

methods sensitive enough to detect tolerance may not necessarily 

detect dependence which is associated to a change in the baseline 

order parameter. This is because tolerance is usually estimated 

by adding various concentrations of an alkanol to a single probe

labeled preparation, whereas dependence data arise from 

comparisons between different preparations wnich were separately 

labeled. The dependence data is thus expected to have greater 

variability than the tolerance one. Using the pyrene excimer

formation method mitochondrial and synaptosomal membranes were 

shown to have similar intrinsic fluidities. These present results 

contrast with studies performed on spin-labeled membranes where 

it was observed that mitochondrial membranes are usually more 

fluid than synaptosomal membranes (113). The data observed in such 

ESR studies is usually explained by the fact that mitochondrial 

membranes do not contain cholesterol which increases rigidity in 

biomembranes, whereas synaptic membranes may contain up to 25% 



0 

by weight of the sterol. However, as shown in 'fable 2 mitochondrial 

membranes have a much greater protein to lipid ratio and this 

may off-balance the cholesterol factor especially in methods 

which measure lateral diffusion. For instance, an increase 

in protein to lipid values not only increases the population of 

lipid in the boundary regions but also reduces the number of 

pathways by which an excited-state pyrene molecule may reach 

a ground-state molecule to form the exc~mer. Therefore, rotational 

diffusion may only sample the local lipid environme·~t whereas 

translational motions sample more of the bulk lipid. It is possible 

that there is lack of relationship between the two methods and 

~ that this may explain the differences in membrane micro

viscosities obtained from both techniques. As shown in Table 2, 

0 

maternal consumption of alcohol did·not alter the protein to lipid 

ratio of brain mitochondrial membranes isolated from 10 day-old rat 

neonates. However, chronic exposure to alcohol did result in a 

signifiant increase in protein density of the synaptosomal 

membranes. The alcohol-fed group afforded a value of 1.75 mg 

prot./mg lipid versus 1.61 for the control rat neonates (p<O.Ol). 

Such results are in agreement with those obtained earlier in our 

laboratory which noted an increase in the protein to lipid values 

o[ day-() r<1t [.>Ups after exposure to alcohol (unpublished). 

studjcd dcvr~1opm('nt.al charHJf'S 
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with more ordered mernbranes (170,171). Since protein density regu

lates membrane viscosity, it becomes possible that in response to 

the continual presence of ethanol, membranes adapted or restored 

their rigidity so as to minimize perturbation by the alkanol. 

Thus, such adaptation could play an important .role in the 

tolerance (or cross-tolerance) phenomenon di.splayed by the 

synaptosomal fractions {Figure 2). 

When the protein/lipid ratios of mitochondrial membranes are 

compared with the synaptic membranes it is clear that protein 

density is much greater in the former fraction e.g. 2.1 versus 

1.7. This is expected as the inner mitochondrial membrane is 

quite rich in membrane-bound enzymes such as Mg-ATPases, the 

ATP-proton regenerating system and the electron transport chain 

( 3 0) • 

The above findings suggest that in the developing rat, the 

protein to lipid ratio is an important factor in regulating 

membrane perturbation by general anesthetics. However, since such 

disordering agents have been shown to partition and interact 

within the lipid fraction of biological membranes, an investiga

tion of the lipid extracts from "tolerant" membranes becomes 

critical. Again in liposomes of total lipid from synaptic 

memorarws, :·>a~~al "fluidities" •tJere similar between the control 

and alcoh(d·-ft•d qroul's <HLCl ranqt:·d at c1bout 0.8 (=E/N). The total 

lipid t•Xtr,:tct:; COllt.:lill prc~clicd}Jy al] of the lipid from t:w 

purifi!'d :)'jlld[ltO!;OiiJ.ll lrdr·! ion. Till•r(:•for~', hy [ixinq t·he rroht• lo 
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lipid weighted ratio the same concentration of fluorescent 

molecules (pyrene/unit area of lipid) should be achieved in both 

systems. It is thus likely that the increase in excimer to monomer 

(E/M) values observed upon removal of membrane-bound polypeptides 

reveals the rigidifying effects of protein incorporation into 

lipid bilayers. Cross-tolerance to the fluidizing effects of 

pentanol was also observed between control and alcohol-treated 

animals at identical in vitro concentrations (Figure 3). Two-tailed 

student's t-test and ANOVA performed on the total lipid data 

showed similar statistical significance as whole synaptic 

membranes in terms of resistance to pertubation by pentanol. 

c Therefore, although proteins could be involved in "homeoviscous 

adaptation 11 to alcohol in the young animal, the lipid component 

alone may be responsible for the tolerance observed in such biomem-

branes. Many investigators have claimed the importance of chole-

sterol in 11 tolerance and dependence 11 to alcohol (108,112). 

Cholesterol in general reduces membrane fluidity by virtue of its 

condensing effect. Indeed, acyl chain mobility has been shown 

to decrease in a dose-dependent manner with increasing cholesterol 

molar fraction (78). Thus, after prolonged exposure to alcohol, 

synaptosomal membranes may increase in their cholesterol content 

and restore their rigidity so as to lower membrane fluidifying by 

the drug. However, some studies have detected no significant 

change in the cholesterol to phospholipid ratio follow1ng chronic 

treatment wH-h alcohol (112,129). Furtl1crmore, in some instances 
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cholesterol has been shown to enhance the disordering potential 

of alcohol and other general anesthetics on biological membranes 

(37,112). These results were confirmed in the present study. The 

cholesterol/phospholipid ratio was slightly but not significantly 

higher in the alcohol-fed group relative to the control 

(Table 2). As depicted in Figure 68, increasing the cholesterol 

% molar fraction (by addition to synaptic polar lipid) resulted 

in an enhancement of pentanol's disturbing effects as assessed by 

the pyrene excimer-formation method. This potentiation was also 

/ more evident at the higher pentanol concentrations. It should be 

noted that Figure 68 plots LlR/R
0

% rather than ~R ( RA-R
0

; abso-

c lute change in excimer to monomer when pentanol added in vitro) • 

Since the R value (excimer/monomer) is a function of probe con-

centration times the second order rate constant Ka ;in comparing 

systems with different probe/unit area of lipid, one 

divides by the basal E/M value (or R0 ) in order to observe a pa-

rameter proportional to fluidity rather than some concentration 

dependent phenomenon. Similarly, when ANOVAs were performed on 

Figures 1 to 5 but with ~R/R 0 % as y-axis parameter, the same 

statistical significances were obtained as with ~R alone. This 

is to be expected since in all cases the bilayers from the 

controls or alcohol-fed were not significantly different in 

intrinsic fl~idity (assessed by the R
0 

value). In order to deter-

mine the importance of cholesterol in fluidity and fluidizability 

of synupto~~or,lill membrdnc£:-;, polar lipiJ extracts (with no chole-
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sterol present.) were obt a i nee! .:.:u1d t.i1e :1 analysed by exc i mer forma

tion. Liposomes of polar lipid were similar i.n fluidity between 

controls (E/M=l.OO) and alcoholics (E/r-1=1.04;c.f. Table 1). In 

contrast, the polar lipid fracr.ion fro~ the alcohol-fed animals 

did not display resistance to the fluidizing fects of pentanol. 

These findings suggest that either subtle differences between 

alcohol-fed and control groups exist in the phospholipid fractions 

but are only expressed in presence of cholesterol or that the 

slight increase in cholesterol to phospholipid ratio observed in 

the alcoholic group explains ''tolerance" in the total lipid fraction. 

Reconstituted total lipi.d extracts were then obtained by adding 

cholest~rol to polar lipid extracts so that both alcohol and 

contzol-fed groups would be equal in their sterol content (with 

cholesterol/phospholipid e~ualized at 0.37, the control value). 

Interestingly, with equal cholesterol molar fraction there was 

a detectable difference in resistance to pentanol between 

the alcohol and control-fed groups (Figure 5). That is, 

cholesterol restored the differential efficacy of pentanol to 

disturb total lipid liposomes and thus the sterol is required 

in the expression of tolerancP (or cross-tolerance) to alcohol. 

It is concluded that differences in phospholipids are present but 

only expressed whenever certain proportions of cholesterol are 

added back into t·l1P bi l.Jy•·r~~. 

The reconst:itutecl tut,.:l 1:i1id c/;trol:ts did not have identi

cal fluidjties as their niltive .totdl li~;id coun!t:'rpa::-t-s. The P.x:cj-
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mer to monomer values were decreased upon reconstitution of total 

lipid fractions with pure cholesterol. "Native" total lipid extracts 

are resolved by silicic-acid chromatography into polar and 

neutral lipid fractions. It has been shown in our laboratory that 

cholesterol constitutes about 80% by weight of the neutral lipid 

fraction of synaptosomal membranes. Thus, it is possible that the 

20% remainder is of some importance in regulating membrane fluidity 

and that a more fluid hydrocarbon interior would result in its 

presence. It can be seen from Figure 6A that cholesterol enrichment 

of the synaptosomal phospholipid fraction leads to a pronounced 

reduction in excimer-formation efficiency. Film balance studies 

using mixed cholesterol/DPPC monolayers have shown that addition 

of cholesterol produces a decrease in the average area occupied 

per lipid molecule. It becomes possible that the phenomenon 

observed in Figure 6A is influenced by probe concentration, as in 

all samples the pyrene to lipid weighted ratio was fixed. However, 

using c=R/(1-t:x:)F+o<Fe. (where R is themolar ratio of pyrene to 

lipid, F is the average area of a phospholipid molecule =58 A~ , 
c.,.t_ 

Fe the area of 1 cholesterol molecule =40 A {169), and ~the 

molar fraction of cholesterol) it can be estimated that probe 

concentration only contributes about 10% of the decrease observed 

upon adding cholesterol to the phospholipid extracts. 

'l'hus, it is concluded that cholesterol leads 

to a rigidification of the lipid matrix resulting in a decrease 

in excimer formation. As shown in Figures 7{A and B) the phospho-
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lipid fractions from both alcohol fed and controls are resistant 

to fluidization by pentanol. Wit!1 the alcohol-fed, the total 

lipid extract remains the most fluidizable (or inducible) system. 

All 3 other fractions (i.e. mito.,syn.,PL) being similar in their 

fluidizability. In contrast, control mitochondrial and polar 

lipid fractions are resistant relative to synaptosomal and total 

lipid fractionsi the latter still being the most fluidized. Such 

results suggest that cholesterol potentiates fluidization by the 

alkanol as total lipid and synaptic membranes are most sensitive 

to it. Mitochondrial membranes which do not contain cholesterol 

behave like phospholipids and are not greatly perturbed by 

pentanol. Interestingly, in the alcohol-fed group, the synaptosomal 

membranes adapted to the chronic effects of alcohol in vivo and 

now stand in a similar fluidizing range as polar lipids and 

mitochondrial membranes. These fir1dings agree with those of Pang 

and eo-workers where it was shown that in order for general 

anesthetics to perturb membrane order cholesterol must be present 

in lipid bilayers and phosphatidic acid must be low (37). Pre

sumably at high PA and low cholesterol the surface charge density 

increases and the fluidizability is reduced. 

Of importance is the fact that membrane systems which 

contain cholesterol could be more sensitive to alcohol in vivo 

and therefore would be expected to respond to chronic insult by 

the drug. This may expluin why homeovi~:;cous membrane adaptation 

·.vas only observpd in the ~;ynwptosornal fraction and not in the 

mitochondrial one frorn thl' a.lcoiwl-fed qroU[l. 
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The results on the "polarity" of the hydrocarbon interior of 

lipid bilayers and biological membranes are depicted in Table 3. 

From previous reports, it is known that the ratio of fluorescent 

intensities of 392 to 373 nm (or R 392/373) is inversely related 

to the "polarity" of the probe's microenvironment (168,172). 

This was also confirmed in preliminary studies using water/etha-

nol binary systems (data not shown). It appears from Table 3 that 

biomembranes (syn. and mito.) have a much greater R392/373 value 

than synaptosomal total and polar lipid liposomes. Although light 

scattering is increased at lower emission wavelengths, the 

scatter was si.milar in presence or absence of membrane-bound pro-

(; teins. Therefore, the results are interpreted in terms of lipo

somes being more "polar" than corresponding biomembranes. A 

strong possibility is the fact that intact membranes with intrin-

sic proteins and cytoskeletal components are much less "leaky'' to 

water and hydrated ions than just bilayers made of biological 

lipids. In general, the biophysical part of this study shows that 

there is no apparent relation between fluidity and fluidizability. 

For instance, although cholesterol effectively reduced membrane 

intrinsic fluidity it did not protect these membrane systems from 

perturbation by an alkanol. On t~e contrary, cholesterol poten-

tiated the fluidifying effects of pentanol and thus would not seem 

to be responsible for the tolerance (or cross-tolerance) pheno-

menon observed after chronic treatment of rat pups with alcohol. 

Q The fact that lipid bilayers from control and ulcoholic groups 
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with equalized cholesterol still remained different in fluidi

zability brings further proof that cholesterol is not responsible 

for acquired membrane adaptations but that rather phospholipid 

and fatty acid composition is of importance here. Nontheless, 

tolerance is only observed when the sterol is added back to lipid 

bilayers and may only develop in vivo in systems which contain 

cholesterol (i.e. maybe more sensitive to the effects of ethanol 

consumption). 

II- Biochemical 

In contrast to studies performed on adult rat brain, Na,K-ATPase 

activity was not significantly increased in brain homogenates of 

10 day-old pups. Nontheless, a component of tolerance was revealed 

when ethanol was added in vitro at concentrations of 1%(w/v) 

(or 217mM) and 2%(w/v). Potassium was kept low in this study as 

this cation has been shown to be a competitive antagonist of 

alcohol in vitro (151). This would therefore sensitize the enzyme 

to inhibition by ethanol and bring out differences between the 

activities of Na,K-ATPase from control and alcohol-fed animals. 

The effects of chronic alcohol ingestion on brain catechol

aminergic systems are complex and delicate and have been subject 

of an extensive review by Hoffman and Tabakoff (173) .In rats, 

"supersensitivity" of dopamine (DA) receptors was found following 

prolonged intoxication with alcohol (173). The results on DA

stimulated Na,K-ATPase from rat pups also agree with these 



0 finu.in<JS. As shown in Fi<Jure:; B anu fJ, the DA-stimulated enzyme 

.:~ctivity vJa~; lJH"ater in ttlC' alcohol-fc'd qroup in abscnc<"' of .:lddecl 

alcohol (p=0.05). Here also, resistance to inhibition by jn vitro 

ethanol was displayed in the alcohol-fed fraction. 

From Figure 9 it can be seen that in vitro ethanol has a 

biphasic effect on DA-stimulation of control Na,K-ATPase; being 

stimulatory at the intermediate alcohol concentration. On the 

other hand, added ethanol did not have much effect on the DA-

stimulated component of Na,K-ATPase from alcohol-fed pups. It is 

possible that since control synaptic membranes are more perturbed 

(or fluidized) by in vitro ethanol, receptor diffusion and coupling 

is enhanced. In contrast, membranes from the alcohol-adapted animals 

would not respond to perturbation by ethanol reflecting their 

Q ''tolerant and dependent" state. 

In this study, brain membranes isolated from develor;.ing rats 

have been sho\vn to acquire tolerance to the fluidizing effects of 

alkanols following chronic exposure to alcohol. The results 

obtained using pyrene excimer formation can be correlated to 

membrane-associated activities which are of great functional 

importance. That is, the fact that synaptosomal lipids were 

resistant to disordering by an alkanol can explain tolerance of 

critical enzymes in intimate interaction with synaptic membranes 

like Na,K-ATPase. 

In <JcnPral, synaptosomal membrnnes are an important model 

for alcohol port·urbL.ltion a (• ,, they contain 

cl\(Jl('';tc·rol iln<l thc'y irlt .. ··r.:Jc~t with Vdriou~; catccholaHlillC'~;. 13otlJ 

o ttlc·~;~· f.Jci:)r~; h;1v1• Llt-'>'11 ~<IHJ\vn t·o put·•nti,1tP m<.'l<ll,rdiH' c:Jlc'Oitrll 

e f t Pc t ~-• ... lf 1 d ,](j i.t p t.J t i () !l ~ ·• '· ill r i n q d I c oh o 1 1 '; 1 n ( t 1 /. , 1 ~ $ ) • 
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