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Using U H-NMR of small unilamellar vesicles in the presence of the lanthanide probe ion Pr 3 +, the effects of 
ethanol, diethyl ether and chloroform on various mechanisms of channel-mediated transport were studied. 
The mechanisms include channel formation by the polypeptide Alamethicin 30 and vesicular lysis at the gel to 
liquid-crystal phase transition of the lipid. Channel stabilisation and membrane fusion induced by sub-critical 
micelle concentrations of Triton X-100 were also investigated. The observation that ethanol and diethyl ether 
increase membrane permeability and fusion while chloroform inhibits them suggests a common locus of 
action on the properties and structure of channel-associated water. This conclusion is discussed in terms of 
current theories of general anaesthesia. 

Introduction 

The effects of ethanol and other general 
anaesthetics on the central nervous system are not 
understood at the molecular level [1,2]. However, 
their physiological action seems likely to be centred 
on the processes involved in synaptic transmission 
[2,3] which include the opening of calcium chan- 
nels and fusion of synaptic vesicles with the plasma 
membrane. Our understanding of these processes 
of transmembrane transport and membrane fusion 
has benefitted from the simplification of the sys- 
tems involved by using model lipid membranes in 
a very large number of studies. However, investi- 
gations into the effects of ethanol or general 
anaesthetics on transmembrane channels using 
lipid bilayer membranes are surprisingly limited 
[4-6] and their effects on membrane fusion do not 
seem to have been significantly studied at all in 
model systems. 

We have therefore investigated the action of 

ethanol, diethyl ether and chloroform on a variety 
of mechanisms of membrane permeability using 
unilamellar phospholipid vesicles and on their fu- 
sion stimulated by Triton X-100. The choice of 
these three compounds seemed suitable for an 
initial study since they are all small uncharged 
molecules and have a wide range of partition 
coefficient from aqueous to membrane phase [7,8]. 

Our previous work with small phosphati- 
dylcholine vesicles has shown that ~H-NMR in 
conjunction with paramagnetic probe ions such as 
the lanthanide ion Pr 3+, can be used to study a 
number of different mechanisms of membrane 
permeability. These include (a) channel formation 
at or near the bilayer gel to liquid-crystal phase 
transition temperature (T~) which causes vesicular 
lysis [9,10]; (b) carrier-mediated transport by iono- 
phores such as A23187 [11-13]; and (c) pore- 
mediated transport by ionophores such as the 
polypeptide Alamethicin 30 [13]. We here report 
the application of these methods to investigate the 
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effects of ethanol, diethyl ether and chloroform on 
channel formation in phosphatidylcholine vesicu- 
lar membranes. Experiments using Triton X-100 
have been included in order to extend the experi- 
mental conditions to study the effect of the three 
compounds on Triton-stabilised channels at T~ 
[10,14] and on vesicular fusion [10,15]. The investi- 
gation of such fusion processes by NMR has now 
been well established and we have made use of the 
line-broadening methods developed by Prestegard 
and co-workers [16,17]. 

Until recently the trend has been to explain 
general anaesthesia in terms of hydrophobic ef- 
fects such as bilayer fluidity or expansion [18]. 
These lipid-based theories have now been effec- 
tively criticised [2,19] and a number of studies 
reported in which hydrophilic effects such as hy- 
drogen bonding are implicated [20]. Our results 
support these indications of anaesthetic action at 
aqueous interfaces and in particular suggest that 
the effects of ethanol and the general anaesthetics 
studied on the structure and properties of the 
water in the channels could account for their 
stimulation or inhibition of the observed channel- 
mediated transport of Pr 3+. Our observations are 
also in keeping with recent studies which indicate 
the probable importance of water in both the ionic 
permeability of the lipid bilayer at the phase tran- 
sition [21-23] and in the structure of ion channels 
formed by Alamethicin [24]. 

Materials and Methods 

Chemicals 
Dipalmitoylphosphatidylcholine (DPPC) was 

obtained from Lipid Products, South Nutfield, 
Redhill, and Triton X-100 (Scintillation grade) 
was purchased from BDH, and an average molecu- 
lar weight of 624 (9.5 oxyethylene units) was used 
to calculate molarities. A23187 was a gift from the 
Lilly Research Centre, Windlesham, Surrey. 
Alamethicin 30 was obtained from PHLS Centre 
for Applied Microbiology and Research Porton 
Down, Salisbury, and praseodymium chloride 
(PrC13 . 6 H 2 0  ) from Lancaster Synthesis. De- 
uterium oxide (2H20 - 99.8% Gold Label) was 
purchased from Aldrich, Gillingham, Dorset. The 
AnalaR chloroform used was purified by passing 
over alumina to remove ethanol and water, dis- 
tilled and restabilised by addition of 1% AnalaR 

methanol. Absolute ethanol (spectrotropic grade) 
and AnalaR diethyl ether (sodium dried to remove 
water) were obtained from BDH Chemicals, Poole, 
Dorset. 

Experimental procedures 
The vesicular membranes were prepared by 

sonication of lipid in 2HzO as described previ- 
ously [9] to give a DPPC concentration of 10 
mg/ml .  The ~H-NMR spectra of the vesicular 
solutions were obtained at 60°C, or 50°C in the 
case of the experiments using the ionophores, i.e. 
above the phase transition temperature of the 
DPPC vesicles. A JEOL FX60Q FT NMR spec- 
trometer operating at 60 MHz and fitted with a 
calibrated temperature control was used to record 
the spectra. The 10-mm NMR tubes contained 1 
ml of vesicle solution confined by a vortex plug 
and capped. Typically, 15 pulse sequences were 
used (Tr-~'-~r/2) with a pulse interval, ~" of about 3.0 
s to minimise 2HHO, ethanol and ether peaks. The 
desired concentration of Pr 3 + in the extravesicular 
solution was obtained by adding a known volume 
of a stock solution of PrCI 3 in 2H20 to the vesicle 
solutions in the NMR tube. In experiments on 
phase transitions and lysis of the vesicular mem- 
branes using ethanol, ether and chloroform, ap- 
propriate volumes of these were pipetted into the 
N MR tubes containing the vesicles and Pr 3 +, and 
incubated for 1 h before performing the experi- 
ment. 

The 1H-NMR spectrum of DPPC vesicles at 
60°C includes high resolution signals from the 
lipid acyl chains (H) and choline headgroups. On 
adjusting the extravesicular concentration to 5 mM 
Pr 3+, the spectrum shown in Fig. 1 is obtained. 
Separate signals are now seen originating from the 
extravesicular headgroups 'O' and intravesicular 
headgroups 'I'. The resulting separation is mainly 
due to the downfield shift of signal 'O', this being 
concentration dependent [25]. Such shifts are now 
well documented [26] and are caused by pseudo- 
contact, dipolar interaction of Pr 3+ in rapid ex- 
change between 2H20 and the phosphate sites on 
the extravesicular headgroups. The ratio of the 
areas 0 : I  is approx. 1.7 _+ 0.05 obtained by in- 
tegrating the two peaks and indicates that vesicles 
of average diameter of 28 nm have been formed 
[27]. 



Observation of the phase transition temperature 
To, of the vesicular membranes and the effects on 
it of ethanol, diethyl ether and chloroform was 
made by monitoring the temperature dependence 
of the line widths in the 1H-NMR spectrum as 
described previously [9] except that here the lin- 
ewidths at half-height (v,/2) of the acyl chain 
signal (H) was measured from temperatures above 
the phase transition down to the lowest tempera- 
ture before the linewidth was too great to be 
separated from the base-line noise. 

Using the changes in the spectrum shown in 
Fig. 1 which occur when the vesicles interact with 
membrane active substances we can distinguish 
between the following types of event: (I) Trans- 
membrane transport of diffusion of the probe ion 
Pr 3 + into all vesicles simultaneously. (II) Lysis of 
the membranes in which 'holes' or channels are 
formed in some of the vesicles so that equilibration 
of the 5 mM Pr 3÷ takes place across the bilayer 
but without the loss of vesicular integrity. (III) 
Fusion of the vesicles. These events have been 
distinguished in our previous studies [9-13] and 
are illustrated in the results below. 

Lysed vesicles were obtained by cycling the 
vesicular solution from 60°C to below T c and back 
to 60°C three times over 60 min in the NMR tube, 
spectra being taken before and after each series of 
cycles. Triton X-100 was introduced (to a final 
concentration of 0.1 mM) by pipetting a stock 
solution of Triton X-100 in 2H20 into the vesicu- 
lar solution which was already equilibrated with 
Pr 3+ and anaesthetic for 1 h. This was further 
equilibrated at 60°C for 30 min before a single 
cycle through T~ over a 20-min period. 

The ionophores were introduced into dry NMR 
tubes by pipetting a known volume of a chloro- 
form stock solution. The solvent was carefully 
removed under a stream of nitrogen followed b y  
evacuation. One ml of vesicular solution was then 
added and incubated at 50°C for 1 h. In some 
experiments Alamethicin 30 was introduced into 
the vesicular solution by adding a known volume 
of 2H20 stock solution of the polypeptide (1 
mg/ml) to 1 ml of the vesicle solution in the NMR 
tube, followed by incubation at 50°C for 60 min. 
Transport was initiated by the addition of the 
stock Pr 3+ solution to give an extravesicular 
concentration of 5 mM and followed at 50°C by 

observation of the NMR spectrum at suitable time 
intervals. In the case of samples containing ethanol 
or anaesthetic these were added to the vesicular 
solution and co-equilibrated with the ionophore 
for 1 h at 50°C before the addition of Pr 3÷. 

Experimental Results 

1. The effects of ethanol, diethyl ether and chloro- 
form on the 1H-NMR spectrum and phase transition 
of DPPC vesicles 

Up to concentrations of 0.1 M, ethanol and 
diethyl ether have negligible effects on the chemi- 
cal shifts of the 1H-NMR signals obtained from 
the vesicles as shown in Fig. 1. Chloroform, how- 
ever, causes a marked upfield shift of the outer 
headgroup signal' O' towards signal' I'. The change 
is approximately linear with concentration and is 
3% at 100 mM CHC13. 

All three compounds decrease the line width of 
the headgroup and acyl chain signals. Again chlo- 
roform has the most marked effect. The widths at 
half-height (vl/2) of the acyl chain signal (H) were 
measured in Hz over a range of temperatures 
spanning the phase transition temperature To, in 
the absence (control) and in the presence of the 
three compounds under study. The measurements 
of v~/2 were converted to spin-spin relaxation 
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Fig. 1. The 60-MHz 1H-NMR spectrum of di- 
palmitoylphosphatidylcholine vesicles at 60°C in the presence 
of 5 mM Pr 3+, showing signals from the extravesicular choline 
headgroups (O), the intravesicular choline headgroups (I) and 
the lipid acyl chain signals (H). The chemical shifts are shown 
with reference to external TMS. 
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Fig. 2. The temperature dependence of the spin-spin relaxation 
time (T2*) for the acyl chain signal (H in Fig. 1) from di- 
palmitoylphosphatidylcholine vesicles, • •, Control. 
Vesicles in the presence of: • •, 86 mM ethanol; 
• •, 86 mM diethyl ether; © ©, 25 mM chlo- 
roform; [] •, 86 mM chloroform. Dotted lines indicate 
the onset of the liquid-crystal to gel phase transition. 

times, T2* using the relationship ]'2* = 1/~rul/2. 
The effect of the compounds  on T2* and on the 
phase transition temperature can be seen in Fig. 2. 
In  each case the T2* values are increased by the 
presence of  all three compounds  at temperatures 
above the phase transition. The temperature range 
over which liquid-crystalline and gel phases co-ex- 
ist is known to be greater for small unilamellar 
vesicles than larger bilayer structures [28]. For  the 
pure D P P C  vesicles Tc can be seen to extend from 
about  41°C to 35°C. The onset of  the liquid-crystal 
to gel phase transition (indicated by the dotted 
lines in Fig. 2) is significantly lowered by all three 
compounds ,  with chloroform having the greatest 
effect on a molar  basis. It was impor tant  to de- 
termine the extent of  the range of  T~ in the pres- 
ence of various concentrat ions of  the compounds  
studied since we wished to ensure that the temper- 
ature range used in subsequent lysis experiments 
were sufficient to span the gel to liquid-crystal 
phase change even in the presence of  the added 
ethanol  or anaesthetics. 

2. Effects on vesicular lysis 
On cycling through the phase transition, chan- 

nels are formed in the vesicles which allow r a p i d  
equilibration of  the Pr 3+ ions across the bilayer. 
However,  only a fraction of the vesicles lyse during 
each cycle. This process is demonstra ted in Fig. 3 
where a sample of  D P P C  vesicles (5 m M  extraves- 
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Fig. 3. Effect on the IH-NMR headgroup signals from di- 
palmitoylphosphatidylcholine vesicles in the presence of 5 mM 
extravesicular Pr 3+ (O extravesicular headgroup signal, I in- 
travesicular headgroup signal) of cycling the vesicles through 
the phase transition. (a) signals from the vesicles at 60°C before 
cycling; (b) signals from vesicles at 60°C after six sets of three 
cycles through T~ (60°C-30°C-60°C) with time intervals as 
shown in Fig. 4 (control); (c) signals from the vesicles as in (b) 
except that the extravesicular concentration of Pr 3+ has been 
increased to 20 mM. 

icular Pr 3 +) has been cycled three times through T c 
(60°C-30°C-60°C)  over 60 min and the process 
repeated at the time intervals shown in Fig. 4. The 
effect on the ratio of  the signals 0 / I  is clearly 
seen (1.7 ~ 2.7). Addi t ion  of extra Pr 3+ (20 mM) 
to the sample after lysis reveals the signal I '  f rom 
the inside headgroup signal of  the lysed vesicles 
(as shown in Fig. 3) while the remaining signal I 
arises f rom the unlysed vesicles. This also demon-  
strates that vesicular integrity is maintained during 
the lysis procedure.  Thus from the change in O / I  
ratio the % lysed vesicles is readily calculated. 

Fig. 4 shows a plot of the % lysis against time, 
when a series of  cycles through T c are used sep- 
arated by incubat ion periods at 60°C. In each case 
the vesicles are seen to be impermeable to Pr 3+ 
ions during the incubation periods at 60°C but on 
passing through T c (three cyles in one hour) the % 
lysis increases. Fig. 4 also plainly shows the effect 
of  ethanol and diethyl ether is to increase the lysis, 
while that of  chloroform is to decrease the % of the 
vesicles which lyse. The temperature range used 
for the cycles through T~ were such as to ensure 
passage into the gel and liquid-crystalline phases 
as judged by the effects of  the three compounds  on 
the range of  T c as shown in Fig. 2. 
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Fig. 4. The effect of ethanol, diethyl ether and chloroform on 
lysis of dipalmitoylphosphatidylcholine vesicles caused by cy- 
cling the vesicles through the phase transition temperature. 
Indicates spectra taken during initial incubation period. Arrows 
J, indicate the times at which spectra were recorded at 60°C 
after three cycles through T~. Other points indicate the times at 
which spectra were recorded at 60°C after an incubation period 
at 60°C, • • ,  control. Vesicles in the presence of: 
[] [], 86 mM chloroform; 0 O, 25 mM chlo- 
roform; • • ,  86 mM ethanol; • • ,  86 mM di- 
ethyl ether. 

During the lytic processes the peak width of the 
acyl chain signal (H) was monitored. Variations of 
only a few Hz were observed, indicating that no 
appreciable fusion of vesicles occurred over the 
duration of the experiment. 

3. Vesicular lysis and fusion in the presence of Triton 
X-IO0 

Similar experiments were carried out using 
vesicles in the presence of 0.1 mM Triton X-100. 
At this concentration Triton does not increase the 
diffusion permeability of the vesicles to Pr 3+ [10]. 
The effect of this concentration of Triton X-100, 
however, greatly increases the lysis of the vesicles 
at the phase transition. Thus only one cycle through 
T¢ over 20 min was used between each measure- 
ment of the 0 / I  ratio and incubation period at 
60°C. Fig. 5 shows the % lysis obtained for the 
control (Triton X-100 only) and in the presence of 
ethanol, diethyl ether and chloroform. The results 
are similar to those in Fig. 4 with chloroform 

% 

L ~  

// 

30 

20 

10 

o ~ 

o 

1 

/ 
, j  . . . . . .  

I / /  i I I 
q 

100 200 900 1000 1100 

Time mlnutel 

Fig. 5. The effect of ethanol, diethyl ether and chloroform on 
lysis of dipalmitoylphosphatidylcholine vesicles caused by cy- 
cling the vesicles, in the presence of 0.1 mM Triton X-100, 
through the phase transition. * Indicates spectra taken during 
initial incubation period. Arrows $ indicate the times at which 
spectra were recorded after one cycle through To. Other points 
indicate the times at which spectra were recorded after incuba- 
tion at 60°C, • • ,  control. Vesicles in the presence of: 
[] •, 86 mM chloroform; © O, 25 mM chlo- 
roform; • - i ,  86 mM diethyl ether; • • ,  86 mM 
ethanol. 

strongly inhibiting the lysis even in the presence of 
Triton X-100. 

The spectra recorded during these experiments 
showed a broadening of the acyl chain signal (H) 
and the signal width was measured in order to 
estimate the degree of fusion of the vesicles oc- 
curring. Increase in this signal width results from 
the decrease in tumbling rates of the larger vesicles 
produced by fusion, with a consequent loss of 
averaging of the dipolar relaxation which contrib- 
utes to the linewidth. Prestegard and co-workers 
[16,17] have shown that the linewdith increases 
linearly with vesicle radius and that for complete 
1 : 1 vesicle fusion (during which the radius of all 
the vesicles will increase by V~-) the linewidth of 
the methylene acyl chain signal (H) increases by a 
factor 1.57. Our observed increases in the value of 



ul/2 for the acyl chain  signals co r respond ing  to the 
results  shown at the end of  the exper iment  in Fig. 
5 were: cont ro l  (17 to 24 Hz); die thyl  e ther  (15 to 
25 Hz); e thanol  (18 to 28 Hz) and ch lo roform at 
86 m M  (14.4 to 17.4 Hz). The values of the % 
fusion ca lcula ted  using Pres tegard ' s  factor  1.57 

f rom the l inewidth  increases are, then:  cont ro l  
75%, die thyl  e ther  100%, e thanol  100%, ch lorof rm 
35%. Thus ch lo roform has the effect of inhibi t ing  
bo th  the lysis and  fusion p r o m o t e d  by  the pres- 

ence of  Tr i ton  X-100. 

I t  should  be no ted  that  this l imited 1 : 1 fusion, 
in which the radius  increases by  v ~ ,  will have only 

a small  effect on the 0 / I  rat io.  I t  can readi ly  be 
ca lcu la ted  that  when vesicles of  m e m b r a n e  thick- 
ness 4 nm increase  in radius  f rom 14 nm to 14~/2 
nm the 0 / I  signal will decrease  f rom 1.70 to 1.57. 
Thus  the 75% fusion p roduced  in the cont ro l  sam- 
ple  of vesicles would  cause a decrease  in the 0 / I  
ra t io  f rom 1.7 to about  1.6. In cont ras t  a 75% lysis 
of  the vesicles would  increase the 0 / I  rat io  f rom 
1.7 to 9.8. The  changes in 0 / I  ra t io  used to 

ca lcula te  the % lysis in Fig. 5 are then a lmos t  
ent i re ly  due to the lyric effect of  Tr i ton  at T~ and 
are hard ly  affected by  the l imited fusion occurring.  

4. Effect of ethanol and general anaesthetics on 
channels formed by Alamethicin 30 and on 
carrier-mediated transport by A23187 

As we have shown previously  and out l ined  in 
Mate r i a l s  and  Methods ,  the t ime-dependen t  
changes  in the headgroup  signals of  the vesicles 
can be used to mon i to r  t r ansmembrane  t ranspor t  
of  Pr 3+ by carr ier  [11-13] and pore - fo rming  iono- 
phores  [13]. Fig. 6 i l lustrates  the observed down-  
field movement  of the in t ravesicular  headgroup  
signal  I dur ing  the t ranspor t  of Pr 3+ ions from 

outs ide  to inside the vesicles by  Alameth ic in  30 in 
the presence of  5 m M  CHC13. The uni form down-  
field movement  of signal I indicates  that  equal  
amoun t s  of  Pr 3+ are t r anspor ted  into all vesicles. 

These  shifts of  signal I are conver ted  into intraves-  
icular  concent ra t ions  of  Pr 3+ using a ca l ibra t ion  
g raph  [12]. Da t a  ob ta ined  as in Fig. 6 can then be 

conver ted  into  the t ime-dependence  of the trans- 
po r t  of Pr 3+ into the vesicles. 

Plots of  the in t raves icular  concent ra t ion  of  Pr 3 + 
agains t  t ime are shown in Fig. 7 which i l lustrates 
the da ta  ob ta ined  using 20 ~g Alameth ic in  30 per  
1 ml of vesicular  solut ion (10 mg DPPC)  and 
shows the effect of various concent ra t ions  of 
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Fig. 6. Time-dependent downfield shifts of the intravesicular 
headgroup signal (I) from phosphatidylcholine vesicles at 50°C 
in the presence of 5 mM extravesicular Pr 3 +, 5 mM chloroform 
and Alamethicin 30 (20/xg per 10 nag DPPC). The spectra show 
the result of transport of the Pr 3+ from outside to inside the 
vesicles at the following intervals after the addition of the 5 
mM Pr3+: (a) 3.0 rain; (b) 7.0 rain; (c) 13.25 min; (d) 24.0 min; 
(e) 35.5 rain; (f) 46.0 min. The full spectrum is given in (a) and 
(f) to indicate the lack of broadening of the acyl chain signal H 
during the transport of Pr 3+. 
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Fig. 7. Increase in the intravesicular concentration, [p r3+]  i of  
Pr 3+ as a function of time at 50°C using 20 #g Alamethicin 30 
per 1 ml of vesicles (10 mg DPPC) and an extravesicular 
concentration of 5 mM Pr 3+. • •,  control. Vesicles in 
the presence of: [] U, 86 mM chloroform; O O, 
25 mM chloroform; ~ ~ ,  5 mM chloroform; 
• U, 86 mM diethyl ether; • e, 86 mM ethanol; 
zx -zx, 172 mM ethanol. 
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Fig. 8. Increase in the intravesicular concentration, [Pr3+]i of 
Pr 3÷ as a function of time at 50°C using 10 ~g A23187 per 1 
ml of vesicles (10 mg DPPC) and 5 mM  extravesicular Pr 3+. 
• • ,  control. Vesicles in the presence of: • 0, 86 
mM ethanol; z~ zx, 172 mM  ethanol; • I ,  86 mM 
diethyl ether; (3 (3, 25 mM  chloroform; [] [], 86 
m M  chloroform. 

ethanol, diethyl ether and chloroform on the chan- 
nel-mediated transport. The plots are seen to be 
linear and the slopes therefore give the rates of 
transport of Pr 3+ across the vesicular bilayer. 
Chloroform strongly inhibits the rate of transport, 
the effect being marked down to the lowest con- 
centration studied, 5 mM. Also the action of 
ethanol and diethyl ether is similar to their effects 
on vesicle lysis in that channels are again stabilised 
to allow increase in transport of the Pr 34. 

As a comparative experiment using a 
carrier-type ionophore, the effects of these same 
compounds on A23187-mediated transport was 
measured. The results are shown in Fig. 8. It is 
significant that chloroform increases the transport 
rate, in contrast to the channel-mediated mecha- 
nisms. The effect of ethanol and diethyl ether is, 
however, again to stimulate transport rates. Simi- 
lar experiments were also performed with the car- 
tier ionophore ionomycin (results not shown) and 
again all three compounds increased the transport 
rate. 

Discussion 

Our observation that chloroform decreases the 
linewidth of the lipid signals agrees with previous 

studies by Shieh et al. [29] and Vanderkooi and 
co-workers [7] and the implication is that the 
anaesthetic fluidises the bilayer. The lowering of 
the phase transition temperature has also been 
previously observed for all three compounds [7] 
and other fluorinated ether anaesthetics [30] and 
the effect is ascribed to a disordering of the acyl 
chains. The observed upfield shift of the outer 
headgroup signal O implies that there is sufficient 
chloroform in the bilayer-water boundary region 
to influence the binding of the Pr 3÷ to the phos- 
phate sites on the outer headgroups of the vesicles. 
A similar deduction was made by Koehler et al. 
[31] who observed that Gd 3+ caused changes in 
the linewidth of the 19F-NMR signal from 
hal•thane only in the presence of phosphati- 
dylcholine liposomes. These experiments indicate 
that anaesthetic and lanthanide ion coexist at the 
membrane surface. 

The mechanism by which the permeability of 
lipid bilayers is increased at the phase transition is 
still unresolved. Permeable boundary layers be- 
tween coexisting gel and fluid domains or an in- 
crease in the lateral compressibility of the bilayer 
have both been proposed and discussed [32]. Ob- 
servations using planar lipid bilayers show large 
conductance changes via transient single channels 
indicating that a few defects of quite extended size 
occur at T c [33,34]. Our previous observations [8,10] 
and the results reported here confirm this since in 
DPPC vesicles the channels which open at Tc are 
sufficiently large to allow equilibration of the 5 
mM Pr 3÷ across the phospholipid bilayer. We 
have described this process as vesicular lysis, but it 
should be noted that as demonstrated in Fig. 3, the 
vesicular membrane integrity is not lost and im- 
permeability is restored on raising the temperature 
above T c. 

Our observation that ethanol and diethyl ether 
both increase the extent of lysis at To, while chlo- 
roform decreases it, may result from a change in 
the activation energy for the opening of the chan- 
nels (resulting in more or less channels being 
opened per passage through To) or from channels 
being stabilised or extended by the ethanol and 
diethyl ether and destabilised by chloroform. A 
number of authors have implicated the effect of 
water penetration and interaction into the lipid 
bilayer in modifying the energy barrier to ionic 



permeability [22,23]. Also in the case of gel areas 
dispersed in fluid, the boundary effect will induce 
increased water penetration into the acyl chain 
region of the bilayer [35]. A reasonable hypothesis 
consistent with our observations would therefore 
be that the effects of the three compounds on 
vesicular lysis is mediated by their action on the 
structure or properties of the water which is asso- 
ciated with the channels. 

Both our preliminary studies using vesicles [10] 
and work elsewhere with planar membranes [14] 
suggest that at low concentrations near its critical 
micelle concentration (approx. 0.25 mM), Triton 
X-100 stabilises channels formed in lipid bilayers. 
The results reported above confirms this (compare 
the control vesicle lysis in Figs. 4 and 5, noting the 
much smaller number of cycles through T~ used in 
the presence of Triton). The effect of the three 
compounds studied is even more marked for Tri- 
ton-stabilised channels (Fig. 5) than for Triton-free 
channels (Fig. 4). Again the striking feature is 
increased lysis by the oxygen-containing com- 
pounds and decreased lysis by chloroform. 

Triton X-100, like all molecules containing 
polyoxyethylene groups including poly(ethylene 
glycol), is strongly hydrated in solution. The chan- 
nels which are stabilised by Triton will be lined by 
this amphipathic molecule, so introducing an addi- 
tional water content to the channel. The strong 
effect of ethanol, diethyl ether and chloroform on 
these channels again implies that their interaction 
with the channel water is significant in de- 
termining their action on lytic channels. The fu- 
songenic action of Triton X-100 [10,15] is proba- 
bly mediated by inverted micelles of Triton and 
lipid being formed between the fusing bilayers, if 
the general mechanism of fusion suggested by 
Cullis and de Kruijff [36] is applicable in this case. 
The inverted micelles will contain water and our 
suggestion is that the observed effects of ethanol 
and diethyl ether in promoting fusion, and chlo- 
roform in inhibiting it, can be mediated by their 
effects on the inverted micelle water or the interac- 
tion of the water with the phospholipid headgroups. 

The polypeptide, channel forming, ionophore 
Alamethicin 30 has been extensively studied by 
conductivity measurements using planar lipid bi- 
layers, and the work recently reviewed [37]. Fol- 
lowing the observation that this ionophore could 

also transport lanthanide ions across planar mem- 
branes [38] we used the NMR method described 
above to examine Alamethicin 30 mediated trans- 
port of Pr 3+ across vesicular membranes [13]. De- 
tailed structural information based on X-ray anal- 
ysis and model building of Alamethicin is now 
available [24]. These studies indicate that in the 
channel formed by the aggregation of four or more 
monomers hydrogen bonding is extensive, espe- 
cially at the annulus formed by Gln 7 residues. 
The Gln 7 side-chain amide protons will donate a 
hydrogen bond to water forming a ring of hydro- 
gen-bonded water, the structure of which effec- 
tively controls the size of ion channel. Changes in 
this hydrogen-bonded water provide an explana- 
tion of the observation that the higher conduc- 
tance substates of the Alamethicin channels are 
only moderately sensitive to cation radius [39] 
which implies that the current increases are due to 
changes in channel cross-section rather than in- 
crease in the number of parallel open channels. 
Given that halogenated hydrocarbon anaesthetics 
such as chloroform have been shown by infra-red 
methods [40] to perturb hydrogen bonds in mem- 
branes, the hydrogen bonded water content of the 
Alamethicin channels must be regarded as a likely 
target for the observed effects of ethanol and the 
two general anaesthetics, as indicated in Fig. 7. In 
contrast to the channel-mediated transport, when 
A23187 or Ionomycin are used, all three com- 
pounds, alcohol, ether and chloroform, increase 
the rate of transport as seen in Fig. 8. 

In these initial experiments we were not rigor- 
ously attempting to explore the action of these 
compounds at clinical levels of concentration for 
general anaesthesia. These latter concentrations 
are difficult to obtain experimentally but quoted 
values are of the order 50 mM ethanol, 15 mM 
diethyl ether and 1 mM chloroform [19,41]. See- 
man indicates that concentrations required for 
nerve block (as in local anaesthesia) are ten times 
these values [41]. For ethanol we have therefore 
used physiological relevant concentrations. The 
lowest values of chloroform studied were 5 mM 
for Alamethicin transport. The large effect on the 
transport rate observed indicates that inhibition 
will be expected down to physiological concentra- 
tions for this type of anaesthetic. 

Taken together the similarities in the effects of 



the three compounds on each channel system im- 
ply a common element in the mechanism. Since 
for each mechanism of channel formation studied, 
the importance of water structure and function in 
the channels is strongly indicated, it is difficult to 
avoid the implication that the effect of the com- 
pounds on channel water is the unifying feature of 
the results. 

It would clearly be premature to claim to have 
demonstrated a possible novel mechanism of gen- 
eral anaesthesia on the basis of a small range of 
compounds and model systems. However, the 
lipid-based theories of general anaesthesia [18] have 
recently been strongly and effectively criticised 
[2,19] and direct protein-anaesthetic action is seen 
to be unlikely on structural grounds [19]. Our 
results suggest a modification of the protein hy- 
pothesis which would be worthy of further investi- 
gation, namely that an important locus of action 
of the general anaesthetics could be their effect on 
water structure and function in the ion channels at 
synapses in the central nervous system. We are 
aware that water structure was previously pro- 
posed as a mechanism of anaesthesia by Pauling 
[42] and Miller [43], but these theories were based 
on a direct effect of the hydrophilic anaesthetic on 
Ice I clathrate structures. We are proposing a more 
general interaction of the type put forward by 
Eyring and co-workers [44] which would include a 
variable effect on hydrogen bonding depending on 
the chemical nature of the anaesthetic. A recent 
theoretical model of ion channels which accounts 
well for the electrical properties of Na ÷ and K ÷ 
channels, is based on a hydrogen-bonded ordered 
water channel at a protein site spanning the mem- 
brane [45,46]. Experiments such as those described 
here begin to provide specific tests for this theory. 

Richards [2] has pointed out that it is very 
unlikely that all general anaesthetics act at a single 
type of site. Clearly, further experiments on a wide 
range of anaesthetics, systems of membrane chan- 
nels and fusion sites will be required to reinforce 
the hypothesis that effects on water structure and 
properties are important in the mechanism of 
anaesthesia. 
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