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Past work has shown that general anesthetics perturb the membranes of is~dated synapfie vesicles, thereby 
increasing permeabilily to protons and inhibiting the ability of the vesicles t,~ take up eaiecholamines. It has 
been proposed that such effects may produce anesthesia throngh inhibition of synaptic transmission. The 
mechanisms of perturbation is Jmknown. Two possible expla~tatinns include ~terations of dielectric constant 
o¢ ln~,action of defects as anesthetics partition into the hilayer phase. In qrder to c h o o ~  between these 
~l.'cr~afive~, -,'e m ~ u r e d  the eff~-'t of nine alcohols and .~.,.,~ ~k~nes ~ ! ~ [ u ~ m e  permeability It.~ protons 
and potassium. Ionic permeability was increased by alcohols and alkanes t~ similar de~ees, thereby ruling 
out direel effects on the membrane dielectric constant caned by partition~a~ of anesthetics into the bilayer. 
Other expedmenls confirmed earlier reports t ~ t  the enhanced permeability caused by anesthetics is not 
specific |or protons. We conclude that these membrane pertttrhants act by increasing the number of 
transient, ion-conducting defects normally present in the bilayer structure. 

Introduction 

A remarkable variety of small, relatively non- 
polar molecules as diverse as chloroform, diethyl 
ether and n-butanol are able to partition into 
neuronal membranes and in some manner inhibit 
excitability and sy.~mpt;c transmission, thereby 
producing the phenomenon of general anesthesia. 
Because the action of anesthetics involves complex 
cellular and even tissue level function, little pro- 
| tess has been made toward understanding the 
mechanism at the molecular level. Two alternative 
approaches to this question are now being consid- 
ered, The first assumes that the primary action of 
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anesthetic molecules involves the lipid bilayer, 
either by a!te.,-ing certain physical properties di- 
rectly or by increasing permeability to ions [1-8]. 
The second proposal is that anesthetic molecules 
act on membrane proteins involved in nervous 
system i'uaction [9,10] with only minor effects on 
the lipid moiety (see Refs. 11-14 for review). 

Using the assumption that the primary site is 
the !ipid bilayer, Bangham and Mason [151 sug- 
gested that anesthetics may increase the functional 
proton permeability of synap~ic vesicle mem- 
branes b=,Iond the ability of lk*, proton pump to 
maintain the pH gradient required for accumula- 
tion of neurotransmitter (See Ref. 16 for review), 
Anesthesia ensues when synaptie transmission is 
inhibited in CNS tissues that produce arousal and 
response to stimulation. This concept, the pump- 
leak hypothesis, has been tested in previous stud- 
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ies. First, it was shown that general anesthetics did 
in fact increase proton permeability of liposomes, 
and that the ability of synaptic vesicles to accu- 
mulate and maintain dopamine gradients was in- 
hibited by similar levt.ls of anesthetics [15]. The 
effect orL liposome proton permeability w~s con- 
firmed by our laboratory [17] and extended to 
comparisons of proton and potassium permeabili- 
ties in liposomes. 

In the present study, we have further tested the 
pump-leak hypothesis by investigating bilayer per- 
meability to potassium ions and proto:as. We were 
particularly interested in relating the permeability 
effects to partition coefficients of the anesthetics 
and the dielectric constant of the hydrophobic 
lipid phase. Therefore, the eff~ts of nine alcohols 
and two alkanes on membrane permeability were 
systematically assessed in liposomes. 

Methods 

Preparation of Ijposomes 
Egg phosphatidylcholine and egg phosphatidic 

acid (hvanti Inc., Birmingham, ALl at mole ratios 
of 9"1 were combined and the organic solvents 
removed by evaporation under nitrogen gas, fol- 
lowed by evacuation for 30 mix. Large unilamellar 
vesicles were then prepared by reverse phase 
evaporation [18] by dissolving l.;pids in 6 ml 
anhydrous diet~vl ether and 2 ml aqueous phzse, 
followed by vortexing and bath sonieation to pro- 
duce a homogeneous dispersion. The organic phase 
was removed by rotary evaporation under reduced 
pressure in a flash evaporator for 15 mix; 4 ml 
aqueous phase was added, and rotary evaporation 
continued an additional 40 mix. The resulting 
vesicles were then sized by filtering ten times 
through 0.1 /zm pore polycarbonate filters [19] 
using approximately 200 psi nitrogen pressure. 

In a typical run, 4-ml aliquots containing 20 
mM lipid were prepared as described above, then 
passed through Sephadex G-50 columns to a final 
lipid concentration of 10 raM. Internal solutions 
contained 0.2 M potassium sulfate and different 
buffer concentrations depending on the ion to be 
measured. When potassium ion flux was moni- 
tored, the external solution contained choline 
chloride, which was previously recrystaliized from 
absolute ethanol to remove any trace amines or 

ammonium salts, The ethanol was removed by 
vacuum filtration, and the choline chloride crystals 
were stored under vacuum in a dessicator, in some 
experiments the alcohols were passed through 
Dowex anion and cation exchange resins to re- 
move trace ionic contaminants (none was de- 
tected). Experiments were performed at ambient 
temperature (near 23" C). 

Proton flux measurements 
Proton fluh was measured in two ways to be 

certain that results were .,,of a function of the 
experimental method being osed. In the first, lipo- 
somes were prepared with 50 mM buffer inside 
and 1 mM buffer outside (see legends for details) 
and external pH was monitored by a Fisher Aeeu- 
met pH meter attached to a chart recorder [20]. 
External pH was allowed to equilibrate with the 
internal pH, and after equilibrium was reached, a 
small pH gradient was produced by the addition 
of dilute sulfuric acid. Potassium sulfate (0.2 M) 
was present to reduce any osmotic or ionic strength 
effects to negligible levels, and valinomycin was 
added to allow counterion movement to com- 
pensate for proton flux. This procedure was re- 
peated several times for each sample, with each 
measurement taking 10 to 20 rain. Calibration was 
done by the addition of known amounts of acid. 

The second method was modified from Kano 
and Fendler [21], Pyranine (0.5 raM) was en- 
capsulated together with buffer and potassium 
sulfate, as described above, and known pH gradi- 
ents ranging from 0,3 to 1.3 units were established 
by adding 0.05 M sulfuric acid, The initial rate of 
decay of the gradient was measured by decreasing 
fluorescence of the dye as the interior pH became 
acidic (excitation 430 nm, emission 515 nm). At 
the end of an experiment, the liposomes were 
made permeable to ions by gramieidin A addition, 
and the fluorescence change was calibrated by 
back-titration with 0.1 M sodium hydroxide. 

J (net proton flux) was calculated from the 
equation 

.j ~ c .  dpEH 
A dt 

where net proton flux is defined as moles proton 
equivalents (hydrogen and hydroxide ions) per 
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unit area per second; dpH/d t ,  calculated from the 
initial slope of pH vs. time, is the rate of change in 
pH; C is the calibration relating change in pH to 
moles of proton equivalents; and A is the calcu- 
lated total surface area of the liposomes based on 
total lipid 'present, assuming 0.7 nm z per lipid 
molecule [22]. 

Potassium flux measurements 
Leakage of trapped potassium from the filtered 

potassium loaded liposome~, in aliquots of ap- 
prox. 10 ~moles lipid, was measured with an ion 
selective electrode and Fisher Aceumet pH meter. 

J (net potassium flux) was calculated from the 
equation 

C d K  + 
,/ 

A dt  

where dK+/d t  is the initial slope of the moles of 
potassium ion per second appearing in the exter- 
nal choline chloride medium, monitored with the 
calibrated potassium electrode; C ;~ the conver- 
sion factor relating electrode output in millivolts 
to potassium concentration, and A is liposome 
surface area. Because protons are many orders of 
magnitude more permeable than potassium ions 
[20] they are able to act as counter ions so the-: 
diffusion potentials do not limit potassium flux. 

Additions of normal alcohols and diols 
The n-alcohols (ethanol, propanol and butanol) 

were added directly to the liposome preparations 
in the desired concentrations. To minimize ex- 
posure of the liposomes to high concentrations of 
alcohols, the alcohols were rapidly mixed (less 
than one second) with the liposomes. The diols 
and glycerol (up to 5 M) were prepared ahead in 
apprepriate buffers and mixed with the desired 
concentrations of lipid in the form of liposomes. 
Franks and Lieb [10] noted that normal alcohols, 
particularly those with longer chains, do not im- 
mediately equilibrate with the membrane phase. 
Therefore liposomcs were incubated with the vari- 
ous alcohol concentrations for at least 15 rain 
before making proton flux measurements follow- 
ing a pH shift. (This was not possible with potas~ 
slum flux measurements. These were estimated 
from initial rates of efflux following dilution of 

potassium containing liposomes into choline chlo- 
ride solutions with the desired concentrations of 
alcohols present.) 

I,~ some experiments, the effects of pentane and 
hexane on proton permeability were similarly 
tested. Because these compounds are relatively 
insoluble in aqueous phases, their concentrations 
were adjusted as 'activities' rather than molarities 
[23] where an activity of 1.0 represents a saturated 
solution of the alkane in buffer. 

Results 

Fig. 1 shows typical data produced by the two 
methods for monitoring proton flux. Absolute val- 
ues for proton flux measured by the pyranin¢ 
method and the pH meter agreed within a factor 
of 2. The differences in absolute flux values ob- 
tained by the two methods probably arise from 
the fact that calibration of the pyraniae method 
requires internal volume to be estimated from the 
amount of trapped pyranine dye. The pH meter 
does not require this estimate, and simply mea- 
sures flax of proton equivalents across a known 
area of lipid bilayer in the form of liposomes. 
Both methods provided very similar data for rela- 
tive changes in flux produced by the alcohols, and 
this increased our confidence in the results re- 
ported here. It should be noted that valinomycin 
was added in mole ratios of 1 : 500 with the phos- 
pholipid to prevent proton diffusion potentials 
from interfering with proton flux measurements. 
Flux was e~timated from initial rates that were 
approximately linear and developed within 5-10 s 
after the pH gradient was established. 

Examples of potassium flux measurements are 
illustrated in Fig. 2, which shows the effect of 1,2- 
and !,4-butanediol on this parameter. Flux was 
calculated from initial rates, using a calibration 
equation for the electrode which relates the loga- 
rithm of potassium concentration to electrode out- 
put in millivolts. Note that higher concentrations 
of the diols increased flux rates severabfold. The 
addition of gramicidin A released the total potas- 
sium trapped in the liposomes, thereby providing 
an estimate of encapsulation efficiency. 

Fig. 3 shows a comparison of proton flux mea- 
sured by the pyranine method as affected by in- 
creasing concentrations of n-butanol, 1,2- 
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Fig. 1. Comparison of methods for monitoring proton flux. (A) 
The fluorescence of encapsulated pyranine (0.5 raM) was 
monitored at 430 nm excitation and 515 nm emission, In this 
experiment, liposomes containing 0.2 M potassium sulfate and 
5 mM buffer (pH 7.4, see below) were suspended in 2 ml of the 
same medium. An acid pulse (H + ) lowered the external pH to 
6.6, producing a pH gradient of 0,g unit~, Valinomycln was 
present at a mole ratio of 1:500 with the phospholipid (1.0 
mM egg phosphatidylcholine:phosphatidic acid, 9:1 mole 
ratio). After an initial rate was obtained, the gradient was 
released by addilion of gramicidin A (GRAM) followed by 
calibration of the trapped dye with known additions of potas- 
sium hydroxide (OH) in increments of 0.88-10 -~ mot. Net 
proton-hydroxide f i~ ~,:~ calculated from the initial rate of 
ehanBe in fluorescence, using the calihratioa and volume ratio 
as described in Methods. (B) The trace is from a recording pH 
meter, and the conditions were the same as in (A) except that 
phospholipid concentration was 5 raM, and the external buffer 
concentration 1.0 mM to permit measurement of pH changes 
associated with proton flux. To provide a _~bslantla: 
source/sink of protons, the internal buffer was 0.2 M, with 
external potassium sulfate concetttrations adjusted ap- 
propriately In provide osmotic balance, The buffer was an 
equimotar mixture of Aces, Mes, Tes and Tdcine (Good buffers, 
Sigma. inc. St. Louis, MO) which gives essentially linear buffer 
capacity between pH 6 and g. Concentralions are expressed as 

total buffer ions present. 

butanediol and 1,4-but,xncdiol. The marked effect 
of butanol on proton permeation has been re- 
ported in earlier studies [17] and related to 
anesthetic mechanisms. The 1,2- and 1,4-dials were 
much less effective, as might be expected from 
their lower partition coefficients, and aqueous 
concentrations in the molar range were required to 
increase proton flux by 2-3-fold. The two dials 
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w e n  approximate ly  equivalent  in their  effect  on 
potassium flux (Fig. 4). 

Because the 1,4-dial has been repor ted  to have 

a significantly higher membrane partition coeffi- 
cient than the 1,2-diol (0.268 vs. 0.06, calculated in 
Ref. 24) it was surprising that the 1,4-dial had i©ss 
effect on protor, permeability. Therefore we de. 
termincd the octanol-water partition coefficients 
for the two dials by permitting 204 mg of each to 
distr ibute be tween 1.00 ml o f  wa te r  and  n .octanol .  

Fol!owing 1.0 rain vor texing  and  1 h incuba t ion  at  

2 5 ° C ,  200 #1 al iquots  of  the clear superna tan t  

were removed,  and the conten t  of  the dials  was 

QRAMICl DIN 

Z  o.o, 
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1,2 Bu d|ol 2 rain 

Fig. 2. Traces were recorded from a potassium.selective elec~ 
trade, showing the effects of increasing hotancdiol conccntl~- 
tions on inilial potassium efflux. Lipo~ome concentration was 
5 mM phospholipid, composed of 9:1 mole ratios of egg 
phosphatidylcholine/phosphatidic acid. internal potassium was 
0.4 M (0.2 M K2504/5 mM buffer, pH 8.0) and the liposomes 
were filtered through Sephadex (3-50 into 0.3 M choline chlo- 
ride/5 mM buffer just before beginning flux measurements, 
Butanedio] was added directly to the cuvene to produce the 
desired final concentrations, followed by choline 
~;,:~,;d~/'L,~,,,~er to 0.6 ml, Aliquots of the liposome suspension 
(0,45 m l  I final volume 1,2 ml) were then added to initiate flux, 
Potassium flux was calculated from the calibration of millivolt 
response to known potassium chladde additions as described 
in Methods. Hole the different initial rates for the traces in the 

presence and ahsence of 1,2- and 1A-butanedinl. 
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Hg. 3. Effect of n-butanol and butanediols on proton flux, 
measured by the pyranine method (see Fig. 1.) n-Butanol 
markedly increased the flux of protons at relatively low c.~n- 
centrations, while similar increments could only be produced 
by butanediols at molar concentratiuns. Note that the 1,2-diol 

had a significantly greater effect than the 1,4-diol. 

determined by gas chromatography-mass spec- 
trometry. Standards were 'also run for each sample 
by known additions of diols to n-oetanol which 

2 (  

~,¢ 1. = 

o 

~ t 0  
0 

X 

5 

0 

BuOHe / ~  

1,4 BU dio 

~ O 0 
U dlol 

o'.5 1:o ~15 =Io 
ALCOHOL (M) 

F,;g. 4. Effect of n-butanol and butanediols on potassium flux. 
Butanol (0.05 M) increased potassium flux about 2-fold, simi- 
lar to its effect on proton flux (see Fig. 3). However, there was 
little difference between 1,2- and 1,4-bataaediol, in contrast to 

their markedly different effects on proton flux. 

had been similarly treated. The partition coeffi- 
cients for the 1,2- and 1,4-butanediol were 0.172 
and 0.050, respectively, and these values were used 

TABLE l 

CONCENTRATIONS AND MEMBRANE PARTITION COEFFICIENTS OF n-ALCOHOLS AND ALKANES AFFECTING 
PROTON/POTASSIUM PERMEABILITY IN LIPOSOMES, 

C is the aqueous concentration (molar) required to increase proton or potassium flux 24oid under the experimental conditions 
described in Methods. These values were estimated from data similar to that illustrated in Figs. 3 and 4. P,o/b is the membrane 
partition coefficient t ~ e n  from Ref. 24, and C m is the membrane concentration of each solute calculated from C and Pavb" In the 
c u e  of pentane and hexane, proton flux was doubled at 0.1 activity of the alkane (one-tenth saturated solution) and C was calculated 
from their solubility in water [34]. 

c (M) /'=/b Cm 
H + K + H + K + 

Alcohols 
Ethanol 1.1 
Prop,and 0.175 
Bntartol 0,05 
Ethyleneglycol (4 M) (No effect) 
1,2-Propanediol 0.5 
1,3-Propanedio! 0.5 
Gly~rol (7.5 M) (No effect) 
1,2-Butanediol 0.6 
1,4-B-tancdiol 1.5 

Alkanes 
Pentane 4,2-10- 4 
Hexane 1.1.10 ~s 

- 0.096 0.10 - 
0.2 0.438 0.077 0.057 
0.1 1.52 0.076 0.15 

0.2 0.019 9.01 0.004 
0.25 0.03 0.015 0.075 

1.0 0.034 a 0.02 0.034 
1.2 0.01 a 0.015 0.012 

63 0.026 
200 0.0022 

=Calculated from partition coefficients measured by GC-M~q, ~¢e Result=. 



for the calculations summarized in Table I. The 
value for the 1,6-diol was confirmed by the two 
calculated values in Leo, Hansch and Elkins [25] 
which were 0.04 and 0.06. 

Although the aqueous concentrations of solutes 
which affect ion permeability vary widely, the 
underlying mechanism presumably involves a 
physical effect produced by solutes as they parti- 
tion into the bilayer. One would therefore expect 
the actual increments in permeability to reflect the 
membrane concentration of the solute. This can 
be tested by calculating membrane concentration 
according to Roth and Seemen (ReL 26, taken to 
be 0.2 P, where P is the octanol partition coeffi- 
ci~-mt) and determining the membrane concentra- 
tion of solute required to increase ion flux by a 
factor of 2 [27]. The results for nine alcohols and 
two alkanes are shown in Table I. The three 
normal alcohols alt required similar membrane 
concentrations to cause a doubling of proton and 
potassium flux, ranoino,,...,, I[rom 0,0g to 0.15. The 
propanediols and butanediols were more effective 
in this regard (0.004 to 0.075 calculated membrane 
concentrations) but required much higher aqueous 
concentrations, in the molar range. Ethylene diol 
and glycerol had no effect on proton or potassium 
permeability, even at concentrations near 7 M, 
while the two alkanes tested, pentane and hexane, 
caused permeability increme, its similar to that of 
the n-alcohols. 

The results with the butanediols led to a predic- 
tion regarding their anesthetic effects, which was 
tested as follows. If anesthetics work by the 
pump-leak mechanism, it would be expected that 
anesthetic potency of different compounds would 
be related to their effect on proton permeability. 
It follows that even compounds such as the 
butanediols should produce anesthesia a! ap- 
propriate concentrations. We therefore tested n- 
butanol, 1,2-butanediol and 1,4-butanediol for 
their relative anesthetic action on Medaka, a 
freshwater killifish maintained in the laboratory. 
Thirty fish of approximately the same size were 
divided into three groups of ten each and exposed 
to n-butanol and the butanediols. The righting 
reflex was used as an indicator of anesthesia. The 
concentrations of 0,05 M (n-butanol), 0.6 M (1,2- 
butanediol) and 1.5 M (1.4-butanediol) were cho- 
sen because each produced approximately 2-fold 

increments in proton permeability in liposomes. 
Control groups of fish were run in which the 
above concentrations were halved. 

The experiment was carried out twice, with 
similar results. Butanol was z highly effective 
anesthetic: all of the fish lost their righting reflex 
in 1-2 rain (67_ 42 s) and all survived ,,his lea,e! 
of exposure, recovering within 10 rain. The fish 
exposed to the butanediols required 1-2 h to lose 
the righting reflex (5960 + 720 seconds). Ap- 
proximately the same amount of time was re- 
quired for recovery in the 1,2-butanediol group, 
but the 1.5 M 1,4-butanediol proved to be a toxic 
concentration - the fish recovered swimming abil- 
ity, but none survived 24 h later. This was not a 
direct toxicity, since during the same period, none 
of the fish in the control groups (0.3 M 1,2, 
butanediol and 0.75 M 1,4.butanediol) lost the 
righting reflex, and all survived. 

Discussion 

This investigation has established that alcohols 
containing up to four carbons generally increase 
the permeability of lipid bilayers to protons and 
potassium ions when membrane concentrations 
reach 10 to 100 raM. However, ethylene glycol 
and glycerol had no measurable effect on permea- 
bility (Table I). The lack of a glycerol effect on 
proton permeability was unexpected. In earlier 
studies, Gutknecht 128] reported that high glycerol 
concentrations (6 M) markedly reduced the per- 
meability of planar lipid membranes to protons, 
by nearly 10-fold. In preliminary studies with 
liposomes, we obtained evidence that appeared to 
confirm this observation [29]. However, dis- 
crepancies began to appear when we compared 
results obtained with the pyranine and pH meter 
methods in the present investigation. We therefore 
re-examined experimental protocols and found 
that the relatively high viscosity of higher glycerol 
concentrations did not permit adequate mixing 
with magnetic stirring alone. When magnetic stir- 
ring was accompanied by mixing with nitrogen 
bubble agitation, no effect of glycerol or ethylene 
glycol on proton permeability could be measured. 

Mechanisms of alcehol effects on ion permeability 
All other alcohols increased proton and potas- 

sium permeabilities of liposome membranes. We 
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have examined two alternative explanations [or 
this effect. The tust is that the partitioning of 
alcohols into the membrane increases the mem- 
brane dielectric constant, and thereby reduces the 
Born energy barrier to ion permeation. For in- 
stance, Dilger el al. [30] produced a small incre- 
mcr, t in membrane dielectric by exchanging ehlo- 
rodecane ( e = 4 )  for decane ( e =  2) as the solvent 
in planar lipid membranes, and found that the 
permeabil i ty to anions (perchlorate and 
thiocyanate) hicreased by three orders of magni- 
tude. Similarly, Perkins and Cafiso [311 observed 
in a liposome system that 50 tool% decane mixed 
with phospholipid reduced proton flux lO-fol~, 
while the same amount of chlorodecane caused a 
100-fold increment. 

Could dielectric effects caused by alcohols par- 
titioning into the membrane account for the incre- 
ments in cation permeation measured here? At 
first, this might seem unlikely in view of the small 
concentrations of alcohol required to cause mea- 
surable increments in membrane permeability. 
However, the dielectric constant of butanol is 17, 
and the membrane concentration required to dou- 
ble bilayer permeability to potassium is approx. 76 
mM (Table I). Assuming a membrane dielectric of 
2.00, and that the resulting dielectric constant is 
simply the sum of the fractions of hydrocarbon 
and alcohol, 76 mM butanol partitioning into the 
bilayer would increase the dielectric constant from 
2.00 to 2.05. (Exact values are not necessary in 
this approximation, since !he _result will be a ratio 
of relative effects.) 

When this increment in dielectric is used to 
calculate the Born energy of a hydrated pot:,.:siam 
ion to move from the aqueous phase to the hydro- 
carbon interior of the bilayer, about 168 kJ. tool- 1 
are required in the absence of butanol, and 164 
k J- mol-1 in the presence of butanol 

IV(joules/mot) = k (1/~h~ - l/e,~ ) 

where W is the Born energy, k is approx. 3.48- 105 
J/tool [32] and ~h~ and ~, are the dielectric 
constants of the hydrocarbon phase and the aque- 
ous phase, respectively. The permeability of the 
bilayer to ionic flux is proportional to 
exp ( -  W / k T )  [30] and the relative permeabilities 
can therefore be estimated from the calculated 

Born energies. When this is carried out, we find 
that 76 mM butanol in the bilayer should increase 
the ionic permeability by over 5-fold. As noted 
above, this ratio is relatively parameter insensitive 
with respect to the absolute values of Born en- 
ergies. However, the absolute permeability changes 
are extremely sensitive to the membrane dielectric 
constant. For instance, increasing this parameter 
from 2.00 to 2.25 increases permeability by over 
three orders of magnitude when calculated in the 
same way. 

It was possible to lest this concep~ by measur- 
ing the effect of n-alkanes on proton permeability. 
Since the dielectric constant of alkanes would 
closely match that of the hydrocarbon interior of a 
bilaycr, there would be no significant increase in 
membrane dielectric caused by the anesthetic it- 
self. Whet, such measurements were carried out 
with pcn!?z~e and hexane at activities in the same 
range as those of the n-alkanols, marked incre- 
ments [a proton permeability were readily mea- 
sured (Table I). We conclude that the effects of 
anesthetics on membrane permeability to eatlons 
are not necessarily related to increased dielectric 
constant of the bilayer hydrophobie phase caused 
by the anesthetic itself. 

The alternative possibility arises from the fact 
that no bilayer is a perfect barrier to ion flux. 
Instead, even in the absence of pert~rbants there 
is a measurable permeability to both cations and 
anions, which results from transient defects ap- 
pearing in the membrane [32,33]. It follows that 
the pre~enee of solute molecules in the membrane 
hydrocarbon phase may simply increase the num- 
ber of such defects, and that these in turn permit 
increased ion flux to occur. The evidence reported 
here supports this allemative. However, there was 
considerable variability in the effects of different 
alcohols on membrane permeability. For instance, 
the 1,2-diols appeared to be more active in this 
regard than the corresponding normal alcohols 
and 1,3- and 1,4-diols. This suggests that the na- 
ture of the defect may have some relationship to 
the chemical structure of the perturbants, rather 
than depending simply on the amount of per- 
turbant which has partitioned into the bilayer. 

Relation to anesthetic effects of alcohols 
Finally, it was of interest to compare the effect 
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of alcohols on proton permeability with their ac- 
tivity as general anesthetics. The pump-leak hy. 
pothesis suggests that any substance capable of 
partitioning into membranes and discharging pH 
gradients should be an anesthetic, assuming, of 
course, that toxic effects do not override 
anesthesia. It also predicts that their capacity to 
discharge pH gradients should be related to their 
effectiveness as anesthetics. We were able to test 
this conjecture with a comparison of 1,2- and 
1,4-butanediol, When partition coefficients are 
compared, the 1,2-butanediol is about 3-fold 
higher. In fact, the aqueous concentration required 
to double both proton and potassium ion flux was 
about a third that of the 1,4-diol, and when we 
tested relative anesthetic effects on fish, the 1,2- 
diol had apparent anesthetic activity (which 
required 1 to 2 h to develop) at approximately a 
third the aqueous concentration required for the 
1,4-diol to affect the fish. When the effective 
concentrations of the butanediols were halved, 
neither caused loss of the fighting reflex or toxic 
symptoms following a 2 h exposure, 

It is not clear, of course, whether it is ap- 
propriate to consider both 1-butanol and the 
butanediols to be 'anesthetics'. However, both 
re, quired similar membrane concentrations to dou- 
bte proton permeability in liposomes, and both 
produced insensibility in fish, the only difference 
being that the diols required 100-times longer 
exposure to produce an effect. The longer ex- 
posure times may simply reflect lower uptake and 
transport rates of the diols in the F, sh vascular and 
nervous system. It is interesting that McGreery 
and Hunt [24] observed that the 1,2-diol produced 
'intoxication' in rats, while the 1,4-diol did not. 
Intoxication is a different phenomenon than 
narcosis/anesthesia, but presumably arises from 
related effects of alcohols on nervous tissue. 

In summary, the results reported here are gen- 
erally consistent with the pump-leak model of 
general anesthesia, in that effects of alcohols on 
proton and potassium permeability of lipid bi- 
layers are qualitatively related to their anesthetic 
activity. However, the results cannot be taken 
uncritically as support for the pump-leak hy- 
pothesis. First, the membrane concentrations re- 
quired to produce significant increments (2-fold) 
of proton and potassium flux in liposomes are 

usually 2-5-times that required to cause anesthesia 
in vivo, and the liposome model system falls in 
this regard. A second reservation concerns kinetics 
of pH gradient decay and release of neurotrans- 
raitters from synaptic vesicles. Anesthesia can en- 
sue in less than a minote when an organism is 
exposed to a general anesthetic, and yet decay of 
pH gradients across liposome membranes requires 
many minutes, even at h!gh anesthetic concentra- 
tions. Future investigations of the pump.leak hy- 
pothesis will address these questions both in lipo. 
somes and in relevant biological membranes, in- 
cluding synaptic vesicles and chromaffin granules. 
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