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Fac i l i t a t i on  of con t rac t ions  of the frog myoca rd ium were  inves t iga ted  in solut ions with a reduced so -  
dium ion concent ra t ion  in r e sponse  to s t imula t ion  at  d i f ferent  f requencies .  The degree  of fac i l i ta t ion  was 
reduced  in a solution with low sodium concent ra t ion  and the maximum of fac i l i ta t ion  was d isp laced  into the 
region  of low f requenc ies .  The t ime cons tant  of fac i l i ta t ion  depended on the sodium ion concent ra t ion  in 
the ex te rna l  solution.  In a s e r i e s  of ten cont rac t ions  in solution of low sodium concent ra t ion  the ampli tude 
of the con t rac t ions  was not s tab i l i zed .  

Exis t ing data [5, 8, 10] sugges ts  that  the s t rength  of -myocard ia l  con t rac t ions  is mainly  de t e rmined  
by the compet i t ive  r a t io  between sodium and ca lc ium ion concent ra t ions  ins ide  the ce l l s .  A change in the 
sodium concent ra t ion  has a d i r e c t  effect on fixation of ca lc ium ions by the e l e m e n t a r y  eon t r ac t i l e  s t r u c t u r e s  
of the i so la ted  s a r eo tubu la r  e lements  of the rabb i t  myocard ium.  Lowering the sodium concent ra t ion  in the 
medium led to an i n c r e a s e  in ca lc ium fixat ion and vice v e r s a  [9]. The connection between act ion potent ia l  
p a r a m e t e r s  and the c h a r a c t e r i s t i c s  of con t rac t ions  of the myoca rd ia l  ce i l s  [4], and a lso  the dependence of 
dura t ion of the act ion potent ia l s  and the i r  a f t e re f fec t s  on the r a t e  of work of the e lec t rogenie  sodium pump 
[1, 2] sugges t  that  sodium ions a l so  play a ro le  in the regula t ion  of p a r a m e t e r s  of the con t rac t i l e  mechan i sm.  

To inves t iga te  this p r o b l e m  the con t r ac t i l e  r e s p o n s e s  of the myoea rd ium of co ld-b looded  an ima l s  
were  studied in r e s p o n s e  to pa i r ed  s t imul i  appl ied at  d i f ferent  in te rva l s ,  and to r epe t i t ive  stimulation, 
varying  the sodium ion concent ra t ion  in the medium. 

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

The i so la ted  per fused  ven t r i c l e  of the frog Rana t e m p o r a r i a  was placed in a smal l  bath with sa l ine  
[3] containing 110 mmole  NaC1. The def ic iency of sodium ions in the solut ions of low sodium concent ra t ion  
was made good by an equivalent  quantity of l i th ium ions.  Fo r  the f i r s t  10 rain the p repa ra t ion ,  kept  in n o r -  
mal solution, was s t imula ted  at  0.1 Hz, then followed a pause of 3 rain, a f te r  which one or  two s t imula t ing  
pulses  were  appl ied  in o r d e r  to r e c o r d  the ini t ia l  ampl i tude  and durat ion of the con t rac t ions .  Cont rac t ions  
in r e s p o n s e  to p a i r s  of s t imul i  were  next inves t iga ted :  the in te rva l s  between the two s t imul i  of each pa i r  
va r i ed  f rom 30 to 1 -0 .8 ' s ec  and the pause  between each pa i r  l a s t ed  for 40-60 see .  The durat ion of the 
pauses  was chosen s e p a r a t e l y  for each p repa ra t i on .  Af ter  pa i r ed  s t imulat ion,  s e r i e s  of ten con t rac t ions  
in r e s p o n s e  to s t imula t ion  at  d i f ferent  f requencies  (from 0.2 to 1 Hz) were  inves t iga ted .  The r e s t  per iod  
a f t e r  each s e r i e s  was 60-90 sec.  The c o u r s e  of the expe r imen t  in the t e s t  solut ions was the s ame .  

The main index for the changes in myoca rd ia l  con t rac t i l e  ac t iv i ty  was ', facili tation,,  of the c o n t r a c -  
t ions :  the i n c r e a s e  in ampl i tude  of the con t rac t ions  during a change in the d i s t ances  between the f i r s t  
(background) and second (test) cont rac t ion .  In a s e r i e s  of ten con t rac t ions  the fac i l i ta t ion  of each e o n t r a c -  
tion was de t e rmined  r e l a t i v e  to the f i r s t .  The numer i ca l  values  of the fac i l i t a t ion  was de t e rmined  by the 
fo rmula :  

A n p = ~ - - I ,  
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F i g .  1. Dependence  os f a c i l i t a t i o n  on i n t e r v a l s  be tw e e n  s t i m u l i  and on c o n -  
c e n t r a t i o n  of e x t r a c e l l u l a r  sod ium.  1) N o r m a l  so lu t ion ;  2) so lu t ion  of low 
s o d i u m  c o n c e n t r a t i o n  (30 mM NaC1). O r d i n a t e :  d e g r e e  of f a c i l i t a t i o n  (in 
r e l a t i v e  uni ts ) ;  a b s c i s s a :  i n t e r v a l  be tween  s t i m u l i  (in sec ;  l o g a r i t h m i c  s c a l e ) .  

F ig .  2. T i m e  c o n s t a n t  (1-) of f a c i l i t a t i o n  as  a funct ion of s o d i u m  ion c o n c e n -  
t r a t i o n  i n e x t e r n a l  so lu t ion .  O r d i n a t e :  ~- (in sec) ;  a b s c i s s a :  s o d i u m  ion c o n -  
c e n t r a t i o n  (in raM). 

w h e r e  P is  the  d e g r e e  of f a c i l i t a t i on ;  A n the a m p l i t u d e  of the  t e s t  c o n t r a c t i o n ;  A 1 the  a m p l i t u d e  of the  
b a c k g r o u n d  (f i rs t )  c o n t r a c t i o n .  

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

The c o u r s e  of f a c i l i t a t i o n  d u r i n g  p a i r e d  s t i m u l a t i o n  in a so lu t ion  wi th  a n o r m a l  con ten t  os s o d i u m  ions  
(110 mmole )  is  shown in F ig .  1 (broken l ine) .  F a c i l i t a t i o n  a p p e a r e d  when the i n t e r v a l  be tween  s t i m u l i  was  
15 sec o r  l e s s .  F a c i l i t a t i o n  r e a c h e d  i t s  m a x i m u m  (0.6• when the i n t e r v a l  was  1 .35•  s e c . A  f u r t h e r  
d e c r e a s e  in the i n t e r v a l  be tween  s t i m u l i  r e d u c e d  the d e g r e e  of f a c i l i t a t i o n  o r  r e v e r s e d  i t s  va lue  to n e g a t i v e  
(this phenomenon  o c c u r r e d  du r ing  a m a r k e d  d i a s t o l i c  c o n t r a c t i o n ,  fo r  the  a m p l i t u d e  of the  t e s t  c o n t r a c t i o n  
in a l l  c a l c u l a t i o n s  w a s  t aken  to  be  the  to ta l  a m p l i t u d e  minus  the  d i a s t o l i c  c o n t r a c t i o n ) .  The  con t inuous  l ine  
in Fig. 1 shows facilitation in a solution with lowered sodium ion concentration (30 mmole NaCI + 80 mmole 

LiCl). Under these conditions facilitation appeared when the interval between stimuli was 30 sec. The 

greatest degree of facilitation (0.4• was recorded when the interval between stimuli was 3.2• sec. 

With a decrease in the interval between stimuli, the degree of facilitation was reduced. In solutions of low 

sodium concentration, the maximum of facilitation was thus shifted into the region of long intervals between 
stimuli, and its degree was reduced. The change in the time constant of facilitation in solutions with dif- 

ferent concentrations of sodium ions is Shown in Fig. 2. A concentration of 30 mmole NaCl corresponds to 
the highest time constant.(16.4 see). With an increase in sodium concentration the time constant was re- 

duced, reaching 5.5 sec when the NaCI concentration was 150 mmole. The relationship between time con- 

stant of facilitation and sodium concentration in the external solution was linear in character. In series 

of I0 contractions in normal solution the greatest increase in amplitude occurred when the frequency of 

stimulation was 0.8 Hz (Fig. 3), and in solution with low sodium concentration at a frequency of 0.5-0.6 Hz. 
Stabilization of the amplitude in normal solutions during stimulation of low frequencies (0.2-0.4 Hz) oc- 

curred by the 5th-6th contraction, and at high frequencies (0.8-1 Hz) by the 8th-9th contraction. No stabil- 

ization of amplitude took place in solutions of low sodium concentration. The amplitude of the contractions 

in solution with low sodium concentration, under the same conditions of stimulation, was much higher than 
in normal solution. The time constants of increase in amplitude of the contractions in normal and low- 
sodium solutions were not significantly different. 

The results of these experiments show that reducing the sodium concentration in the medium affects 
not only the absolute increase in amplitude of the background and test contractions, but also subsequent 
facilitation. In a medium with low sodium concentration facilitation occurs in a considerably wider zone 
between background and test contractions than in a normal medium. 

On the assumption that the contractile activity of the myocardial cells is regulated by interaction be- 
tween ions [6, 7], and that sodium ions control myocardial contractility by-~heir action on the fixation of 
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Fig.  3. Se r ies  of ten con t rac t ions  in no rma l  (A) and low-  
sodium (B) solut ions for d i f fe ren t  f requenc ies  of s t i m u l a -  
t ion:  0.3 (a, a,),  0.45 (b, b ') ,  0 .8  (c, c ' ) ,  and 0.9 Hz (d, d ' ) .  

c a l c ium ions,  the r e s u l t s  obtained can be explained as  follows. The i n c r e a s e  in ampl i tude  of the c o n t r a c -  
t ions in a rhythmic  s e r i e s  {positive s t a i r c a s e )  depends on at  l e a s t  two in te rconnec ted  p r o c e s s e s :  move -  
ment of sodium ions f rom i n t r a c e l l u l a r  a r e a s  where  they comple te  with c a l c i um  ions,  and accumulat ion  of 
ca l c ium ions.  The i n c r e a s e  in ca l c ium concent ra t ion  in the s y s t e m  of con t r ac t i l e  f i l aments  and the outflow 
of ca l c ium a r e  de t e rmined  by the r a t e  oF ac t ive  pumping of sod ium f rom the ce l l .  Under o rd ina ry  condi~ 
t ions these  p r o c e s s e s  take p lace  at  a suff ic ient ly  high veloci ty  and the r e v e r s e  t r a n s p o r t  of sodium c o m -  
pensa tes  for the outflow of ca l c ium f rom the con t r ac t i l e  e l ements .  In a medium with low sodium concen-  
t r a t ion  ionic in te rac t ion  is  d i s tu rbed :  the number  of sodium ions enter ing  the ce l l  in the cour se  of each 
cycle  of exc i ta t ion  is reduced,  and a co r re spond ing ly  l a r g e r  number  of anionic loci  in the cel l  is  occupied 
by ca lc ium ions, and this  is  e x p r e s s e d  by an absolute  i n c r e a s e  in ampl i tude  of the con t rac t ions .  Meanwhile, 
a d e c r e a s e  in the i n t r a c e l I u l a r  sodium concent ra t ion  reduces  the eff iciency of work of the sodium pump, 
slowing the outflow of sodium f rom the cel l  and leading to re tent ion  of ca l c ium in the s y s t e m  of con t r ac t i l e  
p ro te ins .  The uncompensated  outflow of sodium f rom the cel l  and re ten t ion  of ca l c ium ions in each con-  
t r a c t i l e  cyc le  mus t  na tu ra l ly  l ead  to prolongat ion of the fac i l i ta t ion  t ime  and to lack  of s t ab i l i za t ion  of the 
ampli tude of con t rac t ions  in a rhy thmic  s e r i e s .  

1. 

2. 
3. 
4. 
5. 
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