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Fig. 2. The influence of the concentration of calcium in the super- 
fusion medium on contracture tensions, the latter being expressed as 
percentages of a control value. Curve A : Magnesium, 4 raM. Results 
(from 12 ventricles) expressed as means ~ standard errors of means; 
number of data averaged to give each point given in brackets. 
Curve B: Magnesium, 20 raM. Individual data from one ventricle. 

Responses  to  changes  in concen t ra t ion  of calcium or 
magnes ium were immed ia t e  when  these  occurred ac tua l ly  
dur ing  a cont rac ture ,  and comple te  in about  5 sec. This 
r ap id i ty  is more  suggest ive of changes  near  the  cell surface 
t h a n  of gross a l tera t ions  in the  amo u n t s  of calcium or 
magnes ium inside and  the  results  can be in te rpre ted  in 
t e rms  of a compe t i t ion  of the  two cat ions for superficial  
b ind ing  sites, wi th  the  tens ion  depending  on the  propor-  
t ion of si tes occupied by  calcium: On this  view, t he  
failure of tens ion  to rise indef in i te ly  wi th  extracel lular  
calcium concen t ra t ion  would be due to sa tura t ion  of t he  
sites. A comparab le  compet i t ion  be tween  calcium and 
magnes ium is seen in u ter ine  muscle of the  ra t  5, but ,  in 
frog ventr icle ,  the  ac t ion  of calcium is an tagonized  by  
sodium 6, ~. 

The concen t ra t ion  of calc ium in the  blood of H.  
aspersa is usual ly 4-16 m M  and, in h y d r a t e d  snails, 
magnes ium averages abou t  3.6 -4- S.D. 1.2 m M  1. Though  
some of the  calcium is no t  ionizedS, there  is enough pre- 
sent  t h a t  even large var ia t ions  can have  only negligible 
influence on exc i t a t ion-con t rac t ion  coupling. Normal  
f luc tua t ions  in magnes ium should have  a greater  effect,  
but ,  here too, the  da t a  suggest  i t  would be un impor t an t .  
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Fig. 3. The influence of the concentration of magnesium ill the 
superfusion medium on eontraeture tension. Curve C : Calcium, lmM. 
Results (from 6 ventricles) expressed as means -4- S.E. of means; 
numbers of data for each point given in brackets. Curve D : Calcium, 
5 raM. Individual data from one ventricle. 

Zusammenfassung. Die isometr ische  Kon t r ak t ionsspan -  
hung  in der  i so l i e r t enHerzkammer  - mi t  Wechse l s t rom 
gereizt  - n i m m t  mi t  der  Ka lz iumkonzen t ra t ion  im Medium 
bis zu e inem (~ Pla teau  }> zu. Dem Kalz iumeffekt  wird  d u t c h  
Magnes ium entgegengewirk t  w~ihrend Vergnderungen  der  
N a t r i u m k o n z e n t r a t i o n  keinen en t sche idenden  Einf luss  
haben.  
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O n  t h e  M e c h a n i s m  o f  C o m p e n s a t o r y  H y p e r t r o p h y  

I t  has  recent ly  been  shown t h a t  in the  rat ,  following 
t e n o t o m y  of t he  gas t rocnemius  muscle, a rapid  and s t r iking 
h y p e r t r o p h y  of t he  synergis t ic  soleus and  p lan ta r i s  
muscles  occurs x,2. In  a p re l iminary  a t t e m p t  to  iden t i fy  
the  physiological  mechan i sms  opera t ing  dur ing  com- 
pensa to ry  h y p e r t r o p h y ,  it  seemed i m p o r t a n t  to  t e s t  the  
role of the  neural  inf luence or a t  least  the  necess i ty  for 
i n t ac t  neura l  circuits  in inducing c o m p e n s a t o r y  hyper -  
t rophy .  Two a l te rna t ive  working  hypo theses  m a y  in fact  
be  considered to expla in  how the  over load imposed  on 
skeletal  muscles  following t e n o t o m y  of synergis ts  m i g h t  
de te rmine  c o m p e n s a t o r y  hype r t rophy .  On the  one hand ,  
t he  increased strain,  s ignalized by  the  s t re tch  receptors ,  
m a y  induce th rough  reflex p a t h w a y s  an increased func- 
t iona l  ac t iv i ty .  In  th is  case the  c o m p e n s a t o r y  hyper -  
t r o p h y  t h a t  follows would be essent ia l ly  similar  to t h a t  

i n  S k e l e t a l  M u s c l e s  

due to phys ica l  exercise, in bo th  cases the  causal  agent  
inducing h y p e r t r o p h y  being increased 'ac t ive '  muscle  
work  d e p e n d e n t  on increased neural  s t imulat ion.  Al te rna-  
t ive ly  one can envisage a d i rect  effect  of mechanica l  
tens ion  on skeletal  muscle,  no t  dependen t  on nerves :  t he  
h y p e r t r o p h y ,  in this  case, would be produced  by  the  in- 
creased 'pass ive '  s t r e t ch ing  of the  loaded muscles.  A 
similar  m e c h a n i s m  has  been suggested to expla in  t he  
t r ans i to ry  h y p e r t r o p h y  of the  dene rva t ed  h e m i d i a p h r a g m  
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Group Experimental procedure~ No. of 
animals 

Right side Left side 

% difference of muscle dry weight 
(means :t- S.E.) between right and 
left side b 

Soleus m. Plantaris in. 

1 No operation No operation 8 

2 Denervation Sham-operation 8 
3 Tenotonly of synergist Sham-operation 8 

4 Denervation plus tenotomy of synergist Sham-operation 8 
5 Denervation plus tenotomy of synergist Denervation 8 

+0.4 ~_ 3.1 +2.8 ~ 2.3 

-27.6 ~ 1.4 --21.1 ~ 1.6 

+25.5 2~ 2.9 +17.1 2L 2.3 
--8.5 ~ 3.2 --9.1 • 1.8 

+17.7 =c 3.8 +15.3 :J= 2.2 

Further explanation is given in the text. ~' At 5 days following operation. 

sub j ec t ed  to the  r h v t h l n i c a l  pul l  due  to t he  con t r ac t i on  of 
t he  i n n e r v a t e d  con t r a l a t e r a l  musc le  a 5. Likewise  t he  
re la t ive  g r o w t h  t h a t  occurs  in r a t  m u s c l e s  d e n e r v a t e d  a t  
b i r t h  m a y  be re la ted  also to  t he  s t r e t c h i n g  caused  by  t he  
g rowing  ske le tonK To d i sc r imina t e  b e t w e e n  t he se  
m u t u a l l y  exc lus ive  possibi l i t ies ,  t he  i n t e r ac t i on  of com-  
p e n s a t o r y  h y p e r t r o p h y  and  d e n e r v a t i o n  a t r o p h y  of 
soleus an d  p l an t a r i s  musc les  of the  r a t  was  ana lyzed .  

Materials  a,~d methods. F e m a l e  W i s t a r  ra t s ,  we igh ing  
be tween  130-150 g, were used  in these  e x p e r i m e n t s .  De-  
n e r v a t i o n  was  p e r fo rmed  in one g roup  of a n i m a l s  b y  
r e m o v a l  of a s e g m e n t  of t he  t ib ia l is  ne rve  a t  t h e  popl i tea l  
fossa;  in a n o t h e r  g roup  of r a t s  the  g a s t r o c n e m i u s  nmsc le  
was  t e n o t o m i z e d  as descr ibed by  GOLI~BERG~; in a t h i rd  
g roup  b o t h  ope ra t i ons  were accompl i shed  in t h e  s a m e  leg. 
In  all cases  a s h a m  opera t ion  was  carr ied ou t  on t he  
con t ro la te ra l  l imb.  In  a f u r t h e r  group of r a t s  b o t h  de- 
n e r v a t i o n  an d  t e n o t o m y  of t he  syne rg i s t  were  pe r fo rme d  
on one side an d  s imple  d e n e r v a t i o n  on t he  other .  

Results  and discussion. D r y  weigh t  c h a n g e s  of the  
soleus  an d  p l a n t a r i s  musc les  are repor ted  in the  Table .  I t  
is a p p a r e n t  t h a t ,  a f te r  comb ined  denerw~t ion  a nd  
t e n o t o m y ,  the  resul t  is no t  s ign i f i can t ly  d i f fe ren t  froln an  
algebraic s u m m a t i o n  of t h e  oppos i te  effects  of t he  2 
fac tors  no t  combined .  Fac to r ia l  ana lys i s  con f i rms  t h a t  the  
i n t e r ac t i on  b e tween  d e n e r v a t i o n  and  t e n o t o m y  of 
s y n e r g i s t  is n o t  s ign i f i can t  ( the F va lues  be ing  1.43 a n d  
0,36 for soleus and  p l a n t a r i s  musc le  respec t ive ly ,  
p > 0.05), t h a t  is t he i r  effects  are essen t ia l ly  addi t ive .  T h e  
resu l t s  f r o m  th e  e x p e r i m e n t a l  g roup  5 are in keep ing  w i t h  
th i s  conclusion.  The  re la t ive  h y p e r t r o p h y  which  follows 
t e n o t o m v  of t h e  g a s t r o c n e m i u s  in these  d e n e r v a t e d  
a n i m a l s  is n o t  s ign i f i can t ly  d i f fe ren t  f r o m  t h a t  seen  in  
n o r m a l l y  i n n e r v a t e d  (group 2) r a t s  (p > 0.1 for soleus a n d  
> 0.5 for p l an t a r i s  musc le  in t he  t-test).  

Th e  resu l t s  of t h e  p r e s e n t  e x p e r i m e n t s  appea r  to  ind ica te  
t h a t  the  ear ly  response  i nduc ing  h y p e r t r o p h y  of ske le ta l  
musc le s  following t e n o t o m y  of a syne rg i s t  occurs  prac t i -  
cal ly i n d e p e n d e n t l y  of i nne rva t i on ,  and  s u g g e s t  t h a t  non -  
neura l  factors  are ope ra t i ng  du r ing  c o m p e n s a t o r y  
h y p e r t r o p h y .  Ch anges  in blood flow, b r o u g h t  a b o u t  by  
increased  t en s io n  or by  o the r  m e c h a n i s m s ,  d i rec t ly  or 
t h r o u g h  neu ra l  ref lex p a t h w a y s  r u n n i n g  a long  rou te s  
d i f fe rent  f rom th e  m a i n  per iphera l  ne rve  t r u n k s ,  m a y  
p lay  a role in i nduc ing  c o m p e n s a t o r y  h y p e r t r o p h y .  
However ,  genera l  cons ide ra t ions  7, and  t he  fac t  t h a t  b lood 
flow is increased  in d i f fe rent  t ypes  of musc le  a t r o p h y  8, 
m a k e  it  un l ike ly  t h a t  an  increase  in t he  blood flow could  
be the  primary* a n d  i m m e d i a t e  cause  of c o m p e n s a t o r y  
h y p e r t r o p h y .  A more  i m p o r t a n t  fac tor  appea r s  to be t he  
di rect  effect  of increased  t en s ion  on ske le ta l  musc le .  

Mechan ica l  t ens ion  is k n o w n  to af fec t  d i rec t ly  musc l e  
ene rgy  m e t a b o l i s m :  as s h o w n  by  F~NG '~, t he  r e s t i ng  
m e t a b o l i s m  of f rog musc l e  increases  d u r i n g  pas s ive  s t r e t c h  
of musc le ,  t i e c e n t  i nco rpo ra t ion  s tud ie s  on i so la ted  r a t  
musc le s  ~0 ind ica te  t h a t  the  s a m e  fac tor  a f fec ts  p ro t e in  
m e t a b o l i s m  as well. Severa l  o the r  l ines  of ev idence  f rom 
in v i t ro  11,1" a n d  in v ivo  a,~,6 e x p e r i m e n t s  sugge s t  t h a t  
m e c h a n i c a l  t ens ion  is one of the  bas ic  ' t roph ic '  f ac to rs  
a c t i ng  on ske le ta l  muscles ,  which,  t o g e t h e r  w i th  t he  
ne u ra l  inf luences ,  exe r t s  a f u n d a m e n t a l  r e g u l a t o r y  
func t i on  a d a p t i n g  the  musc l e s  to the  va r i ab l e  phys io -  
logical  d e m a n d s  1~, 1~ 

Riassanto.  L ' ipe r t ro f i a  c o m p e n s a t o r i a  dei musco l i  
soleo e p l a n t a r e  di r a t t o  in segui to  a t e n o t o m i a  del 
s ine rg i s t a  g a s t r o c n e m i o  non  a ppa re  m e d i a t a  da l l ' i nne rva -  
zione, m a  6 v e r o s i m i l m e n t e  l ega ta  a u n  ef fe t to  d i re t to  
della acc resc iu ta  t ens ione  me c c a n i c a  sui  musco l i  in te res -  
sati .  
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