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SUMMARY 

I. The hydrolysis of acetylcholine, DL-acety!-fl-methylcholinc, e thyl  chioro- 
acetate ,  t r iacet in  and  butyrylchol ine  by  in tac t  and  homogenized isolated single cells 
and  by  the connect ive tissue between electroplax has been tested.  Some connect ive 
tissue remains a t t ached  to the  electroplax;  a correction for this extracel lu lar  es terase  
was therefore applied to eva lua te  esterase ac t iv i ty  of the  electroplax proper.  

2. The  electroplax enzyme displays the  character is t ics  of acetylcholinesterase.  
"the connective tissue enzyme has  nei ther  the  character is t ics  of acetylcholinesterase,  
human-se rum cholinesterase,  aliesterase nor arylesterase.  In  some respects, however,  
it resembles the  cholinesterase of cer ta in  piscine plasmas. 

3- Hydrolysis  of low concent ra t ions  of acetylcholine by  in tac t  cells is ma in ly  b y  
acetylcholinesterase of the  electroplax, whereas  high concent ra t ions  of acetylcholine 
are mainly  hydrolyzed by  the  connect ive tissue esterase. Bo th  enzymes  are inhibi ted 
by  physost igmine.  E thy l  chloroaceta te  is hydrolyzed by  at  least ~ enzymes in the  
electroplax, only one of which is inhibi ted  by  physostigmine.  

4- There  is a s t rong permeabi l i ty  barr ier  to the  pene t ra t ion  of acetylcholine to  
the  inter ior  enzyme of the  in tac t  electroplax. This barr ier  is less s t rong for DL-acetyl- 
fl-methylcholine, e thyl  chloroacetate ,  t r iacet in  and  butyrylchol ine.  

5. Concentra t ions  of physost igmine which block electrical ac t iv i ty  marked ly  
depress acetylcholine hydrolysis.  Tet raca ine  even in much  higher  concent ra t ions  t h a n  
required to block electrical ac t iv i ty  only sl ightly inhibits  acetylcholine hydrolysis.  
Inhibi t ion by  neostigrnine is in te rmedia te  be tween t h a t  of t e t raca ine  and  physo-  
stigmine. 

INTRODUCTION 

The use of electric organs since I937 by  NACHMANSOHN and his associates has been 
of great  value for the s tudy  of the  role of the  ACh system in bioelectrogenesis 1,s 
This  t issue was par t icular ly  suitable for the  isolation and purification of AChE which 
is though t  to have a vi tal  functiorL in nerve activity.  I-Iowever, m a n y  quest ions 
remain open; one of special interest  is the  level of AChE act iv i ty  when elect~cal  
ac t iv i ty  of the  electroplax is blocked by  ncurotropic  agents  act ing on the  ACh system. 

Abbreviations : ACh. acetylcholine ; EC, ethyl chloroacetate; TA, triacetin; MeCh, DL-acetyl- 
~-methylcholine chloride; BuCh, butyrylcholine iodide; ACHE, ac~tyicho|inesterase. 
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E a r l y  a t t e m p t s  to do this using rows of electroplax 3, ~ were unsa t i s fac tory  because of 
pe rmeab i l i ty  problems and because the esterase activity, of the electroplax could ,,o~ t 
be separa ted  from tha t  of the  connect ive tissue. The m o n o c d l u l a r  eiectroplax prepa-  
ra t ion  developed b y  S C H O F F E N I E L S  5,6. has been used to de te rmine  the  po tency  of 
compounds  expected to in teract  with the ACh sys tem 7-9. I t  offered the possibil i ty of 
an improved  analysis  of esterase act ivi t ies of the in tac t  cell. 

The difficulties of correlat ing electrical and  enzyme  ac t iv i ty  have  been previously  
discussed 1. The necessi ty  of using intact  single cells for de te rmin ing  unequivocal ly  
the  m i n i m u m  enz~Tne level compat ib le  wi th  un impai red  conduct ion has become 
increasingly  appa ren t ,  as previously  pointed out 1°. I t  is necessary,  however,  to first 
character ize  the  esterases of the e lectroplax b y  using various substrates ,  and  to com- 
pare the  ra tes  of their  hydrolysis  b y  in tac t  and homogenized ti~s,_,e. The rcstdt~ of 
thezc Idnetic s tudies were interest ing in several respects, and are repor ted  in this  
paper .  

.METHODS 

Single cells were isolated from the organ of Sachs of Electrophorus  electricusS, 6. The  
isolated cell used in these inves t iga t ions  consisted of the  e lectroplax (1 .5-I2  m m  3 
volume) ,  a layer  of g round  substance  (less t h a n  ioo/~  thick) and nerve t e rmina l s  
in f ront  of the  i nne rva t ed  m e m b r a n e ,  a var iable  amoun t  of ground subs tance  in back  
of the  non - inne rva t ed  membrane ,  and  f inally the dense s t ruc tu ra l  t issue a round  the  
edge of the  cell. O n l y  un impa i red  cells were used for tes t ing  the  ac t iv i ty  of in tac t  
cells; s l igh t ly  d a m a g e d  cells were still sa t i s fac tory  for use as homogenized cells. The  
m e a n  fresh weight  of abou t  5oo cells was 45 m g  wi th  a range f rom 15 to 9 ° rag. 
The  connect ive  t issue used was  the  gelat inous ground substance  between electroplax.  
All cells and  connec t ive  tissue were dissected in oxygena ted  special Ringer ' s  solution 
used for e lec t roplax studiesL The mater ia l  was b lo t ted ,  weighed and added  ei ther  
d i rec t ly  to  or homogenized  in the  incuba t ion  mix tu re  used for enzymic  measurements .  
T h e  connect ive  t issue was  homogenized even though  it was found t ha t  in tac t  and  
homogenized  connect ive  tissue had  abou t  the  same esterase ac t iv i ty  using e i ther  ACh 
or EC as subs t ra te .  All  homogeniza t ions  were per formed b y  h a n d  wi th  Tenbroeck  
t issue grinders.  The  same Ringer ' s  solution used for dissection was employed  for 
enzymic  de te rmina t ions  except  t ha t  ins tead of the phospha t e  buffer o.I  M Tris was 
used (pH 7.4-7.8).  To this  solution was added  the subs t ra te ,  e i ther  ACh bromide ,  
EC, TA,  MeCh or BuCh. Physos t igmine  salicylate,  neostigrnine b romide  or te t raca ine  
hydrochlor ide  were added  to the  incubat ion mix tu re  as indicated in the  exper iments .  

x to 4 cells were added  to or homogenized in x-8o ml of incuba t ion  mix tu re  
depend ing  on enzyme  ac t iv i ty .  3o-8o m g  of connect ive tissue were homcgenized in 
3 -6  ml  of incubat ion  mix ture .  Measurements  of ester concent ra t ion  were made  on 
a l iquots  of incuba t ion  mix tu r e  removed  immed ia t e ly  before addi t ion  of cells or con- 
nect ive  tissue, and  on samples  removed  at  in terva ls  thereaf ter .  In  most  exper iments  
the  addi t ion  of cells or  t issues di lu ted the  subs t ra t e  concent ra t ion  less t han  3 %, so 
no precaut ions  were necessary'. In the  exper iments  where a re la t ively  large a m o u n t  
of t issue was i ncuba t ed  in a smal l  volume,  the control  samples were removed  3o rain 
af ter  the i r  addi t ion  r a the r  t han  i m m e d i a t e l y  before. Depending  on enzv,'m, e ac t iv i ty  
the  incuba t ion  proceeded for z -8  h dur ing  which t ime thc tissues or ceils were incu- 
b a t e d  wi th  shaking  at  room t , -mperature .  Hydro lys i s  of subs t ra t e  was allowed to 
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proceed to about  25% of completion. The actual  Concentrations of MeCh are given 
a l though only one of the  two isomers is hydrolyzedl l ,  Ia. Hydro ly t i c  activities were 
d~termined with  the colorimetric procedure of HESTRIN 1~1. All results wi th  EC were 
corrected for the relat ively large spontaneous hydrolysis.  The p H  cf the incubat ion 
mix ture  during the course of  the exper iments  did not  decrease more t han  0.2 p H  unit  
except  for the exper iments  with high concentrat ions of EC in which the p H  dropped 
to as low as 6.8 in 3 h ; this t ime period was therefore the longest period of incubat ion 
which could b e u s e d .  At p H  6.8 the hydrolysis  of EC by  cells is about  85 % tha t  at  
p H  7.8. Control exper iments  indicated tha t  when ACh or MeCh were substra tes  the 
amoun t  of choline formed produced only about  ,x.o°,/~ inhibitior~, which, being rc!- 
a t ivelv  const~r~* ;,- ~ *"~- .... . . . . . . . .  ~,oc.~, was not  corrected. 

Calculation of  results 

In agreement  with  earlier results 3 it was found best to relate the esterase activit ies 
of intact  and homogenized ceils to the number  of cells used ra ther  than  to their  
weight. The variat ions in ac t iv i ty  were smaller  under  these conditions indicating tha t  
the enzyme activities of cells are similar regardless of weight. 

I t  is possible to obtain pure connective tissue but  not electroplax uncon tamina ted  
with connective tissue. An es t imate  was made  of the percentage of cell weight which 
:actually was connective tissue. Io cells were dissected in the usual m a n n e r  and  
weighed; then the connective tissue was t r immed  off and weighed. This careful 
removal  of most  of the connective tissue could not  be employed in the actual  experi- 
ments  since in the process the cells were injured. The connective tissue const i tu ted  
.about 50 % of the weight of the electroplax plus connective tissue, i.e., what  is referred 
to as cell. P robab ly  it forms about  60-70 % of the weight : 'nee  it was not possible 
to remove it all in the above experiments .  The mean est::rase activities wi th  in tact  
and homogenized ceils were calculated both  uncorrected and corrected for connective 
tissue, assuming tha t  50% of the weight of each cell was connect ive tissue. The 
esterase ac t iv i ty  of this weight of connect ive tissue was subt rac ted  f rom the total  
act ivi ty .  The mean  values ± i s t andard  deviat ion of the mean  (s tandard error) are 
.shown in the figures for the uncorrected values. Since the corrected values are only 
.est imated,  and not  based ent i re ly  on exper imenta l  de terminat ion  it was not  thought  
justified to a t t ach  a s t andard  deviat ion to this calculated value. Al though  not 
irecorded, s t andard  deviat ions were calculated and were found to be about  the same 
:as tfor the uncorrected values. 

Approx ima te  Km values and m a x i m u m  velocities (Vmax) were calculated from 
,doul~le reciprocal plots of velocity versus subs t ra te  concentrat ion.  To obtain an 
. estin3ate of the variat ion in the Km plot,  not  only  the reciprocal of the mean  velocity 
-was-E~otted but  also the reciprocal of the mean  ± I s t andard  error. 

R E S U L T S  

-In Fig. a are shown the hydro ly t ic  activities of connective tissue with the various 
:substrates.  Each of the ~r~oints x~th ACh is based on 4 or 6 determinat ions ,  e x c e p t  

2 poin ts  ~h i ch  are based on single determinat ions .  Wi th  the other  substra tes  means  
~in the~ figure are based on 2 or 3 experiments .  MeCh was tested in concentrat ions of 
; IO-3-xo ~I:.M (14 experiments) .  In half  of the exper iments  no hydrolysis  was observed 
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and  in the  other  half  the act ivi t ies found were very  low ( 4  0 .5 / ,mo le  hydro lyzed  
per  5o rag/h). The i r regular i ty  of the results  indicates t ha t  the low activit ies some- 
t imes  recorded m a y  be due to con tamina t ion  wi th  cellular mater ia l ,  since it is some- 
t imes difficult to be sure t ha t  included wi th  the  connect ive  tissue there  are none of 
the  t ips of the convolu ted  non- innerva ted  m e m b r a n e  of the  electroplax.  The a m o u n t  
of contami l ia t ion  would be irregular,  bu t  p robab ly  not  g rea te r  t h a n  5 % of the  con- 
nect ive  tissue weight.  I t  thus  appears  l ikely tha t  MeCh is not  hydro lyzed  b y  connec- 
t ive tissue. 

The hydro ly t i c  ac t iv i ty  of homogenized cells, uncorrec ted  and corrected is shown 
in Fig. 2. Each  of the  uncorrected means  is based on 3 de te rmina t ions  except  for 
the  ACh values which are based on 3-5- Since MeCh is a p p a r e n t l y  not  hydro lyzed  
b y  connect ive tissue no correction was necessary. The correction is significant on ly  
foi tVo three  highest  concent ra t ions  of ACh, and possibly for the  highest  concent ra t ion  
of EC. As showii "~,~ Fig. : the connect ive tissue esterase ac t iv i t y  is re la t ive ly  low 
in the  o ther  cases. 

i / 
t "  4 0  ~ .  / 

F 

0 - ' /  

os  

Fig .  x. H y d r o l y s i s  of  ACh,  EC,  T A  a n d  B u C h  
b y  c o n n e c t i v e  t i s s u e  e s t e r a s e . . N o  h y d r o l y s i s  of  
M e C h  w a s  o b s e r v e d ,  p S  = n e g a t i v e  log of m o l a r  
s u b s t r a t e  c o n c e n t r a t i o n .  T h e  v e r t i c a l  b a r s  i nd i -  
c a t e  ± s t a n d a r d  e r r o r  ( s t a n d a r d  d e v i a t i o n  of  

t h e  m e a n ) .  

,0[ 

3 , 0  3 . 6  ~ . ~  ~ ' .o I.G 1.3 i . o  
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Fig. 2. H y d r o l y s i s  of  ACh,  EC,  MeCh,  T A  a n d  
B u C h  b y  h o m o g e n i z e d  i s o l a t e d  s ing le  e l e c t r o -  
p l ax .  , u n c o r r e c t e d  v a l u e s ;  , t h e  
v a l u e s  a f t e r  s u b t r a c t i o n  of t h e  e s t i m a t e d  a c t i v i -  
t y  of  c o n n e c t i v e  t i s s u e  c o n t a m i n a t i o n .  T h e r e  is 

no  c o r r e c t i o n  f o r  h y d r o l y s i s  of  MeCh.  

The abi l i ty  of in tac t  cells to hydro lyze  EC, TA, BuCh and  MeCh are shown in 
Fig. 3- The  corrections for connect ive  tissue are re la t ively  small.  Each  of the  points  
(uncorrected values) is based on 3 exper iments  except  for the  EC values which are 
based on 4 or 5- Compar ison of Figs. 2 and 3 shows t h a t  the  ra te  of hydrolysis  of EC 
b y  in tac t  cells is 5 o - 8 o %  t h a t  of homogenized cells. Wi th  MeCh the  in tac t  cells have  
abou t  3o % the  a c t i v i t y  of homogenized cells a t  the 3 lower concent ra t ions  and 8o % 
at  the  highest  concentra t ion.  

Biocgdm. Biophys. Acta, 69 (x963) I o 3 - I  I4 



E S T E R - S P L I T T I N G  A C T I V I T Y  O F  E L E C T R O P L A X  XO 7 

The resul ts  ob ta ined  wi th  ACh and  in t ac t  cells are shown in Fig. 4- For  com- 
par ison we h a v e  inc luded  f rom Fig. ~ the  resul ts  wi th  ACh and  homogen ized  cells. 
4 -6  de t e rmina t ions  were pe r fo rmed  a t  each concen t ra t ion  of ACh using in t ac t  cells. 

The d a t a  recorded in Figs. z -4  we re .u sed  to calculate  the  apparen t -Micbae l i s  
cons t an t  (Kin) and  the  a p p a r e n t  m a x i m u m  velocit ies (Vmax). These  are only  the  
a p p a r e n t  cons t an t s  since the  ac t i v i t y  is no t  t e s t ed  wi th  single enzymes  in solut ion,  
bu t  the  hydrolys is  of subs t r a t e s  is measu red  b y  possibly several  different esterases.  

: 
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/, 
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• F ig .  3. H y d r o l y s i s  o f  EC,  MeCh ,  T A  a n d  B u C h  
b y  i n t a c t  i s o l a t e d  s i n g l e  e l e c t r o p l a x .  
u n c o r r e c t e d  v a l u e s ;  - - - ,  e s t i m a t e d  a c t i v i -  
t i e s  a f t e r . c o r r e c t i o n  fo r  a c t i v i t y  of  c o n n e c t i v e  

t i s sue .  
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Fig .  4- H y d r o l y s i s  o f  A C h  b y  i n t a c t  a n d  h o m o -  
g e n i z e d  cel ls .  , u n c o r r e c t e d  d a t a "  - - -  
e s t i m a t e d  a c t i v i t i e s  a f t e r  c o r r e c t i o n  fo r  a c t i v i t y  

o f  c o n n e c t i v e  tissu~e. 

W i t h  in tac t  ceils we are only  measurin.g the  cons t an t s  for the  e n z y m e  which  can be 
reached  b y  the  subs t ra te .  There  m a y  even  be some pe rmeab i l i t y  bar r ie rs  wi th  homo-  
genized tissues, a l t hough  in bra in  h o m o g e n a t e s  no evidence for such an  a s sumpt ion  
was  found  ]4. Fo r  these  var ious  reasons  and  because  of the  re la t ive ly  large s t a n d a r d  
errors  no ted  in Figs. I -  7 the  values  of Km a n d  Vmax can only  be considered as an  
approx ima t ion .  

Figs. 5-7  show LI.~EWEAVER-BURK plots  for ACh, EC and  MeCh wi th  homo-  
genized and  in tac t  cells. The  Vmax and  Km values  were d e t e r m i n e d  f rom these  plots  
in t h e  usual  m a n n e r ,  t h e y  are l is ted in Tab le  I. T h e  cor rec ted  cons t an t s  for TA ( intact  
a n d  homogen ized  cells) and  ACh ( intact  cells) could n o t  be ca lcula ted  because  ~:he 
e s t ima ted  correc ted  values  were ve ry  i r regular  when p lo t t ed  in the  double  reciprocal  
manner .  Since connec t ive  t issue does no t  hydro lyze  MeCh, no correct ion was  necessary.  

The  effects of physos t igmine  on hydrolys is  of EC and  ACh are shown in Figs. 
8 a n d  9- The  par t i a l ly  purified p r e p a r a t i o n  of A C h E  f rom t h e  electric eel h a d  an  
ini t ial  a c t i v i t y  of 96o m g  ACh h y d r o l y z e d / m g  pro te in /h ,  i t  was  not  possible to  com- 
ple te ly  inhibi t  the  hydrolys is  of EC in i n t ac t  or  homogenized  cells (Fig. 8). E a c h  of 
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t h e  r e c o r d e d  p o i n t s  a r e  t h e  u n c o r r e c t e d  va lues ,  a n d  a re  b a s e d  on  2 exp.~rbT,ents w i t h  
pu r i f i ed  A C h E  a n d  3 - 6  e x p e r i m e n t s  for t h e  o the r s .  As can  be  seen  in Fig .  8 a n d  as 
w a s  a l s o  f o u n d  i n  o t h e r  e x p e r i m e n t s ,  i t  r e q u i r e s  h i g h e r  t h a n  xo  -'~ M c o n c e n t r a t i o n  of  
p h y s o s t i g r n i n e  t o  i n h i b i t  t h e  p h y s o s t i g m i n e  r e s i s t a n t  e n z y m e  i n  h o m o g e n i z e d  t i s s u e  
5 o % ,  s i n c e  t h e  r e s i s t a n t  e n z y m e  h a s  o n l y  a b o u t  3 0 %  of  t h e  t o t a l  a c t i v i t y .  I n  c o n t r a s t  
a b o u t  z o  -7 M p h y s o s t i g m i n e  i n h i b i t s  a b o u t  50°..'o o f  t h e  s e n s i t i v e  e n z y m e  w h i c h  

c o n t r i b u t e s  a b o u t  7 o %  o f  t o t a l  e n z y m e  a c t i v i t y .  
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Fig. 7 

Fig. 5- Reciproca l  p lo ts  of ve loc i ty  of h y d r o l y s i s  of 
ACh b v i n t a c t  a n d  homogen ized  cells as a iunc t ion  

of s u b s t r a t e  concen t r a t i on .  

Fig. 6. Reciprocal  p lo ts  of ve loc i ty  of h y d r o l y s i s  of 
EC b y  i n t ac t  and  homogen ized  cells. , un-  
correc ted  activit:',es; . . . .  , e s t i m a t e d  ac t iv i t i e s  a f t e r  

correct ion for connec t ive  tissue. 

Fig. 7. Rec iproca l  p lo t s  of ve loc i ty  of h y d r o l y s i s  of 
MeCh b y  i n t a c t  and  homogen ized  cells as a func t ion  

of s u b s t r a t e  concen t r a t i on .  

I t  w a s  poss ib le  t o  a l m o s t  c o m p l e t e l y  i n h i b i t  t h e  h y d r o l y s i s  of ACh in i n t a c t  o r  
h o m o g e i f i z e d  cello ,,, ~t~.Inect: ve L:ssue (Fig.  9 d a t a  u n c o r r e c t e d ) .  A l t h o u g h  n o t  s h o w n  
in F ig .  9 a s i m i l a r  c u r v e  for  p h y s o s t i g m i n e  i n h i b i t i o n  of  A C h  h y d r o l y s i s  in h o m o -  
g e n i z e d  calls  wa s  o b t a i n e d  w i t h  z • xo -a M ACh as s u b s t r a t e  as  is r e c o r d e d  for  z- zo -z M 
ACh .  T h e  d a t a  for  h o m o g e n i z e d  a n d  i n t a c t  t i s sue  a re  n o t  c o r r e c t e d  in Figs .  8 - z o  
b e c a u s e  i t  is fe l t  t h a t  w i t h  t h e  use  of  i n h i b i t o r s  t oo  m a n y  a s s u m p t i o n s  w o u l d  h a v e  
t o  be  m a d e ,  i . e . ,  n o t  o n l y  t h e  p e r c e n t a g e  of c o n n e c t i v e  t i s sue  b u t  a lso t h e  p e r c e n t a g e  
i n h i b i t i o n  b y  p h y s o s t i g n ~ n e  of c o n n e c t i v e  t i s sue .  T h e  c o r r e c t i o n s  w o u l d  be  r e l a t i v e l y  
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T A E L E  I 

A P P A R E N t  V'max A N D  irk" m V A L U E S  F O R  S U B S T R A T E S  O F  E L E C T R I C  T I S S U E  E S T E R A S E S  

Substrate Tissua 
V*raax K m  (31) 

Uncorrected Correcled U,tcorrected Corrected 

A C h  

E C  

M e C h  

T A  

13uCh 

H o m o g e n i z e d  c e l l s  30  2o  4" IO-S 2- IO - a  
I n t a c t  c e l l s  (a) ** 3 ° - -  50"  zo  - a  - -  

(b) 2 .5  ~ 2 .  t o  - a  
C o n n e c t i v e  t i s s u e  I o o  8-  IO - e  

H o m o g e n i z e d  c e l l s  
I n t a c t  c e i l s  
C o n n e c t i v e  t i s s u e  

4 0  25 4 " z o - ~  2 . 5 " I O  -2  
40  25 7 - I O - ~  5 . 1 0 = 2  
17 1 2 " I 0  -a  

H o m o g e n i z e d  c e l l s  20  ~ 3" x o - Z  
I n t a c t  c e l l s  2o  - -  IO.  xo -2  
C o n n e c t i v e  t i s s u e  o 

H o m o g e n i z e d  c e l l s  
I n t a c t  c e l l s  
C o n n e c t i v e  t i s s u e  

H o m o g e n i z e d  ce l l s  
I n t a c t  c e i l s  
C o n n e c t i v e  t i s s u e  

25 u x5 .  t o - 2  
25  - -  2 0 -  IO - z  
20  20"  10 -2 

0 .4  0 . 3  ~-3" xo-a 2. ,  . Io --3 
0 .  4 0 .  3 3 + O "  I 0  - 3  2 . 2  " I O  - ~  

0 .4  8 . 0 -  xo - a  

* I n t a c t  a n d  h o m o g e n i z e d  c e l l s ;  t ,  m o l e s  h y d r o l y z e d / c e l l / h .  C o n n e c t i v e  t i s s u e ; / , m o l e s  h y d r o l y z -  
edl~o,_ m g t h .  

~w 
a ,  B a s e d  o n  5 "  1 o - * - 2 - 5 "  I O - ~  M A ~ h "  b ,  b ~ e U  V i i  ~ ' D '  * u  - - - : ~ "  , . . . . . . . . . .  

ii 
8 ? 6 ~ a ~ 2 

p I  

F i g .  8. I n h i b i t i o n  b y  p h y s o s t i g m i n e  o f  t h e  h y -  
d r o l y s i s  o f  5" xo-Z M E C .  ~lr. • • NI r, i n t a c t  c e l l s ;  
V - -  V ,  h o m o g e n i z e d  c e l l s  ; V - - - ~ 7 ,  p u r i f i e d  
A C H E .  p I  = n e g a t i v e  l o g  o f  m o l a r  c o n c e n -  

t r a t i o n  o f  i n h i b i t o r .  

o 

0 U 1 0 0  

\ %  ".. 
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,0  

. . . .  ~ 
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pI 

Fig. 9. I n h i b i t i o n  b y  physost igra ine of the hy -  
dro lys is  o f  x ,  ".o-~ M A C h  ( i n t a c t  a n d  h o m o -  
g e n i z e d  c e l l s  a n d  c o n n e c t i v e  t i s s u e )  o r  5 '  i n - ~  M 
A C h  ( p u r i f i e d  A C H E ) .  O ' ' "  Q ,  i n t a c $  c e l l s ;  
O - - O ,  h o m o g e n i z e d  c e l l s ;  Q - - - ( ~ ) ,  c o n n e c t i v e  

t i s s u e ;  Q - - - < ~ ,  p u r i f i e d  A C H E .  
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miiLor ;,,. Figs. 8 and 9 except  with ACh as substrate  in intact  cells. Each of the 
mean values of Fig. 9 is based on 2 experiments  except the values with homogenized 
ceils which are based on 4 experiments  each. 

Tetracaine is a very poor inhibitor of the hydrolysis of ACh by  intact  cells 
(Fig. xo), while physost igmine is a potent  inhibitor (Fig. 9)- With  5"xo-2 M ACh as 
substrate  in intact  cells the great  major i ty  of the hydrolysis  is due to connective 
tissue. As shown in Fig. 9 however, the inhibition of cellular or connective tissue 
esterase by  physost igmine is similar. Each of the points in Fig. xo is the mean of 

0 
~ 8 0  
0 

J 

3 determinations.  

T T 

%' ,  
... ~ 1 

"-.. \ 
r -. \ 

L *.: t 

"'. j. 

L -; 

i. "..° 

~ °. .°°°°°.°.r  

; 4 5 2 
pI 

F ig .  to .  E f f e c t  of  p h y s o s t i g m i n e ,  n e o s t i g m i n e  a n d  t e t r a c a i n e  o n  h y d r o l y s i s  of  5" I ° - 2  M ACh in  
i n t a c t  celIs.  Q - - - Q ,  p h y s o s t i g m i n e  • .... Q ,  t e t r a c a i n e ;  O - - - Q ,  n e o s t i g r n i n e .  

DISCUSSION 

For correlating the effects of compounds on AChE with those on electrical act ivi ty,  
it is imi;ossible to use homogenized electroplax. Since high concentrat ions of inhibitor 
must  be applied to overcome the s t ructural  barrier, excess inhibition of the enzyme 
will occur during the homogenization.  In tac t  segments  of tissue are also not suitable, 
because the greater  permeabi l i ty  b~rriers prevent  sufficient concentrations of sub- 
s t ra te  reaching the esterase in the interior of the segments.  This is obviously the 
explanat ion for the low ra te  of hydrolysis  of EC found with segmentsa; the rate is 
about  6 t imes lower than tha t  with the single electroplax reported here. Moreover, 
the use of segments  does not permit  a separat ion of the hydrolysis of connective 
tissue Irom tha t  of the electroplax, whereas with single cells we can determine the 
ac t iv i ty  of connective tissue and est imate  the ac t iv i ty  of the electroplax. SCHLEYER 
et al., using segments  of tissue3, 4, were able to demonst ra te  tha t  certain compounds 
block electrical ac t iv i ty  wi thout  affecting ACHE; their  da t a  thus  indicate tha t  this 
action mus t  be a t t r ibu ted  to an effect on the receptor. However,  the observations 
with  compounds act ing on cholinesterase are unsat isfactory for the rea_~ons just 
out l ined;  t hey  do not  permit  an evaluat ion of cholinesterase ac t iv i ty  in relationship 
to electrical act ivi ty.  For  such studies single electroplax preparat ions mus t  be used. 
This preparat ion has provided, during the last few years, a much more accurate and 
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re l iable  p ic tu re  of the  effects of c o m p o u n d s  on the  va r ious  e lectr ical  cha rac te r i s t i c s  
a n d  has  r e m o v e d  m a n y  difficulties a n d  con t r ad i c t i ons  of earl ier  s tud ies  ~-9. 

I t  a p p e a r e d  essent ia l  to  first cha rac te r i ze  t h e  es terases  of t h e  e l ec t rop lax  a n d  
find a s u b s t r a t e  which  p e n e t r a t e s  to  all t h e  ava i lab le  es terase  in the  i n t a c t  p r e p a r a t i o n  
before  a t t e m p t i n g  a cor re la t ion  of effects of inh ib i to r s  on A C h E  a n d  electr ical  ac t iv i ty .  
A p e r t i n e n t  resul t  of the  d a t a  r epor t ed  is t he  ev idence  t h a t  the  es te rase  a c t i v i t y  of 
h o m o g e n i z e d  cells, a f te r  correc t ion  for connec t ive  t issue c o n t a m i n a t i o n  (Fig. 2) dis- 
p lays  a p a t t e r n  of a c t i v i t y  t o w a r d s  va r ious  s u b s t r a t e s  s imi lar  to  t h a t  of pur i f ied  
A C h E  f rom electr ic  eel ~5-'a~. W i t h  A C h  as t h e  s u b s t r a t e  the  typ ica l  be l l - shaped  curve  
is ob t a ined ,  a n d  MeCh is ac t ive ly  hydro lyzed .  No  s u b s t r a t e  inh ib i t ion  is found  wi th  
MeCh. The re  a p p e a r s  t o  be s u b s t r a t e  inh ib i t ion  w i t h  EC,  wh ich  wou ld  conf i rm a 
p rev ious  o b s e r v a t i o n  4, a l t h o u g h  th is  is no t  qu i t e  ce r t a in  because  of the  s ca t t e r ing  of 
t h e  d a t a  (Fig. 2). 

Us ing  t h e  m a i n  electr ic  o rgan  of electric eel, r a t h e r  t h a n  t h e  Sachs  organ ,  wh ich  
we used,  it  was  found  t h a t  f resh ly  h o m o g e n i z e d  t issue a n d  puri f ied A C h E  f rom 
electric eel h a v e  the  s a m e  p a t t e r n  of a c t i v i t y  t o w a r d s  va r ious  s u b s t r a t e s  is, I n  c o n t r a s t  
we f ind a m a r k e d l y  di f ferent  p a t t e r n  of a c t i v i t y  b e t w e e n  f resh ly  h o m o g e n i z e d  cells 
f rom t h e  Sachs  organ ,  u n c o r r e c t e d  for c o n n e c t i v e  t issue,  a n d  t h a t  r e p o r t e d  for pur i f ied  
ACHE. T h e  difference in resu l t s  is p r o b a b l y  because  in t h e  m a i n  o r g a n  t h e  cells are  
m u c h  m o r e  closely p a c k e d  t h a n  in t h e  Sachs  o r g a n  w i t h  c o r r e s p o n d i n g l y  less connec-  
t ive  t i ssue  b e t w e e n  t h e  cells. Us ing  t h e  m a i n  o rgan  the re fore  t h e  e s t e rase  a c t i v i t y  of 
~nn~oct,'_-~,e t'~.~-.*-c was  p~obab ly  negl igible  re la t ive  t o  t h a t  of t h e  cells, a n d  the re fo re  
d id  n o t  s igni f icant ly  p e r t u r b  t h e  p a t t e r n  of a c t i v i t y  t o w a r d s  t h e  va r ious  subs t r a t e s .  

T h e  connec t ive  t i ssue  es te rase  is n o t  t h e  A C h E  t y p e  as  e v i d e n c e d  b y  t h e  l ack  
of s u b s t r a t e  inh ib i t ion  w i th  ACh, a n d  t h e  l ack  of hydro lys i s  of MeCh (Fig. I) .  T h e  
resu l t s  wi th  B u C h  ind i ca t e  t h a t  it  is n o t  of t he  b u t y r o c h o l i n e s t e r a s e  ( h u m a n  s e r u m  
esterase)  type .  Al ies terases  (B-esterases)  a n d  a ry les te rases  (A-esterases,  a r o m a t i c  
esterases)  h a v e  been  desc r ibed  in v e r t e b r a t e  a n d  insec t  t i ssue  ~-2~. Since t h e  a b o v e  
t w o  es te rases  do  n o t  h y d r o l y z e  chol ine es ters  a n d  are  n o t  i nh ib i t ed  b y  p h y s o s t i g m i n e  
t h e  connec t ive  tiss,~e es te rase  a c t i v i t y  is n o t  exc lus ive ly  of e i the r  type .  The re  m a y  
of course  be  a m i x t u r e  of ~everal  es te rases  in  t h e  connec t ive  t issue.  I n  some respec t s  
the  p a t t e r n  of es te rase  a c t i v i t y  in connec t i ve  t i ssue  resembles  t h a t  in  va r ious  piscine 
plasmas~ which  h y d r o l y z e  ACh a t  a h ighe r  r a t e  t h a n  B u C h  or MeCh (see refs. 21, 22). 

A n  i m p o r t a n t  a i m  of th is  i n v e s t i g a t i o n  was  to  d e t e r m i n e  t h e  p e n e t r a t i o n s  oI 
t h e  va r ious  s u b s t r a t e s  in to  t h e  i n t a c t  cell a n d  the i r  ab i l i ty  to  reac t  w i t h  t h e  h y d r o l y t i c  
enzymes .  I t  was  h o p e d  t h a t  a doub le  rec iproca l  p lo t  of t h e  d a t a  shown  in Figs.  1 - 4  
wou ld  p rov ide  i n f o r m a t i o n  as to  t h e  e x t e n t  of t h e  p e r m e a b i l i t y  bar r ie r s  to  these  
subs t r a t e s .  If  t he r e  is no  abso lu te  p e r m e a b i l i t y  ba r r i e r  t h e  Vma.~ va lues  for i n t ac t  
a n d  h o m o g e n i z e d  cells wou ld  be  ident ica l ,  Also if t he re  is no  abso lu te  p e r m e a b i l i t y  
bar r ie r ,  a n y  difference in  Km va lues  for h o m o g e n i z e d  and  in*.act cells ind ica tes  a 
re la t ive  p e r m e a b i l i t y  barr ier .  T h e  ra t io  of h o m o g e n i z e d  to  i n t a c t  Km gives an  ap-  
p r o x i m a t e  ind ica t ion  of t h e  f rac t ion  of e x t e r n a l  s u b s t r a t e  c o n c e n t r a t i o n  which  is 
w i th in  t h e  cell 4. Whi le  t h e  above  ana lys i s  is t heo re t i ca l ly  sa t i s fac to ry ,  severa l  p r ac t i ca l  
difficult ies were  encoun te red .  Since t h e  a c t i v i t y  m e a s u r e d  is no t  t h a t  of a s ingle 
purif ied e n z y m e ,  t h e  va lues  a re  on ly  a p p r o x i m a t i o n s ,  a l t h o u g h  p r o b a b i y  fa i r ly  good  
ones.  A more  ser ious diff iculty is t h e  v a r i a b i l i t y  of t h e  da t a ,  as  shown  in t h e  figures. 
T h e  va lues  of Km a n d  Vmax in T a b l e  I are  e s t i m a t e d  b y  f i t t ing  t h e  bes t  possible l ine 
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t h r o u g h  the  m e a n  va lues  of the  double  reciprocal  plots.  I t  is, however ,  possible in  
m o s t  of the  cases to  fit d i f ferent  l ines t o  t h e  d a t a  which  would  pass  wi th in  ~ x 
s t a n d a r d  error ,  a n d  wh ich  wou ld  give d i f ferent  Km a n d  Vmax values .  Some  re se rva t ion  
m u s t  the re fore  be  a t t a c h e d  to  the  ana lys is  of the  d a t a  b a s e d  on Km a n d  Vmnx vaIues.  

T h e  Vmax values  (Figs. 6, 7 a n d  Tab le  I) of i n t a c t  a n d  h o m o g e n i z e d  cells wi th  
each  s u b s t r a t e  a p p e a r  iden t i ca l  i nd i ca t i ng  no abso lu te  p e r m e a b i l i t y  barr ier .  The  
d i f ferent  a p p a r e n t  Km va lues  for h o m o g e n i z e d  a n d  i n t ac t  cells (Table I) indic~ttes 
a re la t ive  p e r m e a b i l i t y  barr ier .  

T h e  resu l t s  w i t h  ACh are more  d i ~ c u l t  to  i n t e rp re t  t h a n  wi th  the  o the r  sub- 
s t ra tes ,  since t he r e  are  a p p a r e n t l y  a t  least  two  enz)alxes hyd ro lyz ing  ACh ~ t h  
differ ing Km va lues  as i nd i ca t ed  b y  t h e  b r e a k  in t h e / ( r n  curve  (Fig. 5)- Two  Vmax 
a n d  two Km va lues  for ACh a n d  i n t a c t  ceils a re  g iven  in Tab le  I, one based  on the  
s t eep  a n d  t h e  o the r  on t h e  flat p a r t  of t h e  curve .  There  was an  ind ica t ion  of a b r e a k  
in t h e  ct t :ve w i th  h o m o g e n i z e d  cells al_~o, a l t h o u g h  i t  is no t  so obvious  (Fig. 5), p r o b a b l y  
because  t h e  ra t io  of e lec t rop!ax  c s t c ~ s e  to  connec t ive  t issue es te rase  is so m u c h  
g r e a t e r  in t h e  h o m o g e n i z e d  t h a n  in t h e  i n t a c t  ceil {Fig. 4)- Based  on t h e  d a t a  of Fig.  4 
i t  a p p e a r s  t h a t  t h e  a p p a r e n t  Km va lue  w i t h  i n t a c t  cells (Fig. 5) based  on  t h e  fiat 
p a r t  of the  curve  is an  ave rage  va lue  of a b o u t  a n  e q u a l  m i x t u r e  of e lec t rop lax  a n d  
connec t i ve  t issue e n z y m e .  T h e  Km for t h e  s t e e p  p a r t  of t h e  cu rve  is m a i n l y  t h a t  of 
t h e  connec t ive  t i ssue  esterase.  I n  a g r e e m e n t  w i t h  thi_~ i n t e r p r e t a t i o n  t h e  a p p a r e n t  
Km for t h e  connec t ive  t issue e n z y m e  w i t h  A C h  as  s u b s t r a t e  (8-IO -~ M) is s imi lar  to  
t h a t  w i th  h igh  c o n c e n t r a t i o n s  of ACh  in i n t ac t  cells (5-xo-"  M). T h e  Km /or  t he  
electropla~x e n z y m e  itself  is therefore  p r o b a b l y  lower  t h a n  2 - IO -a M which  is t h e  
ca l cu l a t ed  Kra for t h e  m i x t u r e  of t h e  t w o  enz~-mes a t  low s u b s t r a t e  c o n c e n t r a t i o n s  
in  i n t a c t  cells a n d  is also t h e  cor rec ted  Km for h o m o g e n i z e d  cells. T h e  Km of puri f ied 
A C h E  w i t h  A C h  as s u b s t r a t e  is a b o u t  x -xo  -4 M (see ref. 23). 

T h e  Vmax va lues  for t o t a l  hydro lys i s  of ACh  b y  i n t ac t  a n d  h o m o g e n i z e d  cells 
a p p e a r  to  be  t h e  s a m e  (Fig. 5) i nd ica t ing  no abso lu te  p e r m e a b i l i t y  barr ier ,  however ,  
a t  ve.~, .high c o n c e n t r a t i o n s  of ACh we axe m a i n l y  m e a s u r i n g  the  hydro lys i s  of ACh 
b y  connec t ive  t i ssue in  wh ich  we h a d  p r ev ious ly  found  no  ba r r i e r  to  the  p e n e t r a t i o n  
of  ACh  (see METHODS). The re  m a y  a c t u a l l y  be  an  abso lu te  p e r m e a b i l i t y  ba r r i e r  to  
t h e  p e n e t r a t i o n  of ACh  in t h e  i n t a c t  e lec t roplax .  T h e  d a t a  recorded  in Fig. 4 ind ica tes  
t h a t  t h e  b a r r i e r  m a y  be  e i t he r  v e r y  g r e a t  o r  poss ib ly  even  absolute .  T h e  cor rec ted  
es te rase  a c t i v i t y  of i n t a c t  cells a t  t h e  o p t i m a l  ACh c o n c e n t r a t i o n s  is on ly  a b o u t  7 % 
t h a t  of h o m o g e n i z e d  cells (correc ted  values ,  xo -2 M) (Fig. 4)- Since i t  has  been  
e s t i m a t e d  t h a t  t h e  synap t i c  regions  of t h e  e lec t rop lax  o c c u p y  3 - 6  % of the  surface  
a r e a  x, i t  is possible t h a t  t h e  act ivi ty,  m e a s u r e d  w i t h  t h e  i n t a c t  cell is m a i n l y  due  to  
s y n a p t i c  p lus  n e r v e  t e r m i n a l  es terase.  T h e  ba r r i e r  t o  ACh in t h e  e l ec t rop lax  is m u c h  
_ "" o~ne, p r e p a r a ~ o i ~  s=ch as  r a b b i t  vabmls to or  c rab  nerve  ~ .  F o r  t h e  
reasons  d iscussed  t h e  r a t io  of h o m o g e n i z e d  to  i n t a c t  Km for ACh would  no t  be  an  
a c c u r a t e  i n d e x  of t h e  p e r m e a b i l i t y  barr ier .  

T h e  d a t a  i n  Figs.  I - 7  a n d  T a b l e  i i nd i ca t e  t h a t  the re  is some ba r r i e r  to  t h e  
p e n e t r a t i o n  of all  t h e  subs t r a t e s ,  be ing  least  for TA a n d  BuCh.  Since MeCh is on ly  
hyd~olyzed  b y  t h e  e lec t rop lax ,  a n d  n o t  b y  t h e  connec t ive  t i ssue  i t  wou ld  be  t h e  ideal  
s u b s t r a t e  for d e t e r m i n a t i o n  Gf A C h E  in t h e  i n t a c t  e lec t rop lax  if it  were  more  soluble.  
I n  t h e  r a b b i t  v a g u s  n e r v e  MeCh penet'~rates v e ~ :  r ~ d i l y  ~°, however ,  as seen in Figs.  
2 ,  3 a n d  7, t he re  is a s u b s t a n t i a l  ba r r i e r  to  i ts  p e n e t r a t i o n  in  t h e  e lec t roplax .  
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ESTER-SPLITTING ACTIVITY OF ELECTROPLAX I I  3 

The re  a p p e a r  to  be in the  e lec t rop lax  at  least  two  es te rases  h y d r o l y z i n g  EC,  
one of which  is i nh ib i t ed  b y  physos t igmine ,  the  o the r  no t  (Fig. 8). T h e  r e s i s t an t  
e n z y m e  (p robab ly  an  al iesterase)  accoun t s  for a b o u t  3o % of t h e  to t a l  a c t i v i t y  w i t h  
70 % of t he  a c t i v i t y  be ing  inh ib i t ed  b y  physos t igmine .  SCHLEYER h a d  also found  t h a t  
p h y s o s t i g m i n e  did  n o t  comple t e ly  inh ib i t  t h e  hydro lys i s  of EC (see ref. 4)- 

P h y s o s t i g m i n e  readi ly  i nh ib i t ed  ACh  hydro lys i s  in  connec t ive  t i ssue a n d  homo-  
gen ized  cells (Fig. 9, u n c o r r e c t e d  da ta ) .  I t  is su rpr i s ing  t h a t  lO -5 M p h y s o s t i g m i n e  
does  n o t  inh ib i t  ACh hydro lys i s  4n i n t a c t  cells as m u c h  as in connec t ive  t issue,  since 
a t  a c o n c e n t r a t i o n  of I - I o  -2 M ACh a b o u t  8O~/o of t h e  hydro lys i s  is due  to  c o n t a m i -  
n a t i o n  wi th  connec t ive  t issue.  I t  is  possible t h a t  t h e  cells used  in  these  z e x p e r i m e n t s  
h a d  a smal le r  p r o p o r t i o n  of connec t ive  t issue c o n t a m i n a t i o n .  W i t h  t h e  h o m o g e n i z e d  
cells on ly  a b o u t  25 % of t he  t o t a l  a c t i v i t y  is due  to  connec t ive  t i ssue c o n t a m i n a t i o n  
(Fig. 4). 

Ary les te rases  a n d  a l ies terases  are t h e  on ly  es te rases  k n o w n  t h a t  are no t  inhibi-  
t ed  b y  p h y s o s t i g m i n e  b u t  t h e y  do no t  hyd ro lyze  A C h  (see ref. 22), the re fore  it 
was  to  be e x p e c t e d  a n d  was  found  t h a t  t h e  hydro lys i s  of A C h  is i nh ib i t ed  b y  physo-  
s t igmine .  

. 

I t  was  hoped  to  cor re la te  inh ib i t ion  of A C h E  wi th  effects on e lect r ical  ac t iv i ty ,  
however ,  as m e n t i o n e d  :~revi~usly none  ~f t h e  s u b s t r a t e s  p e n e t r a t e  a t  a suff icient ly 
h igh  r a t e  in to  t h e  i n t a c t  cell. There fo re  w h e n  an  inh ib i to r  is used  t h e  s t a t u s  of t h e  
u n a s s a y e d  e n z y m e  wou ld  r e m a i n  in  doub t .  E x p e r i m e n t s  were,  however ,  p e r f o r m e d  
to  find ou t  w h a t  i n f o r m a t i o n  could  be o bt-ai~-d us~tig a h igh  c o n c e n t r a t i o n  (5" I o-z M) 
of A C h  as s u b s t r a t e ,  where  t h e  t o t a l  a c t i v i t y  of i n t a c t  cells is a b o u t  6o % t h a t  of 
h o m o g e n i z e d  cells (Fig. 4, u n c o r r e c t e d  values) .  O n l y  a smal l  a m o u n t  of t h e  t o t a l  
a c t i v i t y  in  i n t a c t  cells is, however ,  due  to  cel lular  e n z y m e ,  t h e  m a j o r i t y  of A C h  hy-  
drolysis  be ing  due  to  t h e  connec t ive  t issue.  T e t r a c a i n e  even  a t  lO -4 M has  m a r k e d  
effects on the  e lectr ical  a c t i v i t y  of s ingle e l ec t rop lax  6 whereas  xo -n M t e t r a c a i n e  on ly  
inh ib i t s  e n z y m i c  a c t i v i t y  2o % (Fig. IO). A l t h o u g h  we are  m a i n l y  m e a s u r i n g  t h e  effect 
of t e t r a c a i n e  on connec t ive  t i ssue es te rase  it  has  also been  fo lmd t h a t  t e t r a c a i n e  is 
a r e l a t ive ly  w e a k  inh ib i to r  of pur i f ied A C h E  (see ref. 25). T e t r a c a i n e  effects on  electr i-  
cal a c t i v i t y  are  therefore  p r o b a b l y  en t i r e ly  due  to  c o m p e t i t i o n  w i t h  ACh  for a r ecep to r  
c o m p o n e n t  of t h e  m e m b r a n e .  5" lO-4 M physos t ig rn ine  m a r k e d l y  inh ib i t s  e lect r ical  
a c t i v i t y  ~, a n d  also inh ib i t s  the  hydro lys i s  of ACh  in i n t a c t  cells a t  least  9 ° % (Figs. 
9, IO). EC hydro lys i s  of i n t a c t  cells is also m a r k e d l y  i nh ib i t ed  b y  th is  c o n c e n t r a t i o n  
of phy~os t igmine  (Fig. 8), if we s u b t r a c t  t h e  30 % of t h e  hydro lys i s  wh ich  is due  
to  a second e n z y m e .  I n h i b i t i o n  of es te rase  is the re fo re  a m a j o r  f ac to r  in t h e  effects 
of p h y s o s t i g m i n e  on t h e  e lect r ical  a c t i v i t y  of t h e  e lec t rop lax .  

Inh ib i t i on  b y  neos t ig ln ine  is smal le r  t h a n  t h a t  w i t h  physos t ig rn ine  (Fig. xo). T h e  
m a i n  fac to r  is p r o b a b l y  its inab i l i ty  to  p e n e t r a t e  to  t h a t  po r t ion  of t h e  e n z y m e  which  
is w i th in  the  cell. I n  add i t ion ,  neos t i gmine  is on ly  I /3  as p o t e n t  as physost l igmine 
in inh ib i t ing  A C h E  in so lu t ion  m. T h e  b lock  of s y n a p t i c  t r ansmis s ion  b y  neos t i gmine  
in r e la t ive ly  low c o n c e n t r a t i o n  in i n t a c t  e l ec t rop lax  is m o s t  l ikely  no t  only  due  to  
inh ib i t ion  of ACHE, b u t  p r o b a b l y  invo lves  d i rec t  i n t e r ac t i on  w i t h  the  r ecep to r  in 
the  m e m b r a n e  as occurs  a t  c e r t a in  n e u r o m u s c u l a r  junct ionsgL T h e  r ap id  depola r iz ing  
ac t ion  of t h e  c o m p o u n d  s u p p o r t s  this  a s sumpt ion .  F o r  a more  sa t i s f ac to ry  a n d  m o r e  
q u a n t i t a t i v e  r e l a t ionsh ip  b e t w e e n  electr ical  a n d  A C h E  a c t i v i t y  it wou ld  be  neces sa ry  
to  use a b e t t e r  p e n e t r a t i n g  s u b s t r a t e  t h a n  we h a v e  as ye t  been  able  to  find. 
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