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INTRODUCTION 

Acetylcholine reduces the transmembrane potential measured across the resting 
innervated membrane of the electroplax of electric eel x. I t  inhibits also the action 
potential, until it eventually disappears 1. This effect is of considerable interest since 
acetylcholine, like other quaternary ammonium compounds, has little or no pharma- 
cological action on the membrane of cells that  present propagated action potentials, 
as axon 2, ~ o1" striated muscle4,S, 6. The innervated membrane of the electroplaque is 
a rather complex structure by the fact that a great number of small post-synaptic 
areas are scattered in a membrane that  for brevity will be called non-synaptic 
membrane. I t  could be appropriately compared with the membrane of striated muscle 
if multiple end plates were distributed all over the fiber surface. The postsynaptic 
region of the electroplaque has similar physiological characteristics as the end plate 
of striated muscle 7. Corresponding similarities exist in the behavior of the membranes 
a t  the non-synaptic areas of electroplax and striated muscle 7. I t  is obvious, therefore, 
that  the interpretation of the action of acetylcholine upon the electroplaque becomes 
more meaningful after its site of action is determined. 

This paper deals with an a t tempt  to localize the site of action of acetylcholine 
and report some related observations on its pharmacological effect. The experiments 
were performed with a preparation recently developed s that  allows the simultaneous 
excitation of the whole innervated membrane of the electroplax by currents of known 
density. This method permits the study of the excitability of the preparation, the 
measurement of the membrane resistance, and the study of the membrane charac- 
teristics under different trans-membrane potentials. Also, since for this type of ex- 
periment, the electroplax must be freed of all extraneous tissue, the diffusion of 
chemical compounds from the solution to the cell membrane is markedly accelerated 
when compared with previously used preparations. 

METHODS 

Since the  procedures  employed  h a v e  been described and  d iscussed in ano the r  paper  8, t h e y  will 
be only  briefly out l ined  here. 

A single row of five to seven  electropl~Lx was careful ly  c leaned of all ex t r aneous  t i ssue and  
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was transfixed at its ends by two silver wires. The wires were connected to the outputs of a stimulus 
isolation unit. The voltage drop across a IOO ohm resistance in series with the isolation uni t  
was utilized to measure the current delivered by the latter. For example, in Figs. 6 and 7 the upper 
trace of each record shows the potential difference produced by the stimulating rectangular pulse 
across the xoo ohm resistance. The preparation may be maintained in air or in saline solution. 
\Vhen it was kept  in air, the whole cell membrane was stimulated simultaneously and a stationary 
action potential  was elicited. The records of Figs. 6 and 7 were obtained by this method. The 
area of the membrane of the cell studied was measured at the end of the experiment 8 and the 
density of the stimulating current was calculated. 

The electroplax could also be stimulated by a pair of pin point electrodes straddling the cell. 
In this case a discrete region was excited and the elicited spike propagated along the cell membrane. 
All the observations made with the preparation immersed in the saline solution (Figs. i to 5) 
were obtained with this type of stimulus. 

It  has been previously shown 7 that  the electroplax are directly stimulated by a cathodic 
pulse applied to the innervated membrane. The nerve terminals are excited when a stimulus of 
the opposite polarity is used and it is possible to elicit postsynaptic potentials. 

The electrical potentials of the electroplax were recorded by means of two micropipettes 
filled with 3 M KCI, placed as near as possible to the innervated membrane, one inside the cell, 
the other outside. 

Denervated electroplax were obtained by destruction of the spinal cord 9 2 o r  more months 
before their use. 

RESULTS 

Effect o/acetylcholine upon the resting and action potentials 

As s t a t e d  in METHODS, t h e  p r e p a r a t i o n  m a y  be  m a i n t a i n e d  i m m e r s e d  in  t h e  sa l ine  

s o l u t i o n  or  in  a i r  d u r i n g  t h e  e l ec t r i ca l  r eco rd ings .  D u e  t o  p u r e l y  p h y s i c a l  r e a s o n s  

d i s c u s s e d  in  a n o t h e r  p a p e r  s , t h e  d u r a t i o n  a n d  m a g n i t u d e  of t h e  a c t i o n  p o t e n t i a l  a re  

r e d u c e d  w h e n  t h e  f irst  p r o c e d u r e  is used.  D e s p i t e  t h i s  i n c o n v e n i e n c e ,  t h i s  m e t h o d  

is m o r e  a p p r o p r i a t e  to  s t u d y  t h e  effect  of a d r u g  w h e n  records  m u s t  be  o b t a i n e d  

e v e r y  two  or  t h r e e  m i n u t e s .  H o w e v e r ,  i t  m i g h t  be  s t a t e d  t h a t  t h e  a c t i o n  of a n y  d r u g  

is q u a l i t a t i v e l y  t h e  s a m e  rega rd le s s  of t h e  m e t h o d  used.  

T h e  fo l lowing  r e su l t s  a re  b a s e d  on  e x p e r i m e n t s  c a r r i e d  o u t  w i t h  c o n c e n t r a t i o n s  

of a c e t y l c h o l i n e  v a r y i n g  b e t w e e n  0.2 a n d  20 t~g/ml. T h e  sa l ine  s o l u t i o n  c o n t a i n e d  in  

a d d i t i o n  e se r ine  (5 to  IO/~g/ml) .  

Fig.  i i l l u s t r a t e s  a t y p i c a l  e x p e r i m e n t .  T h e  o r d i n a t e s  a t  lef t  i n d i c a t e  t h e  m a g n i -  

t u d e  in  m V  of t h e  r e s t i n g  p o t e n t i a l  (closed circles) a n d  a c t i o n  p o t e n t i a l  (open circles).  

1 6 0 l  ~ . . .  -,, i i I i 

7~ ~ ~--~: 

2 0 ~  Esetme t C ~ , m l ,  d -Tubocur ~'ine 4 0 ~ / ~ .  

Mitt. 0 ~ I 0  2 0  3 0  

Fig. I. Effect of acetylcholine on the resting 
and action potentials of the electroplax (Date: 
4/3o/55). Normal electroplax. The ordinates at  
left indicate the magnitude of the action po- 
tential  (O) and resting potential  (O) in mV. 
The ordinates at  right indicate the duration of 
the action potential  (A) in msec. Abscissae: 
t ime in rain. A solution containing acetylcholine 
(20 microg/ml) and eserine (to microg/ml) was 
added at t ime zero (full vertical line). The broken 
vertical line shows when the solution of acetyl- 
choline was changed to a solution of d-tuhocarine 
(4 ° microg/ml). The arrow indicates when the 

action potential  ceased to be propagated. 

T h e  o r d i n a t e s  a t  r i g h t  i n d i c a t e  t h e  d u r a t i o n  of t h e  a c t i o n  p o t e n t i a l  (closed t r i ang le s )  
in  msec .  A t  t i m e  zero  a c e t y l c h o l i n e  (20 /zg /ml )  a n d  ese r ine  ( IO/~g/ml)  were  a d d e d  

to  t h e  b a t h .  A s i gn i f i c an t  dec rea se  of t h e  m a g n i t u d e  of t h e  s p i k e  a n d  r e s t i n g  p o t e n t i a l  

is n o t i c e a b l e  1. 5 m i n  a f t e r  t h e  a d d i t i o n  of t h e  c o m p o u n d s .  T h e  dec rea se  of t h e  r e s t i n g  
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Fig. 2. Effect  of acetylchol ine  on t he  res t ing  
and  ac t ion  po ten t i a l s  of t he  e lect roplax (Date:  
5/2/55). Norma l  electroplax.  T he  o rd ina tes  a t  
left  and  t he  abscissae  h a v e  the  s a m e  signifi- 
cance as in F ig .  L A solut ion of acetylchol ine  
(2o ~g/ml)  and  eserine (IO /~g/ml) was added  
a t  t ime  zero; it  was changed  to  a solut ion of 
d - tubocura r ine  (2o ~g/ml)  as ind ica ted  by  t he  
ver t ica l  b roken  line. The  arrow shows  when  the  

ac t ion  po ten t ia l  ceased to be p ropaga ted .  

and action potentials was usually simul- 
taneous. However, a clear inhibition of the 
spike was observed in three of z6 experi- 
ments at a time when the resting potential 

i ! t i i 
lEO]- ENrine IO, uo/ml. * :d-Tubocur~i~ 80~uq/ml. _ ~.+..~... ~h. ~ .  

Fig. 3. Effect  of acetylchol ine  on t he  res t ing  
and  act ion poten t ia l s  (Date:  7/9/55). Normal  
electroplax.  O r d i n a t e s  a t  left  and  abscissae:  
s a m e  as in Figs. i and  2. Ord ina tes  a t  r igh t :  
ra te  of rise of t he  act ion po ten t ia l  in volts /sec.  
Only  the  ra te  of rise of p r o p a g a t e d  spikes  is 
p lo t ted  (see text) .  E a c h  va lue  ([]) is t he  aver-  
age of 9 or Io de t e rmina t ions :  the  range  of 
var ia t ion  is ind ica ted  in each case. Acetyl-  
choline (z 5 /~g/ml) and  eserine ( io /~g/ml)  were 
added  a t  t i m e  zero. This  solut ion was  replaced 
by  a solut ion of d - tubocura r ine  (80 /~g/ml) a t  
the  t i me  indica ted  by  t he  broken  ver t ica l  line. 
The  arrow shows when  t he  spike  ceased to be 

p ropaga ted .  

was unmodified (Figs. 2 and 3). The block of the spike by acetylcholine without de- 
polarization may be due to the small amount of eserine added. Eserine antagonizes 
the depolarizing action of acetylcholine by a competitive antagonism a°, 11. It may 
be possible that the concentration of eserine at the post-synaptic membrane may be 
much higher than the concentration of acetylcholine for a short time after the simul- 
taneous addition of both compounds. This assumption is based upon the fact that 
the permitt ivi ty of biological membranes to tertiary ammonium compounds seems 
to be higher than to quaternary salts. The number of receptors combined with acetyl- 
choline would slowly increase and will reach the point at which depolarization is 
produced only after a longer period of time. It  has been experimentally demonstrated 
that concentrations of eserine sufficiently high to prevent the depolarization caused 
by a given concentration of acetylcholine, are not able to p~otect against the inhi- 
bition of the spike by the ester (see below). Therefore, the depolarization produced 
by acetylcholine may be antagonized and its effect on the action potential left un- 
touched inspite of the ratio of concentration of eserine to acetylcholine is the same 
in the whole membrane. It is not surprising that this dissociation between depolari- 
zation and spike inhibition was not noticed in all the experiments performed with 
eserine. It is a transitory phenomenon and in many experiments the measurements 
were not performed with the frequency required to make this observation. The arrow 
in Figs. I to 3 indicates the time the spikes ceased to be propagated; to the right 
of the arrow are plotted local potentials recorded across the point stimulated. 

At the broken line of Figs. I to 3, the saline solution containing acetylcholine 
was changed to one containing d-tubocurarine. Fig. I shows that 4 ° ~g/ml of d-tubo- 
curarine produce the rapid recovery of the resting potential to the normal value and 
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the action potential returns to about 70% of the control amplitude, although it is 
not propagated. Fig. 2 illustrates an experiment in which the same amounts of acetyl- 
choline and eserine as in Fig. I were used, but the concentration of d-tubocurarine 
was lower and consequently the recovery took place at a slower rate. It  is important 
to note in Fig. 2 that the resting potential recovered to 93% of the normal magnitude 
without a concomitant change of the action potential. The effect of acetylcholine 
was more drastic in the experiment shown in Fig. 3 than in the previous illustrations, 
because the action potential disappeared completely. 80 t~g/ml of d-tubocurarine 
caused the return of the resting potential to the normal level with only a slight 
recovery of the action potential. Again there is a clear dissociation between the initi- 
ation of the recovery of the resting and action potentials. A similar action was pro- 
duced by other compounds that antagonize acetylcholine by competition for the 
same receptor. For example, procaine (IOO/,g/ml to IOOO/~g/ml) produced the com- 
plete recovery of the resting potential without any effect on the magnitude of the 
inhibited activity. Obviously, the duration of the action of acetylcholine; period 
during which the cell has been maintained depolarized; concentration of the antago- 
nist of acetylcholine, and other factors must play an important role in the degree of 
recovery of the action potential. 

The action of acetylcholine is readily reversible in a great variety of tissues. On 
the contrary, the electroplaque does not exhibit any recovery from the effect of 
acetylcholine when the preparation is returned to pure saline solution. This applies 
to preparations treated with acetylcholine in presence of small concentration of 
eserine (5 to IO ~g/ml) or acetylcholine alone. The problem has been carefully in- 
vestigated with similar results by means of carbamylcho!ine. In this case the compli- 
cation arising from the hydrolysis of acetylcholine are not present. The lack of 
spontaneous recovery of the electroplaque after the effect of acetylcholine could be 
ascribed to an irreversible damage of the cell membrane. However, the experiments 
illustrated in Figs. I to 3, show that this is not the case at least within short periods, 
because the resting and action potentials may recover if an antagonist of acetylcholine 
is rapidly added. The complete recovery of the spike has not been observed, but it 
must be emphasized that the experiments were not designed to obtain this effect; 
they were only intended to demonstrate that the depolarization is reversible. In order 
to produce the full recovery of the spike it is probably necessary to let acetylcholine 
act for very short periods of time and reverse its action as fast as possible. 

The duration of the spike was measured in all the experiments and in no circum- 
stance was prolonged. On the contrary, as shown in Fig. I, the magnitude of the 
action potential (open circles) and its duration (triangles) decreased simultaneously. 
The two effects were not always proportional. Frequently the small local activity 
tended to be longer than might have been expected considering its magnitude. 

HODGKIN AND KATZ TM showed with squid axon that the rate of rise of the spike 
is at first approximation directly proportional to the external concentration of sodium. 
Since then, it has been generally accepted that this rate of rise is an accurate index 
of the rate of change of the sodium permittivlty of the membrane during the first 
phase of the action potential. Therefore, it was considered interesting to analyze the 
effects of acetylcholine on this phase of the directly elicited spike. A characteristic 
experiment is illustrated in Fig. 3. The ordinates at left and abscissae have the same 
meaning as in previous figures. The ordinates at right indicate tiae rate of rise of 
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propagated spikes in volts per sec. Only the rate of rise of propagated spikes has 
been plotted in this figure. When the spike ceased to be propagated, the duration of 
the rising phase and its maximal slope became proportional to the stimulus strength, 
i.e. it had no definite magnitude. The rate of rise of the control action potential was 
about I58 V/sec. It  was not modified during the first three minutes after the addition 
of 15 ~ / m l  of acetylcholine. The first noticeable action of acetylcholine was a decrease 
of the spike magnitude that coincided with a reduction of the rate of rise of the 
action potential. This latter effect was increasingly evident as the amplitude of the 
action potential diminished. The time constant of the recording system utilized (in- 
cluding capillary micropipettes) was determined at the end of each experiment. In 
the experiment illustrated in Fig. 3 it was about I55/~sec. If the recorded spikes 
are corrected by means of the "subtangent" method 13, the rate of rise of the control 
activity was about I78 V/sec instead of 158 V/sec (I5% difference). Since the error 
decreased as the rate of rise diminished, the actual change was larger than indicated 
by Fig. 3. 

The rate of rise of repeatedly elicited action potentials decreases markedly when 
the effect of acetylcholine is advanced. For example, four successive spikes elicited 
by a I/sec stimulation at time 8 in the experiment illustrated in Fig. 3, had a rate 
of rise of 39, 37, 35 and 31 V/sec respectively. 

Five experiments were carried out on electroplax denervated by section of the 
nerves five months previous to the performance of the experiments. No significant 
difference existed between the normal and denervated electroplaque with regard to 
the resting potential and spike elicited by direct stimulation 7. When a small amount 
of eserine was used (IO tzg/ml) the minimal concentration of acetylcholine necessary 
to produce the disappearance of the spike in one hour was about ten times higher 
in normal than in denervated cells. 

In five experiments acetylcholine was used without the addition of eserine. The 
action of this compound has the same characteristics as described above. However, 
a concentration about 3o0 times higher was necessary to produce in normal or dener- 
ra ted  cells (50o/zg/ml and 50/zg/ml respectively) an effect similar to the action caused 
by a small concentration of acetylcholine when eserine was added. 

Site o/aaion of acetylc, holine 

It  is well known that d-tubocurarine acts with high relative specificity at the post- 
synaptic region either in striated muscle or electroplax 1. For example, a concentration 
of 4o/~g/ml of this compound blocks the synaptic transmission of the electroplaque 
within 15 min but has no detectable action on the spike produced by direct stimu- 
lation within the first three hours. In order to produce an effect on the directly-elicited 
action potential it is necessary to use concentrations 20 or more times higher over 
long periods x. It is also known that d-tubocurarine antagonizes acetylcholine by 
competition for the same receptor 1°, n 

Experiments were performed in which the depolarizing action of acetylcholine 
was antagonized by small concentrations of d-tubocurarine. The magnitude of the 
postsynaptic potential was used to ascertain the effect of the drug on the postsynaptic 
region. Fig. 4 A illustrates a characteristic experiment. The closed circles express the 
magnitude of the depolarization caused by acetylcholine in percentage of the maximal 
effect obtained. This experiment is the same as illustrated in Fig. I and therefore, 
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a value  of lOO% corresponds to a decrease of the rest ing po ten t ia l  by  46 inV. The 
size of the  pos t synap t i c  po ten t ia l  jus t  before the  add i t ion  of the solut ion with  d- tubo-  
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Fig. 4- Parallel action of d-tubo- 
cuCarine on the postsynaptic po- 
tential and on the depolarization 
caused by acetylcholine. A and 
B: the ordinates express the de- 
polarization as percentage of the 
maximal depolarization observed 
in each experiment (O). Also 
they indicate (D) the size of the 
postsynaptic potential in percent- 
age of the reference magnitude 
(see text). Graph A illustrates the 
same experiment as sho~n in 
Fig. i and graph B the experi- 
ment shown in Fig. 2. In both 
cases the solution containing the 
concentration of d-tubocurarine 
indicated in the graphs was added 

at time zero. 

curar ine is t aken  as the  i o o %  ampl i tude  of this  
potent ia l .  I t  has been previously  ment ioned tha t  the 
pos t synap t i c  potent ia l ,  for a long period, is only 
s l ight ly  decreased b y  acetylcholinO. Fig. 4 A shows 
tha t  the  recovery of the  rest ing potent ia l  approxi -  
ma te ly  paral lels  the  inhibi t ion of the pos t synapt ic  
potent ial .  Also i t  is seen tha t  the  rest ing potent ia l  
presents  a smal l  overshoot  about  the t ime the post-  
synap t i c  po ten t ia l  disappears .  Fig. 4 B presents a 
s imilar  plot  of the  exper iment  i l lus t ra ted  in Fig. 2. 
Since the  concentra t ion of d- tubocurar ine  is lower 
than  in Fig. 4 A, the  recovery of the rest ing potent ia l  
and  the inhibi t ion  of the pos t synap t ic  potent ia l  were 
slower, bu t  again  the  effect of d- tubocurar ine  upon 
bo th  poten t ia l s  was parallel .  

A number  of exper iments  have been performed 
in which a procedure opposi te  to the above has been 
followed. Compounds such as procaine, d- tubocurar-  
ine, t e t r a -e thy l  ammonium and  te t ra -n-propyl  
ammonium,  known to antagonize  the depolar iz ing 
act ion of acetylchol ine even in small  concentrat ion,  
have been added  to the  saline solution and  the 
effect of a subsequent  dose of acetylchol ine has been 
studied:  Acetylchol ine in threshold concentra t ion 
does not  depolarize if any  one of the above  com- 
pounds  has blocked the synap t ic  t ransmission,  but  
the  act ion of acetylchol ine on the spike m a y  be left 
unmodified,  as shown in Fig. 5. In  this  exper iment  
acetylchol ine has been used in high concentrat ion 
since no eserine was added  to the saline solution. 

600 ~g/ml  of acetylchol ine block the spike in about  the same t ime as shown in Fig. 5 
whether  the  prepara t ion  was in pure  saline solut ion or in a solution conta ining 0.02 M 
t e t r a - n -p ropy l ammon ium chloride. The res t ing po ten t ia l  is not  affected (Fig. 5) ; the  

mV 

Fig. 5. Antagonism of the depolarizing action 14( 
of acetylcholine by a compound that blocks 

with high relative specificity synaptic trans- Ia~ 
mission (Date: 3/22/55) Normal electroplax. KX 
Ordinates and abscissae as in Fig. i to 3. 
A solution of o.o2M tetra-n-propylammo- 
nium iodide was added at time zero. (The 
concentration 'of NaC1 in the saline solution c~ 
was correspondingly decreased.) The broken ac 
line indicates the time when acetyleholine 
(6oo /*g/ml) was added. The arrow shows 2¢ 
when the action potential ceased to be 

propagated. 

Tet ro.-n-Wopy~ommonium I A ~ y l c h o t ~  600,l~/ml.I I 

. . o . .  1 J 

i 

Min. 30  6 0  90  120 - 
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same concent ra t ion  of acetylchol ine  in the  absence of t e t r a -n -p ropy lammon ium 
would depolar ize the  membrane  to about  4 ° to 5o mV. This type  of exper iment  
shows tha t  the  ac t ion of acetylchol ine  on the spike m a y  be exer ted  wi thout  any  change 
of the  rest ing potent ia l .  So far all  the  compounds  tes ted  tha t  block the synap t i c  
t ransmission wi th  high re la t ive  specificity, antagonize  the  depolar iza t ion produced 
by  acetylcholine.  This applies to eserine, procaine,  the t e r t i a ry  analogue of prost ig-  
mine, d- tubocurar ine,  t e t r a -e thy lammonium,  t e t r a -n -p ropy lammonium and  te t ra -n-  
bu ty l ammonium.  

Effect o[ acetylcholine on the excitability 

When the  p repara t ion  described in this  paper  was s t imula ted  in air, the whole inner-  
va t ed  membrane  of the  e lectroplaque was exci ted  s imul taneous ly  and  a s t a t i ona ry  
ac t ion potent ia l  was el ici ted 8. This procedure allowed precise de te rmina t ions  on the 
current  sufficient to produce a threshold depolar izat ion.  The problem of whether  
acetylehol ine increases the exc i t ab i l i ty  of the non synap t ic  membrane  of the electro- 
plaque is impor t an t  with regard  to the  role tha t  acetylcholine may  p lay  in the  pro- 
duct ion of the  ac t ion  poten t ia l  (see discussion). The results ob ta ined  are inconclusive,  
as will be discussed below. Usual ly  the  magni tude  of the  threshold depolar iza t ion  
remained  the  same even when the rest ing and act ion potent ia ls  were marked ly  de- 
pressed. I t  is in teres t ing  to note tha t  the  p ropaga t ion  of the spike could be blocked 
wi thout  significant changes of the  exc i tab i l i ty  of the electroplaque.  An increase of 
the  magni tude  of the  threshold  depolar iza t ion  was always ev ident  a short  t ime before 
the cell a c t i v i t y  was comple te ly  blocked 1. 

Fig. 6 i l lus t ra tes  the  only exper iment  in which a clear increase of the  exc i t ab i l i t y  
was observed. Even  in this  ease the  change is ra ther  small .  Records A, B and  C are 
the  controls  of an exper iment  performed with  a p repara t ion  denerva ted  4 months  
previously.  In  record A, the  spike was el ici ted by  a short  s t imulus.  In  B the membrane  
was depolar ized b y  a jus t  subthreshold  rec tangular  pulse of 22.5 msec dura t ion ;  the  
s t imulus  reached threshold  in record C. The dens i ty  of the  current  sufficient to produce 
the threshold  depolar iza t ion  (4o mV) was 1.7 mA/cm 2. Records  D, E and  F show 
the electr ical  potent ia l s  of the  e lect roplaque IO min af ter  the add i t ion  of 5oo ~g/ml 

A D IIt[ilillli 
I , ,W 

B E 

G g 

Fig. 6. Action of acetylcholine on the direct excitability 
of the electroplax (Date 2/I4/55 ). Preparation dener- 
rated 4 months previously. In all records the resting 
level of the upper trace corresponds to the zero reference 
in the transmembrane potential measurements. This 
trace also shows the potential gradient across a ioo ohm 
resistance produced by the stimulating current. The 
lower trace shows the transmembrane potential. A: 
Spike elicited by a o.i msec pulse. The calibration at 
right refers to the upper trace of records A to C (ioo mV). 
B: Just subthreshold depolarization caused by a catho- 
dal pulse lasting 22.5 msec. At right is the time cali- 

- bration for all records (iooo cycles) and the amplitude 
calibration for the lower traces (Ioo mV). C: threshold depolarization produced by a long stimulus 
(22.5 msec). The correct resting potential for records A to C is shown in A (8z mV). A: drift of 
the preamplifier falsified the measurements of the resting potential in records B and C. The records 
D to F were obtained immediately after the preparation being immersed Io min in a solution 
of 5oo/~glml of acetylcholine. Since the preparation was denervated, this concentration produced 
a rapid effect. D : maximal local potential produced by a short stimulus. The calibration at right 
(zoo mV) refers to the upper traces of records D to F. Records E and F: subthreshold and threshold 

stimulation caused by a pulse of 2z. 5 msec duration. 
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of acetylcholine. The threshold current in record F was about 1.3 mA/cm 2 and the 
the electrical potentials of the electroplaque IO min after the addition of 500 vg/ml 
correspondent depolarization 28 mV. This particular experiment shows the maximal 
change in threshold observed; however, it is difficult to know whether the increase 
in excitability is due to the direct effect of acetylcholine or whether it is mediated 
through the depolarization present. 

An anodal polarization of the membrane relieved the depression or even the block 
of the activity caused by acetylcholine in various concentrations. This latter effect 
was observed only during the first few minutes of block and was not noticeable after 
longer periods. Under these conditions, the action of the anodal pulse was similar to 
the results obtained when the block had been caused by an excess of potassium. The 
unblocking action was present not only during the anelectrotonus, but also 20 or 
more msec after the electric pulse finished. 

Effea o/acetylcholine on the "net influx" o/sodium 

When the preparation in air was subjected to long rectangular pulses of appropriately 
directed current, the transmembrane potential of the innervated membrane could be 
maintained during long periods of time at any desired level s . Under such experimental 
conditions, it was possible to keep the transmembrane potential at a magnitude at 
which the electrochemical potential of sodium should be the same on both sides of 
the membrane. No net influx of sodium should take place and therefore, no action 
potential should be observed if the latter is produced by a net influx of sodium 14. 
Whether, in this connection, the term "electrochemical potential of sodium" is cor- 
rectly used will be discussed later. 

Fig. 7 illustrates an experiment designed to measure the electrochemical potential 
of sodium. A is the control spike elicited-by a 0.2 msc stimulus. The record obtained 
when the cell was depolarized to the point at which the electrochemical potential 
of sodium was apparently the same on both sides of the membrane is shown in A'. 
The spike does not add any potential to the voltage drop across the membrane caused 
by the superimposed electric field; the record obtained is a rectangular trace (A'). 
The resting potential in A' was falsified by a drift of the amplifier and the correct 
value is shown in A. Afterwards the preparation was immersed in a solution containing 
50/zg/ml of acetylcboline. Since these electroplax were denervated five months 
previously, acetylcholine was active in small concentrations, as shown by the inhi- 

-bition of the spike in record B, despite no eserine being added. The corresponding 

A 8 G 

" A' ' 8 '  " ^ ^ C  ~ ^ r 

[ k- - -  

.J ,,,,,,,,,,,,, L "  k 

Fig. 7. Modificat ions p roduced  by  acetylchol ine  on 
t he  m a g n i t u d e  of the  t r a n s m e m b r a n e  potent ia l  suf-  
ficient to  p r e v e n t  a ne t  influx of sod ium (Date:  
2/z5/55).  E lec t roplax  dene rva ted  four  m o n t h s  previ-  
ously.  A:  control  spike  elicited by  a shor t  s t imu lus  
and  A ' :  t r a n s m e m b r a n e  po ten t ia l  a t  which ap- 
p a r e n t l y  no ne t  inf lux of sod ium takes  place dur ing  
the  ac t ion  po ten t ia l  (see text) .  B and  B ' :  the  prepa-  
ra t ion  was  i m m e r s e d  du r ing  t he  las t  5o mins  in a 
solut ion of acetylchol ine  (5o/~g/ml).  C and  C' : a f ter  
7 ° m i n s  in t he  s a m e  solut ion of acetylcholine.  The  
t i me  cal ibra t ion (IOOO cycles) for records A, B and  C 
is shown  in C. The  t ime  cal ibrat ion (Iooo cycles) for 

records A', B '  and  C'  and  t he  amp l i t ude  cal ibra t ion (zoo mV) for t he  lower t races  of these  records 
are shown in A'.  The  a m p l i t u d e  cal ibra t ion (zoo mV) for the  uppe r  t races is recorded in C'. 
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determination of the apparent electrochemical potential of sodium is illustrated in B'. 
After 7 ° min in acetylcholine solution, the electrical potentials of the cell were as 
shown in records C and C'. The resting potential decreased from 82 to 63 mV and 
the spike magnitude diminished from I32 to 79 mV; moreover it was not propagated. 
The spike adds some potential to record C', consequently there was still an influx of 
sodium. An interpolation between record C' and the record next to C' performed with 
a stronger current (not included in Fig. 7) shows that the correct magnitude of the 
displacement of the transmembrane potential sufficient to prevent an influx of sodium 
ions is about I27 inV. The corresponding values in A' and B' were respectively 21o 
and I76 mV. When the magnitude of the corresponding resting potential is deducted 
from these values, it is observed that 128, Ioo and 64 mV of internal positivity of 
the electroplaque prevented the influx of sodium in A, B and C respectively. Therefore, 
the decrease of the magnitude and duration of the spike coincided with a parallel 
decrease of the magnitude of the apparent electrochemical potential of sodium. The 
same results Were obtained in experiments lasting less than IO minutes, performed 
with higher concentrations of acetylcholine. It  is improbable that any important 
change in the total concentration of sodium either inside or outside the cell could 
occur under such conditions. As it will be shown below, the resistance at rest of the 
non-synaptic membrane is not decreased by acetylcholine. Therefore, it is possible 
to suggest that the sodium permittivity of the membrane after exposure to acetyl- 
choline at most will be not higher than in standard conditions. Since this permittivity 
is rather low, it is improbable that the intracellular concentration of sodium could 
be markedly changed within the period sufficient to observe the effects above de- 
scribed, i.e. 2 to 8 mins in some experiments. 

Effect o/acaylcholine on the resistance o/ tke membrane at rest 

The resistance of the innervated membrane has been determined as previously, de- 
scribed*. The displacement of the transmembrane potential produced by a current 
of known density was measured. From these two quantities the resistance per square 
centimeter of membrane was derived. The results may be plotted as shown in Fig. 
8A and B. The displacement of the transmembrane potential is considered negative 
when an anodal pulse is applied, because the inside of the cell, compared with the 
outside, is more negative than in resting condition. The anodal current is also con- 
sidered negative. The opposite sign is used for cathodal pulses and for the changes 
of the transmembrane potential produced by them. The open circles in Fig. 8A and B 
are the result of control measurements. The arrows at right indicate the depolarization 
at which a spike was elicited by the cathodal pulse in each phase of the experiment. 
The results to the right of the arrows, i.e. after the cell has been excited, will not be 
considered in this paper. Therefore, the following description refers only to the 
magnitude of the resistance of the membrane at rest. As described previously 8, the 
resistance of the membrane at rest behaves as an ohmic resistance and there is no 
recognizable rectification provided no action potential is elicited. 

The experiment illustrated in Fig. 8A was performed with a preparation dener- 
vated 4 months earlier. The resistance of the membrane at rest is 14. 7 ohm/cm 2 (open 
circles). 500 ~g/ml of acetylcholine in 8 min decreased the resting potential from 
86 mV to 46 mV and the action potential from 156 ~o about 54 mV. This experiment 
is also illustrated in Fig. 6. Despite these important change,  the resistance of the 
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membrane at rest (crosses) was not modified. Immediately afterwards, the preparation 
was washed repeatedly with saline solution. As stated before, under these conditions, 
the effect of acetylcholine is not reversible and ioo rain later the resting potential 
was 22 mV and no activity whatsoever could be elicited. The resistance as shown 
by the squared in Fig. 8A was about 3 ohm/cm2. A similar irreversible decrease in 
resistance was observed whenever the membrane was damaged by means of physical 
or chemical procedures. 

i i i 
A. 
Resistance of the membrone in °hm/cm2: ~ T 

o oncl- ~ 14.5 / 
o : 3.0 

Res, stance of the membrone ~n o h m / c m 2 :  * 
o , . . .  a n d .  : 5 7 
0 :7.5 

Fig. 8. Act ion of acetylchol ine  on the  res is tance  
of the  m e m b r a n e  a t  rest .  In  g raphs  A and  B 
t he  ord ina tes  indicate  the  d i sp lacemen t  of the  
t r a n s m e m b r a n e  po ten t ia l  in mV produced  by  
a cu r r en t  of known dens i ty  (abscissae in 
mA/cm2).  Negat ive  d i sp lacements  are produced  
by  anodic shocks  and  posi t ive d i sp lacement s  by  
ca thoda l  cur ren t s  (see text) .  The  arrows show 
when  t he  depolar iza t ion reached th reshold  : the  
analys is  of the  curves  to the  r ight  of the  arrows 
will be omi t t ed  in th is  paper .  Graph  A (Date 
2/I4/55):  Elec t roplax  dene rva t ed  4 m o n t h s  
previous ly .  Control  va lues  (o). The  p repa ra t ion  
was i mmer sed  in 5oo/~g/ml of acetylchol ine and  
tes ted  8 mins  later  (+ ) .  I m m e d i a t e l y  af ter-  
wards  it  was washed  repea ted ly  wi th  saline 
solut ion and  its res is tance measu red  aga in  Ioo 
mi ns  la ter  (C2). Graph  B (Date 2/ i8/55):  Eleco 
t rop lax  dene rva t ed  4 m o n t h s  previously .  Con- 
t rol  va lues  ( O ). The  res is tance  of the  m e m b r a n e  

was measu red  at  the  end of 2o mi n  of exposure  to 5 /*g /ml  of eserine ( • ) .  I m m e d i a t e l y  a f te rwards  
acetylchol ine  (o. 2/*g/ml) and  eserine (5/Jg/ml) were added  and  the  res is tance  tes ted  again  .30 ( + )  

50 (/~) and  66 (ED) min  later. 

Fig. 8B illustrates another experiment also performed in a denervated preparation. 
The closed circles correspond to the resistance of the membrane after immersion 
for 20 min in a solution of eserine (5/zg/ml). No change of the resistance was observed 
as it was usual when small concentrations of eserine were used. Immediately after- 
wards, 0.2/zg/ml of acetylcholine were added to the solution. The resistance of the 
membrane was determined again 30 min (crosses) and 50 min (triangles) after the 
addition of acetylcholine. The resting potential decreased in 50 min from 86 to 80 mV 
and the spike from 146 to 114 mV. The resistance of the membrane did not change. 
Another measurement was performed 66 min after the addition of acetylcholine. The 
resting potential was 75 mV; the spike measured about 76 mV and was not propagated. 
The membrane resistance increased somewhat as shown by the squares in Fig. 8B. 
In summary, the resistance of the membrane at rest did not change significantly in 
two of the experiments performed with acetylcholine; in six others the membrane 
resistance increased 25% or more. Similar increases in resistance were observed in 
four experiments performed with carbamylcholine and three experiments with 
butyrylcholine (to be published). These observations are in contrast with the rapid 
and considerable decrease of the resistance of the membrane at rest (to 50% or less 
of the control value) caused by  an excess of potassium (unpublished results). 

DISCUSSION 

It has been demonstrated that acetyleholine reduces the resting potential measured 
across the innervated membrane of the electroplaque and decreases progressively the 
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amplitude of the action potential. It  has also been shown that the innervated mem- 
brane is formed by at least two physiologically different regions: the postsynaptic 
areas and the rest of the membrane 7. An elementary question arises, therefore, 
regarding the site of action of externally applied acetylcholine. 

It was previously described that the action potential is produced by the non- 
synaptic region of the innervated membraneT; these non-synaptic areas are directly 
affected by acetylcholine, for this compound completely blocks the action potential. 
The inhibition of the spike by acetylcholine may occur without change of the resting 
potential (Fig. 4) and consequently it is not mediated by depolarization of the 
membrane. 

On the other hand, the observed depolarization can take place at each of the 
two components of the innervated membrane. The electrical recordings are not 
sufficiently discriminative to differentiate between depolarization of the postsynaptic 
region and a consequent electrotonic spread to the neighboring areas of the local 
negativity or a simultaneous depolarization of the whole membrane. The electrotonic 
spread of activity confined to the postsynaptic region is clearly demonstrated by 
experiments in which the postsynaptic potential was studied. The latter was practi- 
cally of the same magnitude and duration when recorded by intracellular electrodes 
regardless of the position of the electrode inside the celF. This finding is not surprising 
when it is realized that the innervated membrane makes synaptic contact with nerve 
fibers every 4 to 30 microns aS. 

Since a method based purely on the recording of the electrical activity to locate 
the depolarization did not appear promising, another procedure was designed. The 
experiments performed with compounds that block with high relative specificity the 
synaptic region in small Concentration, offer an answer to this problem. The degree 
of inhibition of the postsynaptic potential was used to evaluate the effect of the drug 
on the post-synaptic areas. These is a close parallelism between the block of the 
synaptic transmission caused by compounds such as d-tubocurarine and their anta- 
gonistic properties with regard to the depolarizing action of acetylcholine. Further- 
more, as shown in Fig. 5 and as mentioned in RESULTS, all the compounds tested 
so far that block selectively the synaptic region, may antagonize the depolarizing 
action of acetylcholine without modifying the effect of the latter on the spike. As 
shown above, the inhibition of the action potential takes place by direct effect of 
acetylcholine on the nonsynaptic membrane. It may be concluded that acetylcholine 
applied externally causes depolarization only at the postsynaptic membrane of the 
electroplaque. This local depolarization propagates electrotonically to the neighboring 
regions. This conclusion is in agreement with experiments carried out in striated 
muscle. There, acetylcholine depolarizes only the end plate region; it has no effect 
on the rest of the membrane when applied either from the inside of the cell or from 
the outside. 

The findings just described are especially important with regard to the measure- 
ment of the resistance of the membrane at rest. It  was described above that acetyl- 
choline usually increases this resistance. On the other hand, KATZ ~6 demonstrated in 
frog striated muscle that the end plate potential which, as generally accepted, is 
produced by acetylcholine, decreases the resistance of the postsynaptic region. A 
probable explanation of this apparent contradiction arises from the histological 
structure of the electroplaque. The area of contact between a nerve terminal and the 
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postsynaptic membrane is very small in the electroplaque. The sum of the areas of 
all the postsynaptic regions is surely a small percentage of the total area of the whole 
innervated membrane 15. It  may be expected that even important changes of the 
resistance of the postsynaptic region will modify only slightly the overall resistance 
measured across the innervated membrane. Furthermore, there is ground to think 
that the increased resistance observed after exposure to acetylcholine is probably due 
to the effect of the compound on the non-synaptic membrane. Quaternary ammonium 
salts that do not depolarize such as tetra-ethyl, tetra-n-propyl and tetra-n-butyl- 
ammonium or as choline that reduces slightly the resting potential, produce a constant 
and important increase of the membrane resistance (unpublished observations). 
Probably, these compounds do not decrease the resistance of the postsynaptic region 
since they do not depolarize. Therefore, any increase of resistance of the non-synaptic 
membrane produced by these compounds should be more evident than in those cases 
in which the resistance at the postsynaptic regions is simultaneously decreased. 

It  may be accepted that the action potential is the result of a net influx of 
sodium as demonstrated in squid axon TM, 17. In a similar cell, when the electrochemical 
potential of sodium is the same in both sides of the membrane, no net influx of 
sodium will take place during activity. The condition of equilibrium may be reached 
experimentally, by keeping the transmembrane potential at an adequate level by 
means of a superimposed electric field 1~. However, quite different magnitudes may 
be obtained according to the physiological state of the membrane as shown in Fig. 7, 
although the concentration of sodium outside and probably inside the cell was not 
changed. It is likely, therefore, that under the conditions of Fig. 7 not the electro- 
chemical potential of sodium is measured, but only the transmembrane potential at 
which no net influx of sodium occurs. The influx of any ionic species may be defined 
as the product of the total driving force by the concentration of the ion in the extra- 
cellular fluid, and by its mobility in the membrane TM. Since under the experimental 
conditions of Fig. 7 neither the force nor the concentration of sodium ions have 
changed, a decrease of its mobility in the membrane can explain satisfactorily the 
results obtained. It  appears, therefore, that acetylcholine has decreased the permit- 
t ivity to sodium of the non-synaptic membrane, at least during the action potential. 
Furthermore, the decrease of the rate of rise of the spike produced by acetylcholine, 
suggests that the change of the membrane that allows the increased permittivity to 
sodium during the first phase of the action potential is markedly slowed down by 
this compound. 

It  may be noted that an increased permittivity to C1, as shown by SOLLNER TM 

in model membranes, would produce a similar result. However, since the resistance 
of the membrane is not changed, this increase in permittivity seems improbable. 

The question may be raised as to the implications of the findings reported in 
regard to the physiological role of acetylcholine in the propagation of the spike along 
a membrane. Acetylcholine applied externally has an effect on end plates, heart 
muscle fibers, smooth muscle and gland cells similar to that observed by stimulation 
of the innervating nerves. It  depolarizes postsynaptic membranes, but, as is well 
known, acetylcholine has little or no pharmacological action on other membranes 
such as nerve or striated muscle, that propagate spikes. Under the present experi- 
mental conditions, acetylcholine apparently does not depolarize the nonsynaptic 
membrane of the electroplax, but causes the progressive reduction of the amplitude 
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a n d  d u r a t i o n  of t h e  ac t i on  po ten t i a l .  I t  decreases  the  r a t e  of r ise of  t he  sp ike  a n d  

seems to  r educe  t h e  s o d i u m  p e r m e a b i l i t y  of t he  a c t i v e  m e m b r a n e  w i t h o u t  dec reas ing  

t h e  res i s tance  of t h e  m e m b r a n e  a t  rest .  These  effects  seem to  be  a t  v a r i a n c e  w i t h  

those  which  one  wou ld  e x p e c t  on  the  basis  of t h e  h y p o t h e s i s  p roposed  b y  NACHMAN- 
SOHN 2° as to  t he  de t a i l ed  m e c h a n i s m  of ace ty l cho l ine  a c t i o n ;  t h e y  are  a l l  in t h e  

d i r ec t ion  of b lock ing  a n d  dec reas ing  the  e lectr ic  response  in c o n t r a s t  to  t h e  effects  

a t  t he  p o s t s y n a p t i c  m e m b r a n e .  W i t h o u t  go ing  in to  de ta i l s  of possible  a l t e r n a t i v e  

i n t e rp re t a t i ons ,  t he  m a i n  p rob l em is w h e t h e r  ace ty lcho l ine  app l i ed  e x t e r n a l l y  to  t h e  

c o n d u c t i n g  m e m b r a n e  has  t he  s a m e  effect  as  ace ty l cho l ine  re leased  i n t e r n a l l y  w i t h i n  

a specific t e m p o r a l  a n d  spa t i a l  a r r a n g e m e n t .  The re  is no d i rec t  e x p e r i m e n t a l  e v i d e n c e  

ava i l ab l e  as to  th is  difficult  p r o b l e m  and  fu r the r  w o r k  is necessa ry  before  a conc lus ive  

answer  m a y  be  offered. 
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SUMMARY 

I. The effect of acetylcholine on the electroplax of electric eel has been reinvestigated by 
means of a preparation which allows a more rapid diffusion of the drug to the membrane of the 
studied cell than previously used. 

2 Acetylcholine depolarizes the innervated membrane and simultaneously reduces the 
amplitude and duration of the action potential which eventually disappears. 

3. The efficiency of acetylcholine in normal or denervated electroplax is increased about 
3oo times when eserine is added (5 to xo #g/ml). 

4. The action of externally applied acetylcholine is not spontaneously reversible. However, 
small concentrations of d-tubocurarine cause a rapid recovery of the resting potential which may 
be accompanied by partial recovery of the action potential. The depolarization caused by acetyl- 
choline is also reversed by procaine and some quaternary ammonium compounds such as tetra- 
ethyl tetra-n-propyl and tetra-,-butylammonium. 

5. d-Tubocurarine antagonizes the depolarization caused by acetylcholine and inhibits the 
postsynaptic potential in a parallel degree. All the compounds studied that block the synaptie 
transmission antagonize the depolarizing action of acetylcholine at a concentration far below 
that necessary to produce an effect upon the action potential. 

6. Acetylcholine produces a significant increase of the excitability of the directly stimulated 
membrane only when an important depolarization is present. It  is not clear whether the decrease 
in threshold is due to a direct effect of acetylcholine on the non-synaptic membrane or whether 
it is mediated through the depolarization. 

7. As previously mentioned acetylcholine decreases the amplitude of the action potential 
and simultaneously reduces the magnitude of the transmembrane potential suiticiently to prevent 
a net influx of sodium during activity. I t  also reduces the rate of rise of the action potential. 

8. Acetylcholine does not decrease the resistance of the membrane at rest and in the majority 
of the experiments a significant increase of this resistance has been measured. 

9. It  is concluded that  externally applied acetylcholine apparently depolarizes only the post- 
synaptic region. At the non-synaptic membrane acetylcholine depresses the action potential, 
possibly by reducing the permeability of the active membrane to sodium. 

IO. The results are discussed with regard to current theories dealing with the physiological 
role of acetylcholine. 
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