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Summary 

1. The suppression of  the propagated action potential in the squid giant axon 
and in the frog sciatic nerve, by saturated solutions of  the n-alkanes from 
n-pentane to n-decane, has been examined. A progressive loss in the activity of 
the alkane was found as the chain length increased, n-nonane being effectively 
inert. The concentration dependence of  the suppression of the action poten- 
tially n-pentane was also measured. 

2. The effects of  the alkanes on lipid bilayers were determined using black 
film techniques. For both phosphatidylcholine-cholesterol and monoolein-cho- 
lesterol bilayers in alkane-saturated aqueous phases, the bilayer thickness 
decreased by several angstrom units on passing from n-pentane to n-decane, 
from which it was concluded that  the adsorption also decreased. The concen- 
tration dependence of the thickness and adsorption changes for n-pentane 
were examined. 

3. A close correlation is shown to exist between the nerve results and those 
for a phosphatidylcholine-cholesterol bilayer, suggesting that  the site of action 
of the alkane is in a lipid bilayer region of the nerve membrane. 

4. The presence of cholesterol in the bilayer, at levels apparently comparable 
to those in axon membranes, is essential for the above correlation to hold. 

5. A molecular mechanism by which the alkane may inhibit the nerve im- 
pulse is proposed. The essential feature is that  a thickening of  the lipid part of  
an axon membrane through adsorption of  alkane reduces the stability of the 
ionic channels formed during electrical excitation. 

* Present address: 164-30, Division of Chemistry, California Ins t i tu te  o f  T e c h n o l o g y ,  Pasadena, 
Calif., U.S.A. 
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In t roduct ion  

There is a great deal of  evidence to suggest that  neutral (non-ionic) anaesthe- 
tics act at hydrophobic  sites in cell membranes [1--4].  Recent discussion has 
tended to focus on the nature and location of  these sites, in particular, whether 
they are in the lipid bilayer or the protein parts of  the membrane [1,2,5--9].  
The purpose of this paper is, first, to present some observations which favour 
the interior of  the bilayer as the most  likely site of action and secondly, to 
point  out  that  if this is correct  there is a simple mechanism by which ion con- 
duct ion through membrane pores, and hence impulse propagation, may be 
inhibited. 

A serious difficulty in trying to understand the behaviour of  anaesthetics 
in physico-chemical terms arises from the fact that  many anaesthetic molecules 
are complex and may contain at least two functional groups. In an a t tempt  to 
avoid this difficulty the present work has been concerned solely with the 
n-alkanes. These compounds  also have the advantages that  their behaviour in 
lipid bilayers has been well studied and that they form a homologous series 
which, as will be shown, yields an important  piece of  information.  

Both the n-alkanes and the n-alkanols have been examined for their anaesthe- 
tic activity [1,10,11].  In each of  these homologous series it was found that,  as 
the chain length of  the molecules increased, the activity declined and eventu- 
ally disappeared. Thus, while n-pentane and n-butanol are anesthetics, n-decane 
and n-tridecanol are not.  This loss of  po tency  is not  reflected in a loss of lipid 
solubility and the results are therefore not  in line with the Meyer-Overton cor- 
relation which, although somewhat  rough, holds for many other  anaesthetics 
[1,2].  In order  to account  for the inactivity of  decane it has been suggested 
either that  its vapour pressure and/or  water solubility are so low that  it never 
reaches equilibrium with the site of  action, or that  owing to the presence of  
aggregates or microdroplets  its thermodynamic  activity is substantially lower 
than is indicated by its solubility. However, experiments ment ioned by Mullins 
[ 1] and evidence to be described in this paper indicate that  the first suggestion 
is unlikely to be correct.  Also, new data on decane solubility (Table I) confirm 
older results and thus lessen the likelihood that  artefacts such as emulsion for- 
mation are important .  Rather, it seems that  some other  factor, possibly molec- 
ular size should be considered [1]. 

Experiments  on black lipid films have shown that  the bilayer thickness is 
strongly dependent  on the size of  the n-alkane solvent used in their formation,  
the smaller solvent molecules yielding the thicker films [13].  It has also been 
shown that  the alkane solvent tends to reside mainly in the centre of  the 
bilayer [14] and that  the larger molecules, such as hexadecane, are selectively 
excluded from the films [13,14].  In bilayers which contain no cholesterol this 
size effect  is noticeable only for molecules between decane and octadecane,  the 
former  not  being appreciably excluded, and there is no correlation with the 
cut-off  in anaesthetic potency.  When bilayers contain cholesterol at levels com- 
parable to those found in nerve membranes [15] all that  has so far been shown 
is that decane is strongly excluded [13,16].  This isolated observation was 
nevertheless sufficient to suggest that  in cholesterol-containing membranes 
there might be a very good correlation between alkane uptake and anaesthetic 
potency.  
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Accordingly experiments have been carried out, using a range of  n-alkanes, 
to determine the thickness and alkane-uptake of both phospholipid and mono- 
glyceride films containing cholesterol. Also, since the existing data are for 
whole animals, it was thought  desirable to confirm the existence of  the chain- 
length cut-off in the anaesthetic activity of the n-alkanes by means of  simple 
experiments on the squid giant axon and the frog sciatic nerve. In addition, the 
effect of pentane at different concentrations has been examined in black films 
and nerve preparations. In the Discussion, the link betweeen alkane adsorption 
into the bilayer and anaesthetic potency is examined. It is argued that the 
thickening and increase in tension which alkanes produce in bilayers may pro- 
duce a de-stabilization of  the ionic channels formed during electrical excitation. 

Methods and Materials 

Black film measurements 
Black lipid films were formed in a vertical cell, using the syringe method of  

supplying lipid solution to the hole in the PTFE partition. The essential fea- 
tures of the apparatus have been described elsewhere [17]. An added refine- 
ment  was a tight-fitting PTFE lid to the cell to minimize loss by evaporation of  
the more volatile alkanes. The film-forming solutions were made by dissolving 
egg yolk phosphatidylcholine or monoolein plus, in some experiments, choles- 
terol in the required alkane solvent. In the phosphatidylcholine systems the 
phospholipid was at 7 mM and the cholesterol at 21 mM. Monoolein was used 
at 6 mM; when used with cholesterol, this was at 15 mM. The aqueous solution 
was 0.1 M NaC1. 

Care was taken to ensure that  the alkane under consideration was at equili- 
brium throughout  the whole system comprising the film, its associated bulk 
lipid and the aqueous phase. To achieve this, the lipid solution and the aqueous 
phase, were placed in contact  for some hours prior to the experiment. 

The film capacity was measured by means of a Wayne Kerr Universal Bridge 
at a frequency of 1 kHz. Details have been given previously [17]. The a.c. sig- 
nal applied across the film was ca. 5 mV (peak-to-peak). Film area was moni- 
tored by inspection through.one tube of  a binocular microscope containing a 
calibrated graticule, a light source being attached to the other tube. The tem- 
perature throughout  the experiments was 20 + I°C. 

Squid axon measurements 
The experiments on squid were performed in the Centro de Biofisica, 

I.V.I.C., Caracas. The hindmost giant axon from the stellate ganglion was dis- 
sected from the mantles of  the squid Dorytheutis  plei and carefully cleaned of  
all surrounding fibres and most of the loose connective tissue. The dissected 
axons were mostly about 400/am in diameter and 8 cm long. The axons were 
cannulated at the ganglion end and mounted vertically in a perspex cell similar 
to that  described by Baker, Hodgkin and Shaw [18]. Stimulating electrodes 
were situated near the lower end of  the axon. A glass micropipette, 75 pm in 
diameter, filled with 0.5 M KCI was inserted longitudinally into the axon to a 
distance of about 4 cm. The micropipette had a floating 25 pm platinum wire 
inside and was connected to the external circuit via an Ag/AgCl electrode. The 
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external  re fe rence  e lec t rode  which d ipped  into the solut ion bathing the axon 
was also Ag/AgC1. Resting and act ion potent ia ls  were m o n i t o r e d  with an oscil- 
loscope  (Tek t ron ix  7313)  f rom the o u t p u t  of  a high impedance  intracel lular  
p robe  ampli f ier  sys tem (Mentor  N-950)  to the  inputs  of  which the e lec t rodes  
were c onne c t e d .  Artificial  sea water  (440 mM NaCI/10 mM KC1/50 mM MgC12/ 
10 mM CaC12/0.1 mM EDTA/Tr i s ,  10 mM, pH 7.6) and tes t  solut ion were 
al lowed to  f low into the  lower  par t  o f  the ch am b e r  and were r emoved  by suc- 
t ion  f rom the  top.  The  supply was f rom a raised separating funnel ,  th rough  
P T F E  tubing.  Flow rates were normal ly  at least 10 ml per min; at this level the  
results showed no d e p e n d e n c e  on the f low rate.  Test  solut ions were t)repared 
by  di lu t ion o f  artificial sea water  sa tura ted  with alkane and this, in turn,  was 
prepared  by  equi l ibrat ing artificial sea wate r  with liquid alkane for  ca. 24 h 
with gentle stirring, a m e t h o d  shown to be sa t is factory  in earlier work  on  
alkane solubil i ty (Dagger, F. and Haydon ,  D.A., unpubl ished) .  The  t em p e ra tu r e  
was 18 ° C. Act ion  and resting potent ia l s  in artificial sea wate r  were normal ly  ca. 
110 mV and - -60  mV respect ively.  

Sciatic nerve m e a s u r e m e n t s  
Sciatic nerves were ob ta ined  f rom large specimens o f  Rana  temporaria,  

exce p t  for  the  pen tane-sa tu ra ted  Ringer  expe r imen t s  in which,  since R. t empo-  
raria were no t  available, Rana p ip iens  were used. The  freshly excised nerves 
were deshea thed  in the  middle  o f  thei r  length for  a dis tance o f  1--2 cm and then  
m o u n t e d  across a ba th ing chamber  in a perspex block.  The  free nerve ends 
trai led into two flanking chambers ,  one  o f  which was used for  s t imulat ing and 
the  o the r  for  recording.  The  nerve passed f rom one  ch am b e r  to  the  n ex t  
th rough  nar row slits cut  in the  top  o f  the  dividing septae. A small piece o f  
Ringer-soaked tissue was placed over  the  nerve where  it  was exposed  to  air, and 
this was in tu rn  covered  with Vaseline. 

The  nerve was s t imula ted  at 6 Hz and monophas i c  c o m p o u n d  act ion poten-  
tials were ob ta ined  f rom a p la t inum e lec t rode  at the  end o f  the nerve,  recording 
with respect  to  a re fe rence  e lec t rode  in the  bath ing chamber .  Frog Ringer  (115 
mM NaC1/2.5 mM KC1/1.8 mM CaC12/1.0 mM M g C l d l 0  mM Tr i s .  C1 buffer ,  
pH 7.4) was sa tura ted  with alkane,  as descr ibed in the  previous sect ion,  and 
lower  alkane concen t ra t ions ,  when  requi red ,  were ob ta ined  by  di lut ion.  These  
solut ions  were run into the  bath ing chambe r  f rom a separat ing funnel ,  as in the  
squid exper imen t s ,  a cons tan t  level being main ta ined  by  means  o f  a suct ion 
pipe. T h r o u g h o u t  the  per fus ion  the  bath ing chamber  was st irred magnet ica l ly  
at a cons t an t  rate.  In some instances free alkane was dispersed as a fine emul- 
sion in the  Ringer by  sonicat ion.  Perfusion rates were typ ica l ly  ab o u t  1.5 ml 
per  min. A var ie ty  o f  precaut ions  were t aken  to  prec lude  the evapora t ion  o f  the  
m ore  volati le alkanes. 

In addi t ion  to mon i to r ing  the  c o m p o u n d  ac t ion  po ten t ia l  dur ing  the perfu-  
sion, tests were also carried ou t  to  de t ec t  changes in the  t e t r o d o t o x i n  sensitiv- 
i ty  o f  the  c o m p o u n d  act ion potent ia l .  At  various t imes,  the bath ing ch am b e r  
was dra ined  with a Pas teur  p ipe t te ,  a t e t r o d o t o x i n  solut ion o f  appropr ia te  con- 
cen t r a t ion  was i n t roduced  and the nerve exposed  to  the  tox in  for  4 min ( the 
t ime scale o f  the  e x p e r i m e n t  permi t t ing)  unde r  cons t an t  stirring, thus  allowing 
the  m a x i m u m  inhib i t ion  o f  the c o m p o u n d  act ion poten t ia l  to  o ccu r  [19] .  The  
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TABLE I 

SOLUBILITIES OF n-ALKANES IN SALT SOLUTIONS AT 20°C 

Solubility (rag/l) 

0.1 M NaCl Artificial sea .:. 
frog Ringer water ** 

n-Pen tane  31 22 
n - I t exane  7.9 5.5 
n - t t ep t an e  2.4 1.6 
n -Oc tane  0.51 0 .34 
n - N o n a n e  0 .12  0 .078  

n -Decane  0 .042  0 .026  

* A s s u m e d  e f f ec t i ve ly  the  s a m e  and  equal  to  resul ts  o f  ref .  19 for  0 .148  M NaCI.  
** Calcu la ted  f r o m  resul ts  o f  Dagger ,  F. and H a y d o n ,  D.A.  (unpub l i shed ) ,  us ing  l inear  i n t e r p o l a t i o n  o f  

free energies ,  f r o m  da ta  o f  ref .  20. 

inhibited compound action potential was measured and the alkane perfusion 
resumed. The compound action potential recovered to its original level in less 
than 8 min. Sensitivities were expressed as the percentage reduction of the 
compound action potential by the tetrodotoxin.  

The temperature in all experiments was between 18 and 21 ° C. 

The solubility of  n-alkanes in electrolyte solutions 
Solubility data for n-alkanes in water have been reviewed by Bell [12] and 

are reasonably consistent for the range n-pentane to n-decane. The effect of  
electrolytes on the solubility has been examined by Morrison and Billett [20] 
and discussed by Tanford [21] and, more recently, data have been obtained in 
this laboratory for n-pentane to n-decane. All these results suggest that  for con- 
centrations below 1.0 mol/1, there is an appreciable decrease in alkane solubil- 
ity with increasing salt concentration. The measured or estimated solubilities of 
the alkane in 0.1 M NaC1 (black film experiments), frog Ringer and artificial sea 
water are given in Table I. 

Materials 

The egg yolk phosphatidylcholine was chromatographically pure and was 
kindly supplied by Mr. Nigel Miller, Institute of  Animal Physiology, Babraham. 
Monoolein was from Nu Chek Prep (Minnesota, U.S.A.) and was more than 
99% pure. The cholesterol was of 'Biochemical Standard'  grade from BDH 
Chemicals Ltd. All the n-alkanes were obtained from Koch-Light Laboratories. 
They were nominally of  'puriss' grade (>~99% pure) and were passed through 
alumina columns before use. 

Other reagents were of  AR quality and, for the black film experiments, the 
water was twice distilled. 

Resul t s  

The effect of  n-alkanes on bilayer thickness and composition 
The aims of  these experiments were to estimate both the thickness of  the 

bilayer and the amount  of  alkane adsorbed as a function of  lipid composition 
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and alkane concentrat ion.  The thickness of the hydrocarbon region of a black 
film is readily obtained from electrical capacity and area measurements [17].  
The only assumption required is that of  a dielectric constant  for the mixture 
of  non-polar moieties present, and this has been concluded to be close to 2.1 
for both phospholipid and monoglyceride chains, as well as for the ring struc- 
ture of  cholesterol [13,17].  In fact, a value of  2.14 has been assumed through- 
out  this work. 

The capacity per unit  area and thickness results are shown in Figs. 1--4. In 
order  to give a complete  picture of  both cholesterol-free as well as cholesterol- 
containing membranes,  some earlier data have been included in the first two 
figures. The main point  of  interest in Figs. 1 and 2 is that  the strong depen- 
dence of capacity and thickness on alkane chain length which was already 
known to exist in monoglyeeride and phosphatidylcholine membranes [13] is 
shifted, in the presence of  cholesterol, to much shorter chain lengths. Figs. 3 
and 4 reveal how films formed with hexadecane, which are almost as thin as 
solventless bilayers [13],  become thicker in increasing concentrat ions of  pen- 
tane and heptane.  Owing to the difficulty of  preventing evaporation the thick- 
nesses in the pentane systems should be regarded as lower limits. 

The amounts  of  alkane present in the various black films may be estimated 
by the methods of  either Cook et al. [16,17] or Pagano et al. [22,17].  Neither 
is satisfactory for measuring the alkane conten t  directly, the former for ther- 
modynamic  reasons and the latter owing to the fact that  microlenses are of ten 
present. In each method the lipid adsorption is estimated and, from a knowl- 
edge of  the total hydrocarbon volume per unit area of  film (numerically equal 
to the thickness) and assumptions as to the partial molar volumes of the lipids, 
the alkane content  is found by difference. The finer details have been discussed 
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F ig .  1 .  T h e  v a r i a t i o n  in  e l e c t r i c a l  c a p a c i t y  p e r  u n i t  a r e a ,  a n d  h y d r o c a r b o n  l a y e r  t h i c k n e s s  o f  b l a c k  l i p id  
f i l m s  f o r m e d  w i t h  d i f f e r e n t  n - a l k a n e s .  [E, c a p a c i t y  o f  m o n o o l e i n  f i l m s  in  a b s e n c e  o f  c h o l e s t e r o l  ( t h e  p o i n t s  
f o r  d e c a n e - o c t a d e c a n e  a r e  t a k e n  f r o m  r e f .  1 3 ) ;  ®, c a p a c i t y  o f  m o n o o l e i n  f i l m s  c o n t a i n i n g  c h o l e s t e r o l / m u -  
n o o l e i n  = 0 . 5 5 .  T h e  d a s h e d  c u r v e s  s h o w  t h e  t h i c k n e s s  v a r i a t i o n s ,  a n d  a r e  r e l a t e d  t o  t h e  ful l  c u r v e s  as  indi -  
c a t e d  b y  t h e  a r r o w s .  T h e  a q u e o u s  p h a s e  w a s  0 . 1  M NaC1 w h i c h  h a d  b e e n  e q u i l i b r a t e d  w i t h  t h e  f i l m - f o r m -  

i n g  s o l u t i o n .  
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F i g .  2.  T h e  v a r i a t i o n  in  e l e c t r i c a l  c a p a c i t y  p e r  u n i t  a r e a ,  a n d  h y d r o c a r b o n  l a y e r  t h i c k n e s s  o f  b l a c k  l ip id  

f i l m s  f o r m e d  w i t h  d i f f e r e n t  n - a l k a n e s .  [E, c a p a c i t y  o f  e g g  p h o s p h a t i d y l c h o l i n e  f i l m s  in  a b s e n c e  o f  c h o l e s -  

t e r o l  ( t h e  p o i n t s  f o r  d e c a n e - o c t a d e c a n e  a r e  t a k e n  f r o m  r e f .  1 3 ) ;  (~ c a p a c i t y  o f  e g g  p h o s p h a t i d y l c h o l i n e  

f i l m s  c o n t a i n i n g  c h o l e s t e r o l / p h o s p h a t i d y l c h o l i n e  = 0 .4 .  T h e  d a s h e d  c u r v e s  s h o w  t h e  t h i c k n e s s  v a r i a t i o n s  

a n d  a r e  r e l a t e d  t o  t h e  ful l  c u r v e s  as  i n d i c a t e d  b y  t h e  a r r o w s .  T h e  a q u e o u s  p h a s e  w a s  as  in  F ig .  1. 

elsewhere [17].  Where both techniques have been applied to the same type of  
black film good agreement has been found [22,17] .  In the present systems it is 
known that neither the amount of  phosphatidylcholine nor monoolein adsorbed 
into a black film are appreciably dependent on the chain length of  the alkane 
used as a solvent [16,22] .  It is also known that the adsorption of  n-alkanols at 
alkane/water interfaces is not sensitive to the chain length of  the alkane [23].  
It will be assumed therefore that, to a good approximation, the amounts of  
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F i g .  3 .  T h e  i n f l u e n c e  o f  n - p e n t a n e  a n d  n - h e p t a n e  o n  t h e  e l e c t r i c a l  c a p a c i t y  p e r  u n i t  a r e a  a n d  h y d r o c a r b o n  
l a y e r  t h i c k n e s s  o f  m o n o o l e i n - c h o l e s t e r o l - h e x a d e c a n e  f i l m s .  C a p a c i t y  i n  n - p e n t a n c ,  (~]) a n d  n - h e p t a n e ,  (®). 
T h e  d a s h e d  c u r v e  i n d i c a t e s  t h e  t h i c k n e s s  v a r i a t i o n .  T h e  f i l m - f o r m i n g  a n d  a q u e o u s  p h a s e s  w e r e  e qu i l i -  

b r a t e d  b e f o r e  t h e  e x p e r i m e n t s .  B u l k  p a r t i t i o n  c o e f f i c i e n t s  f o r  t h e  h y d r o c a r b o n s  w e r e  a s s u m e d  i n d e p e n -  
d e n t  o f  c o n c e n t r a t i o n .  F o r  n - p e n t a n e ,  t h e  c a p a c i t i e s  a r e  p o s s i b l y  e r r o n e o u s l y  h i g h  a n d  t h e  t h i c k n e s s e s  l o w  
o w i n g  t o  t h e  d i f f i c u l t y  o f  e n s u r i n g  e q u i l i b r i u m  w h e n  u s i n g  v o l a t i l e  s o l v e n t s .  
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Fig .  4.  T h e  i n f l u e n c e  o f  n - p e n t a n e  a n d  n * h e p t a n e  o n  t h e  e l e c t r i c a l  c a p a c i t y  p e r  u n i t  a r e a  a n d  h y d r o c a r -  

b o n  l a y c r  t h i c k n e s s  o f  e g g  p h o s p h a t i d y l c h o l i n e - c h o l e s t e r o l - h e x a d e c a n e  f i l m s .  C a p a c i t y  in  n - p e n t a n e ,  (9]) 
a n d  n - h e p t a n e ,  ((9). T h e  f i l m  f o r m i n g  a n d  a q u e o u s  p h a s e s  w e r e  e q u i l i b r a t e d  b e f o r e  t h e  e x p e r i m e n t s .  As  

d e s c r i b e d  f o r  F i g .  3 ,  v o l a t i l i t y  m a y  h a v e  a f f e c t e d  t h e  p e n t a n e  d a t a .  

phospha t idy l cho l ine  + choles tero l  and m o n o o l e i n  + choles terol  present  in the 
bi layers  were invariant  with respect  to  the  alkane used. This being so, changes 
in the  vo lume  o f  a lkane adsorbed  are p ropo r t i ona l  to  the  changes in m e m b r a n e  
thickness  and,  f rom a knowledge  o f  the  lipid compos i t i on  for  one  sys tem,  the  
actual  vo lume  o f  alkane presen t  can be es t imated  for  all o f  t hem.  

Fo r  the  choles tero l - f ree  membranes ,  the  numbers  o f  m o n o o l e i n  and egg 
phospha t i dy l cho l ine  molecules  per  cm 2 o f  m e m b r a n e  were 5.1 • 10 '4 and 3.3 - 
10 j4. respect ively  [ 13 ]. In the  monoo le in -cho le s t e ro l  sys tems there  were ca. 3.5 
• 10 '4 molecules  per  cm 2 o f  m o n o o l e i n  and 1.9 • 1 0  ' 4  molecules  per  cm 2 o f  cho- 
lesterol,  giving a mol  rat io c h o l e s t e r o l : m o n o o l e i n  o f  0.55 [22] ,  whilst  in the  
phospha t idy lcho l ine -cho les t e ro l  sys tems there  were ca. 3.0 • 10 '4 molecules  per  
cm 2 o f  phospha t i dy l cho l ine  and 1.2 • 1 0 1 4  molecules  per  cm 2 o f  choles terol ,  i.e. 
cho l e s t e ro l : phospha t idy l cho l ine  = 0.4 [ 16 ]. 

Compar i son  o f  the  thickness  o f  the  phospha t idy lcho l ine-cho les te ro l -hexa-  
deeane  black film with the  thickness  o f  a leaflet  o f  similar lipid co m p o s i t i o n  in 
the  lamellar phase,  as calculated f rom X-ray d i f f rac t ion  da ta  [ 13] ,  suggests tha t  
the  black film conta ins  some 9% (v/v) hexadecane .  For  lower  alkanes, d o w n  to 
undecane ,  Fig. 2 indicates  tha t  this s i tua t ion changes very little, b u t  tha t  f rom 
undecane  d o w n  to pen tane  the  m a x i m u m  vo lume  o f  alkane tha t  can be 
adsorbed  increases to  ca. 36%. 

The effect of  n-alkanes on the propagated action potential of  the squid giant 
a x o n  

Solut ions  o f  pen tane  caused a rapid and co m p le t e  e l iminat ion  o f  the  propa-  
gated act ion po ten t ia l  at concen t r a t i ons  greater  than  80% sa tura t ion  (Fig. 5). 
During the  d isappearance  o f  the  ac t ion  potent ia l ,  b o t h  the  rate o f  rise and the  
c o n d u c t i o n  veloci ty ,  as well as the  peak  height ,  decl ined (Fig. 6). The  rest ing 
po ten t ia l  was n o t  great ly a f fec ted .  On initial co n t ac t  with the  alkane, the  axons  
t ende d  to  depolar ize  by  2--3 mV bu t  subsequen t ly  recovered  and,  in the  final 
s teady alkane c o n c e n t r a t i o n  the  axons  were o f t en  hype rpo la r i zed  by  1--2 mV. 
In the  shor t  t e rm,  all the  e f fec ts  were  reversible.  There  was also a s t rong depen-  
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Fig .  5.  T h e  s u p p r e s s i o n  o f  t h e  a c t i o n  p o t e n t i a l  in  t h e  s q u i d  g i a n t  a x o n  b y  n - p c n t a n e  a t  v a r i o u s  c o n c e n t r a -  
t i o n s .  T h r e e  d i f f e r e n t  a x o n s  w e r e  u s e d  in t h i s  r e c o r d .  T h e  a r r o w s  m a r k  t h e  i n t r o d u c t i o n  o f  p e n t a n e  so lu -  
t i o n  o f  t h e  d e g r e e  o f  s a t u r a t i o n  i n d i c a t e d ,  o r  o f  a r t i f i c i a l  s ea  w a t e r  ( a s w ) .  

dence of  blocking potency on pentane concentration in the range 50--70% 
saturation. 

Higher alkanes had progressively less influence on the action potential (Fig. 
7) until, with octane- or nonane-saturated solutions, no significant effect was 
detectable. A possible explanation for these latter observations is that, owing to 
their very low solubility, insufficient alkane reached the axon membrane. How- 
ever, this appears extremely unlikely, for two reasons. Firstly a volume of  
octane equal to the total amount of  lipid in the axon preparation (including 
Schwann cell and mitochondria) would have been present in less than 5 ml of  
perfusing solution, whereas the axon was exposed to 1000 ml. Secondly, the 
time constant for the octane to saturate the lipid membranes of  the axon and 
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Fig .  6 .  T w o  t r a c e s  o f  t h e  p r o p a g a t e d  a c t i o n  p o t e n t i a l  i n  t h e  s q u i d  g i a n t  a x o n  b o t h  r e c o r d e d  d u r i n g  e x p o -  
s u r e  t o  0 . 9  s a t u r a t e d  n - p e n t a n e  in  a r t i f i c i a l  s e a  w a t e r .  T h e  l o w e r  t r a c e  w a s  r e c o r d e d  a p p r o x i m a t e l y  9 0  s 
a f t e r  t h e  u p p e r  o n e .  T h e  a c t i o n  p o t e n t i a l  d i s a p p e a r e d  w i t h i n  8 r a i n  o f  c o n t a c t  w i t h  t h e  n - p e n t a n e  so lu -  
t i o n .  

F ig .  7.  B l o c k a g e  o f  t h e  p r o p a g a t e d  a c t i o n  p o t e n t i a l  in  s q u i d  g i a n t  a x o n s  b y  s a t u r a t e d  s o l u t i o n s  in  a r t i f i c i a l  
s ea  w a t e r  o f  t h e  n - a l k a n e s  f r o m  n - p e n t a n e  ( C s )  t o  n - n o n a n e  (C 9) .  T h e  a r r o w s  i n d i c a t e  a s w i t c h  t o  a l k a n e -  

f r e e  sea  w a t e r .  
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Schwann cell, assuming the diffusional resistance to be equivalent to a layer of 
water 50 pm in thickness, is approximately 8 min. If the octane were appreci- 
ably anaesthetic, therefore, its full effect should have been seen well within the 
time of an experiment, i.e. > 1 h. 

The experiments of  Fig. 7 confirm the existence of a cut-off in anaesthetic 
potency with increasing chain length and, in this preparation, the loss of  activ- 
ity occurs between hexane and octane. The anaesthetic potency of n-heptane 
was difficult to assess. It produced a rather slow fall in action potential height 
which was only partially reversible. The axons therefore appeared to suffer 
some damage in this system. Similarly irreversible effects were occasionally 
noted in pentane and hexane systems when axons were exposed to the alkane 
for longer periods than in Fig. 7. 

In the early stages of the application of pentane, hexane and heptane solu- 
tions to the axons, a single stimulus quite often produced a train of impulses 
lasting from several seconds in the case of  pentane to several minutes for hep- 
tane and dying out with damped oscillations back to the resting potential (Fig. 
8). These effects always ceased well before the alkane produced its maximum 
suppression of  the action potential and thus seemed to arise only at the very 
beginning of the penetration of the alkane into the axon. No comparable 
effects were observed when the alkane was washed out of the axon. A possible 
explanation for this hypersensitivity will be discussed later. 

The effect of the n-alkanes on the frog sciatic nerve compound action potential 
A difficulty in the use of the sciatic nerve to test for anaesthetic activity in 

the longer chain alkanes arises from the fact that  the nerve preparation is likely 
to contain of the order of  a milligram of lipid, and that  many litres of  alkane- 
saturated solution may therefore be needed to produce impulse-blocking con- 
centrations in the axons. Moreover the control nerves declined unpredictably 
in their response to a stimulus after 15 h, thus limiting the duration of  a useful 
experiment and hence also the volume of  alkane solution to which the nerve 
could be conveniently exposed. In order to introduce sufficient alkane at rea- 
sonable flow-rates, emulsions, prepared by sonicating small amounts of alkane 
into the Ringer, were in some instances substituted for simple solutions. In all 
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Fig .  8 .  A t r a i n  o f  i m p u l s e s  w h i c h  o u t l a s t e d  t h e  s t i m u l u s  in  t h e  s q u i d  g i a n t  a x o n  d u r i n g  e x p o s u r e  t o  0 .7  
s a t u r a t e d  n - p e n t a n e  in  a r t i f i c i a l  sea w a t e r .  T h e  r e c o r d  was  t a k e n  a p p r o x i m a t e l y  2 m i n  a f t e r  c o n t a c t  w i t h  

t h e  a l k a n e  s o l u t i o n .  T h e  r e s t i n g  a n d  a c t i o n  p o t e n t i a l s  b e f o r e  i n t r o d u c t i o n  o f  t h e  a l k a n e  were  - - 6 0  a n d  

1 0 8  m V  r e s p e c t i v e l y .  A t  t h e  o n s e t  o f  t h e  r e p e t i t i v e  f i r i n g  t h e  r e s t i n g  p o t e n t i a l  c h a n g e d  t o  - - 5 8  m V .  
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systems this procedure produced a more rapid suppression of  the compound 
action potential which was independent of  the flow and stirring rates. 

The results for the alkanes pentane to decane are shown in Fig. 9. While, as 
for the squid axon, the longer chain molecules are clearly less effective than the 
shorter ones, it is again necessary to consider the extent to which diffusion 
time may account for the observed variations. A simple diffusional model indi- 
cates that the times for the alkanes to reach equilibrium with a membrane some 
distance inside the bundle of  axons should be inversely proportional to both 
their water solubility and to their diffusion coefficients. Owing to the complex 
structure of  the sciatic nerve, estimates of  absolute diffusion times are likely to 
be highly inaccurate but, if it is assumed that in the pentane system, for exam- 
ple, the suppression of  the compound action potential is purely diffusion 
limited, reasonably accurate upper limits for the diffusion times in the other 
systems should be calculable. The time constant for pentane was approximately 
1 min and hence the corresponding values for hexane, heptane, octane, nonane 
and decane should have been about 5, 17, 80, 300 and 1500 min, respectively. 
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Fig.  9. The  b l o c k a g e  o f  the  c o m p o u n d  ac t ion  p o t e n t i a l  ( C A P )  in the  d e s h e a t h e d  frog  sciat ic  nerve  b y  satu-  
rated s o l u t i o n s  (d i lu te  e m u l s i o n s )  o f  t h e  n-a lkanes  f r o m  p e n t a n e  to  d e c a n e .  T h e  l o w e r  graph s h o w s  t h e  
r e d u c t i o n  o f  t h e  c o m p o u n d  a c t i o n  Potent ia l  a f ter  4 m i n  e x p o s u r e  to  t e t r o d o t o x i n  ( T T X )  ( 2 - - 7  ~ g f l )  at 
various  s tages  o f  t h e  s u p p r e s s i o n  o f  t h e  i m p u l s e s .  Further  deta i l s  o f  th is  assay are g iven in ref .  19 .  

Fig.  10 .  T h e  s u p p r e s s i o n  o f  the  c o m p o u n d  a c t i o n  p o t e n t i a l  ( C A P )  in t h e  d e s h e a t h e d  frog  sciat ic  nerve  b y  
n - p c n t a n e  s o l u t i o n s .  T h e  " e q u i l i b r i u m "  curve  was  o b t a i n e d  b y  e x p e r i m e n t s ,  as in t h e  inset ,  o n  t w o  nerve  
preparat ions ,  (@ and  [3). The  arrows  ind ica te  t h e  i n t r o d u c t i o n  o f  p e n t a n e  s o l u t i o n s  o f  various  degrees  o f  
sa turat ion .  R d e n o t e s  a s w i t c h  to  p e n t a n e - f r e e  Ringer .  
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For all the alkanes except  decane, the compound action potentials declined 
with time constants considerably larger than these estimates and it is concluded 
that  there is a genuine loss of  anaesthetic potency with increasing chain length. 
In fact, it is probable that the decline of  the compound action potentials in the 
presence of  nonane and decane does not  represent a true anaesthetic effect  at 
all. Thus, firstly, it was noted in squid axon experiments that the presence of 
free alkane even though it were, like decane, anaesthetically inactive, substanti- 
ally accelerated the deter iorat ion of  the nerve. Secondly, the near coincidence 
of  the nonane and decane curves in Fig. 9 suggests the operat ion of  some non- 
specific effect  unrelated to chain length. 

When emulsions rather than true solutions of  alkane were used, the blockage 
of  the compound  action potential  could never be reversed, presumably owing 
to the difficulty of  removing the final traces of liquid hydrocarbon.  Even for 
solutions, e.g. of  pentane, the nerve could not  be revived once the compound 
action potential  had completely disappeared. At lower levels of  inhibition, 
however, partial or total reversibility could be achieved. Fig. 10 shows the con- 
centrat ion dependence of  compound action potential  block for dilutions of 
pentane-saturated Ringer. The relationship is quite steep, the first effects being 
observed at 60% saturation and total inhibition at 90% saturation. This curve 
was obtained from several experiments of  the type shown in the inset to Fig. 
10, i.e. perfusion with successively more concentra ted pentane solutions, 
noting the steady state inhibition achieved in each case. 

As the effects of  the alkanes on the compound action potential  might con- 
ceivably have been due to an inhibition of  the sodium pumps in the axons, a 
sciatic nerve was exposed for 4 h to 50/xM ouabain. Despite cont inuous stimu- 
lation no decline in the compound  action potential  occurred until 15 h later. 

Discuss ion 

The effects o f  the n-alkanes on impulse propagation 
The existence of  a decline in anaesthetic potency  with increasing chain 

length, in the n-alkanes, noted previously in whole animals [1,10],  is con- 
firmed by the present results for isolated nerve preparations. For the squid 
giant axon the decline is clearly between n-pentane and n-octane and, for the 
sciatic nerve, though a little less clearly, between n-pentane and n-nonane. 

The action of  the alkanes appears to be two-fold. There is a reversible block- 
age of  the impulse which may properly be called anaesthesia and, for more 
prolonged exposures to the alkane, especially at high concentrat ions,  there is an 
irreversible blockage, the occurrence of  which is somewhat irreproducible from 
one nerve preparat ion to the next.  An irreversible action has been reported for 
o ther  anaesthetics [1,2].  In the course of  the reversible blockage of  the action 
potential ,  both the conduct ion  velocity and the maximum rate of  rise of the 
potential  decrease and it is concluded that  the maximum sodium current  is 
therefore also decreased [24].  The rise in t e t rodo tox in  sensitivity of  the sciatic 
nerve (Fig. 9), especially when considered in conjunct ion with the constancy 
of  the resting potential  in the squid axons, supports the not ion that  the alkane 
inhibits the functioning of  the sodium channels. Voltage clamp experiments,  
which will be described elsewhere, have confirmed this conclusion but, at the 
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same time, have revealed that  the potassium channel is also affected. 
The tendency for impulses to arise spontaneously during the early stages of 

alkane t reatment  resembles the effect produced by abnormally low Ca z÷ con- 
centrations in the external solution [25,26]. No at tempt  has yet  been made to 
discover how the alkanes produce this effect but it may be significant that  the 
repetitive firing was observed only when the alkane was penetrating the axon 
and not  during washing out or in the final equilibrium state. Thus, a higher con- 
centration of the alkane on the outside than on the inside of the membrane 
seems necessary. It may be speculated therefore that, in line with the mech- 
anism proposed for low Ca z÷, the differential interaction of  the alkaline on the 
two sides of  the membrane lowers the internal electric field. This could occur 
through a change in the dipole part of the surface potential on one side [27]. 
Although there is no evidence as yet  that  the alkanes affect the dipole poten- 
tials to the required extent, it should be remembered that  these potentials are 
so large (ca. 400 mV) [27] that  a change of  only 5% would probably be suffi- 
cient to account for the observations. 

Changes in bilayer adsorption as an explanation o f  the chain length dependence 
o f  impulse blockage 

Ideally, in order to show the relationship between alkane uptake and impulse 
blockage, the adsorption of alkane into the axon membrane should have been 
measured. This would have been very difficult both in experimental technique 
and in the interpretation of the data, and was therefore not attempted. How- 
ever, direct measurements on human erythrocytes have been carried out  
(Dagger, F. and Haydon, D.A., unpublished) and, although they are limited in 
accuracy and concentration range, they show clearly that  for a biological mem- 
brane containing an appreciable amount  of cholesterol (cholesterol : phospho- 
lipid 0.89 : 1 [28]), the adsorption of  the alkanes (at identical concentrations 
relative to saturation) decreases sharply for homologues larger than n-pentane 
and is a few percent (v/v) only for n-decane. 

In the experiments with black films formed with different chain length 
alkanes, the membrane thicknesses and compositions correspond to equilibrium 
adsorption into a lipid bilayer from a near-saturated aqueous phase. That there 
is a considerable decrease in this adsorption with increasing chain length was 
originally reported some time ago [13]. The new and possibly very significant 
fact revealed by the present results is that  this adsorption is strongly dependent  
on the cholesterol content  of  the bilayer. In comparing these results with the 
nerve experiments it is obviously desirable to have some knowledge of the cho- 
lesterol content  of the axons concerned. For the sciatic nerve there is no useful 
information but, for both the stellar nerve of  the squid Dosidicus gigas and the 
garfish olfactory nerve, analyses show that  the cholesterol : phospholipid mol 
ratio is in the region of  0.33 : 1 [15,29] and therefore close to the ratio of  
0.4 : 1 deduced for the black films of  Fig. 2. 

From the evidence discussed above it seems reasonable to conclude that  the 
variation of  alkane adsorption with chain length found in both human erythro- 
cytes and lipid bilayers occurs also in the nerve axon. Certainly, there is a 
striking correlation between the decline in anaesthetic potency with chain 
length and decreasing adsorption into a phosphatidylcholine-cholesterol black 
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Fig. 11.  A c o m p a r i s o n  o f  t h e  p e r c e n t a g e  i n h i b i t i o n  o f  t h e  a c t i o n  p o t e n t i a l  b y  n - p c n t a n c  s o l u t i o n s  (A) 
w i t h  t h e  t h i c k e n i n g  o f  a p h o s p h a t i d y l c h o U n e - c h o l e s t e r o l - h e x a d e c a n e  b l a c k  f i h n  b y  p e n t a n c  ( B ) .  T h e  fu l l  
c u r v e  (®) in  A is  for  t h e  s q u i d  g i a n t  a x o n  a n d  is d e r i v e d  f r o m  t h e  d a t a  o f  Fig. 5 a n d  o t h e r  s i m i l a r  r e c o r d s .  
T h e  d a s h e d  c u r v e  in  A is for  t h e  s c i a t i c  n e r v e  a n d  is as  in  Fig. 10.  In B, t h e  r i g h t  h a n d  o r d i n a t e  s h o w s  t h e  
f a c t o r  b y  w h i c h  t h e  c o n d u c t a n c e  (G)  o f  a g r a m i c i d i n - c o n t a i n i n g  m e m b r a n e  w o u l d  b e  r e d u c e d ,  a c c o r d i n g  
t o  Eqn .  1, b y  t h e  o b s e r v e d  t h i c k n e s s  c h a n g e .  

film. There is also a correlation (Fig. 11) between anaesthetic potency and 
adsorption for pentane at different concentrations. These correlations obvi- 
ously support the notion that the interior of  a lipid bilayer is the site of  action 
of  the hydrocarbon anaesthetics. If these anaesthetics act in a protein it is 
necessary to accept that there is a similarity with respect to alkane binding 
between the protein site and the bilayer interior. It is also of  interest that the 
decline in anaesthetic potency with alkane chain length occurs between n-pen- 
tane and n-decane not only in the squid axon and sciatic nerve preparations, but 
also when the righting reflex of  themouse  is used as the end-point [10,11] .  The 
excitability of  an isolated nerve is determined by the voltage-dependent sodium 
and potassium channels, but the susceptibility of  these to anaesthetics is not 
considered to be high enough for their inhibition to underlie general anaesthesia 
[2].  If, therefore, the cut-off in n-alkane activity is to be accounted for in 
terms of  protein site interactions then a further similarity must exist between 
the proteins involved in local and general anaesthesia. At present it seems more 
reasonable to think of  the bilayer as the common factor. 

A membrane thickness-tension hypothesis for the blockage of the impulse by 
hydrocarbons 

If the site of  action of the alkanes in a nerve membrane is a lipid bilayer 
region it is necessary to consider how the ionic channels involved in impulse 
propagation might be influenced. Both the sodium and potassium channels of a 
nerve membrane have relatively large unit conductances (between 3 and 1 2 .  



31 

1 0  - ' 2  S [30,31] and are widely believed to take the form of pores through the 
membrane. In this respect these channels exhibit broad similarities with the 
polypept ide gramicidin A [33]. As emphasized earlier in this paper, one of  the 
bilayer parameters influenced by the alkanes and which correlates with impulse 
blockage, is the thickness. Obviously if the membrane thickness increased signi- 
ficantly it could become increasingly difficult for an ionic channel to link the 
two aqueous phases or to continue to function owing to the change in the 
stresses to which it is subjected. In other words, in thicker membranes the 
stability of  open ionic channels might well decline. 

Such a mechanism has already been proposed to account  for the conduc- 
tance properties of gramicidin in black films of  different thicknesses [27,34].  
In these systems, as the bilayer thickness increases, the equilibrium which exists 
between conducting and non-conducting gramicidin is shifted strongly to the 
non-conducting side. This occurs to an extent  which can be semi-quantitatively 
accounted for by assuming that in order that the channel entrances should be 
exposed simultaneously to both aqueous phases, the lipid deforms or 'dimples' 
(Fig. 12). Thus, when the hydrocarbon region in the bilayer becomes thicker 
than the length of the channel (ca. 28 A [35,36])  the standard free energy of 
channel formation becomes more positive by an amount  equal to the surface 
free energy change in the formation of  the dimple. This surface free energy 
change may be crudely estimated in macroscopic terms from the surface area 
increase and membrane tension. Empirically, the constant  K of  equilibrium 
between conducting and non-conducting states for gramicidin in a monoolein- 
decane black film is related to film thickness (h) by an equation of  the form 

K ~ A exp (1) 

where A and B are constants, the latter being approximately 2.2 A [28].  Eqn. 
1 is consistent with the dimpling hypothesis if a value of  about  3 dyne/em is 

b i loyer  28  
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F i g .  12 .  T h e  p r o p o s e d  t h i c k n e s s - t e n s i o n  m o d e l .  The  s h a d e d  r e g i o n  r e p r e s e n t s  a gramic id in  c h a n n e l  s i tu-  
a ted  in  a m o n o o l e i n - c h o l e s t e r o l  l i p id  b i l a y e r .  I t  is  a s s u m e d  in t h e  u p p e r  d iagram that  t h e  b i layer  t h i c k n e s s  
is e q u a l  t o  t h e  c h a n n e l  l e n g t h .  T h e  l o w e r  d i a g r a m  s h o w s  t h e  c h a n g e  in t h i c k n e s s  o f  the  b i layer  w h i c h  
o c c u r s  i n  a p e n t a n e  s o l u t i o n  o f  c o n c e n t r a t i o n  s u f f i c i en t  to  b l o c k  the  a c t i o n  p o t e n t i a l  (0 .9  s a t u r a t e d ) .  T h e  
d e f o r m a t i o n  o r  d i m p l i n g  o f  t h e  b i l a y e r  i n v o l v e s  a s u r f a c e  f r e e  e n e r g y  c h a n g e  w h i c h  t e n d s  to  r e d u c e  t h e  
s tabi l i ty  o f  t h e  o p e n  c h a n n e l .  
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assumed for the bilayer surface tension, and the channel has dimensions as 
shown in Fig. 12. The experimental  value of  the tension is, in fact, very close to 
3 dyne/cm [13,37].  

Such numerical tests are not  readily applied to the nerve membrane,  but it is 
of  interest to consider the data of  Fig. 11, in which a 60% saturated pentane 
solution roughly halves the peak height of  the squid action potential  and 
increases the thickness of  a phosphatidylcholine-cholesterol  bilayer by 1.6 A. If 
Eqn. 1, which was obtained for gramieidin in a monoolein-decane membrane,  is 
applied to the sodium channel, a two-fold diminution of the maximum sodium 
current  should have occurred,  in reasonably good agreement with a 50% depres- 
sion of  the spike amplitude. The relative sensitivities of  gramicidin and the sodi- 
um channel to thickness changes are, on the dimpling model,  determined by 
their size (especially their outside diameters) and by the effective surface ten- 
sions produced by the adsorption of  alkane. The tensions produced in the axon 
membrane are not  known but,  in the most closely related artificial membrane,  
a phosphatidylcholine-cholesterol  bilayer, equilibration with n-decane yields a 
surface tension of ca. 1 dyne /cm [16].  Lower alkanes which parti t ion more 
strongly into the bilayer should produce larger tensions. It should also be 
remembered that  since the opening and closing of the sodium channel takes 
place within a few milliseconds, dynamic rather than equilibrium tension might 
be more relevant, and would certainly be larger. The molecular weight of  the 
sodium channel has been estimated at 229 000 daltons [38] indicating that  it is 
substantially larger than gramicidin and could thus require a dimple of  larger 
area to expose its entrances. It is concluded that  if the lengths of the sodium 
(or potassium) channels are similar to that of  gramicidin then the thickness-ten- 
sion model could account  quantitatively for the blockage of  the impulse by 
small alkanes. The fact that gramicidin channels are formed by a dimerization 
process is not  necessarily relevant since it is of  no consequence for the model 
whether  the ion channel is broken in the middle or by the openings being 
pulled away from the membrane surfaces. Should the length of  the nerve chan- 
nels be substantially greater than the normal thickness of  the membrane,  the 
detailed model proposed for gramicidin would seem less applicable. However, 
thickness and tension changes could still be important  because they would 
stress the channels or change their equilibrium positions and hence affect their 
stability. 

A definitive test of  the thickness-tension idea is not  easy to devise, but  the 
model does require that  biological membranes as well as artificial bilayers 
should be thickened by the anaesthetic n-alkanes. These molecules are, as men- 
t ioned earlier, strongly adsorbed by e ry throey te  membranes (Dagger, F. and 
Haydon,  D.A., unpublished) and, as the membrane area shows, if anything, a 
decrease, a thickness increase is indicated. Perhaps more significant is that  pre- 
liminary experiments by Haydon,  Kimura and Urban have shown the capacity 
of  the squid giant axon membrane to be reversibly lowered from 1.0 to 0.85 
/~F/em 2 by a saturated solution of  pentane. A 1 kHz signal of amplitude 1 mV 
was used, the membrane being at its normal resting potential.  The most  obvious 
explanation for this effect  is that  pentane thickens the bilayer regions of  the 
axon membrane but,  as the molecular basis of  the original 1/~F/cm 2 is not  
properly understood,  such a conclusion would be premature.  
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The relevance of the thickness-tension hypothesis to impulse blockage or 
anaesthesia caused by molecules other than n-alkanes is not yet  clear. It is 
tempting to assume that  all non-ionic anaesthetics share a common mechanism, 
but there is no conclusive evidence for this. Nevertheless the n-alkanols, as well 
as the n-alkanes, show a cut-off in anaesthetic potency with increasing size 
(n-tridecanol is inert [11]), and the lengthening of the side chains on barbitu- 
rates also produces a complete loss of  hypnotic potency [39]. This suggests a 
common site of action for these molecules. It has been found (unpublished 
data) that  ethanol and diethylether at anaesthetic concentrations both reduce 
the capacity per unit area of  monoolein-hexadecane black films. As these mole- 
cules can only raise the dielectric constant of the bilayer interior they must be 
causing a thickness increase. The reversal of anaesthesia by pressure has been 
reported for a large range of anaesthetics including ethanol and diethylether 
[40,8]. The reversal has been accounted for by supposing that  a vital hydro- 
phobic region, expanded by the anaesthetic, is compressed back to its original 
dimensions. This is consistent with the thickness-tension hypothesis and with 
there being to some extent  a common mechanism in many systems. In a sense 
the thickness-tension model is an extension of  the critical volume hypothesis 
[41]. However, its advantage is that  a specific molecular mechanism is pro- 
prosed by which anaesthetics reduce electrical excitability. 
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