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SUMMARY 

The effect of aliphatic alcohols and other small molecules on the resistance of 
lecithin bilayers has been examined. I t  is found that  short-chain alcohols decrease the 
bilayer resistance, while above C 8 the bilayer resistance is increased. I t  is proposed 
that  these effects are due to changes in the fluidity of the lipid hydrocarbon chains. 
In addition to the alcohols, a var iety of other molecules induce small conductance 
changes in the bilayer. The relevance of these findings to the puncturing theory of 
olfaction and other small molecule-membrane interactions is discussed. 

INTRODUCTION 

The molecular basis of the olfactory transduction mechanism is not known. 
Of the many  theories of olfaction which have been proposed, that  of DAVIS and 
co-worker 1-a is noteworthy in that  it provides both an explicit mechanism for the 
excitation process and a quanti tat ive estimate of olfactory thresholds. According to 
DAVIES AND TAYLOR, the odorant molecule is adsorbed onto a lipid membrane. The 
dynamic processes of adsorption and desorption produce a t emporary"punc tur ing"  
of the membrane. The receptor potential is initiated by the resulting localised increase 
in the permeabil i ty of the membrane to Na + and K ~. 

Experimental  support for this theory has come from studies of the acceleration 
bv odorants of saponin-induced haemolysis 4. The precise relationship between this 
somewhat complex system and the proposed olfactory mechanism is, however, by no 
means clear. The recent development of techniques for forming single lipid bilayers 
has enabled us to make a much more direct test of the mechanism of DAVIES AND 
TAYLOR. 

Various studies have now clearly established that  the lipid bilayer is virtualh'  
impermeable to small ions and hence has a very low electrical conductivity (see the 
r e v i e w s  of  BANGHAM 5, H E N N  AND THOMPSON 6 a n d  MUELLER AND RUDIN7).  Thu.~ 

conductance measurements provide a very sensitive method of detecting any change 
in ionic permeability which might be produced by the adsorption of odorant 
molecules. In this paper we describe studies of the conductance of lipid bilayers in the 
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presence of a va r i e ty  of odoran ts ;  with pa r t i cu la r  emphas is  on the homologous series 
of a l ipha t ic  alcohols. 

MATERIALS AND METHODS 

The b i layer  a p p a r a t u s  was essent ia l ly  s imilar  to t ha t  descr ibed by  MUELLER AND 
RUDIN 8. The membrane  was formed by  the brush technique  across a z-mm d iame te r  
hole in a teflon pot .  The m e m b r a n e  forming solut ion was 1% leci thin in n-decane and  
the  aqueous  solut ion was o.I  M KC1 in o.z M Tris buffer (pH 7.4). 

A d.c. po ten t ia l  was appl ied  to the  b i layer  and  the current  measured  with a 
Ke i th l ey  6 IoB  Elec t rometer .  The capac i tance  of the  b i layer  was measured  by  a 
br idge me thod  at  a f requency of IOOO cycles/sec using a W a y n e  Ker r  B22IA Universal  
Bridge.  All measurements  were made  at  room tempera tu re .  

The procedure  for s tudy ing  the effects of odoran ts  on the conductance  was as 
follows. Af te r  the  b i layer  had  formed, the  current  was measured  as a funct ion of 
vol tage  over  the  range --5 ° to - -5  ° mV. The odoran t  was then  added  to one compar t -  
men t  as a solut ion in e i ther  wate r  or dioxan.  Some of the alcohols were added  direct ly .  
Sufficient buffer was then added  to the  o ther  c o m p a r t m e n t  to prevent  bowing of tile 
membrane .  Af te r  al lowing t ime for equi l ibr ium to be reached a fur ther  current  
vol tage  plot  was obta ined .  Resis tances  were de te rmined  from the slope of the  current-- 
vol tage  plot .  

The egg lecithin was p repared  by, a s imilar  me thod  to tha t  of PANOBORN 9. The  
lecithin was s tored  as a zo % solut ion in chloroform methano l  (2o : I,  by  vol.), under  
N 2 a t  - 2 o " .  The leci thin was made  up  as a i % solut ion in ,z-decane prior  to use. 

The odoran t  molecules were of the  highest  pu r i ty  commercia l ly  avai lable .  No 
fur ther  purif icat ion was unde r t aken  unless otherwise indicated.  The alcohols were the 
pures t  grade from l r luka ( 'heroical  Co. and only freshly opened samples  were used. The  
pure  musk  samples  were generously  dona ted  by  Dr. M. G. J. Beets  of In t e rna t iona l  
F l a w m r s  and Fragrances ,  Hi lversum.  The KC1 was spectroscopic grade,  the  n-decane 
was Koch-Ligh t  Puriss  grade and the d ioxan was purchased  from Merck. Tr izma  
grade Tris was suppl ied  by  Sigma. 

RESUI.TS 

In i t i a l ly  a large number  of compounds  were screened by  obta in ing  current-- 
vol tage plots  at  one or two concent ra t ions  of the compound.  Resis tances  were 
ca lcu la ted  from the slope of the  current  vol tage plots,  which were ohmic in all cases. 
Tile intr insic  b i layer  resistance was typ ica l ly  z. lO 7 i .  io~D • cm 2. The results  ob ta ined  
with all the  compounds  tes ted  (except the  alcohols) are summar ised  in Table  I. Our  
experience of resistance measurement s  with l ipid bi layers  indicates  tha t  changes 
of less than  3 t imes are of doubt fu l  significance and consequent ly  only compounds  
which produced  a change grea ter  than  this  are regarded  as having  a definite effect. 
I t  m a y  be seen from Table  I t ha t  of the  compounds  listed, near ly  half had  no observ-  
able effect, while the  remainder  produced  small  resis tance increases or decreases in 
a p p r o x i m a t e l y  equal  numbers .  Only one compound,  2,4-dini trophenol ,  p roduced  a 
change grea te r  than  an order  of magni tude ,  this  result  being in agreement  with 
previous  s tudies  with this  compound~°, n. 
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T A B L E  I 

EFFECTS OF ODORANTS ON THE RESISTANCE OF LECITHIN BILAYERS 

The  odoran t s  were added  to t he  aqueous  phase  in the  concen t r a t ion  r ange  I .  IO-a-I  • IO -5 a¢[ or, 
when  t he  solubi l i ty  was  lower t h a n  th is ,  as s a t u r a t e d  solut ions.  " No s ignif icant  change"  indica tes  
t h a t  a n y  observed  res i s tance  change  was less t h a n  3 t imes .  

C o m p o u n d s  which  p roduced  no 
s ignif icant  change  in bi layer  
res i s tance  

C o m p o u n d s  which  increased 
bi layer  res is tance  by  up  to io 
t imes  

M usk  a m b r e t t e ,  m u s k  78i, as t ro tone ,  celestolide, m u s k  665, 
hep tadecanol ide ,  hexane ,  cyc lohexane ,  benzene,  coumar in ,  
a- ionone 

Musk  ketone,  m u s k  xylol,  galaxolide,  m u s k  63, fl-ionone, 
n i t robenzene ,  wderic  acid, p e n t a b r o m o p h e n o l  

C o m p o u n d s  which  increased 
bi layer  res is tance  tly more  t h a n  
io t imes  

None 

C o m p o u n d s  which  decreased 
bi layer  res is tance  by  up  to io  
t imes  

3 ,5oDibutyl  ace tophenone ,  m u s k  IV, phenol ,  scatole,  
isoanlyl  ace ta te ,  d i me thy I  su lphide  

C o m p o u n d s  which  decreased 
l)i layer res is tance  by  more  t h a n  
~o t imes  

2 ,4-Din i t rophenol  

After this initial survey,  the series of aliphatic alcohols was examined in more 
detail .  For each alcohol, the resistance change was measured as a function of concen- 
tration. Typical  results are shown in Figs. I and 2. The results for each alcohol were 
qual i tat ive ly  reproducible but showed considerable quant i tat ive  variation from one 
run to another. 
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Fig. i. C u r r e n t - v o l t a g e  plots  for a leci thin bi layer  wi th  v a r y i n g  concen t ra t ions  of n -pen tano l  
added  to t he  a q u e o u s  phase .  

Fig. 2. Var ia t ion  of bi layer  res i s tance  (R) w i t h  alcohol concen t ra t ion .  R 0 is in t r ins ic  res is tance  of 
bilayer.  × - -  × ,  m e t h a n o l ;  O . . . . .  O, pen tano l .  

All  the alcohols gave ohmic  current-vol tage  plots in the voltage range studied. 
The resistance changes were apparent on the earliest possible measurement  after 
addition of the alcohol which was after about I rain. The resistance at a particular 
alcohol concentration was constant with t ime (IO-I5 min).  At  the concentrations at 
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which the m a j o r  resistance changes were observed,  the alcohols bad  no not iceable  
adverse  effect on the  b i layer  s tab i l i ty .  However ,  fur ther  increase of alcohol concen- 
t r a t ion  up  to  I .  I o - a - I  • IO 2 M resul ted  in rup tu re  of the bi layer .  

The resul ts  ob ta ined  for the  series of alcohols are summar i sed  in Fig. 3 where 
the  m a x i m u m  observed resis tance change is p lo t t ed  agains t  chain length. Each  poin t  
is the  average of values  ob ta ined  from several  runs.  The large u n c e r t a i n t y  in each 
poin t  in Fig.  3 p reven ts  an accura te  de te rmina t ion  of the var ia t ion  of resistance 
change with  chain length  to be made.  Nevertheless ,  it  is clear t ha t  a t rans i t ion  occurs 
a round  Cs, shor te r  chain alcohols p roduc ing  a decrease in b i layer  resis tance and 
longer chain alcohols p roduc ing  an increase. The concent ra t ion  of alcohol required to 
produce  the res is tance change was genera l ly  in the  order  of IO ~ M and did not  va ry  
s ignif icant ly with chain length. 

! 
Ro 

lO 

.o-~ ~ 
Number of corbon otoms 

Fig. 3. Variation of maximum change of bilayer resistance (B') with alcohol chain length. R 0 is 
intrinsic bilayer resistance. 

In  addi t ion  to the  above  exper iments  a number  of tes ts  were carr ied out  to 
ensure t ha t  t i le observed resis tance changes were not  ar t i facts .  I t  was es tabl ished 
t ha t  no significant change in b i layer  resis tance was p roduced  by  adding  buffer alone, 
or by  adding  d ioxan  in the  concent ra t ions  used in these exper iments .  In  addi t ion,  in 
the  case of the alcohols, the  capac i tance  of the  b i layer  was found to remain  cons tan t  
dur ing  the t i t ra t ions .  Since the  capac i tance  is d i rec t ly  p ropor t iona l  to the area  of the  
b i layer ,  this  es tabl i shed  t ha t  the resis tance changes were not  due to var ia t ions  in 
area.  

I ) I S C U S S I O N  

We consider  first the  results  we have ob ta ined  for the  series of a l iphat ic  alcohols. 
A change in resis tance of the  l ipid b i layer  m a y  reflect e i ther  a change in the concen- 
t r a t ion  of charge carr iers  in the  b i layer  or a change in thei r  mobi l i ty .  Fol lowing ti le 
t r e a t m e n t  of PARSEGIAN 12, the concent ra t ion  of ions in the  b i layer  is p r imar i ly  
dependen t  on the e lec t ros ta t ic  energy required to place an ion in the  low dielectr ic  
in ter ior  of the  bi layer .  This  energy m a y  be reduced by  complexing the ion wi th  a 
l ipid soluble carr ier  or by  the  presence of high dielectr ic  pores. A carr ier  mechanism 
would not  be expec ted  in the  case of the  alcohols. The pore mechanism also appears  
unl ike ly  in view of the  shape of the  t i t r a t ion  curves  in Fig. I.  If alcohol molecules, 
e i ther  s ingly or in associat ion,  were inducing pores  in ti le bi layer ,  one would expect  
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the number of pores and hence the conductance, to increase with alcohol concen- 
trat ion until the film becomes unstable. This is what is observed with the polyene 
antibiotics nystatin 1~ and amphotericin 14, where there is good evidence for pore 
formation. In contrast, the bilayer conductance, in the presence of the lower alcohols, 
shows a rapid rise over a narrow concentration range followed by  little or no variation 
with further increases in concentration. I t  should be pointed out that  this effect cannot  
be explained in terms of a solubility limitation of the alcohol in the bilayer. 

The shape of the titration curves in Fig. 2 does in fact suggest that  a co-operative 
effect is taking place involving the bilayer overall rather than a local modification of 
bilayer structure. This is also suggested by  the fact that  the higher alcohols increase 
the resistance, since such an effect cannot be explained in terms of a localised change. 
Similar titration curves have also been observed with detergents15,16 and with 
lysolecithin 17. 

The biphasic form of the plot of resistance change (Fig. 3) against chain length 
indicates that  the higher and lower alcohols interact differently with the bilayer. 
From their amphiphilic properties, we would expect the alcohols to be oriented in the 
bilayer with their hydroxyl group located in the polar region. The shorter chain 
alcohols will then have the effect of spacing out the lecithin molecules and reducing 
the hydrophobic interaction between the lecithin chains. This type of effect has pre- 
viously been discussed by HAYDON AND TAYLOR 18 with reference to bilayer stability, 
and by LAWRENCE 19 with reference to hydrotropy. In the present instance, addition 
of high concentrations of alcohol does, in fact, lead to rupture of the bilayer. At lower 
alcohol concentrations the reduced lipid-chain interaction would be expected to result 
in increased fluidity of the lecithin chains. This effect will decrease as the chain length 
of the alcohol increases to fill the 'space' below the hydroxyl group. In fact no trend is 
observable in the molar concentration (in the aqueous phase) at which the major  
change in resistance occurs. However, since the longer chain alcohols will increasingly 
partition in favour of the lipid phase, the concentration of molecules in the bilayer 
needed to produce the resistance change is indeed increasing with chain length as 
expected. 

I t  is difficult to predict the chain length at which the above effects would be 
expected to become negligible. There are, however, several observations which indicate 
a sharp change in the properties of alcohols and related amphiphiles at about C s. 
Thus the alkyl t r imethylammonium bromides are soaps down to Cs, below which 
properties change abruptly and the lower members are hydrotropes 19. The interfacial 
tension between water and the normal alcohols themselves increases rapidly with 
chain length up to about C 7 Cs, after which there is little further change 2°. HaUSt~;R 
AND DAWSON 2~ found that  the ability of aliphatic amines to displace Ca 2+ from phos- 
phatidylinositol films exhibited a discontinuity at about C 7. Finally the studies of 
BANGHAM at al .  ~2 are particularly relevant to the present work. These authors showed 
that  the leakage of K + from liposomes was increased in the presence of the lower 
normal aliphatic alcohols. The effectiveness of the alcohols was found to decrease 
with increasing chain length. Their results suggest that  the effect becomes negligibly 
small after Cs, although it is not stated whether higher alcohols were examined. These 
various effects may  be regarded as reflecting the increase in hydrophobic interaction 
with increasing chain length. 

The effect of butanol in increasing the K + permeabili ty of liposomes was studied 
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in some detail by JOHNSON AND BANGHAM 28. From the temperature dependence of the 
permeability they deduced that the main permeability barrier was located at the 
aqueous lipid interface. As the enthalpy of activation for the K + permeability was 
unchanged by the presence of butanol, they deduced that the increase in permeability 
resulted principally from an entropy change. Their interpretation that the presence of 
butanol increases the freedom of movement of the lipid molecules is in general 
agreement with the present explanation of the resistance changes produced by the 
short-chain alcohols. 

Above Cs, the alcohols actually increase the resistance of the lipid bilaver. This 
suggests that interaction between the alkyl chains of the higher alcohols and the lipid 
chains results in a reduction in the lipid chain motion. This is interesting in view of the 
studies of PHILLIPS el al. 0-4 with mixed lecithin systems. These authors found that the 
mixing of two components of different transition temperatures ('l'e) changed the 
molecular motion of the higher melting component, but the lower melting component 
was unaffected. (The alcohols C 9 Cp, all have melting points well above the "I'e of 
egg lecithin2L) However, R. M. WILLIAMS (unpublished data) has observed anomalous 
behaviour in the effect of stearvl alcohol on tile lecithin water system. The alcohol 
forms a complex with lecithin and the Te of the mixed system is raised. This provides 
some support for the suggestion that the long-chain alcohols reduce the motion of the 
lipid chains. 

The preceding discussion indicates that the fluidity of the hydrocarbon interior 
of the bilaver 1nay be either increased or decreased by the presence of aliphatic 
alcohols, depending on their chain length. The simplest way in which this could cause 
corresponding resistance changes is by altering tlle mobility of tlle charge carriers in 
the bilaver. Alternatively the concentration of ions in tile bilaver may be altered by a 
change in dielectric constant. In addition to the effects discussed above, a change in 
dielectric constant could also reflect a compositional change in the bilaver. Since no 
change in capacitance was observed in the presence of alcohols, any change in dielectric 
constant nmst be small. However, a change in dielectric constant of I 3% would be 
sufficient to account for the observed conductance changes ~', a change of this 
magnitude being barely detectable in the capacitance lneasurements. 

In addition to the aliphatic alcohols, Table I indicates that a variety of small 
molecules may induce resistance changes in lipid bilayers. The observed changes are, 
in general, small and may 1)e either positive or negative. The only large eflect was 
observed with 2,4-dinitrol)henol, this result being in agreement with those of LIBER- 
MAN ct Cal. 10 and HOPFER c! al. n. These previous studies were interpreted to indicate 
that 2,4-dinitrophenol probably acts as a carrier for protons across the bilayer. For 
the remainder of tile nn)lecules listed in Table I, it is clear that further data would be 
required in order to discuss profitably the mechanisnl of the resistance changes. 

We now consider the implications of the present studies for the puncturing 
theory of olfaction. It is clear that the results obtained provide little support for such 
a mechanism. No correlation is apparent between the observed resistance changes and 
the olfactory thresholds of tile molecules listed in Table I; or for that matter with 
their haemolytic accelerating t)ower 4. For example, the ionones which have very low 
olfactory thresholds and strongly accelerate saponin-induced haemolysis have no 
corresl)ondingly prommnced effect on the bilayer resistance. In addition it appears 
that odorant molecules are as likely to increase as decrease the bilayer resistance. 
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In the case of the alcohols, it is more reasonable to suppose that  the resistance 
changes result from alteration of the packing of the lipid chains rather than from a 
puncturing mechanism. 

Furthermore, the observed resistance changes are, in general, small. I t  is well 
established that  the intrinsic resistance of a lipid bilayer is several orders of magnitude 
above that  of natural  membranes 5-v. Thus, although the structure of the olfactory 
membrane is not known, it is clear that  any region of lipid bilayer will behave as an 
insulator, and that  small changes in the resistance of this region are unlikely to have 
any effect on the overall electrical properties of the membrane. 

Our results may also be relevant to other alcohol-membrane interactions such 
as are found in llaemolysis, membrane stabilization, anaesthesia and trigeminal stimu- 
lation. In many  instances, e.g. the inhibition of erythrocyte ltaemolysis 2~, the log 
alcollol concentration required to produce a given effect is a linear function of the 
chain length throughout the series. However, this is not always the case; for example 
in the inhibition of reflex responses in tadpoles, a break occurs beginning with 
octanol 2a. Further,  both the olfactory thresholds quoted by DAVIES AND TAYLOR 1 and 
the more recent measurements of LAFFORT 26 indicate that  a minimum occurs at C 8. 
The relationship between these effects and the discontinuity observed at C8 in the 
present bilayer studies is by no means clear. I t  could be that  in these cases the alcohols 
are interacting with hydrophobic regions of the membrane in a similar manner to 
that  suggested for the bilayer. 

Finally, we consider the question of whether puncturing effects might be 
observed in bilayers of different composition from the egg lecithin-decane system 
used in the present experiments. This appears unlikely, since bilayer properties such 
as resistance, which are determined by the hydrocarbon interior, appear to vary 
little with lipid composition s. Another possible reason for the failure to observe a 
puncturing effect is that  the bilayer is too fluid and any "pores" which are formed 
reseal too rapidly to allow any appreciable transfer of ions. Possibly this fluidity is 
reduced in the natural  membrane by interaction with protein. Indeed, in the erv- 
throcyte nmmbrane there is evidence that  this is the case2E However, any reduction 
in the fluidity of the membrane will make penetration by the odorant molecule more 
difficult. This effect will tend to compensate any increased sensitivity due to a greater 
probability of "pore" formation. 
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