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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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regulat ive  metabol ic  reac t ion  no t  d e p e n d e n t  on the  
nervous  sys t em to s t r e t ch  of t he  myofibr i ls  migh t  be 
assumed,  as t he  increase of oxygen  c o n s u m p t i o n  occurs 
also in a curar ized muscle.  However ,  i t  m u s t  be re- 
m e m b e r e d  t h a t  a freely immersed  muscle  coils up and  
m a y  even go into cont rac ture ,  and  thus  the  surface area  
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Incorporation of l~C-leucine into the proteins of the levator ani 
nmscle (LA) and the extensor digitorum longus muscle (EDL). 
The nmscles were incubated for 2 h while the muscles were either 
stretched (shaded columns) or not stretched (white columns). 

exposed  to  the  rad ioac t ive  med i u m m a y  also decrease.  
I t  will be necessary  to s t u d y  fu r the r  t he  m e c h a n i s m  b y  
which s t r e t ch  increases  ra te  of me tabo l i sm  of p ro te ins  
and  to  d i f fe rent ia te  metabol ic  and  mechanica l  factors.  
General ly  uns t r e t ched  muscles  are used in rout ine  incor- 
pora t ion  expe r imen t s  and  therefore  th is  factor  should  
be considered in th is  t y p e  of exper iments .  

We  m a y  conclude t h a t  the  use of s t r e t ched  muscle  in 
incorpora t ion  s tudies  offers advan t ages  and  ma in t a ins  
also more  na tu ra l  condi t ions  for muscle  funct ion.  As 
s t r e t ch  affects  the  ra te  of incorporat ion,  it  appears  
necessary  to  s ta te  the  degree of s t r e t ch  appl ied  to  a 
muscle  in incorpora t ion  s tudies  in to  muscle.  

Zusammen/assung. Gegentiber  n i c h t g e d e h n t e n  Muskeln 
weisen gedehn te  Ske le t tmuske ln  in v i t ro  eine be t r$ch t -  
lich erhOhte R a t e  yon  Aminsguren inkorpora t ion  in das 
Muskelprote in  auf. 
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A Relat ion  B e t w e e n  P o s i t i v e  P h a s e  Shift  and Elas t i c  M o d u l u s  E n h a n c e m e n t  of S m o o t h  Musc l e  

Muscle is a special k ind of visco-elast ic mater ia l  
capable  of synthes iz ing  energy  dur ing  the  contract i le  
process,  The  mechanica l  behav io r  of re laxed smoo th  
muscle can be m a t c h e d  by  a t h r e e - p a r a m e t e r  model  
composed  of a Maxwell  e lement  in paral lel  wi th  a spr ing 1. 
All 3 pa ramete r s ,  essential ly 2 tensile modul i  to  quan t i fy  
energy-conserv ing  character is t ics  and 1 viscosi ty  to  
quan t i fy  energy-diss ipat ion,  have  been measured  2,3. 
These 3 pa rame te r s  are known  to increase wi th  the  level 
of cont rac t i le  tone3,4 so t h a t  t hey  m a y  also be a measure  
of the  energy-syn thes iz ing  character is t ics .  

If  a s inusoidal  s t ra in  is imposed  on in v i t ro  s mo o t h  
muscle *,~, and on some insect  f l ight  muscles 6, the  induced 
stress is general ly out  of phase  wi th  t he  s t ra in  and  at  
h igh frequencies  the  phase  angle (angular  difference 
be tween  stress and s t ra in  waves) is nega t ive  as would 
be expec ted  for an o rd inary  viscoelastic body.  However ,  
a t  low frequencies  there  is a posi t ive  phase  angle 4 ~ 
which appears  to  represen t  a ne t  p roduc t ion  of mechanica l  
energy b y  the  muscle.  The presen t  s tudy  shows t h a t  the  
same low f requency  oscil latory s t ra ins  also induce a ne t  
increase in the  contrac t i le  tone  of smoo th  muscles,  
resul t ing in levels of tensile modul i  which  equal  and  even 
exceed those  p roduced  by  drugs or electrical  s t imula t ion .  
The purpose  of th is  r epor t  is to describe th is  new phenom-  
enon and  to  give the  condi t ions  for p roduc ing  it. 

Experimental procedure. I~ectangular  spec imens  wi th  
a cent ra l  slit  were r emoved  f rom the  u r inary  bladder ,  
p u l m o n a r y  ar tery ,  and large veins  of anes the t i zed  
(40 mg/kg  sodium pen toba rb i t a l  in the  hear t )  rabbi ts ,  
cats,  and  dogs. All these  t issues conta in  numerous  s mo o t h  
muscle  bundles.  Specimens were suppor t ed  hor izonta l ly  
in a fluid m ed ium by  2 hooks s l ipped t h r o u g h  the  cent ra l  
slit. The  med ium was NaC1 solut ion made  isotonic wi th  

Ringer ' s  solut ion by  adding  KC1 (0 0.08N) and /o r  CaC12 
(0-0.08N) and/or  E D T A  (0 0.08N), and Tris buf ter  to  
keep p H  at  5 levels be tween  5.5-8.5. T e m p e r a t u r e  was  
ma in t a ined  a t  0 ~ 15 ~ 25 ~ or 37 ~ and  recorded on an 
Offner D y n o g r a p h  as previously  descr ibed 4. 

One suppor t ing  hook  was a t t a ch ed  to a v ib ra t ion  exci ter  
which s t ra ined  the  specimen paral lel  to the  cent ra l  slit 
a t  f requencies  (~o) f rom 0.01-50 Hz. M o v e m e n t  of the  
exci ter  was moni to red  wi th  a f iberopt ic  d i sp l acemen t  
t r ansduce r  (response 1100 Hz) whose o u t p u t  was regis- 
t e red  as s t ra in  on the  D y n o g r a p h  and  gave the  X inpu t  
of a s torage tube  oscilloscope. The o ther  suppor t ing  hook  
was a t t a ch ed  to a stress t r ansduce r  (response 350 Hz) 
whose  o u t p u t  was also regis tered on the  D y n o g r a p h  and  
served as t he  Y inpu t  to  the  oscilloscope. S t ress -s t ra in  
loops led to c o m p u t a t i o n  of absolu te  d y n ami c  modulus  
([E [) and phase  shif t  (tan ~b) 4,~. 

Specimens  were s t r e t ched  by  a s tep func t ion  and  per-  
mi t r ed  to s t ress- re lax  to a s t eady  m e a n  tension.  If  the  
tens ion rose as evidence of recont rac t ion ,  1 or 2 oscil- 
la t ions a t  ~o = 0.2 Hz  were super imposed  every  2 min  on 
the  rising tens ion  to  p e rmi t  concur ren t  m e a s u r e m e n t  of ]El 
and  t an  $. W h e n  the re  was no evidence of recont rac t ion ,  
osci l la tory s t ra ins  of less t h a n  1% were t h e n  super imposed  
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