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On the sixth day of compensa tory  hyperfunction induced by division of the tendon of a syner -  
gist, the mass  of the rabbit  soleus muscle ,  a slowly contract ing red  skeletal muscle ,  is in- 
creased.  The increase  in mass  of the muscle  is accompanied by a decrease  in activity of 
Ca ++- and Mg ++- dependent ATPase  and in the rate  of absorption of Ca ++ by unit m a s s  of the 
sa rcoplasmic  ret iculum (SPR). The concentrat ion of SPR protein in the muscle  is unchanged. 
As a resu l t  of these changes the power of the calcium pump of the SPR per  unit mass  of mus-  
cle in the hypertrophied skeletal muscle is reduced. 

Exper iments  on hear t  muscle  have shown that the power of the calcium pump of the sa rcoplasmic  
ret iculum (SPR), responsible  for reIaxation of the muscle ,  falls in the stage of failure [13] and, in all  prob-  
ability, in the stage of re la t ively stable compensa tory  hyperfunction and hyper t rophy also [3]. 

The question accordingly a r i ses  of how soon the power of the calcium pump decreases  during com- 
pensatory hypert rophy of a m u s c l e .  To answer this question the state of the calcium pump of the SPR was 
studied in a slowly contract ing red  skeletal  muscle  - the rabbit  soleus muscle  - in the initial stage of the 
p rocess ,  on the sixth day of compensatory  hypertrophy.  

EXPERIMENTAL METHOD 

Experiments were carried out on 29 male rabbits weighing 2.5-3 kg. Compensatory hyperfunction and 

hypertrophy of the soleus muscle were produced in 21 rabbits by removing as much of the tendon of the 

synergist muscle, the gastrocnemius, as possible. The soleus muscles of the contralateral intact limbs of 

the same animals were used as the control. Mock operations differing from the ordinary operations simply 
in the fact that the tendons of the gastrocnemius muscle were not divided, were carried out on eight rabbits. 

The rabbits were decapitated on the sixth day after the operation. The intact and hypertrophied soleus 
muscles of seven rabbits were dried in an incubator at 75~ to constant weight to determine the content of 

dry substance in the hypertrophied muscle. Samples of SPR were isolated from the seleus muscles of the 

other animals by a modified Harigaya's technique [6]. Samples of muscles weighing 2 g were homogenized 

for 80 sec in a Waring blendor with Teflon container at 12,000 rpm in 40 ml medium containing 0.15 M KCI 

and 0.005 M NaHCO 3. The homogenates were centrifuged at 8,000 g for 20 min. The supernatant was passed 

through several layers of gauze and treated with 3.0 KCI up to a final concentration of 0.6 M. The micro- 

somes were sedimented at 45,000 g for 60 rain 2{~-30 rain after addition of the KCI. The residue of micro- 
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T A B L E  1. 
fo r  Six Days  on SPR of R a b b i t  So leus  M u s c l e  (M 

E f f e c t  of C o m p e n s a t o r y  H y p e r f u n c t i o n  and  H y p e r t r o p h y  

Index studied 

Hypertro- 
Intact phied mus- 
muscles cles n=7 
n = 7(i4) (14) 

1467-----58 I 1976-+60 

2,76--0,11 2,54-*-0,18 

4,79+0.41 4,2t+0,41 
13,2 + 1.2 10,5• 

365• 21 285-+ 14 
1007• 716-+38 

1013--+84 1002-+66 

288----- 31 403-----52 

* m) 

Di fferences~ 
~0 

+34,7 

--8,0 

--12,1 
--20,3 

--21,9 
--28,9 

--I,I  

+40,0 

Weight of wet muscles (in rag) 
Yield of SPR protein from 1 

muscle (in mg) g 
Rate of uptake of Ca ++ (in nmoles 

Ca ++ ) calculated: 
per milligram SPR protein 
per SPR in 1 g muscle 

Activity of Ca ++- and Mg_ ~--de- 
pendent ATPase (in nmoles 
Pin/min) calculated: 

per milligram SPR protein 
per SPR in 1 g muscm 

Calemm-ox alate, capacity (in 
nmoles Ca++/g SPR protein) 

Activity of Ivig -dependent 
ATPase (in nmoles Pin/rain/rag 
SPR protein) 

<0,001 

<0,5. 

<0,5 
<0,I 

<0,01 
>0,00I: 

>0,5 

>0.05, 

Note.  1) N u m b e r  of a n i m a l s  shown in p a r e n t h e s i s ,  2) we igh t  of r a b -  
b i t s  2884 ~: 73 g. 

s o m e s ,  r e s u s p e n d e d  in 0.1 M KC1 so lu t i on  with 0.01 M T r i s - m a l e a t e  buf fe r ,  pH 7.1, was  u s e d  a s  the SPR 
p r e p a r a t i o n .  P r o t e i n  w a s  d e t e r m i n e d  by  L o w r y ' s  m e t h o d  [9]. 

C a l c i u m  and  A T P - a s e  a c t i v i t y  of  the  SPR p r e p a r a t i o n s  w e r e  d e t e r m i n e d  by  the m e t h o d  d e s c r i b e d  by  
B o l d y r e v  e t  a l .  [2, 4]. An i ncuba t i on  m e d i u m  of the  fo l lowing  c o m p o s i t i o n  was  u s e d  (25~ 0.1 M KC1, 
0.002 M MgC12, 0.f)02 M A T P ,  n.0064 M NafC204, 0,01 M T r i s - m a l e a t e  bu f f e r ,  pH 7.1. The  c o n c e n t r a t i o n  of  
SPR p r o t e i n  in the r e a c t i o n  m i x t u r e  was  0.08-0.1 m g / m l  and the vo lume  of the s a m p l e  was  8 m l .  Only v e r y  
s m a l l  q u a n t i t i e s  of Ca ++ ions  w e r e  a d d e d -  140 n m o l e s  CaC12 in each  c a s e .  

S t a t i s t i c a l  a n a l y s i s  of the r e s u l t s  was  c a r r i e d  out  by  the u s u a l  m e t h o d s  [1]. 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

The e x p e r i m e n t a l  r e s u l t s  (Tab le  1) show tha t  the p o w e r  of the c a l c i u m  pump of the SPR in the s k e l e -  
t a l  m u s c l e s  u n d e r g o i n g  c o m p e n s a t o r y  h y p e r t r o p h y  was  r e d u c e d ,  a s  r e f l e c t e d  in the  r a t e  of a b s o r p t i o n  of  
Ca ++ and the a c t i v i t y  of  Ca ++- and  Mg ++- d e p e n d e n t  A T P a s e  of the SPR p e r  uni t  m a s s  of  m u s c l e .  The  de -  
c r e a s e  in p o w e r  of the c a l c i u m  pump was  due c h i e f l y  to a d e c r e a s e  in the r a t e  of  up take  of Ca ++ and  a c t i v i -  
ty  of Ca ++- and  Mg++-dependen t  A T P a s e  p e r  un i t  m a s s  of SPR b e c a u s e  the SPR c o n c e n t r a t i o n  in the m u s c l e ,  
e s t i m a t e d  f r o m  the y i e l d  of  SPR p r o t e i n  f r o m  1 g m u s c l e ,  was  unchanged .  A s m a l l  (8%) d e c r e a s e  in y i e l d  
of  SPR p r o t e i n  p e r  g r a m  m u s c l e ,  wh ich  was  not  s i g n i f i c a n t  (P > 0.5), was  due to h y d r a t i o n  of the h y p e r -  
t r o p h i e d  m u s c l e  - the  r e l a t i v e  con t en t  of d r y  s u b s t a n c e  in the m u s c l e  was  r e d u c e d  by  12.3% (P < 0.01), a s  
a s p e c i a l  s e r i e s  of e x p e r i m e n t s  showed.  The f ac t  tha t  the d e c r e a s e  in the r a t e  of Ca ++ up take  p e r  u n i t m a s s  
of  SPR and the d e c r e a s e  in SPR p e r  g r a m  m u s c l e  was  not  s i g n i f i c a n t  canno t  be a d e c i s i v e  f a c t o r  when the 
s t a t e  of the c a l c i u m  pump  of the SPR i s  a s s e s s e d ,  fo r  c h a n g e s  in a c t i v i t y  of  Ca ++- and M g + + - d e p e n d e n t  
A T P a s e ,  a m u c h  m o r e  r e l i a b l e  index of the C a + + - t r a n s p o r t i n g  func t ion  of the SPR when o r d i n a r y  m e t h o d s  
of  r e c o r d i n g  a r e  u s e d  [7], w e r e  c o n s i d e r a b l e  and  s i g n i f i c a n t  (Tab le  1). 

The  r e s u l t s  in T a b l e  1 a l s o  show tha t  the  ac t i v i t y '  of  M g + + - d e p e n d e n t  A T P a s e  was  g r e a t l y  i n c r e a s e d  in 
the SPR s a m p l e s  f rom the h y p e r t r o p h i e d  m u s c l e s  b u t t h e c a l c i u m - o x a l a t e c a p a c i t y -  the l a r g e s t  quan t i t y  of 
Ca ++ a b s o r b e d  p e r  uni t  m a s s  of SPR in the p r e s e n c e  of o x a l a t e  ions  - was  c o m p l e t e l y  unchanged .  The 
func t iona l  s i g n i f i c a n c e  of t h e s e  f ind ings  i s  not  y e t  c l e a r .  

P r e p a r a t i o n s  of  SPR i s o l a t e d  f r o m  the s o l e u s  m u s c l e s  a f t e r  mock  o p e r a t i o n s  of  the l i m b s  w e r e  v i r -  
t u a l l y  i n d i s t i n g u i s h a b l e  f r o m  those  of the s o l e u s  m u s c l e s  of i n t a c t  l i m b s  (Table  2). T a k e n  a s  a w h o l e , t h e s e  
f a c t s  a r e  e v i d e n c e  tha t  the n o n s p e c i f i c  e f f e c t  of the o p e r a t i v e  t r a u m a  on the a c t i v i t y  of the SPR p r e p a r a t i o n s  
was  n e g l i g i b l e ,  

The  r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  show tha t  the  p o w e r  of the c a l c i u m  pump of the  SPR of  s k e l e t a l  
m u s c l e  f a l l s  v e r y  e a r l y  d u r i n g  c o m p e n s a t o r y  h y p e r f u n c t i o n  and  h y p e r t r o p h y ,  in  the  i n i t i a l  s t age  of the 
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TABLE 2. Effect  of Mock Operation on SPR of Rabbit Soleus Muscle 
on Sixth Day After  Operation (M ! m) 

Index studied 

Weight of wet muscles (in rag) 
Yield of SPR protein from 1 g 

muscle (in rag) 
Rate of uptake of Ca ++ (in nmoles 

Ca++/sec per mg SPR protein) 
Activity of Ca ++- and Mg++-de - 

pendent ATPase (in nmoles 
Pin/mEn per mg SPR protein) 

Calcium-oxala~e capacity fin 
nmoles Ca++/g 8PRprotein) 

Activity of Mg+~-dependent . 
ATPase (in nmoles Pin/rain/rag 
SPR protein) 

Intact 
muscles 
n =4 (8) 

1533-- + 39 

2,94~0,24 

5,03---+0,42 

30I~32 

1281~28 

215+21 

Hypertro- 
phied mus- 
cles n = 4 

(8) 

1580~ 44 

3,03~0,10 

5,33~0 49 

304------ 32 

1294~ 107 

228~ 10 

Differences, 
% 

+1,7 

+3,1 

+6,0 

+1,o 

+l,o 

+6,0 

>0,5 

>0,5 

>0.5 

>0,5 

>0.5 

>0,5 

Note. Number of animals  shown in parentheses,  2) weight of rab-  
bits 3190 -~ 10o g. 

p rocess .  A decrease  in the power of the pump in the later  s tages of development of the process  was dem- 
onstrated in exper iments  on hear t  muscle [3, 13]. The power of the calcium pump of the SPR in hyper-  
trophied hear t  muscle,  incidentally, falls just  as it does in hypertrophied skeletal muscle  - despite no change 
in the concentrat ion of SPR elements  [11] or  in the calcium-oxolate  capaci ty [5, 13]. These facts,  com-  
bined with others  indicating the considerable s imi lar i ty  between the slowly contract ing red  skeletal muscle  
and hear t  muscle with r e spec t  to cer ta in  features of function [15], energy supply [12], s t ructure  and bio- 
chemical  proper t ies  of the SPR [12, 13], b iochemical  proper t ies  of the myofibr i ls  [10], and changes in the 
physiological proper t ies  of these muscles  during compensa tory  hyperfunction and hyper t rophy [8], suggest  
that the resu l t s  of the study of the calcium pump of the SPR of hypertrophied skeletal  muscle can be applied 
to hear t  muscle  and vice versa .  Hence it follows that the decrease  in power of the calcium pump of the SPR 
discovered in the ea r ly  (emergency) stage of the p rocess  can continue in later  stages and can thus be an 
ea r ly  manifestat ion of the general  principle that the power of the SPR calcium pump is reduced in musc les  
undergoing compensatory  hypertrophy.  

The increase  in duration of the single contract ion of the hypertrophied muscle  could be a d i rec t  r e -  
sult of this decrease  in power of the calcium pump of SPR [8, 14). 
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