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O V E R S H O O T  A N D  B L O C K  O F  C O N D U C T I O N  B Y  

L I P I D - S O L U B L E  A C E T Y L C H O L I N E  A N A L O G U E S *  

ERNEST SCHOFFENIELS**, IRWIN B. WILSON AND DAVID NACHMANSOHN 

Department o/Neurology, College o[ Physicans and Surgeons, Columbia University, 
New York, N.Y. (U.S.A.) 

I t  was suggested,  in 1941 , in modif icat ion of the  original  hypothes is  of neurohumora l  
t ransmiss ion,  t ha t  the  release and  act ion of acetylchol ine  are in t race l lu lar  processes 
t ak ing  place wi th in  the  conduct ing  membrane  along the ent ire  length  of the  nerve 
fiber 1-~. Aeetylchol ine  was pos tu la t ed  to be responsible for the  change in electr ical  
po l a r i t y  of the  membrane  which occurs dur ing  the passage of the  nerve impulse.  This 
view was subs t an t i a t ed  dur ing the following decade.  In  par t icu la r ,  the  inseparab i l i ty  
of ace ty lchol ines terase  and  conduct ion was demons t ra ted .  Moreover,  when the 
sequence of energy t rans format ions  occurr ing dur ing nerve a c t i v i t y  was es tabl ished 
and  acetylchol ine  was in t eg ra ted  into the  metabol ic  p a t h w a y s  of conduc t ing  cells, i t  
became appa ren t  t ha t  the  ac t i v i t y  of acetylchol ine  precedes the  o the r  events,  suggest-  
ing t ha t  i t  is the  specific opera t ive  subs tance  in nerve conduct ion in the  sense appl ied  
b y  MEYERHOF to A T P  in muscle cont rac t ion  4, 5. 

La t e r  i t  was suggested t ha t  acetylchol ine  combines wi th  a recep tor  substance 
(p robab ly  a pro te in  which resembles acetylcholinesterase)  and  t h a t  this  react ion 
brings about  a change in conformat ion which al ters  the  membrane  permeabi l i ty .  Th i s  
suggest ion in t roduces  the  poss ib i l i ty  of receptor  a c t i v a t o r s - - s u b s t a n c e s  which 
combine revers ib ly  wi th  the  receptor  and  evoke a change in membrane  p o t e n t i a l s - -  
and  receptor  i nh ib i t o r s - - subs t ances  which combine revers ib ly  wi th  the  receptor  bu t  
are unable  to evoke ac t iv i ty .  In  general ,  i t  has been noted  t ha t  while s imple qua t e rna ry  
a m m o n i u m  ions are  recep tor  ac t iva tors ,  the  t e r t i a ry  ammonium ions, which are 
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derived from them by the replacement of a methyl group with a proton, are receptor 
inhibitors ~, 5. 

A major objection to the basic concept was the absence of any effect of acetyl- 
choline or other quaternary ions upon conduction even when applied in high concen- 
tration, in contrast to the remarkable activity of these compounds at synaptic 
junctions. This want of effect was explained by impermeability of these quaternary 
ammonium ions. These lipid-insoluble compounds would hardly be expected to 
penetrate the lipid layers of axons and it was in fact demonstrated that acetylcholine 
and neostigmine do not penetrate into the axoplasm of the giant axon of Squid6, 7. 
Tertiary derivatives, on the other hand, were shown to penetrate and those which 
are inhibitors of acetylcholinesterase such as eserine and 3-hydroxydimethylaniline 
dimethylcarbamate (tertiary analogue of prostigmine) block conduction s. These 
tertiary amines are also receptor inhibitors and block occurs without depolarization. 
Other lipid-soluble anticholinesterases such as diisopropylfluorophosphate (DFP) also 
block conduction. 

Recently we have undertaken studies with lipid-soluble quaternary ammonium 
iodides. These compounds are derived from physiologically active chloroform-insoluble 
quaternary ammonium ions by replacing a methyl group with a longer chain; in this 
instance a dodecyl group. The resulting compounds are soluble in chloroform and 
in water. 

The first such compound studied was pyridine-2-aldoxime dodeciodide (PAD), 
a lipid-soluble analogue of the nerve gas antidote pyridine-2-aldoxime methiodide 
(PAM). When used together, these compounds greatly extend the range of survival 
against the powerful nerve gas sarin 9. 

In this paper we report the effect of PAD, of pyridine dodeciodide, and of 
fl-acetoxyethyldimethyl dodecyl ammonium iodide*, a lipid-soluble analogue of 
acetylcholine, upon three conducting tissues : isolated single electroplax of the electric 
organ of Electrophorus electricus, crab nerve and lobster nerve. These effects are 
contrasted with the effect of the lipid-insoluble PAM, pyridine methiodide, and 
acetylcholine. 

The electroplax is a flat rectangular cell through which microelectrodes are 
easity inserted. One face is a conducting membrane, highly innervated, containing 
some 50,000 synapses. Single cells are mounted between separate pools of solution 1°, 11. 

Both quaternary and tertiary amines are effective: in general (with some few 
exceptions) the former block the electrical discharge with depolarization, but the 
latter block without affecting the membrane potential TM. Both block the direct and 
indirect stimulus. The action of quaternary amines however, is restricted to the 
junction 1°. This can be demonstrated with curare. As with muscle, curare effects 
only the synapse and blocks only the response to indirect stimulation. In the presence 
of curare, the tertiary amines block the direct response but the quaternary ions are 
without effect. The two methiodides reported in this work in general follow the usual 
pa t te rn- - they  block response to both direct and indirect stimulation. In the presence 
of curare they are without effect (Table I). 

The dodeciodides are strikingly different. They block both direct and indirect 

* To preserve in the name of this compound its relationship to acetylcholine we propose to  
call it noracetylcholine dodeciodide. This terminology indicates tha t  a methyl  group has been 
replaced by a dodecyl group. 
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T A B L E  I 

E F F E C T S  OF L I P I D - S O L U B L E  A N D  L I P I D - I N S O L U B L E  ~ U A T E R N A R Y  N I T R O G E N  D E R I V A T I V E S  ON T H E  

E L E C T R I C A L  C H A R A C T E R I S T I C S  OF A S I N G L E  I S O L A T E D  E L E C T R O P L A X  

T h e  f o l l o w i n g  c o m p o u n d s  w e r e  t e s t e d :  p y r i d i n e - 2 - a l d o x i m e  d o d e c i o d i d e  ( P A D ) ;  p y r i d i n e - 2 -  
a l d o x i m e  m e t h i o d i d e  ( P A M ) ;  p y r i d i n e  d o d e c i o d i d e  (I~DI);  p y r i d i n e  m e t h i o d i d e  ( P M I ) ;  a c e t y l -  
c h o l i n e  (ACh)  a n d  n o r a c e t y l c h o l i n e  d o d e c i o d i d e  ( n o r A C h  D I ) .  T h e  r e s p o n s e  t o  b o t h  d i r e c t  a n d  
i n d i r e c t  s t i m u l a t i o n  w a s  r e c o r d e d  w i t h  e x t r a c e l l u l a r  e l e c t r o d e s ,  t h e  r e s t i n g  p o t e n t i a l  ( R P )  w i t h  a n  
i n t r a c e l l u l a r  m i c r o e l e c t r o d e ,  d - T u b o c u r a r i n e ,  w h e r e  i n d i c a t e d ,  w a s  a d d e d  a t  1 . 1 o  -4  214 c o n -  
c e n t r a t i o n  15 r a i n  b e f o r e  a p p l i c a t i o n  o f  t h e  c o m p o u n d  t e s t e d ;  in  t h e s e  c a s e s  t h e  r e s p o n s e  t o  i n d i r e c t  
s t i m u l a t i o n  a t  o t i m e  (15 m i n  a f t e r  a d d i t i o n  o f  c u r a r e )  w a s  a b o l i s h e d ,  t h a t  t o  d i r e c t  s t i m u l a t i o n  

u n a f f e c t e d .  

Time of Effect on el. activity R P  
,Compound M-conch, exposure (inside electrode) 

rain direct indirect mV  

P A D  3" I o - 3  o - -  - -  - -  80  
9 n o n e  a b o l i s h e d  - -  80  

14 a b o l i s h e d  a b o l i s h e d  - -  74 
3 ° a b o l i s h e d  a b o l i s h e d  + 33 

P A D  + C u r a r e  3 "  l O - 3  o - -  - -  - -  8 4  

5 n o n e  - -  - -  75 
15 a b o l i s h e d  - -  + 3 ° 

P A M  1.5 .  lO-2  o - -  - -  n o  m e a s u r e m e n t  
I o n o n e  a b o l i s h e d  
3 ° n o n e  a b o l i s h e d  

P D I  5" lO-3  o - -  - -  - -  7 ° 
8 a b o l i s h e d  a b o l i s h e d  - -  5 6  

20  a b o l i s h e d  a b o l i s h e d  + 2 0  
30 a b o l i s h e d  a b o l i s h e d  + 32 

P D I  + C u r a r e  5" IO-S o - -  - -  - -  78 
I o a b o l i s h e d  - -  - -  7 ° 
3o  a b o l i s h e d  - -  + 4 ° 

P M I  2 .  lO -2  45 a b o l i s h e d  a b o l i s h e d  n o  m e a s u r e m e n t  

P M I  + C u r a r e  2 .  lO -2  6 o  n o n e  - -  n o  m e a s u r e m e n t  

n o r A C h  D I  I .  i o  - s  o - -  - -  - -  72 
I o a b o l i s h e d  a b o l i s h e d  - -  6 0  
3 ° a b o l i s h e d  a b o l i s h e d  + 12 
5o  a b o l i s h e d  a b o l i s h e d  + 26  

n o r A C h  D I  + C u r a r e  I .  lO -3  o - -  - -  - -  78 
i o a b o l i s h e d  - -  - -  68  
30  a b o l i s h e d  - -  + 2o  

A C h  2.  lO -5  o - -  - -  - -  8o  

7 a b o l i s h e d  a b o l i s h e d  - -  65 
27  a b o l i s h e d  a b o l i s h e d  - -  35  

A C h  + C u r a r e  3 "  l O - 5  o - -  - -  - -  8 1  

120 n o n e  - -  - -  82 

r e s p o n s e ,  b u t  e v e n  i n  t h e  p r e s e n c e  o f  c u r a r e  t h e y  b l o c k  t h e  d i r e c t  s p i k e  ( F i g .  I ) .  T h i s  

s h o w s  t h a t  t h e y  p e n e t r a t e  i n t o  a n d  a f f e c t  t h e  c o n d u c t i n g  m e m b r a n e .  T h e  f i r s t  e f f e c t  

i s  a b r o a d e n i n g  o f  t h e  s p i k e  ( F i g .  2 ) ,  t h e n  t h e  s p i k e  d e c l i n e s  a n d  f i n a l l y  d i s a p p e a r s .  

B u t  t h e  m o s t  r e m a r k a b l e  p h e n o m e n o n  i s  t h a t  t h e y  r e v e r s e  t h e  e l e c t r i c a l  p o l a r i t y  o f  t h e  
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membrane-- they produce an overshoot which is so characteristic of the physiological 
process (Table I)13,1~. This is the first report of any compound which reverses the 
polarity of any membrane conducting or otherwise. 

With crab and lobster nerves, these lipid-soluble quaternary ammonium ions 
produce block of conduction (Table II). With crab nerve, only lO -4 M PAD (equiv- 
alent to 18 7/ml 

Fig. i .  E l ec t rop lax .  F r o m  left  to r ight .  Top row : 
d i rec t  spike,  ind i rec t  sp ike ;  i o  min  a f t e r  IO - a  M 

curare :  d i rec t  spike,  ind i rec t  sp ike  (blocked). 
B o t t o m  row: di rect  sp ike  6, IO, 12 a nd  I9 min  

a f te r  3" IO-3 M PAD.  

of acetylcholine) solution is required to produce block. Lobster 

Fig. 2. E lec t rop lax .  Super imposed  spikes  before  
and  12 min  a f te r  exposure  to  3" Io-3 M con- 
c e n t r a t i o n  of PAD. Cal.:  I msec. E x t e r n a l  

electrodes.  

T A B L E  I I  

E F F E C T  O F  P Y R I D I N E - 2 - A L D O X I M E  D O D E C I O D I D E  (PAD) A N D  

NORACETYLCHOLINE DODECIODIDE (norACh DI) ON THE 
A C T I O N  P O T E N T I A L  O F  N E R V E  A X O N S  

I so l a t ed  fibers from the  meropod i t e  of the  c laws and  w a l k i n g  legs of Libinia emarginata (spider  
crab) and  Homarus americana (lobster) were used;  f rom the  l a t t e r  e i the r  the  whole  bund le  or a 
few s t r ands  of fibers were t aken .  Ace ty lcho l ine  is wel l  k n o w n  to be w i t h o u t  effect, PAM in 4" 1°-8 M 
was  w i t h o u t  effect a f te r  6o min  exposure,  t = t i m e  in min  un t i l  comple te  b lock of ac t ion  po ten t i a l .  

Species Compound M coucn, t 

Spider  crab  

Lobs t e r  

Whole  bund le  

S t r ands  of fibers 

PA D  1. 7 - Io  -3 I 
4" 1°-4 5 
I • lO -4* 17 

PA D  I" lO -3 Io 
5'  lO-4 35 

norACh D I  2.5"IO -3 20 

2.  5 • i o  - a  I O  

2 .  5 • 1 0 - - 4 " *  30 

* E q u i v a l e n t  to  18 7/ml ace ty lcho l ine  chloride.  
** E q u i v a l e n t  to  45 y / m l  ace ty lcho l ine  chloride.  

nerve requires higher concentrations, possibly because it does not fan out into such 
fine filaments as crab nerve. All three dodeciodides produce block. This is the first 
report that any quaternary ammonium ion blocks axonal conduction. 

In summary, the lipid-soluble analogue of acetylcholine, noracetylcholine 
dodeciodide, and other lipid-soluble quaternary ammonium ions block conduction 
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a t  low c o n c e n t r a t i o n s  a n d  p r o d u c e  an  o v e r s h o o t ,  w h i c h  is a s t r i k i n g  f e a t u r e  of con-  

d u c t i o n .  A l t h o u g h  we are  j u s t  in  t h e  b e g i n n i n g  of t h e  work ,  t h i s  f i rs t  d e m o n s t r a t i o n  

of a d i r ec t  a c t i o n  in  c o m b i n a t i o n  w i t h  all t h e  o t h e r  ava i l ab le  e v i d e n c e  a p p e a r s  a t  t h i s  

w r i t i n g  to  be  a s t r i k i n g  c o n f i r m a t i o n  of  t h e  t h e o r y  t h a t  a ce t y l ch o l i n e  is i n t r i n s i ca l l y  

c o n n e c t e d  w i t h  c o n d u c t i o n .  
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SUMMARY 

Lipid-soluble quaternary ammonium derivatives, analogues of acetylcholine, have been prepared 
to test  whether they would penetrate the conducting membrane and produce effects suggested 
to be caused during the physiological process by the action of internally released acetylcholine. 

i. The following compounds were prepared: (i) pyridine-2-aldoxime dodeciodide (PAD), 
a lipid-soluble analogue of the nerve gas antidote pyridine-2-aldoxime methiodide (PAM); 
(ii) ~-acetoxyethyldimethyl dodecyl ammonium iodide, referred to as noracetylcholine dodeciodide 
in order to preserve in the name its relationship to acetylcholine, and (iii) pyridine methiodide 
dodeciodide. 

2. The effect of these compounds on conduction was tested with crab and lobster nerve and 
with the single isolated electroplax of Electrophorus electricus and compared with the lipid-in- 
soluble analogues of the three compounds. 

3. I t  was shown that  all three lipid-soluble compounds block conduction in relatively low 
concentration. PAD, for instance, abolishes conduction in lO -4 M concentration, equivalent to 
i8 ~/ml acetylcholine chloride. 

4. The compounds produce the reversal of polarity of the conducting membrane, the over- 
shoot, which is so characteristic of the physiological process. This is in contrast to the failure of 
the lipid-insoluble quaternary ammonium derivatives to affect conduction in any way. 

In combination with all the other data available, these observations are considered to be a 
striking support for the essential role attr ibuted to acetylcholine in conduction. 
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