
was related to muscle  prote ins  in p roce s s  of synthesis  (Fig. 3a). The la rges t  polyr ibosomes  are  considered 
[5, 6] to par t ic ipate  in the synthesis of myosin.  In some cases  r ibosome- l ike  par t ic les  were seen to escape 
through the nuclear  membrane  (Fig. 3b). 

The experiments  thus showed that during normal  activity the cytoplasm of the ske le ta l -muscle  fiber con- 
tains functionally active mono-  and polyr ibosomes .  Ribosomes par t ic ipate  in in t racel lu lar  se l f - renewal  p ro -  
cesses  and, in par t icu la r ,  renewal of the contract i le  sys tem of the muscle  fiber. 

It can be concluded f rom these resu l t s  that RNA passes  per iodical ly  f rom the nucleus into the cytoplasm 
of the muscle  f iber ,  possibly in connection with resumption of the cycle of in t racel lu lar  se l f - renewal .  
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C A L C I U M  T R A N S P O R T  A N D  A T P a s e  A C T I V I T Y  

O F  T H E  S A R C O P L A S M I C  R E T I C U L U M  O F  N O R M A L  

A N D  D E N E R V A T E D  R A B B I T  M U S C L E S  

O. D. L o p i n a  UDC 612.744.16-06:612.748.5 

The proper t ies  of the calcium pump of the sa rcoplasmic  ret iculum (SR) from normal  and dener-  
voted rabbit  muscles  were studied. The kinetics of t ranspor t  of Ca + + ions in SR f rom denervated 
muscles  obeys the Michaelis--Menten law. After  denervation the rate of fast outflow of Ca ++ 
f rom the vesicles  is increased,  leading to a decrease  in the efficiency of t ranspor t  and an in- 
c r ease  in the activity of "basal" ATPase .  Meanwhile the rate  of Ca ++ accumulation and the ac-  
tivity of t r anspor t  Ca-ATPase  a re  increased  by 1.5 t imes.  The kinetic proper t ies  of the re t icu-  
lure f rom denervated muscles  cor respond  to the pat tern  of the con t rac t ion- re laxa t ion  cycle in 
those muscles .  

KEY WORDS: denervation; Ca ++ t ransport ;  t ranspor t  Ca-ATPase;  sa rcoplasmic  ret iculum. 

Denervation leads to considerable changes in metabolism and, consequently,  to morphological  and phys-  
iological changes in muscle  t issue. After  denervation of fast muscles  hyper t rophy of the sa rcoplasmic  re t icu-  
lum (SR), linked with an increase  in the synthesis  of membrane  protein [11], and changes in the phospholipid 
composit ion of the membranes  [5, 9] are  observed.  The effect of denervation on the Ca ++ t ranspor t  sys tem in 
SR has received little study. 

The object of this investigation was to study the proper t ies  of the calcium pump of SR fragments  isolated 
f rom rabbit skeletal musc les  af ter  denervation. 
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TABLE 1. Cha rac t e r i s t i c s  of SR P repa ra t i ons  (n = 4) I so la ted  f r o m  Normal  and Dener -  
vated Muscles (M �9 m) 

SR preparation Vac c VATP [ Vbas I v ~ 

Denervated muscles 
Normal muscles 

2,45~0,24 4,55• 1 1,11• I 0,35• 
1,69+0,06 2,92+0,22 0,36• 0,10_-4-_0,01 

Legend. Vac c) Rate of accumulat ion of Ca + +, VATP) r a t e  of hydro lys i s  of ATP by Ca- 
A T P a s e ,  Vbas) r a t e  of hydro lys i s  of ATP in s ta te  II ,  VMg) r a t e  of hydro lys i s  of ATP by 
M g - A T P a s e .  Calculated in pmoles  P i / m g  p r o t e i n / m i n ;  n) number  of p r epa ra t i ons .  

A B If  
4. 

H 350nmolescaCt~lSO nmoles CoCgz78~nmoles I 

SR ATP 
+EGTA~ 

SR ATP //1 
* E G ~  

Fig. 1. Acidification of incubation medium 
as a r e su l t  of hydro lys i s  of ATP by SRf rag -  
ments  f r o m  norma l  (A) and denerva ted  (13) 
musc l e s :  I) hydro lys i s  of ATP during ac -  
cumulation of Ca + +; II) hydro lys i s  of ATP 
by "basa l"  ATPase ;  III) hydro lys i s  of ATP 
by M g - A T P a s e .  

7 mtn 

E X P E R I M E N T A L  M E T H O D  

Denervat ion was c a r r i e d  out by dividing a branch of the sc ia t ic  ne rve  in the hind l imb of the rabbi t  in the 
upper  th i rd  of the thigh. F r o m  17 to 21 days a f t e r  denervat ion the rabbi t s  were  decapi ta ted and the p lan ta r i s  
and gas t rocnemius  m u s c l e s  r e m o v e d  f r o m  the denerva ted  l imb.  The cor responding  m u s c l e s  of the opposi te  
l i m b w e r e  used as the control .  The SR f rac t ion  was i so la ted  by the method desc r ibed  p rev ious ly  [2]. 

Activi ty of A T P a s e  was m e a s u r e d  as acidif icat ion of the incubation medium during hydro lys i s  of ATP 
[3]. The accumulat ion of Ca ++ in the p r e s e n c e  of oxalate  was r eco rded  continuously at 37~ as the turbidi ty  of 
a suspension of SR f r agmen t s  produced by prec ip i ta t ion  of Ca oxalate c r y s t a l s  in the i r  in terna l  space.  The in- 
cubation medium (4 ml) contained (in mmoles ) :  NaC1 100, MgC12 2, ATP 2, sodium oxalate 5-6, imidazole  4, 
pH 7.0; pro te in  20-60 pg /ml .  Pro te in  was de te rmined  by Lowry ' s  method [4]. Activity of M g - A T P a s e  was 
m e a s u r e d  in the p r e s e n c e  of 0.3 mM EGTA [e thyleneglycoNbis- ( f l -aminoethyl  e s t e r ) -N , N- t e t r aace t a t e ] .  

To calcula te  the veloci ty  of inflow of Ca + + Win) and the veloci ty  of i ts  outflow (Vou t) the following equa-  
tions were  used [1, 6]: 

Via= Ca/ATPmax XVAT P, 

where  VAT P is  the veloci ty  of hydro lys i s  of ATP by C a - A T P a s e ,  and 

Vout = [Ca/ATPmax --Ca/ATPexp] • 

where  C a / A T P e x  p is  the ra t io  between the ra te  of accumulat ion of Ca + + and the ra te  of hydro lys i s  of ATP de- 
t e rmined  exper imenta l ly .  

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 A T P a s e  act ivi ty of the SR f r agmen t s  was made up of the act ivi ty of M g - A T P a s e  and the act ivi ty  of 
t r a n s p o r t  Ca-ATPaseo The act ivi ty  of M g - A T P a s e ,  which has nothing to do with the p r o c e s s  of Ca ++ t r a n s p o r t  
[10], can be m e a s u r e d  f r o m  the acidif icat ion of the incubation medium in the p r e s e n c e  of EGTA, a specif ic  com-  
plexone fo r  Ca + +~ Acidification of the incubation medium as a r e su l t  of hydro lys i s  of ATP by SR f r agmen t s  
f r o m  n o r m a l  (A) and denerva ted  (13) musc le  is  shown in Fig. 1~ In the p r e s e n c e  of ATP,  the added Ca++accu - 
mula ted  rapidly  in the ves i c l e s  on account of hydro lys i s  of ATP {state Do In this s ta te  the veloci ty  of hydro lys i s  
is  de te rmined  pure ly  by the p r o p e r t i e s  of the enzyme.  Activi ty of C a - A T P a s e  in s ta te  I was thus de te rmined  
as the d i f ference  between total  A T P a s e  act ivi ty  and M g - A T P a s e  act ivi ty.  After  uptake of Ca ++ the ra te  of 
acidif ication falls  off because  the t r a n s p o r t  s y s t em p a s s e s  into another  s ta te .  In s ta te  II the veloci ty  of hydro l -  
ys i s  depends not only on the p r o p e r t i e s  of the enzyme,  but a lso  on the r a t e  of outflow of Ca + + f r o m  the ves ic l e s .  

670 



A 

/ ~  ~ 2 
~,/~ 

I I I I I I 0 
6 ,5  ~ 7  6,9 7,! 7,3 7,SpH 

5 
8 " " ~ 3  L 

�9 ~ 2 

f P I i i 

6 .5  6 ,7  6,9 7 , 1 7 . 3  7,5 p H  

Vin b i ~-~-t ~ "  

. . . . . . . . . . . . .  % '1 0 2 4 6 8 10 z2 ;'4x 108/,r 

Fig. 2 Fig. 3 

Fig�9 2�9 Dependence of hydrolys is  of ATP by Ca-ATPase  and Ca ++ t ranspor t  on pH: A) pH- 
dependence of hydrolys is  of ATP by Ca-ATPase  for  SR f rom normal  (1} and denervated (2) 
muscles ;  ]3)pH-dependence of Ca + + t ranspor t  for SR f rom normal  (1) and denervated mus-  
cles (2}. Ordinate: A} rate  of hydrolysis  (in pmoles Ca + +/nag p ro te in /min) .  

Fig. 3. T ranspor t  p a r a m e t e r s  as functions of Ca + + concentrat ion in the internal space of 
SR ves ic les :  a) (Ca/ATP} as a function of Ca + + concentrat ion inside vesic les  for  SR f rom 
normal  (1) and denervated (2) muscles ;  b) Vin/Vou t as a function of 1 / [ C a  +2] for  SR f rom 
normal  (1) and denervated (2) muscles �9  Ca + + concentration in internal space of vesicles  
calculated f rom solubility product  for calcium oxalate, namely 2 �9 10 -8 M 2 [7]. 

Most authors descr ibe ATPase  activity in state II as "basal" ATPase .  The rate of ATP hydrolysys  in state IT 
can be calculated as the difference between total ATPase  activi ty and Mg-ATPase  activity. It  charac te r i zes  
the rate  of outflow of Ca ++ f rom the vesic les .  It was found that on the 17th-21st day after  denervation Ca- 
ATPase  activity and the rate  of accumulation of Ca ++ increased  on average by 1.5 t imes (Table 1). Activation 
was unconnected with any change in the pH-dependence of these p roces se s .  It will be c lea r  f rom Fig. 2 that 
under normal  conditions and af ter  denervation the pH-opt imum for  Ca-ATPase  was 7.1. In both cases  Ca + + 
t ranspor t  took place fas te r  in the region of more  acid pH values (6.5-6.7). Although the weight of the muscles  
af ter  denervation was reduced by half, the outflow of protein of the SR fract ion was unchanged at 0.50-0.85 m g /  
g t issue. The increase  in ATPase  activity cannot therefore  be regarded  as the resul t  of bet ter  purification of 
the fraction. 

Denervation led to a threefold increase  in basal  ATPase  activity (Table 1), in agreement  with other  
worke r s '  findings [9, 12]. Activation of "basal" ATPase  is connected both with activation of Mg-ATPase  and 
with activation of Ca-ATPase ,  compensating for  the outflow of Ca++; this is evidence of an increase  in the rate  
of this p roces s  after  denervation of the muscle .  

During the f i rs t  10 days after  denervation,  Ca-ATPase  activity and the rate of Ca ++ accumulat ion are  
unchanged; not until the end of the second week is activation (20%) of both p rocesses  observed [9]. The exper i -  
ments  showed that on the 17th-21st day activation of t ranspor t  and hydrolysis  was a l ready 50%. At the same 
time Mg-ATPase  activity also increased.  Since the degree of purif ication of the fract ion was unchanged, act i-  
vation was due ei ther  to an increase  in the concentration of enzyme in the membrane  o r  to changes in the s t ruc-  
ture  of the membrane  o r  the enzyme i tself  which led to an increase  in the activity of each molecule.  To solve 
this p rob lem fur ther  investigations are  n e c e s s a r y .  

Hydrolysis  of one molecule of ATP by Ca-ATPase  is accompanied by the t ranspor t  of two Ca ++ ions 
through the membrane  [8]. However,  with an increase  in the Ca + + concentrat ion inside the vesicles  the oppo- 
site p roces s  - outflow of Ca + + -  began. There  are  two outflow channels: pass ive  diffusion and rapid outflow, 
which obeys the Michaelis--Menten kinetics [6]. The SR membrane  has low permeabi l i ty  for  Ca ++, and the rate  
of pass ive  diffusion is therefore  very  slow. The rate  of fas t  outflow is comparable  with the rate  of Ca + + inflow 
[6]. To determine the rate  of accumulation,  the difference between the inflow and outflow of Ca ++ is found. 
The value of C a / A T P ,  determined as the rat io between the ra te  of accumulation of Ca + + and the rate  of ATP 
hydrolysis  is thus always under 2. The rate  of outflow is proport ional  to the Ca ++ concentration inside the 
vesic les  and, having determined the values of C a / A T P  for  different Ca ++ concentrat ions,  the maximal  
value of C a / A T P  can be found. This is done by extrapolation of the values of C a / A T P  to an infinitely 
low concentrat ion of Ca++�9 It will be c lea r  f rom Fig. 3a that for  normal  and denervated muscles  the 
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maximal  value of C a / A T P  was 2. This shows simultaneously that the rate of passive diffusion in SR 
f rom normal  and denervated muscles  is much slower than the rate of fas t  calc ium outflow. The observed 
decrease  in efficiency of accumulation in SR f rom denervated muscles  is due to an increase  in the rate  of the 
fast  Ca ++ outflow. This possibi l i ty was analyzed by calculating the rat io between inflow and outflow at each 
internal Ca + + concentrat ion and the curve of Vin/Vou t as a function of 1/ [Ca++] was plotted (Fig. 3b). The 
point of intersect ion of this line with the absc i ssa  gives the rec iproca l  of the outflow constant (Kout). This is 
the concentration of Ca + + in the internal  space of the vesicles  at which the outflow reaches  50% of its maximal  
value. For  SR f rom normal  muscles  Kou t on average is twice as high as Kou t for  SR f rom denervated muscles .  

In the modern view Ca ++ t ranspor t  in SR is effected by a c a r r i e r  with cyclical ly changing affinity for 
Ca ++ [8]. The rate  of Ca ++ inflow depends on the dissociat ion constant of the c a r r i e r - C a  ++ complex on the 
outer side of the membrane ,  whereas the rate of outflow depends on the dissociat ion constant of this complex 
on the inner side of the membrane.  The rat io between the constants determines the Ca + + gradient in SR. If 
the Ca ++ outflow is proport ional  to its binding with the c a r r i e r ,  Kout is proport ional  to the dissociation con- 
stant of the c a r r i e r - C a  ++ complex on the inner side of the membrane .  The decrease  in Kout af ter  denervation 
is thus evidence of an inc rease  in affinity of the c a r r i e r  for Ca ++ on the inner  side of the membrane .  If affinity 
for  Ca ++ on the outer  side of the membrane  is unchanged, the Ca pump of the denervated muscle  can create  a 
gradient only half as low. 

Changes taking place in SIR on the 17th-21st day after  denervation were thus connected mainly with an in- 
c rease  in the Ca + + outflow f rom SR and a reduction in the efficiency of action of the Ca pump. Increased  act iv-  
ity of Ca-ATpase  under these conditions is possibly a compensatory react ion.  Despite this possibil i ty,  the 
Ca + + gradient is reduced af ter  denervation and this evidently leads to charac te r i s t i c  changes in the form of 
contract ion of the denervated muscle  with a p ro t rac ted  per iod of contraction and with lengthening of the re laxa-  
tion t ime. 
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