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F r a g m e n t s  of s a r c o p l a s m i c  re t i cu lum (SR) isola ted f r o m  the skeletal  m u s c l e s  of rabbi t s  with 
m a r k e d  a t h e r o s c l e r o s i s  have impa i red  ability to accumula te  Ca ++, A dec r ea se  in the eff iciency 
of the t r a n s p o r t  p r o c e s s ,  e x p r e s s e d  as  a dec r ea se  in the C a / A T P  ra t io ,  is accompanied  by 
act ivat ion of C a - A T P a s e  and by a s imul taneous inc rease  in the r a t e  of outflow of Ca ++ f r o m  SR. 
The t e m p e r a t u r e  dependence of C a - A T P a s e ,  plotted between Arrhen ius  coordinates ,  normal ly  
has  an inflection at  20-21~ but in h y p e r c h o l e s t e r e m i a  the graph becomes  a s t ra igh t  l ine.  
Meanwhile the c h o l e s t e r o l / p r o t e i n  ra t io  in m e m b r a n e  p r epa ra t i ons  of SR r i s e s  sharply  in 
a t h e r o s c l e r o s i s .  The C a - A T P a s e  of nat ive m e m b r a n e s  has an act ivat ion energy (Ea) of 15.6 
and 28.7 k c a l / m o l e  in reg ions  above and below the inflection r e spec t ive ly .  The  C a - A T P a s e  of 
m e m b r a n e s  containing an inc reased  amount of choles te ro l  has  an act ivat ion energy of 19 k c a l /  
mole  ove r  the whole range  of t e m p e r a t u r e s  invest igated.  I t  is suggested that  the choles terol  
level  in m e m b r a n e  p r e p a r a t i o n s  changes not only the phys icochemica l  c h a r a c t e r i s t i c s  of the 
m e m b r a n e s ,  but also the enzymic  p r o p e r t i e s  of t r a n s p o r t  A T P a s e .  
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The development  of h y p e r c h o l e s t e r e m i a  is  accompanied  by a change in p r o t e i n - l i p i d  in teract ions  in the 
m e m b r a n o u s  s t r u c t u r e s  of the ce l l s  of such vital ly impor tan t  o rgans  as  the brain ,  hear t ,  and l ive r  [5, 13]. 
The ca lc ium pump of the s a r c o p l a s m i c  re t i cu lum (SR) is  a convenient model with which to s t u d y p r o t e i n - l i p i d  
in teract ion in the m e m b r a n o u s  s t r u c t u r e s  of musc le  t i s sue .  The  p r o p e r t i e s  of the Ca-pump a r e  known to depend 
on the  phospholipid composi t ion of the m e m b r a n e s  [11, 14, 18] and, in pa r t i cu la r ,  on the physicochemical  s ta te  
of the phospholipids [9]. Meanwhile the ro le  of choles te ro l  in the function of the Ca -pump  has not been studied, 
although it is choles te ro l  which controls  the fluid p r o p e r t i e s  of m e m b r a n e s  [8, 15]. 

This  paper  d e s c r i b e s  the p r o p e r t i e s  of the C a - A T P a s e  and Ca- t r anspor t i ng  capaci ty  of SR f rom the 
skeletal  musc l e s  of normal  rabb i t s  and r abb i t s  with seve re  a l imen ta ry  hype rcho l e s t e r emia .  

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

Male adult r abb i t s  weighing 2.5-3 kg were  kept on a diet including choles tero l  (1 g /kg)  for  6-7 months.  
The development  of a t h e r o s c l e r o s i s  in the an ima l s  was moni tored  by determining the blood cholesterol  con- 
centra t ion per iodica l ly  by the l ~ n g e l ' g a r d t - S m i r n o v a  method.  The  an imals  were  killed, the internal  organs  
examined morphologica l ly ,  and the degree  of a the rosc l e ro t i c  damage  to the aor ta  es t imated  (this par t  of the 
invest igat ion was under taken by E o D. Klimenko).  

F r a g m e n t s  of SR were  isolated f r o m  the white musc l e s  of the hind l imbs  (100 g) by differential  cen t r i -  
fugation [6]. The Ca- s t imula t ing  capaci ty  of  the re t i cu lum and C a - A T P a s e  act ivi ty in the t r a n s p o r t  p r o c e s s  
were  m e a s u r e d  by means  of a p H - m e t e r  [6]. The t e m p e r a t u r e  dependence of ATPase  was m e a s u r e d  as  
desc r ibed  p rev ious ly  [1], using a p r e p a r a t i o n  of SR par t i a l ly  purif ied by alkaline t r e a t m e n t  with EDTA [18]. 
In these  expe r imen t s  the inc rease  in inorganic phosphorus  (Pi) was m e a s u r e d  [16] and the apparent  act ivat ion 
ene rgy  calculated by the usual  method [4]. The pro te in  concentra t ion was de te rmined  by the b iure t  r eac t ion  
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Fig. 2 

Fig�9 1�9 Ca ++ t ransport  by fragments of SR from skeletal muscles of control and 
experimental rabbits.  I) Control, 2) experiment. Incubation medium: Mg-ATP 
2 raM, NaCl 100 raM, imidazole 1.5 n~I (pH 7.0), Na oxalate 5 raM, addition of 
CaC12 in course of t ransport  300 nmoles per sample, protein 600 #g, volume of cell 
6 ml, temperature 26~ 

Fig. 2. Temperature  dependence of EDTA-treated Ca-ATPase of SR from rabbit 
skeletal muscles.  1) Control, 2) experiment. Incubation medium: KCI 100 mM, 
EDTA 0.5 mM, MgC12 2.5 mlVI, ATP 2.5 raM, imidazole 20 mM, CaCl 2 0,5 raM, 
protein 10-20/~g per sample, pH 7.4. 
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Fig. 3. pH-Dependence of ra tes  (in 
nmoles PL/mg/min)  of inflow and 
outflow of Ca ++ during its t ransport  
by SR in hypercholesteremia.  1) 
Rate of inflow Win) of Ca ++ , 2) ra te  
of outflow (Vout) of C a ++ from r e -  
ticulum. 

or  by Lowry's  method, and the cholesterol concentration in the membranes by Roschlan's method [17], using 
the kit of reagents f rom Boehringer.  The composition of the medium and the experimental conditions are  il- 
lustrated in Figs�9 1 and 2. 

The Na2-ATP (from Reanal) was purified by recrystall ization [7] and converted into the imidazole form 
on a column with Dowex 5 • 50 (400 mesh); the concentrations of CaC12 and MgC12 were determined by com- 
plexonometric t i tration with Murexide and Er ichrome black T respectively [6]. The kinetic analysis of SR 
function was carr ied out as described previously [2, 6]. 
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TABLE 1. Cor re l a t i on  between Ra t e s  of  Inflow (Vin) and Outflow (Vout) of Ca++ during 
I t s  Accumula t ion  by F r a g m e n t s  of  SR f r o m  Control  and Exper imen ta l  Rabbi ts  

Parameters 

Rate of hydrolysis of ATP, nmoles 
Paling/rain 

Ca~&T P 
Vin, nmoles Pi/mg/min 
Vo.ut, nmotes Pi/mg/min 

33oc 

1 1 7 5  
l,l 

2350 
1050 

Control 

15oC 

106 
0,68 
21.2 
140 

"I' 33~ Experimen~ 

[ 

1500 
0,63 
3000 
1950 

15oc 

173 
0,44 
346 
27O 

TABLE 2. Choles te ro l  Content  in M e m b r a n e  P r e p a r a t i o n s  and Activation Ene rg i e s  of 
C a - A T P a s e  f r o m  SR of Control  and Expe r imen ta l  Rabbi ts  

' Shape of temperature Activation energy, kcal/mole 
Condition Cholesterol/ dependence on Arrhenius 

protein, rag/rag plot high low temperature temperature 

Control 0 ,03 Nonlinear, inflection at 15,6 _1,6 28,7++_:.3 

Cholesmrol diet for 6 months 0,08 21~ 16,4" 25,7* 
Cholesterol diet for over 6 The same 

months 0,t5 Linear 19,2___1,9 19,4+: .7 

* M e a s u r e m e n t s  made  in one s e r i e s  of expe r imen t s .  

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

Keeping rabb i t s  on a h igh-cho les te ro l  diet for  6-7 months  led to a sha rp  r i s e  in the blood choles te ro l  
level  (from 53-117 rag % norma l ly  to 350-900 mg %) and to the development  of m a r k e d  l ipoidosis  in the ao r t a ,  

F r a g m e n t s  of SIR isolated f r o m  the skeletal  musc l e s  of the exper imenta l  an imals  contained a l a rge  quan- 
t i ty  of choles te ro l  (up to 150 t~g /mg prote in  c ompa red  with the no rma l  30. I t  was  also found that  these  p r e p a -  
ra t ions  p o s s e s s e d  higher  C a - A T P a s e  act ivi ty than no rma l ly  and they accumula ted  ca lc ium for  a longer  t ime  
(Fig. 1). The  calculated values  of the eff iciency of act ion of the Ca -pump (Ca /ATP)  thus di f fered significantly: 
no rma l ly  1.9, exper imenta l ly  0.9 (pH %0 at 26~ Sharp d i f fe rences  in the eff iciency of Ca++ accumulat ion also 
were  obse rved  at both the higher  (33~ and the lower  (15~ t e m p e r a t u r e .  To explain this  phenomenon the  r a t e s  
of inflow and outflow of Ca ++ were  calcula ted in the course  of  its t r a n s p o r t  [2]. The  i nc rea se  in the r a t e  of 
ATP hydro lys i s  was found to be accompanied  by an i nc r ea se  in the r a t e  of both the inflow and outflow of Ca ++, 
but the l a t t e r  p r o c e s s  was m o r e  m arked ,  for  the eff ic iency of Ca ++ accumulat ion fell  (Table 1). 

To a s s e s s  the p r o p e r t i e s  of C a - A T P a s e  in nat ive and cho les t e ro l - loaded  m e m b r a n e s ,  the t e m p e r a t u r e  
dependence of the enzyme,  t r e a t ed  with EDTA in an alkal ine medium,  was de te rmined .  Af te r  t r e a t m e n t  in this  
way the ves i c l e s  of SR b e c o m e  p e r m e a b l e  to Ca++; no Ca ++ gradient  is c rea ted  during hydro lys i s  of ATP and, 
for  that  r eason ,  the A T P a s e  act ivi ty  changes with t ime  [3, 6]. The  t e m p e r a t u r e  dependence of this  t r ea t ed  
C a - A T P a s e ,  when plot ted between Ar rhen ius  coordina tes ,  under  no rma l  conditions has  an inflection at 21~ 
(Fig.  2), which can be explained by s t ruc tura l  modif ica t ions  in the m e m b r a n e  l ipids  [3, 10, 12]. Meanwhile the  
C a - A T P a s e  f r o m  ST of the expe r imen ta l  an imals  was a l inear  function of t e m p e r a t u r e .  The change f r o m  non- 
l i nea r  to l i nea r  t e m p e r a t u r e  dependence was o bse rved  when the c h o l e s t e r o l / p r o t e i n  ra t io  inc reased  f r o m  the 
normal  0.03 to 0.08-0.15 m g / m g  (Table 2). Act ivat ion energ ies  cha rac te r i z ing  C a - A T P a s e  under  no rma l  con- 
dit ions a r e  15.6 k c a l / m o l e  i n t h e  reg ion  above the inflection and 28.7 k c a l / m o l e  below 21~ When the cho- 
l e s t e r o l / p r o t e i n  ra t io  r o s e  to 0.15 r a g / r a g  the Ar rhen ius  plot b e c a m e  l inear  and the act ivat ion energy  was 
a v e r a g e d t o  19 k c a l / m o l e .  

Convers ion  of the nonl inear  t e m p e r a t u r e  dependence of the enzyme to l inear  was  accompanied  by ac t iva -  
t ion of A T P a s e  (compared  with the control) in t e m p e r a t u r e  reg ions  above and below the previous  posit ion of 
the inflection (Table 1, Fig.  2). This  act ivat ion was accompanied  by an i nc rea se  in the r a t e  of inflow of Ca ++ 
into the r e t i cu lum in the course  of i ts  act ive t r a n s p o r t .  However ,  the r a t e  of outflow of Ca ++ inc reased  by a 
g r e a t e r  deg ree  at the s a m e  t ime ,  so that  the eff iciency of act ion of the Ca-pump was reduced  at  all t e m p e r a -  
~ r e s .  

The  pH-dependence  of the Ca++ inflow and outflow during t r a n s p o r t  was e x p r e s s e d  by typicat  curves  with 
an op t imum at 6.8-7.0 and 7.3-7.5 r e s p e c t i v e l y  (Fig. 3). The prof i le  of the curves  was unchanged by an in-  
c r e a s e  in the choles te ro l  content in the m e m b r a n e s ,  and the opthnal  va lues  also r e m a i n e d  the same .  Di f fe rences  

8 7:~ 



between the pH-dependencies of Ca ++ inflow and outflow have been reported in the li terature [2, 3, 6]. Com- 
parison of the rate of outflow of Ca++ during its transport by SR fragments of the control and experimental 
animals (Table 1) indicates that the confomnation change responsible for the outflow of Ca ++ takes place more 
readily in membranes loaded with cholesterol. 
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C H A N G E S  IN TISSU E E N E R G Y  M E T A B O L I S M  IN A N I M A L S  

E X P O S E D  TO C O N T I N U O U S  AND I N T E R R U P T E D  L O W - F R E Q U E N C Y  

V I B R A T I O N  

A. A. M e n ' s h o v  a n d  N. P .  B a r a n o v a  UDC 612.013.7.014A5 

The action of continuous low-frequency vibration on rats  for 1 month caused no changes in the 
total adenine nucleotides of the brain but led to a marked decrease in the ATP content and total 
adenine nucleotides in the limb muscles. After exposure to vibration for 3 months considerable 
exhaustion of the total adenine nucleotides of both muscles and brain was found. In the case of 
interrupted exposure to vibration the state of the adenine-nucleotide system depended on the 
duration of the pauses between periods of continuous exposure to vibration. During vibration 
with the shortest pauses (4 rain) between successive periods of 30 rain of vibration no changes 
were observed in the energy metabolism of the muscles and brain. Vibration with pauses of 8 
and 15 rain was found to be unfavorable for the adenine nucleotides of the muscles and vibration 
with a pause of 8 rain for the brain. 

KEY WORDS: adenine nucleotides; brain; muscles; continuous and interrupted low-frequency 
vibration. 

Exposure to vibration causes various functional, structural, and metabolic disturbances in man and ani- 
mals [4, 7, 9]. The effect of low-frequency vibrations on energy metabolism, however, has been inadequately 
studied. 
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