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Ethanol  increases agonist affinity for nicotinic receptors 
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The  presence of ethanol increases the apparent affinity with which acetylcholine and carbamylcholine elicit ~6Rb4" flux 
from Torpedo  nicotinic aeetyleholine receptor-rich vesicles at 4°C.  Affinity increased exponentially with ethanol 
concentration, reaching nearly 200-fold by 3.0 M ethanol without sign o! saturation. At submax|mal  agonist concentra- 
t ions 50-100  m M  ethanol enhanced flux by 15-35%, but the maximum agonist-imhiced flux was unalfected in 
quenched-flow assays. The  effect was independent of the agonist and of the time over which flux was m e a s u r ~  (5 ms to 
l 0  s), indleat~ng that ethanol acts before agonist-indBced desensitization occurs. Ethanol also caused an increase in the 
apparent affinity with which acetylcholine Paused fast desensitization. This affinity increase was equal to that for 
flux-response cu~es ,  but the maximum fast  desensitization rate was increased 50% at 0.5 M ethanol. This  was the most 
pronotmced of e thano l s  actions and has not been reimrted before. Prolonged preincubation with !.0 M ethanol alone 
geduced agonist-induced flux activity by only 25%, The  rate of agonist-induced slow desensitization was also increased, 
but neither of these effects was as marked as t hose  o n  fast desensitization and cation flux. 

Introduction 

Short-chain alcohols, including ethanol, have been 
shown to enhance nAcChoR-media ted  cation flax at the 
neuromuscular  junct ion in a number  of electrophysio- 
logical swdies.  Ethanol slows the rate of miniature 
endplate  current ( inept)  decay [1,2], and decreases the 
frequency of the endp!ate noise power spectra [1,3], 
indicating that  the rate of cat ion channel  closing is 
slowed. In isolated skeletal muscle, ethanol increases 
skeletal muscle twitch tension (both directly and  indi- 
rectly stit~tulated) [4,5], yet prefiminary single-channel 
studies indicate that  nAcChoR channel  conductance is 
not  "altered by ethanol [6]. In contrast,  long-chain al- 
cohols and a wide variety of other anesthetic agents 
inhibit neuromuscular  junct ion depolarization by in- 
creasing mepc decay rates [7]. Thus,  the short-chain 
alcohols appear  to have a unique, specific effect on the 
nAcChoR receptor-channel complex. 

Abbreviations: nAcChoR, nicotinic acetylcholine receptor; a-BTX, 
~-bungarotoxin; GABA, ¥-aminobutyric acid. rnepc, miniature end- 
plate current: NMDA. N-methyl-D-aspartate. 

Corfezpond©nc©: K.W. Miller, D~extna~nt of An¢6thc~ia, M~achu- 
~tts General Hospital, Bostoa, MA 02114. U.S.A. 

Several lines of e,Adence suggest that ethanol ma3' ac~ 
by modulat ing the affinity of cholinergic agonists for 
channel activation sites on the nAcChoR.  Linder et aL 
[8] proposed that the slower mepc decay rates observed 
with ethanol reflect a decreased rate of dissociation of 
acetylcholine from its receptor. Using electrophoretic 
techniques for rapid agonist  application [9] on 
voltage-clamped endplates, Bradley et al. [3,10] showed 
that ethanol decreased the apparent  acetylcholine dis- 
sociation constant.  In a preliminary report [11], we 
presented evidence that ethanol increases the apparent  
affinity of carbamylcholine for Torpedo  nAcChoR,  a 
receptor which is highly homologous with the vertebrate 
neuromuscular  junct ion receptor. 

In addition, ethanol has been shown to inactivate 
nAcChoR in the absence of agonist. Ethanol stabilizes 
an inactive nAcChoR state, characterized by an increase 
in agonist  affinity, as has been demonstrated using 
various figands as probes of the receptor's state [11-13]. 
However, effects of ethanol on agon i s t - induced  desensi- 
tization on either the minute time scale (slow desensiti- 
zation) or the subsecond time scale (fast desensitization) 
have not been reported. 

In this paper, we present studies of  the effects of 
ethanol on the nAcChoR cation channel  from Torpedo,  

Several agonist-triggered receptor rune! ~-ons were studied 
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using s6R.b+ flux measurements in sealed Torpedo elec- 
troplaque vesicles, including activation of cation chan- 
nels, slow desensitization, and fast desensitization. Be- 
cause quenched-flow techniques can produce rapid, pre- 
cise drug concentration jumps ~n suspensions of Torpedo 
vesicles they have a clear advantage over electrophysio- 
logical techniques for studying agonist concentration-re- 
sponse curves [14] and fast desensitization. 

Materials and Methods 

Prevaration of Torpedo postsynaptic membranes. Post- 
synaptic membranes from freshly dissected electro- 
plaques of ,Torpedo nobiliana (Biofish Associates, 
Georgetown, MA) were prepared at 4 °C ,  essentially as 
described by Kxodel et al. [15]. Aliquots of electro- 
plaque tissue were homogenized with an equal weight of 
aqueous 0.02% NaN 3 solution containing 0.1 mM phen- 
ylmethyisulfonyl fluoride to inhibit proteolysis. The ho- 
mogenate was centrifuged at 5400 x g for 10 rain to 
pellet large tissue fragments and the supernatant was 
centrifuged at 15000 x g for 90 rain to pellet membrane 
fragments. Membranes were further purified by sucrose 
density gradient centrifugation. Fractions rich in rLAc- 
Chol~-~-,:,-e pooled and resuspended in a small volume 
of Torpedo physiological saline (250 mM NaCl, 5 mM 
KCI, 3 mM CaCl 2, 2 mM MgCI2, 5 mM NAP,, and 
0.02% NAN3, pH 7.0). The suspensions contained 5 to 
10 mg pro te in /nd  (assayed by the method of  Lowry et 
al. [16], using bovine serine albumin as standard) and 7 
to 15 pM in [3H]acetylchofine binding sites (assayed as 
described previously [17]) and were kept frozen in liquid 
N 2 for up to 6 months and thawed within 48 h of use. 

Measurement of nAcChoR cation channel function. 
Cation channel function was determined by measuring 
agonist-induced ~ R b *  efflux or influx at 4 ° C  in sea,'c,d 
Torpedo electroplaque vesicles which, for efflux studies, 
were loaded with StRb+ by overnight incubation [17]. 
The number of active receptor-channel complexes was 
reduced by preincubation with sufficient a-bungaroto- 
xin (a-BTX) to prevent full equilibration of StRb+ 
across vesicle membranes during flux assays. Efflux or 
influx of 86Rb+ was assayed by two techniques. For flux 
times of 10 s or longer, solutions were mixed by hand 
and flux stopped by filtration. For shorter periods, a 
quenched-flow technique was used and flux was stopped 
with procaine [17] and the intravesicular atRb+ sep- 
arated by passage over a cation exchange resin as de- 
scribed previously [18]. Ethanol was added to vesicles at 
the same time as agonist so that the time that vesicles 
were exposed  to ethanol was minimal. Preincubation of 
vesicles with up to 1.5 M ethanol for 10 s prior to 
addition of agonists had no effect on flux assays. Chan- 
nel activity was stimulated with either acetyleholine or 
carbamylcholine, an acetylcholine analogue that is not 
hydrolyzed by acetylcholinesterase. When acetylcholine 

was used, atRb+-loaded vesicles were treated with 0.1 
mM diisopropylfluorophosphate for 20 rain prior to 
flux assays to inhibit acetylcholinesterase. Gross agon- 
ist-stimulated atRb+ efflux counts (CPM(Ag, t)) were 
corrected for passive, time-dependent StRb+ 'leakage' 
from sealed vesicles (CPM(leak, t)). The c o r r e c t e d  efflux 
response is expressed as F A, the percentage of non-leak 
s~'Rb+ counts released [17] 

CPM(Ag,/)--CPM(leak, t) × 100~ (1) 
FA CPM(tota]) - CPM(leakd ) 

Analysis of ethanol-enhanced *tRb + leak from sealed 
vesicles. Any ethanol-induced enhancement of S*Rb+ 
leak from sealed vesicles during a 10-s exposure was 
detected as an increase in filtrate radioactivity above 
the leak level without ethanol present and analyzed 
similarly to agonist-induced efflux (Eqn. 1): 

CPM(AIc,t ) - CPM(0 Ale, t) x 1005 (2) 
leak enhancement CPM(total) - CPM(0 AIc, t) 

:4easurement of slow agonist-induced desensitization 
kineacs. Vesicles (a-BTX treated, 0.5 ml) were mixed 
manually with an equal volume of Torpedo physiologi- 
cal solution containing carbamylchofine, ethanol, or 
both, and the mixture was incubated for up to 30 rain at 
4 °C .  At various times during the incubation, a 50 /~1 
aliquot was removed and mixed with an equal volume 
of 10 mM carbamylcholine solution containing s tRb+ 
at 50 t tCi /ml .  After 10 s, atRb+ influx was halted by 
mixing with 100 btl of 100 mM procaine. 175 pl  of tha 
final vesicle suspension was applied to a small (1 ~,1) 
cation exchange column and vesicles were eluted with 
220 mM sucrose (for details, see Forman and Miller, 
[18]). CPM(leak) was measured in an identical fashion, 
but without agonist present. CPM(totai) was estabfished 
by overnight incubation of vesicle~ with S~Rb+ solution 
before the addition of procaine and passage over catmn 
exchange resin. Flux activity after preinct,bation for a 
time, was expressed as the fraction of that present 
without any preineubation step (FA(0)). Plots of frac- 
tional flux activity vs. time were analyzed by fitting data 
to a single-exponential function using non-linear least 
squares: 

FACt) -- F,*.(~) F,.,.(~ ) 
F̂ (0----~ - ( t -  F--#'~) ×exp(- k, x ,)~ F,(0) (3) 

where FA(oo)/FA(O ) is the fraction of activity remaining 
at equilibrium and k~ is the rate of slow desensitization. 

Measurement of fast agonis¢-induced desensitization 
kinetics. Fast desensitization rates were determined using 
a method analogous to that described for slow desensiti- 
zation, but an automated pulsed quenched-flow device 
was used to control preincubation and SSRb+ influx 



per iods  on  a mi l l i second t ime scale (descr ibed in Ref. 
18). 

Reversibility of ethanol actions. The reversibil i ty of  the  
effects  o f  a 10-s exposure  to 1.0 M e thano l  in the  
absence  of agonis t s  was  tested u s ing  the f i l t rat ion tech- 
n i q u e  to m e a s u r e  86gb+ effiux. T o  100 #1 o f  S6Rb+- 
loaded  vesicles were added  200 #1 o f  Torpedo phys io-  
logical sal ine con ta in ing  1.5 M e thano l  (final concen t ra -  
t ion 1.0 M). Af te r  i ncuba t ing  for  10 s, vesicles were 
d i lu t ed  10-fold in Torpedo physiological  sa l ine  (i.c,, 
back-d i lu ted  to 0.1 M e thano l )  a n d  t hen  1 raI a l iquots  
were  mixed  with e i ther  10 ~1 o f  ca fbamylcho l ine  to 
s t imu la t e  f lux (f inal  carbarnylchol ine  concen t r a t i on  ffi 56 
p M )  or  10 pI  Torpedo physiological  sal ine ( to m e a s u r e  
leak) for  a n o t h e r  10 s before  f i l trat ion.  O n e  set o f  
con t ro l  expe r imen t s  fol lowed the  s a m e  protocol ,  except  
vesicles were d i lu ted  10-fold in Torpedo physiotogica~ 
sa l ine  wi th  1.0 M e thano l  (f inal  concen t ra t ion  1.0 M~ 
p r io r  to  leak a n d  f lux de te rmina t ions .  A n o t h e r  set  o f  
con t ro l  ex pe r imen t s  were p e r f o r m e d  by  the  s a m e  
m e t h o d ,  b u t  wi th  0.1 M e thano l  t h roughou t .  

Preparation of  ethanol solutions, Solut ions  o f  e thano l  
in Torpedo physiological  sal ine were  p repa red  by  weigh-  
ing  e thano l  in to  Torpedo physiological  sa l ine  in pa r -  
t ially filled vo lumet r i c  f lasks  a n d  ad ju s t i ng  wi th  Torpedo 
physio logica l  sa l ine  to f inal  vo lume.  A t  r o o m  temper-  
a ture ,  e t hano l  concen t r a t i ons  over  2.0 M caused  Torpedo 
physio logica l  sa l ine  so lu t ions  to b e c o m e  c loudy  (p rob-  
ab ly  due  to  ca l c ium p h o s p h a t e  precipi ta t ion) .  T h i s  was  
p reven ted  by  u s ing  ice-cold Torpedo physio logica l  sa l ine  
a n d  so lu t ions  p r e p a r e d  in this  f a sh ion  were used  im-  
med ia te ly  in  the  co ld  r o o m  ( 4 ° C ) .  E thano l  a n d  agon i s t  
so lu t ions  were nf ixed j u s t  before  add ing  vesicles in 
o rde r  to r educe  evapora t ive  losses.  G a s  c h r o m a t o g r a p h y  
d e t e r m i n e d  the  losses  to be  less t h a n  3% at  4 ° C.  

Chemicals. D i l s o p r o p y l f l u o r o p h o s p h a t e  was  f rom A1- 
dJ-ich C hemica l  Co.  (Mi lwaukee ,  WI) ,  a - b u n g a r o t o x i n  
( a - B T X ) ,  b u f f e r  r eagen t s ,  a ce ty l cho l i ne  ch lor ide ,  
c a r b a m y l c h o l i n e  chloride,  a n d  p roca ine  hydroch lo r ide  
were f rom S igma  Ch emica l  Co.  (St. Louis ,  MO).  
[3H]Acety lchol ine  a n d  ~SRbCI were f r o m  N e w  Eng land  
Nuc l ea r  (Boston ,  MA) .  A n h y d r o u s  e thano l  ( >  99.9% 
pur i ty)  was  f rom P h a r m c o  (D ay ton ,  N J). 

Results 

Ethanol effects on passive S6Rb + leak 
Since e th ano l  p e r t u rb s  m e m b r a n e s  [19], i ts effect  on  

pass ive  S6Rb+ ' l eakage '  f rom Torpedo vesicles du r ing  a 
10-s exposu re  was  tes ted first. S ignif icant  increases  in 
l eakage  af ter  10 s (more  t h an  55~ leak e n h a n c e m e n t )  
were only  obse rved  at  o r  above  1.5 M ethanol .  T h u s ,  
s u b s e q u e n t  f lux s tudies  were only  correc ted  for en -  
h a n c e d  86Rb+ leak w h e n  the  e thano l  concen t r a t i on  was  
1.5 M or  greater .  A b o v e  1.5 M e thanol ,  leak c o u n t s  af ter  
l 0  s increased  rap id ly  a n d  each  F,~ a s say  required 
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correc t ion  with a m a t c h e d  e thano l - enhanced  86Rb-~ leak 
measu remen t .  Above  3 0  M e thano l  the  leak af ter  10 s 
was  abou t  25% of  the total in t ravesicular  S6Rb+ coun t s .  
and  the  var ia t ion  in bo th  leak and  agon i s t - induced  
eff lux m e a s u r e m e n t s  increased.  U n d e r  these  condi t ions ,  
the sensi t ivi ty  of  flux a s says  to c h a n g e s  in channe l  
act ivi ty was deemed  unaccep tab le  for  quan t i t a t ive  anal -  
ysis  of  concen t r a t i on - r e sponse  data .  Therefore ,  the  max -  
i m u m  e thanol  concen t ra t ion  used  was  3.0 M. 

Ethanol effects on agonist concentration-response curves 
T h e  effects  of  e thanol  were de t e rmined  bo th  on  

carbarr  y lchol ine  s t imu la t ed  10-s flux a n d  on  acetylcho-  
line s t imu la t ed  flux us ing  quenched- f low assays.  Leak-  
correc ted  flux r e sponses  were analyzed by  t i l t ing t e a  
logistic equa t ion :  

A NI 

where  .4 is the  agonis t  concen t ra t ion .  FA(max) is the the 
m a ~ a m u m  agon i s t - s t imu la t ed  g6Rb÷ flux (usual ly at  5 
m M  ca rbamylcho l ine  or  I m M  acety!choline),  K A is the  
50% ac t iva t ing  concen t ra t ion ,  a n d  N~ is the  Hill coeffi-  
cient.  

It was  more  conv~:'..:=:,z to s t udy  the  effects  o f  e thano l  
on  appa ren t  K A over  a wide r ange  o f  concen t r a t i ons  
u s ing  the  10 s f i l t rat ion assays.  These  involved a shor te r  
overall  exposure  to e thano l  t h a n  d id  quenched- f low 
expe r imen t s  because  the  t ime  be tween  q u e n c h i n g  a n d  
pas s ing  the  vesicles over  t he  catior, exchange  resin 
exceeded 10 s. T h u s  the  10-s assay  min imized  the leak 
correctiGn enab l i ng  concen t r a t i ons  o f  e thano l  up  to  3.0 
M to be  s tudied,  Tab l e  I s u m m a r i z e s  the pa r ame te r s  
der ived by  f i t t ing the  d a t a  to  Eqn.  4 by  non- l inea r  
leas t - squares  m e t h o d s  [11] T h e  a p p a r e n t  K A va lues  in 
Tab l e  ! decrease  con t i nuous ly  wi th  increas ing  e thano l  
concen t ra t ;on  wi thou t  ever  ach iev ing  a p la teau.  At  3.0 
M e thano l  a 180-fold decrease  in a p p a r e n t  K A was  
observed.  T h e  Hill coeff ic ients  r ema ined  u n c h a n g e d  up  

TABLE I 

Filted parameters .from I0 s ca~batnytcholitte ¢otlcenzeataon.responxe 
curves 
Parameters were der~ed by non-linear least-squares fitting of leak- 
,:orrcctcd flux data (at least 12 points in each curve) to Eqn. 4. A plot 
of some of the data h~-~ been given previou~|y by Miller et al. [l]]. 

[Ethaaoq (M) F^(max) (~) K x (~M) /v~ 

0.0 35.3±0.3 120 ~3 1.5±~1 
0.3 3 1 . 1 ~ 3  52 ±2 1.6±0.1 
~6 ~.2±0,3 ~ ±1 1.3±0.1 
0.9 ~.5~0.4 13.3 ±~8  1.3~0.l 
1.5 31.1±0.4 4.3 ±~3  l . t±0. l  
2,7 31.3±0.5 0.8 ± ~ l  ~7±0,1 
3.0 31.9±0.8 0 . ~ ± ~ 0 8  ~7±O.l 
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Fig. 1. Effects of ethanol on acetylchofine concentration-response 
cma'es measured using rapid quenched-flow. The effects of ethanol on 
acelylcholine-induced aeRb+ efllux were studied in a-BTX treated 
vesicles. Data were fitted IO Eqn. 4 by non-linear least squares (see 
Results). Concentration-response curves with flux integrated over 30 
ms t0.5 M ethanol) and over 5 ms (1.0 Iv[ ethanol). The K A of the 
covtrol wa.~ unaffected by the integration time and FA(max ) was 
unaltered by ethanol ( p  = 0.5). For convenience the two sets of curves 
have been normalized to have the same experimental FA(max ) in the 
diagram. Fitted parameters for the fine, s shown are as follows: 

[EthanOl KA (~M) 

N o n e ( e l  79 ± 7  1.5±0.2 
0.5 M ~ )  23.3~0.8 1 .3!0 .1  
1 . 0 M ( n )  5.0±0.3 1.4±0.1 

t o  a p p r o x .  1 M ,  b u t  a b o v e  t h i s  a d e c r e a s e  w a s  o b s e r v e d .  
T a b l e  I a l s o  s h o w s  t h a t  t h e  F ^ ( m a x )  w a s  d e c r e a s e d  b y  

15% o v e r  t h e  w h o l e  c o n c e n t r a t i o n  r a n g e  s t u d i e d  ( 0 . 3 - 3 . 0  
M )  T h i s  s m a l l  e f f e c t  o n  F ^ ( m a x ) ,  w h i c h  is  c a u s e d  b y  
e n h a n c e d  f a s t  d e s e n s i t i z a t i o n  ( s ee  b e l o w  a n d  D i s c u s -  

s i o n ) ,  h a d  l i t t l e  i n f l u e n c e  o n  t h e  o v e r a l l  a n a l y s i s .  
T h e  l e f t w a r d  s h i f t  o f  a g o n i s t  c o n c e n t r a t i o n - r e s p o n s e  

c u r v e s  w a s  e x a m i n e d  f u r t h e r  i n  q u e n c h e d - f l o w  e x p e r i -  
m e n t s ,  w h i c h  s h o w e d  t h a t  t h e  m a x i m u m  f l u x  e l i c i t e d  b y  

e i t h e r  a c e t y l c h o l i n e  o r  c a r b a m y l c h o l i n e  w a s  u n a f f e c t e d  
b y  e t h a n o l  i n  t h e  r a n g e  5 - 4 5  m s ,  s h o w i n g  t h a t  t h e  s m a l l  
d e c r e a s e  s e e n  in  t h e  10-s  e x p e r i m e n t s  d e v e l o p s  o v e r  a n  
i n t e r m e d i a t e  t i m e  sca le .  F i g .  1 s h o w s  t h a t  t h e  d e c r e a s e  
i n  a c e t y l e h o l i n e ' s  a p p a r e n t  d i s s o c i a t i o n  c o n s t a n t ,  w h i c h  
o c c u r s  w i t h o u t  c h a n g e  i n  H i l l  c o e f f i c i e n t ,  w a s  3 . 4 - f o l d  
a t  0 .5  M e t h a n o l  ( 3 0  m s  i n t e g r a t i o n )  a n d  1 6 - f o l d  a t  1 .0  
M (5 m s  i n t e g r a t i o n ) .  

F o r  c o m p a r i s o n ,  w e  d e f i n e  a p a r a m e t e r ,  SC50,  a s  t h e  
c o n c e n t r a t i o n  a t  w h i c h  K ~ I C / K ~  = 0.5 .  B a s e d  o n  
q u c n c h e . x l - f l o w  a c e t y l c h o l i n e  r e s p o n s e  c u r v e s ,  t h e  SC~0 
f o r  e t h a n o l  is  2 5 0  4- 3 0  m M  a n d  f o r  t h e  10 - s  a s s a y  w i t h  
c a r b a m y l c h o l i n e  i t  is  2 9 0  + 2 0  m M .  T h u s ,  t h e  i n c r e a s ~  
i n  a f f i n i t y  is i n d e p e n d e n t  o f  b o t h  t h e  a g o n i s t  a a d  t h e  
t i m e  s c a l e  o f  t h e  e x p e r i m e n t .  

E f f e c t  o f  low e t h a n o l  concen t ra t ions  
A l t h o u g h  t h e  e x t e n t  o f  t h e  i n c r e a s e  o f  a f f i n i t y  

o b s e r v e d  i n  t h e  a b o v e  s t u d i e s  is  q u i t e  l a r g e ,  t h e  e t h a n o l  
c o n c e n t r a t i o n s  u s e d  a r e  wel l  a b o v e  t h e  r a n g e  o b s e r v e d  

TABLE II 

Enhancement of corbamylcholine.induced e~Rb + flux by ethanol at 4 ° C  

Values shown arc the ratios of avcrage_~l flux measurements (n ~ 4) 
measured in the presence of the indicated ethanol concentration to 
control measurements made without ethanol. 

[Ethanol] 10 s 20 ms 

50 1.20 ± 0.05 1.14 -I- 0.07 
I00 1.4g 4- 0.05 1.45 ± 0.05 
200 2.20 ± 0.10 2.28 ± 0.11 

i n  h u m a n  s u b j e c t s  ( u p  t o  1 0 0  m M ;  [20]) .  H o w e v e r ,  
e t h a n o l ' s  p o t e n c y  d e c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a -  
t u r e .  F o r  e x a m p l e ,  i n  t h e  t a d p o l e  t h e  a n e s t h e t i c  c o n -  
c e n t r a t i o n  i n c r e a s e s  f r o m  2 0 0  m M  a t  2 0 ° C  t o  3 4 0  m M  
a t  I 0 ° C  a n d  i n  t h e  f r o g  f r o m  1 4 0  a t  3 0 ° C  t o  3 3 0  m M  
a t  3 ° C  [21] .  I n  t h e  h A t C h e R  b o t h  1 0 - s  a n d  q u e n c h e d -  
f l o w  a s s a y s  i n d i c a t e  t h a t  w h e n  t h e  f l u x  is  s t i m u l a t e d  b y  
s u b m a x i m a l  c o n c e n t r a t i o n s  o f  a g o n i s t s  ( T a b l e  I t ) ,  i t  i s  
e n h a n c e d  a t  s u b - a n e s t h e t i c  c o n c e n t r a t i o n s  a s  l o w  a s  5 0  
m M  e t h a n o l  ( p  < 0 .02 ) .  

E t h a n o l  e f fec ts  on  s l o w  d e s e n s i t i z a t i o n  
I n  t h e  p r o l o n g e d  p r e s e n c e  o f  l o w  a g o n i s t  c o n c e n t r a -  

t i o n s ,  e v e n  t h o s e  b e l o w  t h a t  a t  w h i c h  c a t i o n - f l u x  a c t i v -  
i t y  i s  ob .~erved,  h A t C h e R  u n d e r g o e s  s l o w  d e s e n s i t i z a -  
t i o n .  F i g .  2 s h o w s  t h a t  e t h a n o l  i n c r e a s e s  b o t h  t h e  r a t e  

1.o ! t e ! | ! 
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Fig. 2. Effect of ethanol on carbamyicholine-induced slow desensitiza- 
tion. Torl~edo vesicles ( < 5~" nM in total [3H]acctylchofinc sites and 
blocked with a...qTX to inactivate 80~ of sites) were preincubated 
with 50 nM carb~mylchotlne and varying amounts of ethanol before 
measm-,ng S6Rb* influx for 10 s in the presence of 5 mM carba- 
mylcholine. Residual flux activity (Fro(t)) is shown as the fraction of 
flux activity measured without preincubation (F^(0)). Data  wero 
fitted to Eqn. 3 by non-linear least squares with F^(vo) fixed at the 
value measured after more than 30 rain of incubation. Fitted parame- 
ters for the lines shown are as follows: 

[Ethanol] F^(oo)/F^(O) k s (rain-  I ) 

None (o) 0.40 ± 0.03 0.073 + 0.013 
0.25 M (O) 0.14 ± 0.03 0.105 ± 0.016 
0.5 M (ra) 0.05 + 0.02 0.1714- 0,023 
1.0 M (n )  0 .00±0~02  0.3045:0.015 



a n d  extent  of  s low desens i t i za t ion  over a pe r iod  of 
minutes .  Whereas  p r e incuba t i on  wi th  50 nM carba-  
mylcho l ine  a lone  inac t iva tes  abou t  60% of receptors  
w i th  a k~ of  0.073 rain -1, a c o m b i n a t i o n  of  50 nM 
ca rbamylehof ine  p lus  1 M e thanol  fully inac t iva tes  
receptors  4-fold fas ter  w i th  a k~ of  0.304 r a i n -  ~. 

Because of  the long  exposures  to e thano l  in s low 
desens i t i za t ion  exper iments ,  we pe r fo rmed  cont ro l  s tud-  
ies to  measure  the  effects of l ong  p r e incuba t i ons  wi th  
e thano l  alone.  Previous  studies,  us ing [3Hlace ty lcho l ine  
b i n d i n g  assays  ind ica te  tha t  0.7 M e thano l  a lone  causes  
5055 inac t iva t ion  (convers ion  to h igh  aff in i ty  s ta te)  of  
n A c C h o g  af ter  a 30 m i n  i ncuba t i on  a t  4 0 C  [11]. Us ing  
86Rb~" f lux to  d i rec t ly  assess n A c C h o R  act ivi ty ,  we 
found  tha t  0.5 M e thano l  caused  no  inac t iva t ion  a t  up  
to  30 rain, whi le  1.0 M e thano l  caused  a s low d rop  in 
f lux a~.~ivity to 75 ± 5% of  in i t i a l  a f te r  30 rain.  Thus,  
e t hano l ' s  ,~z in  effect  is to  enhance  agoa i s t - induced  
desens i t i za t ion ,  b u t  a smal l  p a r t  of the inac t iva t ion  
obse rved  wi th  50 n M  e a r b a m y l c h o l i n e  p lus  1 0 M 
eth~".o|  m a y  be  a t t r i bu t ed  to  the ac t ion  of  e~hanol 
a lone .  

Ethanol effects on fast desensitization 
In  add i t i on  to  inc reas ing  the  ra te  of  s low desens i t i za -  

t ion,  ks,  we  es tab l i shed  us ing  pu l sed  quenched- f low 
tha t  0.5 M e t h a n o l  enhances  fast  desens i t i za t ion  which  
occurs  on  a s u b s e c o n d  t ime  scale. Fig. 3A shows  
semi log  p lo ts  o f  fas t  desens i t i za t ion  induced  by  increas-  

i n g  concen t r a t i ons  o f  ace ty lchol ine .  A t  al l  ace ty lchoSne  
c o n c e n t r a t i o n s  s tud ied ,  e q u i l i b r i u m  desens i t i za t ion  (pre-  
i n c u b a t i o n  for  10 ra in)  e l i m i n a t e d  al l  f lux act ivi ty .  T h e  
fas t  desens i t i za t ion  ra tes  ( k  d values)  der ived  f rom anal -  
ys i s  o f  d a t a  in  Fig. 3A are  p l o t t e d  aga ins t  ace ty leho l ine  
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concen t ra t ion  in Fig. 3B and  are  f i t ted to a logist ic  
equa t ion  ana logous  to Eqn. 4: 

kd= kdlmax )x(  ~ ~ A ~ + KN~ ) (5) 

where  N n is the acetylcholin,~, concen t r a t i on  caus ing  
desens i t i za t ion  at  a rate of k d : r n a x ) / 2  and Nt) is the 
Hil l  coeff ic ient .The da shed  ]in£ in Fig. 3B represen ts  a 
fit to Eqn. 5 for desens i t i za t ioa  ra tes  measured  in the 
absence  of  e thanol .  The  KD i~ the presence  of 0.5 M 
e thanol  is 3.3-fold lower than  tha t  in  its absorbs:e, and  
k a ( m a x  ) is 50% higher  in the  presence  of  e thant ,  L 

Reversibility of ethane; ¢ff¢~ Is 
In  order  to  d e t e r m i n e  whe the r  10-s exposures  to 1 M 

e thano l  caused  i r revers ible  funct iona l  effects  o f  nAc- 
ChoR,  revers ib i l i ty  e x p e r i m e n t s  were  performed.  1 M 
e thanol  increased  the flux s t imula ted  by 56 / . tM carba-  
mylcho l ine  in 10 s (F~,,M) from 15 +_ 3% to 45 + 3%. 
Ten-fo ld  back d i lu t ion  ( to  0.1 M e thano l )  in to  a 
c a r b a m y l c h o l i n c  c o n t a i n i n g  so lu t ion  af ter  a 10-s e thano l  
exposure  in the absence of  c a r b a m y l e h o l i n e  resul ted  in  
F~6, M ~ 2 2  ± 2%, whi le  a con t ro l  expe r imen t  where 
vesicles were exposed to 0.1 M e thano l  for bo th  a 10 s 
p r e incuba t i on  a n d  the c a r b a m y l c h o l i n e  test  s t i m u l a t i o n  
gave FSr, M = 23 ___ 2%. This  resul t  ind ica tes  comple te  
revers ib i l i ty  of the flux e n h a n c e m e n t  caused  by a 10 s 
exposure  to 1.0 M e thanol .  

Discuss ion  

Advantages of flux studies 
The  d a t a  p resen ted  above  ex tend  p rev ious  electro-  

phys io logica l  s tud ies  of  e thano l  ac t ions  at  the neuro-  

-~ b " ~  ~ 

~ ~ ~ I ' r 

Io-~ 1o-~ lo.4 lO.~ 
Acet.y Ici-,Ohne (M) 

Fig. 3. I=ffcets of 0.5 M ethanol on acetylcholine-induced fast desensitization. (A) Fast desensitization kinetics were measured by pulsed 
qucnchcd-fl0w. After preincubation with 0.5 M ethanol plus acety]cholinv (t IxM (o). 10 pM 32/~M (o). 100 ~M (D), 320 ~M (o), or I mM Ihe 
remaining hAtCheR activity was assessed with a 3-4 ms exposure to ~Rb ÷ plus 1 mM vcetylcholine and 0.5 M ethanol. After some of the longer 
preincubations activity was assessed with 15 ms exposures. F A values were normalized to responses measured without prelncubation ( FImM~T).0:0 Fast 
desensitization rates (k d values) were obtained from the slopes determined by linear least-squares fitting of the log-transformed data as shown. (B) 
The k d values (O, solid line) dcrived from data shown in part A of this figure are plotted against acet3/lcholine concentration. Values were fitted to 
F..qn. S by non-linear least squares, kd(mem ) ~ 9.5 -I- 0.4 s-  i KD ~ 31.4 :t: 4.5 pM, and N D ~ 1.3 :t: 0.2. o . . . . . .  o represent k a values measured 
using the same vesicles, but without ethanol (rates at up to 10- 2 M acetylcholine were determined). Fitted parameters are: kd(max ) ffi 6.5 ± 0.3 s - i 

KD ~100± I~ pM, and ND ffi 1.6±0.2 
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m uscu l a r  j u n c t i o n  in two s ignif icant  directions.  First ly,  
the  abil i ty to change  the effective agonis t  concen t ra t ion  
in less t han  a mi l l i second and  to m e a s u r e  ca t ion  f lux 
in tegra ted  over  a few =nilliseconds m e a n s  that ,  in con-  
t ras t  to physiological  s tudies ,  concen t r a t i on - r e sponse  
curves  c an  be  ob ta ined  before  the deve lopmen t  o f  
desens~tizat lon in Torpedo vesicle suspens ions .  Sec- 
ondly ,  ou r  m e t h o d s  enable  exposure  to e thano l  to be  
very brief, enab l ing  concen t r a t i ons  as  h igh as 3 M to be  
s tudied.  In  compar i son ,  physiological  s tudies  required 
e thano l  exposure  t imes  o f  20 min  or  more ,  c aus ing  
irreversible loss o f  agon is t - induced  cur ren t s  a t  e thano l  
concentr~',,tions over  I M [10]. A l t h o u g h  Boyd  av.d C o h e n  
[22] observed iiTeveisible loss o f  [3H]acetylchofine b ind -  
ing  to n A c C h o R  f rom Torpedo with  long  exposures  to 
p ropano l  a n d  bu tano l ,  wi th  the  br ief  exposures  poss ib le  
in ou r  wcrk  the  m a x i m u m  agon i s t - induced  flux d id  no t  
c h a n g e  be tween  0.3 a n d  3.0 M e thanol ,  n o r  d id  the  
pass ive  leakage o f  S6Rb+ th rough  vesicle m e m b r a n e s  
increase  excessively.  

Ethanol enhances apparent agonist affinity for flux and 
fast desensitizLvtion 

A remarkab le  degree  o f  e n h a n c e d  ca t ion  f lux act ivi ty 
is seen a t  low, b u t  no t  high,  agonis t  concen t r a t i ons  
w h e n  e thano l  is a d d e d  to U R b  + f lux  assays  in  Torpedo 
n A c C h o R - r i c h  vesicles, con f i rmin g  a n d  ex t end ing  previ-  
ous  observa t ions  f rom electrophysiological  s tudies  as  
well as  ou r  ow n  p re l imina ry  d a t a  [11]. 

Th i s  e thano l - i nduced  e n h a n c e m e n t  o f  f lux a t  low 
agonis l  concen t ra t ions  occurs  because  o f  a n  increase  in  
the  appa ren t  af f in i ty  o f  the  agonis t s  for  o p e n i n g  c h a n -  
nels,  a conc lus ion  s imi lar  to tha t  ob t a ined  f r o m  
ace ty lchol ine  dose - r e sponse  cu rves  d e t e r m i n e d  b y  
quan t i t a t ive  e lect rophoret ic  s tudies  on  the ver tebra te  
n e u r o m u s c u l a r  j u n c t i o n  [10]. In  the  la t ter  s tudy ,  400 
m M  e thano l  at  1 8 ° C  reduced  the  appa ren t  ace ty lcho-  
!Jne d issocia t ion  c o n s t a n t  ( K ^ )  by  half,  while  h igher  
concen t r a t i ons  caused  irreversible loss o f  func t ion .  O u r  
10 s a n d  quenched- f low S6Rb+ f lux  s tudies  at  4 ° C  give 
s imi la r  r educ t ions  o f  K A at  290 a n d  250 m M ,  respec-  
tively. Cons ide r ing  the  well k n o w n  p rob l ems  o f  ob t a in -  
ing  K ^  va lues  f r om physiological  expe r imen t s  a n d  the  
t em pe ra tu r e  difference,  there  is sa t i s fac tory  a g r e e m e n t  
be tween  ou r  work  a n d  tha t  of  Bradley et  al. [10]. 

T h e  flux s tudies  d e m o n s t r a t e d  the  increase  in ap-  
pa ren t  agonis t  a f f in i ty  ( 1 / K A )  over  a wide  range  o f  
e thano l  concen t ra t ions .  Th i s  lef tward shi f t  in the  con -  
cen t r a t ion - re sponse  curves  was ana ly sed  as  the  rat io o f  
K A in the presence  o f  e thano l  ( K ~  I~) to tha t  in i ts  
absence  ( K  ° )  for  b o th  the 10 s a n d  q u e n c h e d - f l u x  
assays .  Fig. 4 show s  that  k'alc r/0 ( . - ^  / , ~ ^ )  decreases  ¢xpc, a e n -  
da l ly  as  the  e thano l  concen t ra t ion  increases  up  to 1.0 
M,  where  a n  approx ima te ly  10-fold reduc t ion  is ob-  
served,  i n d e p e n d e n t  of  which  technique  was  employed .  
A t  h igher  e thano l  concen t ra t ions ,  t he  plot  devia tes  
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Fig. 4. Ethanol dependence of apparent agonist affinities. Fitted K A 
values ( K ~  values) from ethanol-shifted carbamylcholine concentra- 
tion-response curves for lO-s exposures (O; Table t) and acetylcholine 
concentyation-re;ponse curves for brief exposures (A; Fig. l) were 
normaliz~t to control /CA values in the absence of alcohol (K ° 
values) mid plotted on a log scale against ethanol concentration. In 
addition, the ratio of the fitted parameter, KD, from fast desensitiza- 
tion rate analysis (Fig. 3) in the presence of 0.5 M ethanol (K~ k) to 
that without ©tunnel (K ° )  is plotted on the same scale (o). All the 
data were tilted to a stralgl,t line by linear least squares, resulting 
in a slope of -1.10-1-0.08 M -I. This line predicts that SC50 = 

275 + 30 rnM. 

sl ight ly f rom l ineari ty ,  b u t  the re  is no  ident i f iab le  
s a tu ra t ion  in  the  l e f tward-sh i f t  u p  to  3.0 M e thano l  
(Tab le  I; a n d  Ref .  11). T h u s ,  ou r  d a t a  p rov ide  n o  
ev idence  tha t  the  effect  o f  e t hano l  o n  K A sa tura tes .  

E thano l  a lso  cause s  a le f tward  sh i f t  in  the  c o n c e n t r a -  
t i on - re sponse  cu rve  for  fas t  desens i t i za t ion  (Fig.  313) for  
which  the  rat io  ale o (Eqn .  at  K n / K  D 5) 500 m M  e thano l  
h a s  a n  a lmos t  ident ical  va lue  to ( K ~ / K  °)  for  30 m s  
in tegra ted  flux (Fig.  4). 

Kinetic interpretation 
I n  o rder  to  apprec ia t e  the  s ign i f icance  o f  t he  

e t h a n o l - i n d u c e d  dec rease  in the  a p p a r e n t  K ^  as  well as 
the  effect  o f  desens i t i za t ion  o n  o u r  resul ts ,  i t  is he lpfu l  
to cons ide r  a s impl i f ied  s c h e m e  dep ic t ing  the  m e c h a -  
n i s m s  of  n A c C h o R  c h a n n e l  ac t iva t ion  a n d  fas t  desens i -  
t izat ion:  

A~.R ~ A-R 

K ~  A, FLI 

where  K 1 = [A] [R] / [A  • R], K a = [A-  R ] / [ A -  F D ]  a n d  
@ = [ A .  R I / [ A  • R°~. 

A g o n i s t  b i n d i n g  to the  res t ing  s ta te  o f  the  receptor ,  
R,  is t h o u g h t  to lea.:1 rap id ly  to  a p r e -open  s ta te ,  A • R,  
in rap id  equilibriurr, w i th  the  o p e n - c h a n n e l  s ta te ,  A .  R °, 
a n d  m o r e  s lowly ( a b o u t  a s econ~ l  wi th  the  fas t -desens i -  
tized s tate ,  A .  F D  [23,24]. T h i s  s impl i f ied  s c h e m e  is 
suff ic ient  to e x a m i n e  the  c h a n g e s  i n d u c e d  by  e thano l ,  
bu t  it ignores  the  fact  tha t  o c c u p a t i o n  by  two molecu les  
o f  ace ty lchol ine  a re  requ i red  to  o p e n  the  c h a n n e l  a n d  
tha t  fas t  desens i t i za t ion  m a y  p roceed  f r o m  o p e n  a s  well 



as pro-open receptors [18]. Slow desensitization is also 
ignored here because the time it take~ to develop is long 
compared to either flux assay. 

According to this scheme, the agonist-induced flux 
concentration-response curve is given by the state func- 
tion for A .  R °. This includes contributions from K~, Ka 
and 4 .  In addition, as is well known, fast desensitiza- 
tion will infmenee the 10-s flux assay: in fact, it causes 
an  apparent  shift of  the agonist-response curve to lower 
concentrations [25]. 

The  ethanol-induced leftward shift of the concentra- 
l ion-response curves for agonist-induced cation flux in- 
tegrated over 10 s could be attr ibuted a priori to a 
number  of possible mechanisms (see FAIn. 6), including: 
(a) increasing agonist affinity, 1 / K I ;  (b) displacement 
of  the pro-open to open state equilibrium towards the 
open state (equivalent to decreasing O); (el decreasing 
fast desensPAzation rates which would increase K~, and 
(d) increasing single-channel conductance. 

Of  these putat ive mechanisms,  the latter, d, is ruled 
out  by single-channel studies which show that ethanol 
does not  change channel  conductance [6], while effects 
on fast desensitization, c, are unlikely since the leftward 
shift can be observed at 5 ms  while the max imum 
desensitization rate we observed was less than 10 s -~. 
However, dist inguishing between the remaining two ex- 
planat ions is mere  difficult. 

At  first sight, explanation b also seems unlikely 
because decreasing • would lead to an increase in the 
m a x i m u m  observe.d flux. However, single-channel stud- 
ies show that  the ratio ( 1 / 4 )  of  microscopic channel  
opening rates to ,~losing rates is high (at least 32 for 
acetylcholine [24]~. Thus ,  at saturat ing agonlsl ,.on- 
centrations, the p~-obabifity of non-d~ens i t ized  chan-  
nels being open is __.0.97 and  displacing the equi- 
l ibrium further towards the opea  state would result in 
little additional ob:~ervable flux. Therefore, explanation 
b cannot  be ruled out  on the basis of flux studies. 
Unfortunately,  single-channel studies are complicated 
by time dependen~ effects on kinetics, and the pre- 
l iminary data that imve been pubfished to date do not  
settle this question, 

The  conclusion 1:hat a decrease in Kz explains the 
leftward shift in the agonist concentration-flux curves is 
reinforced by our observation that  ethanol causes the 
same degree of  leftward shift for fast desensitization as 
it does for flux (Fig. 4). Closer inspection shows that the 
desensitization rate curves with and without 0.5 M 
ethanol  (Fig. 3) parallel their respective aeetylcbeline 
flux response curves (Fig. 1) closely: K D values are 
close to K^ values, while the Hill coefficients for the 
two sets of  curves are identical. Considering the symme- 
try in Eqn. 6, the simplest explanation is that both shifts 
result from a common perturbation at the binding step. 

Thus ,  our concentration-response data  tend to favor 
an  ethanol-induced increase in apparent  agonist  affin- 
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ity, but  they do not rule out an additional effect on the 
closing rate. An effect on K I mif~ht reflect an increase 
in the on-rate for acetylcholine binding or a decrease in 
the off-rate for acetylcholine dissociation. The on-rate is 
considered to be diffusion limited, but  it might be 
further enhanced if the relatively long range electro- 
static forces between the receptor and the agonist were 
strengthened in the presence of ethanol. Although 
ethanol at the concentrat ions employed here would 
indeed reduce the dielectric constant  of the aqueous 
medium, this effect would be too sraall to explain our 
data. Thus,  a decrease in off-rate is most  probable [8i. 

Ethanol  increases fast  desensitization rates 
Although the decrease in K 1 may explain the equal 

leftward shift in the fast desensitization and flux con- 
centration-response curves (Fig. 4), it does not explain 
why the m a x i m u m  apparent  rate of fast desensitization 
increases while the max imum P.ux does not. In this 
respect, ethanol appears to act unsymmetrical ly on Eqn. 
6. The  observed fa~t desensitization rate, ka ,  is a func- 
tion of the concentration of the pro-open state, AR,  and 
of the rate constants  for the AR ~-- A-  FD transition. At 
all saturat ing agonist concentrations,  the concentration 
of A .  R will remain unchanged on addition of ethanol, 
suggesting that K s is decreased through an action on 
the forward or backward rate constant  or both. More 
detailed studies would be required to resolve whether 
ethanol acts separately on K 1 and K s, or whether, 
unlike O, the initial value of K s is such that the 
max imum k d will be observed to increase when the 
leftward shift occurs. The  latter possibil_ity seems less 
likely because it suggests that  ethanol acts equally on @ 
and K~. 

The increase in the m a x i m u m  value of k a does  
explain why ethanol caused a 15% drop in FA(max) in 
10-s concentrat ion-response curves (Table I), while no 
change was seen in millisecond flux assays (Fig. 1). 
Thus,  if one assumes an initial m a x i m u m  S6Rb+ efflux 
rate (kf  °)  of 15 s -~ (estimated as described in Forman 
and Miller [18]) at 1 mM acetylcholine in both the 
presence and absence of ethanol, Eqn. 7 [25] can be 
used to calculate integrated efflux in the presence of an 
exponential fast desensitization occurring at a rate of 
kd: 

~.,,, =.^,==,  x (, 0.p( -.,;i.-.-...<- ~o..l ~ . . ~  . ,7, 

This equation predicts that after 10 s, F^(max) will 
drop 13% when k a is increased from 6.5 s -~ (no ethanol) 
to 9.5 s-~ (0.5 M ethanol). Within experimental error, 
this is the same as the observed drop in 10-s flux when 
ethanol was added to 1 m M  aeetylcholin¢. 
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Ethanol enhances slow desensitization 
Our data show that, when flux activity is used to 

assay remaining activity, preincubation with 1 M ethanol 
alone causes tittle desensitization over 30 rain. This 
contrasts with previous studies which used various 
tigands, such as 125I-a-bungarotoxin [12], [3H]acetyl- 
choline [11] and a channel blocker, [3H]histrionieotoxin 
[13], to probe the receptor's state. For example, prein- 
cubation for 30 rain with 700 mM ethanol converted 
half the resting-state receptors to the desensitized state, 
as estimated by a subsecment 5-s test exposure to con- 
centrations of [3H]acety!eholine low enough to bind 
only to high affinity receptors [11]. Such discrepancies 
may occur because ethanol's unusual effect on agonist 
binding affinity may lead to an overestimation of de- 
sensitization when standard tigand binding assays are 
used [11,12], a possibility that merits further attention. 

Whereas 0.5 and 1.0 M ethanol alone caused 0 and 
25% desensitization in 30 rain, h*l the presence of low 
agonist concentration the desensitization was 95 and 
100%, respectively. This suggests that ethanol interacts 
with the agonist occupied desensitized state more 
strongly than the pre-existing desensitized state. Con- 
sistent with this explanation, the apparent slow desensi- 
tization rate (ks, Fig. 2) increased linearly with ethanol 
concentration in the range 0-1.0 M. 

Molecular mechanisms of ethanol's action 
Our data enable us to comment on some molecular 

mechanisms that have been proposed to account for the 
action of ethanol at acetylcholine receptors. 

Gage et al. [1] suggested that short-chain alkanols, 
including ethanol, reduce the membrane dielectric con- 
stant v..e~r ,AcChoR,  which slows the rate-fimiting re- 
orientation of a protein dipole within the transmem- 
brahe electric field during channel closure. Arguing that 
the change in membrane dielectric constant was a linear 
function of the weight fraction of membrane-phase al- 
cohol, this model accounted for the exponential rela- 
tionship between mepc lifetime and ethanol concentra- 
tion. The hypothesis was indirectly supported by evi- 
dence that ethanol inhibits a crustacean neuromuscular 
junction with a voltage sensitivity opposite to that ob- 
served for vertebrates, which the model attributes to 
reversal of the gating dipole orientation [26]. 

It is in~-,resting to note that when the data of Gage et 
al. [1] is replotted as loglo(mepc decay time constant) 
vs. the eh.~anol concentration, a slope of 1.5 N1-1 is 
obtained. If we calculate Ioglo(FA) for a low carba- 
mylcholine concentration (2 /tM) from 10-s agonist-re- 
sponse curves using the parameters in Table I and plot 
the results against ethanol concentration up to 2.7 M, 
the result is a straight line with slope --- 1.52 M -!  ( r  
0.97). Thus, the two sets of data seem to be closely 
related, yet our work provides little indication that the 
channel closing rate is altered by ethanol, Indeed it is 

possible that Gage's conclusion that ethanol affects the 
channel closing rate may be incorrect, since a decrease 
of either the channel closing rate or the agonist dissocia- 
tion rate will lead to a slower observed rate of mepc 
decay [8,27,28]. The specific issue of whether ethanol 
microscopically alters the agonist off-rate, resulting in 
longer channel opening bursts, or the intra-burst distri- 
bution of open and closed times (or both) could be 
profitably studied using single-channel methods. In any 
case, the physical basis of  the Gage mechanism requires 
that a transmembrane electric field exist for the action 
of ethanol to occur, yet in our work both flux and fast 
desensitization are enhanced by ethanol in the absence 
of an appfied t~ansmembrane voltage. 

Bradley et aL [10] proposed a 'hydrophobic  patch" 
site within the AcChoR ion channel, similar to that at 
which alkanols are thought to inhibit firefly luciferase 
[29]. In the Bradley model, ethanol binds to the op©n~ 
channel state without inhibiting cation flux, thus in- 
creasing the apparent agonist affinity by 'uncompeti-  
tire" stabilization of the open-channel state (i.e., in- 
creased channel lifetime, as in the Gage model). Bradley 
et al. [10] extended their model by assuming that long- 
and short-chain alkanols share a common channel site 
with only the bulkier long chain alcohols causing chan- 
nel block. Thus, ethanol should compete with an inhibi- 
tory alcohol like octanol, but our preliminary studies 
are not entirely consistent with this prediction [30J-the 
increase in affinity ind~Jccd by ethanol in a sen second 
flux assay was independent of  the presence of a par- 
tially inhibiting concentration of octanol. 

Finally, our data do not indicate whether ethanol 
exerts its effects on the h A t C h e R  at a saturable protein 
site or through a less specific mechanism. Since changes 
in membrane order parameters at 4 ° C  were detectable 
at 500 mM, the lowest concentration studied [11], and 
the leftward shifting effect on  agonist concentration-re- 
sponse curves appears not to be a saturable process, 
ethanol may be causing some sort of nonspecific mem- 
brane effect. However, the situation is complex for we 
observed tittle perturbation of function by ethanol in 
the absence of agonist. 

Pharmacological perspectives 
In order of decreasing sensitivity to ethanol four func- 
tions of the acetylchotine receptor were enhanced: 
agonist-induced fast desensitization; agonist-induced 
cation flux; agomst-induced slow desensitization, and 
ethanol-induced slow desensitization. The first two ef- 
fects were the result of an increase in the apparent 
affinity of the agonist. Although this shift was equal for 
the two actions, the effect on fast dasensiti~.~tion, not 
previously reported, was greater in magnitude because it 
was accompanied by an increase in the maximum rate. 

How large would these effects be at physiological 
concentrations? The anesthetic potency of ethanol, un- 



like most general anesthetics, falls with decreasing tem- 
perature. Extrapolating data for tadpoles [11] to 4 ° C  
yields an anesthetic concentrat ion of approx.  400 mM, 
w h i l e  a v a l u e  f o r  f r o g s  a t  3 ° C  is  3 3 0  m M  [21].  A d o p t i n g  
a c o n s e r v a t i v e  v a l u e  o f  0 , 33  M ,  o n e  m a y  e s t i m a t e  t h a t  a t  
l o w  a g o n i s t  c o n c e n t r a t i o n  f a s t  desens i t i za t '~on  w o u l d  b e  
e n h a n c e d  a t  l e a s t  6 , 1 - f o l d ,  c a t i o n  f l ux  4 . 2 - f o l d  a n d  s l o w  
d e s e n s i t i z a t i o n  1 . 6 - f o l d .  E v e n  a t  t h r e s h o l d  c o n c e n t r a -  
t i o n s  f o r  i n e b r i a t i o n  ( a p p r o x .  o n e  t e n t h  t h e  a n e s t h e t i c  
c o n c e n t r a t i o n ) ,  f a s t  d e s e n s i t i z a t i o n  w o u l d  b e  e n h a n c e d  
1 . 7 - f o l d .  A t  a n  i n t a c t  s y n a p s e  t h e  n e t  r e s u l t  w o u l d  
c l e a r l y  d e p e n d  o n  t h e  d e g r e e  o f  s t i m u l a t i o n  a n d  i t s  t i m e  
c o u r s e ,  b u t  e f f e c t s  o f  t h i s  m a g n i t u d e  c a n n o t  b e  i g n o r e d  
i n  t h e  e t i o l o g y  o f  e t h a n o l ' s  a c t i o n .  I n d e e d ,  t h e i r  o v e r a l l  
m a g n i t u d e  is  n o t  d i s s i m i l a r  f r o m  t h a t  r e c e n t l y  r e p o r t e d  
f o r  i n h i b i t i o n  o f  N M D A - a c t i v a t e d  c u r r e n t s  [31] ,  s u g -  

g e s t i n g  t h a t  t h e  r o l e  o f  c e n t r a l  n i c o t i n i c  r e c e p t o r s  s h o u l d  
a l s o  b e  c o n s i d e r e d .  

F u r t h e r m o r e ,  t h e  m e c h a n i s m  b y  w h i c h  e t h a n o l  a c t s  
o n  t h e  n A c C h o R  m a y  b e  q u i t e  g e n e r a l .  F o r  e x a m p l e ,  
t h e  a g o n i s t  c o n c e n t r a t i o n - r e s p o n s e  c u r v e s  f o r  t h e  c h l o -  
r i d e  f l u x  m e d i a t e d  b y  t h e  G A B A  r e c e p t o r ,  a r e c e p t o r  
w h i c h  is  h o m o l o g o u s  w i t h  t h e  n A c C h o R ,  is  s h i f t e d  t o  
t h e  l e f t  b y  e t h a n o l  [32] .  T h e  l a t t e r  w o r k  a l s o  s h o w e d  
t h e r e  w e r e  m u l t i p l e  e f f e c t s  o f  e t h a n o l ,  f o r  e x a m p l e  
d e s e n s i t i z a t i o n  w a s  r e t a r d e d .  T h a t  e t h a n o l  e x e r t s  a m u l -  
t i p l i c i t y  o f  a c t i o n s  o n  t h e s e  t a r g e t s  s u g g e s t s  t h a t  t h e r e  
m a y  b e  s e v e r a l  u n d e r l y i n g  m e c h a n i s m s  a t  w o r k .  C u r -  
r e n t l y  i t  w o u l d  b e  d i f f i c u l t  t o  o b t a i n  t h e  s a m e  d e g r e e  o f  
p r e c i s i o n  i n  G A B A - s t i m u l a t e d  c h l o r i d e  f l u x  e x p e r i -  
m e a t s  a s  c a n  b e  a c h i e v e d  in  c~ur p r e p a r a t i o n .  T h u s ,  a 
m o r e  d e t a i l e d  e x a m i n a t i o n  o f  e t h a n o l ' s  m e c h a n i s m s  o f  
a c t i o n  a t  t h e  n A c C h o g  m a y  b e  t h e  m o s t  e f f i c i e n t  a p -  
p r o a c h  t o  e l u c i d a t i n g  t h e  u n d e r l y i n g  m e c h a n i s m s  a t  
w o r k  i n  t h i s  s u p e r - f a m i l y .  S u c h  a n  a p p r o a c h  m a y  e v e n  
b e  p e r t i n e n t  t o  s u c h  a l c o h o l - s e n s i t i v e  c h a n n e l s  a s  t h a t  
a c t i v a t e d  b y  N M D A ,  w h e r e  t h e  i n h i b i t o r y  p o t e n c y  o f  
a l c o h o l s  is  r e l a t e d  t o  t h e i r  f i p id  s o l u b i l i t y  [31] .  
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