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Denervat ion  Effects on Choline Depolar izat ion  of Muscle  M e m b r a n e  

Prev ious  work  ha s  es tab l i shed  t h a t  chol ine  (Ch), or 
ace ty lchol ine  (ACh), in mi l l imolar  concen t r a t i on ,  b r ings  
a b o u t  a pa r t i a l  depo la r i za t ion  of frog muscle  cells ~. I n  
po t a s s ium-Ringe r ,  t he  depo la r i za t ion  is t r a n s i t o r y  b u t  
in  Ces ium-Ringer ,  i t  is m a i n t a i n e d  so long  as Ch is 
p resen t .  The  m e m b r a n e  of muscle  f iber  p r e t r e a t e d  in 
Cs-Ringer  was  more  sens i t ive  to  appl ied  Ch or ACh. I n  
e i the r  case, t h e  m a g n i t u d e  of depo la r i za t ion  increases  
w i th  increas ing  Ch or ACh c o n c e n t r a t i o n s  ~. I t  was  
sugges ted  t h a t  chol inergic  receptors ,  no t  necessar i ly  
s imi la r  to  those  n o r m a l l y  ac t ive  a t  t he  end  plates ,  are 
p re sen t  all  over  t h e  m e m b r a n e  s t r u c t u r e  a n d  t h a t  these  
ex t ra j  unc t i ona l  r ecep tors  are no rma l ly  k e p t  in a conf igura-  
t ion  which  does no t  al low the  i n t e r ac t i on  b e t w e e n  Ch 
(or ACh) and  i ts  r ecep tor  to  lead depola r iza t ion .  The  
i n t e r ac t i ons  b e t w e e n  Ch, or ACh, Cs + a n d  I(+ a t  t he  
m e m b r a n e  were descr ibed  b y  a s suming  a chol inergic  
r ecep to r  sys t em in t he  m e m b r a n e K  The  va lues  for  t he  
a p p a r e n t  d i ssoc ia t ion  c o n s t a n t s  be t w een  Ch or ACh a n d  
t he  r ecep to r  show t h a t  t he  effect  on  t h e  Ch- or ACh- 
r ecep to r  site of rep lac ing  K+ b y  Cs + is to  increase  t he  
a f f in i ty  of t he  r ecep to r  for b o t h  Ch a n d  ACh 4,5. I n  all 
t h e  work  r epo r t ed  f rom th i s  l a b o r a t o r y  so far, t h e  
sa r to r ius  muscles  used h a v e  been  dissected  w i t h  t h e  
muscle  ne rve  cu t  as close to t he  muscle  as possible,  a n d  
d a t a  t a k e n  f rom muscle  f ibers  regions free of end-p la te s  
w i t h i n  7 h a f te r  dissect ion.  Tes ts  h a v e  shown  t h a t ,  u n d e r  
these  condi t ions ,  t he  muscle  i n n e r v a t i o n  r em a i ns  func-  
t iona l  for a t  leas t  15 h. I n  v iew of t he  r epo r t ed  effects  
of d e n e r v a t i o n  on  muscle  m e m b r a n e  sens i t i v i ty  to  
q u a t e r n a r y  a m m o n i u m  ions 6, the  p r e s en t  work  was 
u n d e r t a k e n  to s t u d y  t h e  effects of d e n e r v a t i o n  on  t he  
depo la r i za t ion  p r o d u c e d  b y  Ch in the  presence  of K+ or 
Cs+. 200 frogs (Leplodactylus ocellatus) were o p e r a t e d  on  
to d e n e r v a t e  t he  sa r to r ius  muscle  in one leg only,  b y  
the  fol lowing procedure .  The  ne rve  to  t he  sa r to r ius  
muscle  was loca ted  t h r o u g h  a smal l  incis ion in t he  skin  
of the  th igh ,  a n d  a p p r o x i m a t e l y  1 cm of i t  was excised. 
Af ter  60 days, t he  d e n e r v a t e d  muscle  and  its pa i red  
con t ro l  f rom the  o the r  leg of the  same  a n i m a l  were 

r e m o v e d  for s t u d y  b y  t he  s t a n d a r d  t echn iques  a l r eady  
desc r ibedL M e m b r a n e  p o t e n t i a l s  were  m e a s u r e d  w i t h  
microe lec t rodes  a long musc le  f ibers  in  t he  presence  of 
0.5, 1.0 and  2 m M  of C h  as r epo r t ed  in references*re. 
C o m p a r a b l e  m e a s u r e m e n t s  were also m a d e  on  con t ro l  
muscles  f ront  n o r m a l  n o n - d e n e r v a t e d  frogs. The  resu l t s  
are  shown  in F igures  1 a n d  2. E a c h  p o i n t  on  t he  F igures  
r ep resen t  t he  ave rage  of p o t e n t i a l  m e a s u r e m e n t s  f rom 
200 muscle  ceils, a n d  each  cu rve  r ep resen t s  m e a s u r e m e n t s  
on  30 muscles.  E a c h  of t he  3 d i f fe ren t ly  t r e a t e d  muscles  
reac t s  d i f fe ren t ly  to  t he  a d d i t i o n  of Ch. I n  K-tZinger,  t he  
depo la r i za t ion  response  to  Ch is t r ans i en t ,  w i t h  t he  s ame  
genera l  t i m e  course in all 3 muscles ,  and  increas ing  in 
m a g n i t u d e  w i t h  increas ing  Ch concen t r a t i on .  I n  a n y  g iven  
Ch concen t r a t i on ,  t he  m a g n i t u d e  of t he  response  is l eas t  
for t he  n o r m a l  con t ro l  muscles  f rom n o n - d e n e r v a t e d  
frogs, cons ide rab ly  larger  for t he  n o n - d e n e r v a t e d  con t ro l  
muscles  f rom the  oppos i te  leg of t he  same  frog t h a t  t he  
co r re spond ing  d e n e r v a t e d  musc le  is t a k e n  from, a n d  
g rea t e s t  for t he  d e n e r v a t e d  muscles  (Figure 1). 

In  Cs-Ringer ,  depo la r i za t ion  b y  Ch is sus ta ined ,  r a t h e r  
t h a n  t r ans i en t ,  in  b o t h  n o r m a l  musc les  f rom i n t a c t  frogs 
a n d  in n o n - d e n e r v a t e d  muscles  f rom frogs in wh ich  t he  
co r re spond ing  muscle  of t h e  oppos i te  l imb  was dener-  
va ted ,  b u t  is m u c h  la rger  in  t he  l a t t e r  case, a n d  m u c h  
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Fig. I .  Resting muscle membrane potential as a function of time, 
in 2.5 m M  potass iunl  Ringer.  - -  control  muscle from norma l  (non- 
denervated)  frogs, . . . . .  dene rva ted  muscle,  - . . . . . .  non-denerva ted  
control  muscles f rom the opposi te  leg of the same frog as the dener- 
r a t e d  muscle.  �9 0.5 m M  choline, �9 1.0 m M  choline, & 2.0 m M  
choline. 
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Fig. 2. Same as Figure  I, b u t  ill 2.5 m M  Cesium Ringer,  
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less sens i t ive  to  Ch c o n c e n t r a t i o n  over  t he  r ange  tes ted .  
I n  d e n e r v a t e d  muscle ,  t h e  Ch response  is t r a n s i e n t ,  as 
i t  is in  K-Ringer ,  b u t  w i t h  a fas te r  t i m e  course.  I t s  
m a g n i t u d e  increases  w i t h  increas ing  Ch c o n c e n t r a t i o n  
(Figure 2). D e n e r v a t i o n  increased  the  sens i t i v i ty  of t h e  
muscle  m e m b r a n e  to  choline.  I t  seems l ikely t h a t  t h i s  
increased  s ens i t i v i t y  is u l t i m a t e l y  to  be  exp la ined  in 
t e r m s  of changes  in  t he  p o t a s s i u m  h a n d l i n g  m a c h i n e r y  
in t he  m e m b r a n e ,  in  v iew of t h e  fol lowing re l a t ed  p h e n o m -  
ena. NICHOLLS 7 d e m o n s t r a t e d  a fall in  t o t a l  m e m b r a n e  
c o n d u c t a n c e  a f t e r  d e n e r v a t i o n  of muscle,  a n d  HARRIS 
and  NICHOLLS s found  a n  a p p r o x i m a t e l y  20% decrease  
in p o t a s s i u m  u p t a k e  of musc le  a f t e r  dene rva t ion .  HUB- 
BARD 9 has  more  r ecen t l y  shown  a fall  in m e m b r a n e  po tas -  
s ium c o n d u c t a n c e  a f t e r  dene rva t ion .  Then ,  in  t e r m s  of 
t he  chol inergic  r ecep to r  s y s t e m  sugges ted  b y  PORTELA 
et  al. 3, i t  is a t t r a c t i v e  to  suppose  t h a t  d e n e r v a t i o n  
somehow affects  t he  molecu la r  c o n f o r m a t i o n  of t h i s  
r ecep to r  s y s t e m  p r e s e n t  in  t he  muscle  m e m b r a n e ,  so 
t h a t  i t s  ab i l i ty  to  com b i ne  w i t h  choline,  t he  effect  on  
t he  p o t a s s i u m  h a n d l i n g  m e c h a n i s m  of t he  r e su l t i ng  
complex,  a n d  t he  changes  of i ts  bioelectr ic  t r a n s d u c e r  
ac t ion  p roduced  b y  s u b s t i t u t i n g  ces ium for p o t a s s i u m  
are  all  a l tered.  

F u r t h e r  work  to  c lar i fy  t he  n a t u r e  of t he  s t r i k ing  
changes  in chol ine  s ens i t i v i t y  in  i n t a c t  muscles  f rom 
d e n e r v a t e d  frogs is in  progress  1~ 

Rdsumd. Dans  u n  musc le  n o n  d6nerv6,  la chol ine  
p r o v o q u e  une  d @ o l a r i s a t i o n  p e r m a n e n t e  en pr6sence  de 
,Cs-Ringer~> e t  t r an s i t o i r e  en  pr6sence de ~K-Ringer~>. 
La  d 6 n e r v a t i o n  a u g m e n t e  la sensibi l i t6  de la m e m b r a n e  
muscu la i r e  ~ la choline.  Mais darts ce cas, le <~Cs-Ringer~> 
d o n n e  une  r @ o n s e  t r a n s i t o i r e  ~ la choline,  s emblab le  
ce!le o b t e n u e  avec  le <~K-Ringer~>. 
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Effect of Tension Upon Rate of Incorporation of Amino Acids into Proteins of Cross-Striated Muscle 

I n  e x p e r i m e n t a l  s tud ies  conce rn ing  r a t e  of incorpo-  
r a t i o n  of a m i n o  acids in to  prote ins ,  genera l ly  f reely 
suspended  u n s t r e t c h e d  musc les  are  used du r ing  i n c u b a t i o n  
in t h e  r ad ioac t ive  m ed i um .  However ,  i t  is well  k n o w n  
t h a t  h e a t  p r o d u c t i o n  1,2 and  oxygen  c o n s u m p t i o n  increase  
in a s t r e t c h e d  musc le  3. I so la t ed  muscles  su rv ive  longer  
u n d e r  t he  inf luence  of s t r e t c h  ~ and  muscles  in  o r g a n  
cu l tu res  deve lop  in good cond i t ion  on ly  w h e n  s t r e t c h e d  5. 
Thus ,  s t r e t c h  appl ied  to  t h e  muscle  f ibre  m a y  also be  a n  
i m p o r t a n t  f ac to r  in f luenc ing  t h e  r a t e  of i n c o r p o r a t i o n  of 
a m i n o  acids in to  pro te ins .  W e  h a v e  the re fore  c o m p a r e d  
r a t e  of i n c o r p o r a t i o n  of l*C-leucine in to  t h e  p ro t e in s  of 
2 muscles ,  i.e. t h e  l e v a t o r  an i  muscle  (LA) a n d  t h e  
ex t enso r  d i g i t o r u m  longus  muscle  (EDL)  of r a t s  us ing  
s t r e t c h e d  a n d  u n s t r e t c h e d  p repa ra t ions .  B o t h  muscles  
are  v e r y  th in ,  a n d  the re fo re  well  su i ted  for i n c o r p o r a t i o n  
s tudies  6,~. 

Material and methods. E x p e r i m e n t s  were pe r fo rmed  on  
(a) t he  L A  musc le  of 4-week-old r a t s  a n d  (b) t h e  E D L  
muscle  of -7-days  old ra ts .  T he  muscles  were r e m o v e d  
w i t h  t h e  t e n d i n o u s  inse r t ions ;  l iga tures  were appl ied  to  
b o t h  t e n d i n o u s  ends  of t h e  muscle  w i t h  a we igh t  a t t a c h e d  
to  one  of t h e  t endons .  T he  re s t ing  t ens ion  of t h e  musc le  
g iv ing  m a x i m a l  t w i t c h  t en s i on  o u t p u t  was  d e t e r m i n e d  
a n d  t h e  co r r e spond ing  we igh t  (e.g. 0.2 g for t h e  L A  a n d  
0.1 g for t he  E D L  muscle)  were used in t he  expe r imen t s .  
The  u p p e r  l iga tu re  was  f ixed a t  t he  u p p e r  c i rcumference  
of t h e  i n c u b a t i o n  f lask a n d  t he  muscle,  t h u s  ve r t i ca l ly  
s t r e t ched ,  was  comple t e ly  i m m e r s e d  in t he  i n c u b a t i o n  
m e d i u m  (Krebs- l~ inger  b i c a r b o n a t e  buffer,  p H  7.4). 
L-leucine-U-x4C was  used  (0.1 FC/ml, specific a c t i v i t y  
32.8 m C / m M  in t h e  case of E D L  muscle  and  0.2 FC/ml, 
specific a c t i v i t y  85.3 m C / m M  in t h e  case of L A  muscle) .  
The  muscles  were  i n c u b a t e d  for 2 h (LA) a n d  90 ra in  

(EDL)  u n d e r  c o n t i n u o u s  shak ing  a t  37~ At  t h e  end  
of t he  expe r imen t ,  t i le muscles  were homogen ized  a n d  
t he  p ro t e in s  p r e c i p i t a t e d  w i t h  5% TCA solut ion.  Af te r  
r e m o v i n g  t he  nucleic  acids a n d  lipids, t he  p r e c i p i t a t e d  
p ro te ins  were dr ied  w i t h  e ther ,  d issolved in folic acid 
a n d  n u m b e r  of i m p u l s e s / m i n  were de t e rmined .  N u m b e r  
of impulses  are  refer red  to  m g  of noncol lageneous  p ro t e in s  
d e t e r m i n e d  b y  t he  Conway  me thod .  I n  t he  con t ro l  
exper imen t s ,  t he  same muscles  i m m e r s e d  freely in to  t h e  
i n c u b a t i o n  m e d i u m  were used. 

Results and discussion. The  F igure  shows t h a t  incor-  
p o r a t i o n  of 14C-leucine in to  p ro te ins  in  s t r e t ched  muscles  
(LA a n d  EDL)  is cons ide rab ly  h igher  t h a n  in to  t he  pro-  
t e ins  of muscles  freely incuba ted .  Expressed  in per-  
centage,  t he  i nco rpo ra t i on  in to  t he  s t r e t ched  musc le  
increases  b y  174~o ill t h e  case of L A  muscle  a n d  b y  
50% in t he  case of E D L  muscle .  The  m e c h a n i s m  of th i s  
increase  of i nco rpo ra t i on  is no t  ye t  clear.  I t  is possible  
t h a t  t he  increased  oxygen  c o n s u m p t i o n  in a s t r e t c h e d  
muscle  m i g h t  be  a n  i m p o r t a n t  factor .  The  oxygen  con-  
s u m p t i o n  in a s t r e t c h e d  musc le  m a y  increase  2-4  t i m e s  
a n d  is connec ted  w i t h  increased  A T P  hydro lys i s  a n d  
c rea t ine  p h o s p h a t e  b reak -down .  W i t h  release of s t re tch ,  
oxygen  c o n s u m p t i o n  of t h e  muscle  decreases  3. A n  au to -  
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