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INTRODUCTION 

Electric organs have been used since 1937 by NACHMANSOHN and his colleagues in 
studies of the chemical mechanisms underlying the generation of bioelectric potentials; 
the sequence of energy transformations has been analysed, acetylcholine has been 
integrated into the pathways of intermediary metabolism and various chemical and 
electrical events have been correlated 1-4. From these and a great variety of other 
observations much evidence has accumulated supporting the view that  acetylcholine 
plays an essential role in the generation of propagated electric potentials along animal 
cells. The picture which has emerged, assumes that acetylcholine is stored in an inactive 
bound form. Stimulation releases the ester which combines with a receptor protein. 
This reaction determines the complex changes in the ion permeability of the cell mem- 
brane that  are generally accepted to occur during the action potential. The hydrolysis of 
acetylcholine by acetylcholinesterase permits the acetylcholine receptor to return to 
its resting condition and this initiates the recovery. The synthesis of acetylcholine is 
effected by choline acetylase in presence of other necessary constituents. Two of the 
proteins reacting with acetylcholine directly, i.e. choline acetylase and acetylcholin- 
esterase, have been isolated and extensively studied in vitro. In contrast, our knowledge 
about the postulated receptor protein is limited to deductions made from observations on 
intact cells. 

The investigations of the molecular forces acting between the two enzyme proteins 
and acetylcholine and related compounds have revealed a considerable difference in 
their behavior towards quaternary nitrogen compounds and their tertiary analoguesS, 6. 
The rate of hydrolysis and synthesis, i. e. the functional activities, are strongly altered 

* This  work  was suppor t ed  in pa r t  by  research  g ran t s  f rom the  Medical  Resea rch  and  D e v e l o p m e n t  
Board,  Office of the  Surgeon General ,  D e p a r t m e n t  of the  A r m y  (Contrac t  No. DA-49-oo7-MD-37),  
the  Un i t ed  S ta tes  Publ ic  H e a l t h  Service, Divis ion of Research  Gran t s  and  Fel lowships  of the  Nat iona l  
i n s t i t u t e s  of H e a l t h  (Contract  No. RG-I9OI (B-4oo)) and  by  the  Atomic  E n e r g y  Commiss ion  
(Contrac t  No. AT(3o-I)-I5O3). 
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when the substrate has a fourth alkyl group, although the binding forces between the 
proteins and the small molecule are not greatly changed by the presence of that group. 
Only a limited number of interactions between a molecule, such as acetylcholine, and a 
protein are possible, none of which are strong. A strong interaction is realized only by 
the summation of relatively weak forces. The summation is a maximum when the small 
molecule has a specific structure determined by the structure of the protein site. 
Consequently all proteins which interact strongly with aeetylcholine must be similarly 
constituted at the binding site. The enzymes may thus serve as models for the receptor. 
Studies with the enzymes thus suggest that the binding of various tertiary and qua- 
ternary compounds by the acetylcholine receptor should not differ very greatly but that  
the functional consequences of this binding, i.e. a change in electrical potential of the cell 
membrane, may be very different. 

The development of microtechniques has made possible the introduction of elec- 
trodes inside the cells, thus permitting direct measurements of the potentials across rest- 
ing and active membranes. During the last two years such methods have been applied 
to the study of the transmembrane potentials of the electroplaque of Electrophorus 
dectricusT, s. One important result of these studies has been the demonstration of a 
propagated spike similar to the action potentials of nerve and striated muscles that 
can be elicited either by direct or nerve stimulation. In contrast to some axons and 
striated muscles, the active membrane of the electroplaque, as will be shown in this 
paper, is markedly affected by quaternary nitrogen derivatives. I t  offers, therefore, a 
favorable material for studying the difference between the action of tertiary and that of 
quaternary compounds upon the electrical potentials of the cell. 

Whereas in studies of the enzyme proteins in solution the reaction of one component 
is followed, in intact cells all the proteins are present in close vicinity. The active tertiary 
and quaternary nitrogen derivatives are structurally related to acetylcholine and 
therefore they will have affinity to both receptor and esterase. Since binding to either 
member will in theory block the propagated spike, it is essential to be able to distinguish 
between these two different causes of electrical failure. This difficulty has been overcome 
by the development of a procedure to measure the esterase activity of the intact elec- 
troplaque when failure of the propagated electrical potentials occurs. In those cases in 
which block of the electrical response was caused by combination with the receptor, the 
difference between the effects of tertiary and quaternary nitrogen derivatives upon this 
protein could be observed. The results of these investigations will be described in this 
and the following papers. It  must be emphasized that this paper does not deal with 
block of the synaptic transmission, but of the propagated action potential along the cell. 
These observations will be discussed in the light of the knowledge obtained with the 
proteins of the system in solution. 

M E T H O D S  

(a) Electrical recordings. The single layered preparation of tile Organ of Sachs was dissected 
and mounted as previously described 7. The Ringer's solution had the same composition as that used 
in the previous experiments. The compounds to be studied were dissolved in this solution to give 
the desired concentration. The temperature varied between 22 and 24 ° C. 

The stimuli were rectangular pulses of controlled amplitude; their duration varied from o.I 
to 0. 3 msec. The direct stimulation of the cell was done by means of two stainless steel needles 
completely insulated except at the tips and placed across the studied electroplaque. The cell was 
directly excited only when the stimulating current was flowing "outwards" through the innervated 

Re/erences p. 282. 
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membrane.  (Figs. I to 4)- Whenever  the current  was going " inwards"  (opposite polarity), the small 
nerve terniinals were st imulated,  thus  the electroplax were excited th rough  synapt ic  processes 
(Fig. 2, A, 13, C, and D). However,  in the major i ty  of the experiinents, whole intercostal  nerve t runks 
were excited by  means of small p la t inmn wires, positioned under  the nerves as described previously 
(Figs. I, 3 and 4). 

The electricaI act ivi ty was recorded by nieans of paired saline-filled micropipettes,  of the type 
described by LING AND G E R A R D  9. One microelectrode was introduced inside the cell th rough  the 
non- innervated membrane  and the other  was placed jus t  outside the innervated membrane  in front 
of the internal electrode. The former was inserted and wi thdrawn for each series of measurenmnts .  
In  experinients carried out  over prolonged periods of time, where the rest ing potent ial  and the 
electrical act ivi ty were determined on 2o to 6o different occasions, sometimes focal damage of the 
membrane  occurred. In  tha t  ease the electrodes were displaced laterally a few microns and a region 
wi th  a normal  n iembrane  could ahvays be reached (Fig. 4; compare C and C' with D'). 

The cell potent ials  were amplified by a differential amplifier directly coupled and led to a 
cathode ray  oscillograph for photographic  recording. A more detailed analysis of the techniques 
will be presented elsewhere. 

(b) Chemical delerminalio~s. Freshly excised monocellular layers of electroplax of the Organ of 
Sachs were cut  into segments  of six laterally adiacent  compar tments .  Six segments,  physically as 
similar as obtainable, const i tu ted a single experiment ,  three segnients serving as control  and three 
being exposed to a compound under investigation. The subs t ra te  was ethyl monochloroacetate;  its 
molar  concentrat ion in the external  medium in two series of otherwise identical exper iments  was 
o.o 3 and o.oi respectively. The inhibitors,  described below, were added to the medium and tissue 
prior  to their  action for approximate ly  2o rain before the measurement  of enzyme activity was begun. 
The concentrat ion of inhibitor used was tha t  which produced block between 2o and 3 ° rain. The 
hydrolyt ic  act ivi ty of the tissue was determined by  the usual \~,~arburg manometr ic  technique, at 
24 ° C and at  p H  7.4- 

RESULTS 

I. Effects upon electrical potentials. 

The compounds selected were the salts of acetylcholine and its tertiary analogue, 
dimethylaminoethyl acetate (DMEA), carbamylcholine, decamethonium, d-tubocura- 
fine, prostigmine and its tertiary analogue referred to as tertiary prostigmine (T.P.), 
eserine, procaine and diisopropyl fluorophosphate (DFP). 

(a) Ouaternary nitrogen compounds. Quaternary nitrogen compounds block the spike 
elicited directly or by nerve stimulation, but simultaneously most of them depolarize the 
membrane. A representative selection of the data is given in Table I. A more detailed 
analysis of the sequence of events that takes place will be found in a subsequent paper. 

Acetylcholine must be tested in presence of eserine, since it is rapidly hydrolyzed 
by the esterase. Without eserine the concentrations required are very high, of the order 

l) f Y 

t !1 
L 

Re/eremites p. zSz. 

Fig. I. Effect of Carbamylcholine.  A, 13, C, D, E and F: St\ulu- 
lation of the electroplax by tile nerve. A', B', C', D'  and E ' :  
Direct st imulation.  A,A': Control. B,B':  6 min after  the ad- 
dition of Lo/~g/ml of carbamylcholine to the Ringer 's  solution. 
The rest ing potential  and the spike height are already de- 
creased. The resting potent ial  in B is greater t han  in B'. The 
former was measured at the beginning of a shor t  series of 
observat ions and the electrode was probably  coming out  when 
W was deterniined. C,C': after r8 min. D, D' :  after 23 rain. 
Only post-synapt ic  potentials can be obtained (st imulation at 
e5/sec ). E, E ' :  after  35 min (st imulation:  25/see ). F: after 
53 rain. Resting potent ial  very nmch decreased. In  all tile 
figures, the s t ra ight  horizontal line corresponds to zero po- 
tential  difference between the recording electrodes where both  
are just  outside the electroplaque membrane.  When one elec- 
trode is inside the cell, the value of the resting potent ial  is 
measured by  the distance between the two lines. Calibration 

for all recordings: iooo cycles and ioo mV. 
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of I milligram per ml. Eserine itself in 500 /~g per ml blocks conduction, but in a small 
concentration, 25 /xg per ml, it has no inhibitory effect under the conditions of our 
experiments. With this concentration of eserine, acetylcholine in io Ftg per ml produces 

c 0 

Fig. 2. Effect of Prostigmine.  A, 13, C, and D : Indirect  St imulat ion (see methods).  A', W, C' and D' :  
Direct s t imulation.  A, A':  Control. 13, B':  I rain after the addition of 25oo iLg/lnl of prostigmine.  The 
magni tude  of the rest ing potent ia l  and spike are already decreased. C, C': after z rain: the small 
spikes i l lustrated were the last obtained. 1), D' :  after 0 rain: both types  of s t imulat ion produced 

only pos t -synapt ic  potentials.  Resting potent ial  s t rongly reduced. 

block and rapid depolarization. With 5/zg per ml the action is slow and with I /xg per ml 
no effect was observed within an hour. I t  is possible however, that  with higher eserine 
concentrations lower acetylcholine concentrations are effective. Carbamylcholine is not 
split by the esterase. I t  can, therefore, be applied without eserine. Decamethonium and 
prostigmine were also found to depolarize the membrane. 

The only quaternary nitrogen compound among those tested which does not depo- 
larize is d-tubocurarine, but it can block the propagation of the spike (see Table II) 
along the membrane. After concentrations adequate to produce the latter effect, 
carbamylcholine even in 5 × the minimal effective dose (5o/zg/ml) is not able to produce 
depolarization. 

A ! I 
I 

-C D E" 
_ . . _  _ . . . . - - . . _ _ _ _ _ _  

Fig. 3. Procaine. Electroplaque directly 
st imulated.  A-B:  control;  in A largest 
local response obtained wi thout  spike. 
C to H:  s t imulat ion with increasing 
strength,  44 rain after  addition of 2oo 
/tg/ml of procaine. Same rest ing potential  
bu t  the action potent ial  is not  propagated.  

(see text).  

Re/erences p. 282. 

22 r 

Fig. 4. Effect of T.P. A, B, and C: Nerve st imulation.  
A', B', C' and D ' :  Direct s t imulation.  A, A': Control. 
A single nerve volley did not  elicit a spike, thus  Fig. A 
is a multiple exposure of a repetitive s t imulat ion at 
5o/sec. B, B':  2 min after  addition of 1 ooo/~g/ml of T.P. 
to the Ringer. The spikes il lustrated in 13 were the last 
obtained by nerve st imulation.  C, C': 7!/~ rain after- 
wards. The propagat ion of fhe spike was blocked after 
L5 rain (see text),  l ) ' :  after I76 rain. Activity nearly 
completely blocked. Rest ing potent ial  same as tile 
control, in spite of the addition of lo /zg /ml  of carbamyl-  

choline ~24 min before. 
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In Figs. I and 2 the electrical recordings of carbamylcholine and t)rostigmine are 
shown to illustrate with two typical compounds of this series the characteristics of their 
blocking and depolarizing action. These two compounds have been selected because, as 
will be seen, their effect upon acetylcholinesterase activity is not identical. 

(b) Tertiary compounds. The tert iary amines block conduction, but in contrast to the 
quaternary ammonium salts they do not depolarize tile membrane with the exception of 
DMEA. A representative selection of the, data is given in Table II .  By block of conduction 
is meant block of the propagation of the spike along the electroplaque. Electrical 
activity with a magnitude even as high as tile normal spike can be elicited by direct 
stimulation, but is not propagated (Fig. 3 and 4)- The direct demonstration of this type 
of block has been obtained by the recording of the 
intracellular electrodes. However, the time when it 
determined in experiments carried out with only one 
these results will also be given in a subsequent paper 

cell potentials by means of two 
appears can also be accurately 

intracellular electrode. Details of 
of this series. 

Like acetylcholine, its tert iary analogue requires the presence of eserine since it is 
otherwise too rapidly hydrolyzed by the esterase and produces an action only in ex- 
tremely high concentrations, 5,ooo to zo,ooo/,g per ml. With 25/*g per ml of eserine the 
concentration required in order to obtain a comparable effect is still about 1o times as 
high as that  of the quaternary analogue (see Table I). 

Procaine and eserine are known to block conduction without depolarizing the nerve 
fiberl0,11. This is also true in the case of the electroplax, where they do not depolarize 
even when applied in high concentration. The tert iary analogue of prostigmine acts 
similarly. Small concentrations of carbamytcholine (IO/,g/ml) do not produce depolariza- 
tion after the block caused by these three tert iary nitrogen derivatives. 

Figs. 3 and 4 show the similarity of the pat tern of electric recordings obtained with 
procaine and the tert iary analogue of prostigmine. Here again two examples have been 
selected because of the difference in chemical action to be discussed later. 

(c) Diisopropyl#uorophosphale (DFP). This compound blocks the propagation of the 
spike along the electroplaque without depolarization (Table II).  I t  reduces the resting 
potential only if very high concentrations are used. However, tile incidence of complete 
block and the beginning of depolarization are separated by a significantly long period 
of time suggesting that  at least two different processes are involved. When, for instance, 
5,ooo /*g per ml were applied, block of propagation without depolarization occurred 
within two minutes, but only after 15 min was depolarization observed. In other 
experiments in which smaller doses of DFP  were used, the addition of IO /,g of car- 
bamylcholine at the time of complete block or before produced depolarization. 

II. E~ccts o~ acetylcholi~wsterase activity. 

Since the size of electroplax and, still more, the size of the compartment  in which 
each is situated, varies greatly throughout the organ, variations in hydrolytic activity 
among individual segments had to be minimized. Preliminary experiments showed that  
it was best to relate activity to number of electroplax used regardless of wet or dry 
weight. By electing closely similar specimens for comparison of absolute activity within 
any single experiment, it was possible to obtain an average deviation (a.d.) of from o to 
14% (average a.d. 7 %) in a series of eleven experiments with a substrate concentration 
of o.03 M, where each experiment involved a triplicate activity determination, as 
described abow'. For the same series of experiments the average values for the hydrols~tie 
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activi ty ranged from 5.o to 14. 4 micromoles per hour, with an average value for the 
series of I I . I  micromoles per hour and an a.d. of each experiment of 21%. Similarly, in 
a series of eight experiments at a substrate concentration of o.oi M, the averages of each 
of the eight triplicate determinations ranged from 3.5 to 8. 9 micromoles hydrolyzed per 
hour. The average for the series was 6.3 mieromoles per hour, and the a.d. 24 %. However, 
the a.d.'s within each experiment ranged from o to 15 % and themselves averaged again 
7% for this series. Consequently, comparison of activity in the presence of inhibitor 
and corresponding control was in each case confined within the appropriate experiment. 
Although the absolute velocities of hydrolysis varied considerably from experiment 
to experiment, the degree of inhibition, determined separately in each experiment, 
proved to be a reasonably reproducible quantity. At least two experiments (of three 
controls and three segments with inhibitor each) were performed for each inhibitor at a 
given concentration. The data of a typical inhibition assay are given in Table I I I .  A 
summary  of the results of all compounds tested together with the probable error are 
given in "Fable IV. I t  may be seen that  the instances of sharply reduced enzymic 
activity are quite clearly distinguished from those of little or no inhibition. 

TABLE IIl 
TYPICAL ASSAY E X P E R I M E N T .  THE HYDROLYTIC ACTIVITY OF SEGMENTS OF SIX ELECTROPLAX 

AFTER EXPOSURE TO THE TERTIARY ANALOGUE OF" PROSTIGMINE 

(T.P., 5oo/*g per ml. Ethyl monochloroacetate, o.o3 M). 

initial velocity o[ hydrolysis 
(corrected [or spontaneous hydrolysis) 

(micromoles split per h) 

Controls In  presence o.[ T.P. 

Three spec. 

Average value 

12.6 
13.6 
lO. 5 

12.2 ± lO% 

1.4 
I .O 

I .O 

1.1 ~= 18°'; 

Residual activity 
9 % ± 2  

The validity of the correlation of electrical events with acetylcholinesterase activity 
of intact cells evidently requires an assay of, if not all, at  least a major portion of the 
enzyme in each cell. 

Preliminary experiments had shown that  both acetylcholine and DMEA are 
unable to serve as substrates for the assay because of their failure to reach more than 
15 % of the enzyme when the cell is intact. This is in contrast to the permeabili ty of spider 
crab nerves to DMEA. DMEA was used successfully by  WILSON AND COHEN 11 to correlate 
acetylcholinesterase activity and conduction of nerve impulses in intact axons. Ethyl  
monochloroacetate appeared to be suitable as substrate. However, in the course of 
establishing this it became clear that  the tissue contains another enzyme hydrolyzing 
ethyl cloroacetate, though not acetylcholine. A detailed analysis of the hydrolytic 
activity of whole electroplax toward the former substrate will be presented in the 
following paper. With respect to acetylcholinesterase the results may  be summarized as 
follows: 

Re/crevices p. 282. 
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I. Using ethyl chloroacetate, it becomes possible to assay about two thirds of the 
total  acetylcholinesterase in the intact cell. About one-third remains unassayed in 
this method. 

2. The contribution of this enzyme to the total  hydrolytic acitvity, shown in Table 
IV, is blocked more or less completely by eserine, prostigmine, T.P. and DFP at their 
critical concentration. T.P. and DFP  have in addition inhibited substantial portions ot 
the other enzyme, and eserine a small portion of it. Procaine, carbamylcholine and 
decamethonium have little or no effect on either enzyme at the concentrations which 
produce block of propagation. I t  was possible to inhibit the acetyleholinesterase activity 
with greatly increased amounts of decamethonium and procaine, but not of carbamyl- 
choline (see Table IV). 

T A B L E  IV 

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

OF E L E C T R O P L A X  A N D  ON T H E  H Y D R O L Y T I C  A C T I V I T Y  OF I N T A C T  C E L L S  

The e l ec t rop lax  were t a k e n  from the Sachs organ  of Electrophorus electricus. 
All the  agen ts  used block p ropaga t ion ,  some wi th  and  some w i t h o u t  depola r iza t ion .  E t h y l  mono- 
ch lo roace ta t e  was  nsed as s u b s t r a t a  in o.03 and  o.ot  2~,[ concen t ra t ion .  Segment s  of 6 cells were 
exposed  to  the c o m p o u n d s  for a b o u t  3 ° min before a d d i t i o n  of s u b s t r a t a  f rom s idearm.  The smal les t  
concen t r a t i ons  employed  are those which cause b lock of p r o p a g a t i o n  in t h a t  per iod of t ime.  25 ° C. 

p i t  7.6. 

(o~lr .  

non-depolarizing 
T.P. 5oo 
T.P. I ooo 

Kserine 5o0 

Proea in (  5oo 
Procaine ioooo 

depolavizing 
Pros t igmine  3oo 

D e c a m e t h o n i u m  ~ o 
D e c a m e t h o n i u m  2000 

Ca rbamylcho l lne  1 o 
Ca rbamylcho l ine  200 
Ca rbamylcho l ine  20oo 

D F P  300 

I n i t i a l  v e l o c i t y  
t r a t ions .  

% remaining Probable error 
activity * 

9 2 

4 I 

28 7 

91 II  
51 4 

5 1  (~ 

86 I I  

60 5 

99 3 ° 
70 13 
83 12 

IO 4 

of hydro lys i s  r e l a t ive  to  controls .  Average  va lues  a t  the  2 s u b s t r a t e  concen- 

3. The concentration of inhibitor (eserine and prostigmine were tested) required to 
inhibit more or less completely the assayable portion of the cellular acetylcholinesterase 
is considerably smaller than the concentration required to cause block of propagation or 
depolarization. 

4. Ethyl  chloroacetate and eserine appear to penetrate quite readily to the assayable 
portion of the cellular enzyme. The penetration of prostigmine to this portion is ap- 
proximately IO °';'o ," that  of decamethonium and carbamylcholine is small. 

Re/erences p. 282. 



VOL. 16 (1955) ELECTRICAL ACTIVITY IN ELECTRIC TISSUE I 277 

DISCUSSION 

A. The first problem was to distinguish experimentally the action upon the receptor 
from that  upon the enzyme. The existence of a receptor has long been postulated by  
many  investigators. An excellent discussion may  be found in CLARK'S review 1~. Recently 
the question has been raised whether or not the receptor and the esterase are identical 
(see e.g. ZUPANCIC14). 

An experimental distinction has now been achieved by testing the effect upon the 
electrical potentials in relation to esterase activity in the intact electroplaque. I t  should 
be emphasized, that  the evaluation of the esterase activity in intact cells is the only 
permissible method if the enzyme activity is to be related to changes in electrical poten- 
tials in presence of reversible inhibitors. I t  is surprising that  far-reaching conclusions 
have been drawn on the basis of experiments in which the esterase activity was evaluated 
after homogenization of the tissue 15. I t  has been stressed previously that  only a very 
small fraction of many  inhibitors may  penetrate into the cell and especially to the active 
site. Homogenization without washing brings the enzyme into contact with an extremely 
large excess of inhibitor and makes the determination meaningless. On the other hand 
it is not permissible to wash out reversible inhibitors, since this process removes the 
inhibitor and restores activity. With irreversible inhibitors, for instance DFP, the use 
of homogenized tissue for assaying intracellular act ivi ty is permissible provided, 
however, tha t  the excess of the compound can be removed by washing.This is sometimes 
possible, but is by no means always the case. 

Use of ethyl chloroacetate as the substrate made it possible to assay the major 
portion of acetylcholinesterase of intact electroplax, but still not the total  activity. 
However, it seems reasonable to assume that  all the compounds tested encounter the 
same penetration barrier and tha t  none of them penetrates bet ter  to the unassayed than 
to the assayed enzyme of the electroplax. I t  may then be concluded tha t  if a compound 
at the concentration causing block of electrical activity leaves the assayable enzyme 
activi ty virtually untouched, the unassayable enzyme will also be virtually untouched. 
I ts  action, therefore, cannot be at tr ibuted to the inhibition of acetylcholinesterase. On 
the other hand, if the assayable enzyme is nearly completely inhibited we are left in 
ignorance as to the degree of inhibition in the remaining one-third of the total  enzyme. 

Our data show tha t  carbamylcholine blocks propagation of the spike and depolarizes 
the membrane when the enzyme activity is very little affected or not at all. The KI of 
this compound with acetylcholinesterase is 2.IO-4; in view of this relatively low 
affinity and the low concentration at which block and depolarization are produced, it 
could have been anticipated as has now been experimentally established, tha t  the 
effect cannot be at tr ibuted to the action upon the enzyme. I t  has been shown previously 
with crab nerve fibers that  even inhibition of 6o-7o% of the enzyme does not cause 
block of conduction TM. The same is true with regard to the electroplaque as may  be 
deduced from experiments with eserine and prostigmine described in the following paper. 
Therefore the block obtained with carbamylcholine must be at tr ibuted to the reaction 
with another cell constituent referred to as the acetylcholine receptor. At the present 
state of our knowledge it is not possible to ascertain whether receptor and esterase are 
different proteins, but the experiments show tha t  at least the active sites are different, 
The data obtained with decamethonium are very similar to those obtained with car- 
bamylcholine and the same considerations may be applied. 

t¢,e/ere~wes D. 282. 
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Procaine also blocks the propagation of tile spike virtually without inhibition of 
acetylcholinesterase ; it has a low affinity to the enzyme. Therefore, this compound too 
must combine with another constituent of the membrane in order to produce such 
effect. Procaine does not depolarize the membrane, 10ut since it antagonizes the depo- 
larizing action of carbamylcholine and since the important  features of the chemical 
structure of both compounds are similar, it may be suggested that  it combines com- 
petit ively with the same receptor as the latter compound. 

No determinations of the enzyme activity were carried out at the incidence of block 
by acetylcholine but its chemical structure and its effect upon the electrical potentials 
are essentially similar to those of carbamylcholine. The dissociation constant of acetyI- 
choline and aeetylcholinesterase (K,,,) is 4.5" zo ~ .  I t  is true that  in high concentrations 
this physiological substrate has an inhibitory effect, but the concentration required for 
5o o; inhibition is 3" I o-2 M. On tile other hand, acetylcholine exerts powerful biological 
actions in exlracdl,ular concentrations of Io : or less (heart, frog muscle). The low 
affinity of d-tubocurarine to acetylcholinesterase is also well known. Thus the block of 
conduction produced by this compound must also be---and has usually been - - a t t r i bu t ed  
to its combination with the receptor. Moreover, d-tubocurarine antagonizes the depo- 
larizing action of acetylcholine and carbamylcholine, an effect demonstrated to be a 
competitive antagonism for the same receptor ~7. The fact that  the electroplaque is 
blocked only by high concentrations of d-tubocurarine, may  be due to a low permeability 
of the cell membrane for this substance. There is evidence that  this factor is important  
in other cells; in axons such a permeabili ty barrier to quaternary nitrogen compounds 
has been experimentally established ~8,.9. 

In contrast to the compounds discussed so far, eserine and T.P. block conduction 
with a concomitant inhibition of the assayable cholinesterase. The experiments here 
reported do not indicate the maximal degree of acetylcholinesterase inhibition com- 
patible with propagation of the impulse in the electroplaque, because only about two- 
thirds of the total  enzyme has been assayed. The two compounds block propagation at 
a concentration in excess of that  required to inhibit all the assayable fraction of acetyl- 
cholinesterase. 

Since we are left in ignorance concerning the activity of the remaining one-third 
of the enzyme it is uncertain whether block has been produced by enzyme inhibition or 
by receptor inhibition. Quite possibly conduction failure in these cases is caused by both 
mechanisms. That  combination with the receptor has occurred at the time of block is 
clearly indicated by the failure of carbamylcholine to depolarize the membrane at 
this time. 

Prostigmine blocks the propagation of the spike and simultaneously depolarizes the 
membrane. The assayable acetylcholinesterase at the incidence of block is inhibited as in 
the cast of eserine and T.P. Moreover, it is known from many other observations 2°, tha t  
prostigmine, in low concentrations, depolarizes rapidly in contrast to eserine. Therefore, 
the rapid depolarization of the electroplaque strongly supports the assumption of a 
pr imary action upon the receptor before a critically low level of acetylcholinesterase 
activity has been reached, all the more since the essential features of the structure of 
prostigmine are similar to those of acetylcholine and carbamylcholine. 

Additional evidence for the existence of two or more different sites is offered by the 
observations with DFP. This alkylphosphate has a strong inhibitory action upon acetyl- 
cholinesterase which in contrast to that  of eserine and prostigmine is irreversible. DFP 

i ~ c / c r ~ ,  cs p.  z82 .  
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is a competitive inhibitor reacting with the same site as acetylcholine TM. The enzyme 
attacks the ester in a nucleophilic substitution reaction 2°. A P-bond is broken and the 
resulting intermediary complex is a phosphorylated enzyme instead of the physiologi- 
cally acetylated enzyme. The enzyme may be reactivated only with special t reatment ,  
by adding nucleophilic agents which dephosphorylate the enzyme 21, 22. 

At the incidence of block of propagation the assayable esterase is completely 
inhibited. There is, however, no depolarization. On addition of carbamylcholine a rapid 
depolarization occurs. I t  is difficult to see how this effect could be explained by action 
upon the same site. TO.~AN, WOODBURY AND WOODBURY "11 have described experiments 
with nerve fibers in which they obtained block by exposure to DFP without depolariza- 
tion. This agrees with the present observations. The observations show, moreover, that  
the action of DFP  cannot be at tr ibuted to acetylcholine "poisoning", as is believed by 
some investigators, since the presence of an excess of acetylcholine would certainly 
produce depolarization; the irreversible action may  be at tr ibuted to an inactivation of 
the esterase. 

B. We turn now to the second problem about which new information has been ob- 
tained by the data presented. The distinction between the action upon the receptor and 
that  upon the esterase makes it possible to interpret the effect of ter t iary and quaternary 
nitrogen compounds upon the receptor and to analyze it in the light of the observations 
on the isolated enzyme proteins of the sytem in solution. Two different types for 
response have been distinguished: the quaternary derivatives, with the exception of 
d-tubocurarine, cause depolarization; in contrast, the ter t iary compounds, with excep- 
tion of DMEA, produce only block. Apparently all combine with the same receptor. This 
seems to indicate that  we have to deal with two phases of action, as in the case of the 
enzyme proteins in solution; there too is a sharp distinction between binding and a 
second phase which is associated with functional activity ~a. I t  has been pointed out 
repeatedly4,6 tha t  the presence of the fourth alkyl group makes the ammonium group 
chemically less reactive. Therefore, an interpretation based only upon the chemical 
reactivity of the compounds is not sufficient. Since quaternary methylated nitrogen 
groups have a tetrahedral  structure, i.e., a more or less spherical shape, it has been 
suggested that  the full functional activity may require a reshaping of the protein so as to 
engulf the quaternary group 4. A rearrangement of acidic or basic groups by  a change in 
protein configuration may  well account for the transitory change in permeabili ty to 
sodium ions during the action potential. On the other hand, the ter t iary compounds 
are bound to the protein but  are not able to produce the change in configuration respon- 
sible for the permeabili ty change. They may antagonize by competition with the binding 
of acetylcholine to the receptor and block the propagation of the impulse by  this mecha- 
nism. They may  inhibit the depolarizing action of the carbamylcholine in the same 
manner. 

In the case of DMEA the loss of the fourth alkyl group decreases the depolarizing 
activity, but does not abolish it. I t  requires a io times higher external concentration to 
obtain the same effect as with acetylcholine. This corresponds to the observations with 
the two proteins studied in solution. DMEA is split by  acetylcholinesterase, but  at 45 % 
of the rate at which acetylcholine is split a. Dimethylethanolamine is acetylated by 
choline acetylase, but  only at 8% of the rate at which choline is acetylated 6. Conse- 
quently, in the interactions of each protein with the small molecule which resembles the 
physiologically active one very closely, it is seen that  the presence of the third methyl 
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( f o u r t h  a lkyl )  g r o u p  is a p r o m i n e n t  f ac to r ,  b u t  n o t  t h e  o n l y  f e a t u r e  d e t e r m i n i n g  the  

f u n c t i o n a l  a c t i v i t y  of t h e  c o m p o u n d .  

O t h e r  a s p e c t s  of t h e  c h e m i c a l  s t r u c t u r e  m u s t  be  i m p o r t a n t ,  d - T u b o c u r a r i n e ,  e.g. 

is  a lso a q u a t e r n a r y  n i t r o g e n  c o m p o u n d  a n d  does  n o t  depo la r i ze .  Bes ide s  b e i n g  a v e r y  

l a rge  m o l e c u l e  c o n t a i n i n g  s ix  r ings ,  t h e  t w o  n i t r o g e n s  are  m e m b e r s  of h e t e r o c y c l i c  r ings .  

T h e  e s s e n t i a l l y  s p h e r i c  s t r u c t u r e  of t h e  c a t i o n i c  p o r t i o n  of t h e  m o l e c u l e  is t h u s  lost .  T h e  

d i f f e rence  b e t w e e n  t e r t i a r y  a n d  q u a t e r n a r y  c o m p o u n d s  d i s c u s s e d  in t h i s  p a p e r  is 

r e s t r i c t e d  t o  m e t h y l a t e d  n i t r o g e n  d e r i v a t i v e s .  
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SUMMARY 

I. The resting and action potentials  of isolated electroplax of Electrophorus electricus have been 
recorded by means of intracellular electrodes, and their  changes by compounds reacting specifically 
with the acetylcholine system have been studied. 

2. A method has been developed which permits the assay of a major portion (about two-thirds) 
of acetylcholinesterase act ivi ty in intact  electroplaques. The procedure is based upon the use of 
ethyl  chloroacetate as the substrate.  

3. The combination of these two lnethods made possible a correlation between the etfect on 
the electrical potentials and t ha t  on tbe enzyme activity. 

4. The compounds tested can be divided into two groups: 
i. Those which do not  significantly affect the enzyme. This group comprises carbamylcholine, 

decamethonium and procaine. Acctylcholine, dimethylaminoethyl  acetate and d-tubocurarine, not  
tested here in relation to esterase inhibition, are regarded as belonging to this group. 

ii. Those which depress the assayable acetylcholinesterase activity to a low level at  the t ime 
block of propagation of the action potential  along the cell occurs; eserine, DFI',  prostigmine and its 
ter t iary analogue belong to this group. 

5. All the quaternary  compounds tested except d-tubocurarine block the spike and simultane- 
ously depolarize the electroplaque membrane.  All the ter t iary  compounds, except dimethylamino- 
ethyl  acetate, block the propagation of the spike without  depolarization. 

6. DFP  blocks the conduction of the spike without  simultaneous depolarization. 
7. The depolarization caused by carbamylcholine is antagonized by procaine, eserine, d-tubo- 

curarine and the ter t iary prostigmine analogue. 
8. I t  is concluded t ha t  the compounds which do not depolarize, block propagation of the action 

potential  by competit ion with acetylcholine for the same receptor. A similar mechanism underlies 
their  antagonism to carbamylcholine. These results suggest t ha t  the combination of a substance 
with the acetylcholine receptor does not necessarily cause depolarization. The lat ter  effect is ap- 
parent ly determined by a special change of the receptor a t tending tile binding of a specific chemical 
structure, in which one impor tan t  characteristic seems to be the presence of a methylated quaternary  
nitrogen group. 

9- Tile results are discussed in connection with previous observations with the enzyme proteins 
of the system in solution. 

RI2S I MI:I 

I. Les potentiels de repos et d 'act ion de l'61ectroplaque isol6e d'Electrophorus electricus ont 6t4 
cnregistr6s au moyen d'61ectrodes intracellulaires, et Ieurs modifications, sous l'influence de compos6s 
rdagissant sp6cifiquement avec le syst~me de l'ac6tylcholine, ont 6t~ 6tudides. 
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2. Une m6thode pe rmet tan t  le dosage d 'une fraction impor tante  (environ les deux tiers) de 
l 'ac6tylcholinesterase dans les 61ectroplaques intactes a 6t6 mise au point. Elle est fond6e sur l 'emploi 
du chloroac6tate d'6thyie comme substrat .  

3, L'uti l isation conjugu6e de ces deux m6thodes a permis d'dtablir les relations entre les 
variations des potentiels 61ectriques et celles de l 'activit6 de l 'enzyme. 

4. Les substances essay6es peuvent  se r6partir en deux cat6gories: 
i. Celles qui n 'affectent  pas sensiblement l 'enzyme. Ce groupe comprend la carbamylcholine, 

le d6camdthonium et 13 proca/ne. L'acdtylcholine, l 'acdtate de dimdthylaminodthyle et la d-tubo 
curarine, dont Faction sur l 'inhibition de l 'estdrase n 'a  pas 6t6 testde ici, sont  consid6r6es comme 
appar tenant  ~ ce groupe. 

ii. Celles qui d iminuent  for tement  l 'activit4 ac4tylcholinest6rasique dosable au moment  oh le 
blocage de la propagation du potentiel d 'action le long de la cellule a lieu; l'6s6rine, le DFP, la 
prostigmine et son analogue tertiaire font partie de ce groupe. 

5. T o u s l e s  compos6s quaternaires essay6s, "k l 'exception de la d-tubocurarine, bloquent la 
propagation du potentiel d 'action et en m6me temps ddpolarisent la membrane  de l'61ectroplaque. 
Tous les compos6s tertiaires, ~ l 'exception de l 'ae6tate de dim6thylamino6thyle bloquent la propa- 
gation sans d6polarisation. 

6. Le D F P  bloque la conduction de l 'onde sans d4polarisation simultan6e. 
7- La d4polarisation provoqu4e par la carbamylcholine est supprim6e par la procaine, l'6s6rine, 

la d-tubocurarine et l 'analogue tertiaire de la prostigmine. 
8. On peut  en conclure que les corps qui ne provoquent  pas de d6polarisation, bloquent la propa- 

gation du potentiel  d 'act ion en en t ran t  en comp6tition avec l 'ac6tylcholine pour un m6me r6cepteur. 
Un m6canisme analogue est ~ la base de leur antagonisme avec la carbamylcholine. Ces r4sultats 
sugg6rent que la combinaison d 'une substance avec le r6cepteur de l 'ac6tylcholine ne provoque pas 
n6cessairement une d6polarisation. Ceci serait du ~ une modification particulihre du r6cepteur li4e 

la fixation d 'une s t ructure  chimique sp4cifique, dont  un 616ment caract6ristique impor tan t  semble 
~tre la pr6sence d 'un  azote quaternaire m6thyl6. 

9. Les r6sultats sont discut6s par r6f6rence ~ des observations ant6rieures por tant  sur les 
enzymes du syst6me en solution. 

ZUSAMMENFASSUNG 

I. Die Ruhe-  und  Aktionspotentiale yon isolierten elektrischen Zellen (electroplax) des elek- 
trischen Aals Electrophorus electricus wurden mit  intrazellul/iren Elektroden registriert und  ihre Ver- 
iinderungen durch Verbindungen, die spezifisch mit  dem Azetylcholinsystem reagieren, untersucht .  

2. Es wurde eine Metbode entwickelt, die die Bes t immung  des gr6sseren Anteils (ungef~ihr 
zweidrittel) der Azetylcholinesteraseaktiviti i t  in den in takten elektrischen Zellen gestattet .  Das 
Verfahren beruht  auf der Verwendung von -~thylchloracetat als Substrat .  

3- Die Kombinat ion  dieser beiden Methoden macht  es m6glich, eine Beziehung zwischen der 
Wirkung auf die elektrischen Potentiale und auf die Fermentaktivit~it herzustellen. 

4. Die un tersuchten  Verbindungen k6nnen in zwei Gruppen untertei l t  werden : 
i. Solche, die das Enzym nicht  wesentlich beeinflussen. Diese Gruppe umfass t  Carbamylcholin, 

Dekamethonium,  und Procain. Acetylcholin, Dimethylaminoi i thylacetat  und d-Tubocurarin wurden 
in ihrer Beziehung zur Es te rasehemmung nicht geprfift. Es wird angenommen,  dass sic zu dieser 
Gruppe gehOren. 

ii. Solche, die die bes t immbare  AzetylcholinesteraseaktivitXt s tark senken, wobei gleichzeitig 
die Ausbrei tung des Aktionspotientials ent lang der Zelle blockiert wird. Eserin, DFP,  Prostigmin 
und sein terti~re Analog geh6ren zu dieser Gruppe. 

5. Alle geprtiften quaternliren Verbindungen mit  Ausnahme yon d-Tubocurarin blockieren den 
Aktionsst rom und depolarisieren gleichzeitig die Membran der elektrischen Zelle. Alle tertiiiren 
Verbindungen, mit  Ausnahme yon Dimetkylamino~ithylacetat,  blockieren die Fort lei tung des 
Aktionsstromes ohne Depolarisation. 

6. DFP  blockiert die Lei tung des Aktionsstromes ohne gleictlzeitige Depolarisation. 
7- Procain, Eserin, d-Tubocurarin und das terti~ire Prost igminanalog wirken antagonistisch auf 

die durch Carbamylcholin verursachte Depolarisation. 
8. Es wird geschlossen, dass die Verbindungen, die nicht  depolarisieren, die Ausbrei tung des 

Aktionsstromes blockieren, da sic mit  Azetylcholin u m  den gleichen Receptor konkurrieren. Einem 
iihnlichen Mechanismus unterl iegt  ihr Antagonismus  zu Carbamylcholin. Diese Ergebnisse lassen 
vermuten,  dass die Bindung einer Substanz an den Azetylcholinrezeptor nicht  notwendigerweise 
eine Depolarisation hervorruft .  Letzterer Effekt ist offenbar bes t immt  durch eine besondere Ver- 
iinderung des Receptors, die die Bindung einer spezifischen chemischen Struktur,  deren wichtigstes 
Merkmal die Anwesenheit  einer methylier ten quaterniiren N-Gruppe ist, begleitet. 

9. Die Ergebnisse werden im Zusammenhang  mit  den trtiheren Beobachtungen an den Ferment-  
sys temen in L6sung diskutiert.  
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