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A c e t y l c h o l i n e - I n d u c e d  E x c i t a t i o n  on  B i l a y e r s  

W h e n  some years  ago M/JLLER a n d  RUDIN 1 i n t r o d u c e d  
the  t e c h n i q u e  of f o rmi ng  s t ab le  l ip id  b i l aye r  m e m b r a n e s  
be tween  two  aqueous  phases ,  i t  soon b e c a m e  ev i den t  t h a t  
such  m e m b r a n e s  h a v e  a s t r u c t u r e  closely s imi la r  to  t h e  
b imo lecu l a r  l ip id  l amel la  wh ich  DANIELLI a n d  DAVSON2 
h a d  proposed  as t he  s t r u c t u r a l  core of biological  m e m b r a -  
nes. Moreover  some phys i ca l  p rope r t i e s  of bi layers ,  such  as 
p e r m e a b i l i t y  to  water ,  smal l -molecule  pe rmeab i l i t y ,  sur-  
face t ens ion  a n d  capac i t ance ,  to  n a m e  j u s t  a few, corre- 
spond  closely to  va lues  e x h i b i t e d  b y  biological  m e m -  
branes .  B u t  even  t h o u g h  t h e  genera l  co r re spondence  
b e t w e e n  t he  phys ica l  p roper t i e s  of t he  two  sys t ems  is 
s t r ik ing,  t he  p e r m e a b i l i t y  a n d  se lec t iv i ty  of t he  b i l ayers  
to  ions is qu i t e  d i f ferent .  A nd  ye t  these  are exac t ly  t he  
p roper t i e s  wh ich  are  i m p o r t a n t  for t he  m o s t  i n t e r e s t i ng  
physio logica l  m e m b r a n e  processes  such  as ac t ive  t r a n s p o r t  
a n d  electr ical  exc i t ab i l i ty .  

F r o m  a b iochemica l  p o i n t  of view, also, i t  is e v i d e n t  
t o d a y  t h a t  p rope r t i e s  l ike se lec t iv i ty  c a n n o t  be  de r ived  
f rom s imple  l ip id  b i l aye r s  b u t  m u s t  come f rom more  
complex  s t r u c t u r e s  also c o n t a i n i n g  pro te ins .  I t  is the re -  
fore of cons iderab le  i n t e r e s t  t h a t  a n u m b e r  of cyclic poly-  
pep t ides  h a v e  been  s h o w n  to  i nduce  in l ip id  b i l aye r  
m e m b r a n e s  no t  on ly  low res i s t ance  b u t  also a ca t ion  
se lec t iv i ty  wh ich  closely para l le ls  t h a t  f ound  in biological  
m e m b r a n e s  ~. Fo r  ins tance ,  va l i nomyc in ,  a cyclic dode-  
cadeps ipep t ide ,  a t  c o n c e n t r a t i o n s  as low as 10 -~ g /ml  
lowers t he  e lect r ica l  r es i s t ance  of t he  b i l aye r  to  a b o u t  
10 a f~ cm 2. Fo r  th i s  e x p e r i m e n t  t h e  p e r m e a b i l i t y  series for 
H+ a n d  t he  a lka l i  m e t a l  ions has  been  r epo r t ed  to be  PH + 
> P ~ b  + > P K  + > P ~ a  + -- PLi + .  Th i s  is of t h e  o rder  
of p e r m e a b i l i t y  m o s t  o f t en  obse rved  in n a t u r a l  m e m b r a n e s .  

DEL CASTILLO 4 w e n t  a s tep  fu r ther ,  a n d  modi f ied  t h e  
l ip id  b i l ayers  b y  a d d i n g  e i the r  an t i gens  or e n z y m e  to  
t h e m .  He  t h e n  obse rved  i m p e d a n c e  changes  b y  af te r -  
wards  a d d i n g  a n t i b o d i e s  or s u b s t r a t e  to  t he  modi f ied  
m e m b r a n e s .  He  was ab le  to  d e m o n s t r a t e  conv i nc i ng ly  
t h a t  t he  i m p e d a n c e  changes  are due  to  t he  f o r m a t i o n  of 
a n t i g e n - a n t i b o d y  or  e n z y m e s u b s t r a t e  complexes  a t  t h e  
f i lm-wa te r  i n t e rphase .  One can  as sume  t h a t  t he  s u d d e n  

�9 d rop  in f i lm i m p e d a n c e  is caused  b y  t h e  s ter ic  changes  
t h a t  a n t i b o d y  or e n z y m e  molecules  unde r go  w h e n  t h e y  
i n t e r a c t  w i t h  t he  specific an t i gens  or subs t r a t e .  

Some phys ica l  p rope r t i e s  of ace ty lcho l ines te rase  (A- 
Chase)5, s s u p p o r t  t he  h y p o t h e s i s  t h a t  t he  chol inerg ic  
r ecep to r  could be  p a r t  of t he  m a c r o m o l e c u l a r  complex ,  
wh ich  ha s  been  i so la ted  f rom e l ec t rophorus  e lectr icus  a n d  
shows t he  h ighes t  specific a c t i v i t y  of AChaseL I t  is 
a s sumed  t h a t  t he  chol inerg ic  r ecep to r  undergoes  confor-  
m a t i o n a l  changes  d u r i n g  a c t i v i t y  a n d  t h e r e b y  produces  in  

t he  exc i t ab le  m e m b r a n e  a change  in p e r m e a b i l i t y  to  K 
and  N a  ions 8. 

I t  was  of g rea t  i n t e r e s t  to  see if one could  also obse rve  
a n y  change  in t he  p e r m e a b i l i t y  of l ip id  b i l ayers  to  ions b y  
i n c o r p o r a t i n g  AChase  in to  t h e  ar t i f ic ia l  m e m b r a n e s .  W e  
the re fo re  r epea t ed  t he  e x p e r i m e n t s  of DEL CASTILI, O" a n d  
modi f ied  t he  b i l ayers  b y  a b s o r b i n g  AChase  of d i f fe ren t  
specific a c t i v i t y  (80; 310 a n d  710 mmoles  ace ty lcho l ine  
h y d r o l y z e d / m g  p ro t e in /h )  on  to  t he  m e m b r a n e  a l r eady  
formed,  or b y  a d d i n g  t he  e n z y m e  to  t he  aqueous  p h a s e  
pr ior  to  m e m b r a n e  fo rmat ion .  The  s y m m e t r y  cond i t ions  
of t he  fo rmed  l ip id -p ro te in  m e m b r a n e s  were also inves t i -  
gated.  

Materials and melhods. Ox b r a i n s  were chosen  as a source  
of lipids, and  were o b t a i n e d  i m m e d i a t e l y  a f t e r  s laughte r .  
The  w h i t e  m a t t e r  was r emoved ,  cooled to l iquid  n i t rogen  
t e m p e r a t u r e ,  c rushed  and  freeze-dried.  100 m g  of t he  
powder  o b t a i n e d  is e x t r a c t e d  w i t h  5 ml  Of a 2 :1  chloro-  
f o r m - m e t h a n o l  solut ion.  Af te r  t h e  a d d i t i o n  of 0.5 ml  NaC1 
0.1 M,  t h e  so lu t ion  is cen t r i fuged  and  t h e  uppe r  p h a s e  
d iscarded.  0.15 m l  of t he  lower phase  is e v a p o r a t e d  to 
d ryness  a n d  dissolved aga in  in 0.5 ml  of 2 : 1 ch loroform-  
m e t h a n o l .  75 m g  e - tocophero l  (puri f ied b y  c h r o m a t o -  
g raphy)  a n d  15 m g  of rec rys ta l l i zed  choles tero l  is a d d e d  
to t he  f ina l  l ip id  solut ion.  W i t h  t h i s  so lu t ion  t he  b i l aye r  
f o r m a t i o n  is car r ied  ou t  accord ing  to  M/]ILLER and  RUDIN 
(see F igure  1 for t he  a r r a n g e m e n t )  a n d  t he  res i s t ance  
d e t e r m i n e d  b y  m e a s u r i n g  t he  p o t e n t i a l  d rop  across t he  
l ipid m e m b r a n e .  The  e n z y m e  is a d d e d  e i the r  to  t he  aqueous  
phase  before  t h e  b i l aye r  is f o r m e d  or else added  to t he  
aqueous  p h a s e  on  one side a f t e r  fo rmat ion ,  a f te r  wh ich  
some m i n u t e s  should  be  a l lowed in o rde r  to  p e r m i t  
a ce r t a in  i n t e r a c t i o n  w i t h  t h e  bi layers .  Ace ty lchol in-  
es terase  pur i f i ed  accord ing  to  LEUZINGER et  al. 7 w i t h  
d i f fe ren t  specific ac t iv i t i e s  ha s  been  used. 
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Fig. 1. Experimental arrangement for electrical measurements. Fig. 2. Records of potential difference across lipid bilayers containing 
aeetylcholinesterase. 
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Results. Figure  2 shows a t yp i ca l  expe r imen t .  The  
s t a r t i n g  r e s i s t a n c e  of t h e  f i lm was 100 M ~ cm 2. As 
i nd i ca t ed  in  t he  figure,  t h e  a d d i t i o n  of e n z y m e  to  the  
aqueous  phase  does no t  change  t he  res is tance ,  b u t - a ~ s o o n  
as ace ty lcho l ine  (ACh) is a d d e d  to  t h e  aqueous  phase  a 
d ras t i c  change  can  be  observed ,  t he  res i s t ance  d r o p p i n g  b y  
two orders  of m a g n i t u d e .  As t he  s u b s t r a t e  is hydro lyzed ,  
t he  res i s t ance  increases  s lowly aga in  to  a l m o s t  t he  same 
m a g n i t u d e  as before.  Th i s  effect  m a y  be  o b t a i n e d  over  
a n d  over  again.  The  l imi t ing  fac to r  is t he  f rag i l i ty  of the  
m e m b r a n e s .  

As a control ,  t h e  e n z y m e  was i n h i b i t e d  b y  eserine, so 
t h a t  i t  was p r e v e n t e d  f rom fo rming  t he  e n z y m e - s u b s t r a t e  
complex .  I n  th i s  case t h e  b i l aye r  becomes  insens i t ive  to  
ace ty lcho l ine  (see F igure  2). 

The  e x p e r i m e n t  was also car r ied  ou t  w i t h  e n z y m e  p repa -  
r a t i ons  of d i f fe ren t  specific act iv i t ies .  The  ex tens ion  of the  
obse rved  effects  - n a m e l y  t he  n u m b e r  of cou lombs  
pass ing  t h r o u g h  the  m e m b r a n e  d u r i n g  i m p e d a n c e  change  
- s t r i c t ly  d e p e n d e n t  on  t h e  specific a c t i v i t y  as long as t he  
e x p e r i m e n t a l  cond i t ions  l ike p r o t e i n  c o n c e n t r a t i o n  1 ~zg/ 
ml), pH,  t e m p e r a t u r e  and  t he  a m o u n t  of ACh added  
(5 ~g/ml)  h a v e  been  k e p t  cons t an t ,  t h u s  d e m o n s t r a t i n g  
t h a t  t he  change  in p e r m e a b i l i t y  is closely r e l a t ed  to 
AChase  ac t iv i ty .  

A n o t h e r  i n t e r e s t i ng  re su l t  was  t he  fac t  t h a t  a d d i n g  the  
e n z y m e  a t  one side of t h e  a l r eady  fo rmed  bi layer ,  t h e n  
a d d i n g  t h e  s u b s t r a t e  to  t he  o t h e r  side of t he  b i l aye r  a f te r  
10 rain,  also p roduced  a d rop  in res is tance.  Th i s  fac t  
i nd ica t e s  t h a t  t he  e n z y m e  is bu i l t  in to  t he  m e m b r a n e  in 
such  a way  t h a t  t he  molecule  is accessible  f rom b o t h  sides 
a n d  s y m m e t r i c a l l y  or ien ted .  I n  o the r  words,  these  experi-  
m e n t s  sugges t  a mosaic  s t r u c t u r e  for t he  l ip id -p ro te in  
m e m b r a n e s  i n v e s t i g a t e d  s imi la r  to  t h a t  wh ich  GREEN10 
proposes  for  t h e  l iv ing  cell. 

Discussion. I t  is b e c o m i n g  more  a n d  more  e v i d e n t  t h a t  
t he  s t u d y  of t h e  b e h a v i o u r  of m e m b r a n e - b o u n d  enzymes  
in so lu t ion  can  lead to  m i s i n t e r p r e t a t i o n  of t h e i r  mode  of 
ac t ion .  These  enzymes  do no t  ex is t  in  t he  m e m b r a n e  in a 
s t a t e  of a u t o n o m y  b u t  form a n  indissoc iable  c o n t i n u u m  
w i t h  t he  res t  of t he  m e m b r a n e ,  a n d  i t  t he re fo re  seemed 
i n t e r e s t i ng  to  s t u d y  AChase  on a def in i te  s t r u c t u r e  s imi la r  
to  t h e  n a t u r a l  m e m b r a n e ,  b y  i n c o r p o r a t i n g  t h e  e n z y m e  
in to  bi layers .  T h o u g h  these  b i l ayers  n a t u r a l l y  e x h i b i t  a 
m u c h  lower o rder  of c o m p l e x i t y  t h a n  n a t u r a l  m e m b r a n e s ,  
i t  can  be  a s sumed  t h a t  t h e y  ref lect  a genera l  des ign a t  
leas t  w i t h  r ega rd  to t he  basic  s t r u c t u r a l  e l emen t s  of 
m e m b r a n e s .  

The  e x p e r i m e n t s  d e m o n s t r a t e d  t h a t  b i l aye r s  c o n t a i n i n g  
a v e r y  smal l  a m o u n t  of AChase  f rom e lec t rophorus  elec- 

t r i cus  r eac ted  to  t he  a d d i t i o n  of ACh b y  a r ap id  and  
t r a n s i e n t  increase  in conduc tance .  I n  o the r  words,  a 
p h e n o m e n o n  was  obse rved  s imi la r  to  t h a t  obse rvab le  in  
exc i t ab le  m e m b r a n e s .  

W e  could f u r t h e r  d e m o n s t r a t e  t h e  a m o u n t  of cou lombs  
pass ing  t h r o u g h  t he  m e m b r a n e  d u r i n g  i m p e d a n c e  change  
def in i te ly  depends  on  t he  e n z y m a t i c  a c t i v i t y  p re sen t  on 
the  m e m b r a n e .  These  f ind ings  d e m o n s t r a t e  t h a t  AChase  
alone, t o g e t h e r  w i t h  i t s  n a t u r a l  s u b s t r a t e  ACh, is suff ic ient  
to  p roduce  a change  in  p e r m e a b i l i t y  to  sma l l  ions in 
ar t i f ic ia l  m e m b r a n e s .  

T h e  a s s u m p t i o n  of a s epa ra t e  chol inerg ic  recep tor  
molecule  i n d e p e n d e n t  of t he  as fls comp lex  of AChase  
seems to  be  unneces sa ry  in these  expe r imen t s .  The  d a t a  
r a t h e r  s u p p o r t  a h y p o t h e s i s  5 wh ich  assumes  t h a t  a and /3  
s u b u n i t s  of AChase  fulfi l  d i f fe ren t  func t ions :  t he  a -un i t  
would  r ep re sen t  t he  ca t a ly t i c  p a r t  a n d  t he  / / -unit  t he  
r ecep t ive  par t .  The  whole  sequence  of even t s  l ead ing  to 
depo la r i za t ion  of t he  m e m b r a n e  would  occur  on  t he  same 
complex,  a cond i t ion  wh ich  seems to be  i m p o r t a n t  w i th  " 
r e g a r d  to  t he  e x t r e m e  r a p i d i t y  of t he  processes.  The  
i nd iv idua l  s teps  would be  as follows : t h e / / - u n i t  recognizes  
ace ty lcho l ine  and  i n t e r ac t s  w i t h  i t  to  fo rm a complex  
wh ich  induces  a c o n f o r m a t i o n a l  change  t h a t  b r ings  the  
ca t a ly t i c  si te  of t h e  a -un i t  i n to  close p r o x i m i t y  w i t h  " 
ace ty lcho l ine  b o u n d  to  t he  recep t ive  s i te  of t h e / / - u n i t  and  
is t h e r e b y  in a pos i t ion  to  hyd ro lyze  ACh a n d  reverse  t he  
whole  effect. 

Zusammen/assung. Es  k o n n t e  gezeigt  werden,  dass 
Bi layers ,  die eine ganz  geringe Menge Ace ty lcho l ines te rase  
e n t h a l t e n ,  auf  die Zugabe  yon  Ace ty lcho l ine  m i t  e iner  
2knderung der  Permeabi l i t~ i t  gegeni iber  k le inen  I o n e n  
reagieren.  Dieser  E f f e k t  is t  r evers ibe l  u n d  die Gr6sse des 
Ef fek tes  h~ingt bet  k o n s t a n t e n  V e r s u c h s b e d i n g u n g e n  nu r  
m i t  der  spezi f ischen Akt ivi t~i t  der  E n z y m p r ~ p a r a t i o n  
zusammen .  
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Glycogen Content in Young and Old Rats Liver and Muscles 

I t  was  found  t h a t  in  musc les  of aged r a t s  t he  p e r c e n t a g e  
of p h o s p h o c r e a t i n e  to  t h e  t o t a l  c r ea t ine  is lower  t h a n  in 
y o u n g  an ima l s  1. P h o s p h o c r e a t i n e  is used for t he  rephos-  
p h o r y l a t i o n  of A D P  to  A T P  in t he  muscle:  I t  was  also 
found  t h a t  b y  an  increase  of glucose feeding,  t h e  phos-  
p h o c r e a t i n e  va lues  of old an i m a l s  muscles  r e t u r n  to those  
of y o u n g  ones 2. This  m a y  be  r e l a t ed  to changes  in glyco- 
gen me tabo l i sm ,  and  the re fo re  t he  glycogen c o n t e n t  of 
musc les  a n d  l iver  in y o u n g  a n d  old r a t s  was  compared .  

Materials and methods. W i s t a r  a lb ino  r a t s  f r o m  t h e  
I n s t i t u t e ' s  own  colony were used. T he  p r e p a r a t i o n  of 
muscles  fol lowed t he  fo rmer  desc r ip t ion  s . T he  glycogen 
c o n t e n t  was  e s t i m a t e d  b y  t he  m e t h o d  of VAN DER KLEIJ 3. 

To t e s t  t he  in f luence  of work,  t he  a n i m a l s  were t r ans -  
fer red  in to  a n a r r o w  c o n t a i n e r  w i t h  w a t e r  a t  25 ~ Af te r  
e x h a u s t i n g  swimming ,  t h e y  were i m m e d i a t e l y  ki l led and  
t he  glycogen c o n t e n t  of l iver  a n d  wh i t e  and  red muscles  
was e s t ima ted .  The  s igni f icance  of t he  differences of re- 
sul ts  be tween  young  a n d  old an imals ,  and  red  and  whi t e  
muscles  was checked  b y  S t u d e n t  t- test .  
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