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In a medium with normal  Ca concentration an increase  in frequency of stimulation shortens the dura-  
tion of the t r ansmembrane  action potential (TAP) and reduces  its amplitude. An increase  in the Ca concen- 
tration in the medium causes an increase  in TAP duration at the beginning of stimulation, followed by their 
more  rapid shortening than in the orginal  background and a decrease  in amplitude in response  to a high f r e -  
quency of stimulation. Removal of Ca f rom the medium modifies the form and duration of the TAP and the 
principal pa ramete r s  of myocard ia l  contraction.  

The principal  t r igger  mechanism of contract ion of s tr iated muscles  has been shown [2, 5] to be pene- 
trat ion of Ca ions inside the muscle  cells.  The role of Ca ions for hear t  muscle is evidently not mere ly  the 
t r igger ing of contraction,  because experiments  [4, 6] have shown that the concentrat ion of extracel lular  Ca 
influences the velocity of the final phase of depolarization of the t ransmembrane  action potential {TAP) of 
cells of the frog ventricle and the duration of the plateau phase in Purkinje f ibers  of the dog myocardium.  
Part icipation Of Ca ions in TAP generation as well as in activation of contract i le  elements is interesting 
f r o m  the standpoint of explanation of the links between excitation and contract ion of hear t  muscle  cells.  

The object of the present  investigation was to study the effect of different Ca concentrat ions on TAP 
pa rame te r s  and amplitude of contract ion of the isolated ventricle in f rogs (Rana temporar ia) .  
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Fig. 1. Changes in TAP configura-  
tion and amplitude of contract ions 
in medium containing increased Ca 
concentrat ion (3 mmoles) .  A) TA P 
in normal  solution; B) TAP in solu- 
tion with increased Ca concentra-  
tion after exposure for 15 rain; A') 
contract ion in normal  solution; B') 
contract ion in solution with in- 
c reased  Ca concentration.  F r e -  
quency of stimulation 0.7 Hz. 

EXPERIMENTAL METHOD 

The heart was perfused with a salt solution [i] while con- 

tracting at various frequencies. Square pulses of negative pola- 
rity, 10-50 msec in duration, were used for stimulation. TAPs 
were recorded by movable intracellular microelectrodes filled 

with 2.5 M KCI, having a tip less than 0.5/~ in diameter and im- 

pedance of 20-40 M~. Contractions were recorded by a tensome- 

tric sensor. In all experiments the responses of the cells to fre- 

quencies of 0.2, 0.5, and 0.7 Hz were recorded[ initially in solutions 

with normal Ca concentration, and later after the preparationhad 

been kept for 10-15 rain in solution with raised or lowered Ca con- 

centration (against a background of stimulation at 0.2 Hz). The 
recordings were repeated at the same frequencies of stimulation 

as in the control and after exposure for various periods to a medi- 
um with modified concentration of Ca ions. The interval after 

which the frequency of stimulation was changed was 30 sec. No 
fewer than 8-10 TAPs and contractions were recorded for each 

frequency of stimulation. To ensure more complete fixation of Ca 
in the calcium-free solutions, 1 mmole Chelaton-3 was a,dded. 

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

In medium with normal  Ca eoneentrat[on a definite eonnee=- 
tion was found between the duration and amplitude of the TAP and 
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frequency of stimulation. An increase in the frequency of stimulation shortened the duration of the TAP 
(mainly at the expense of the plateau phase) and reduced its amplitude. An increase  in the Ca concentration 
in the medium altered the shape of the TAP: a well-marked phase of initial, rapid repolar izat ion appeared. 
In most  preparat ions  the changes in TAP duration occur red  in two phases:  the duration of the f i r s t  TAPbe -  
came longer than ~n normal  solutions, but subsequently they were shortened to a g rea te r  degree than in the 
original  solution, par t icular ly  at high frequencies Of stimulation. In two preparat ion the TAPs at all f r e -  
quencies of stimulation were not shortened, but lengthened. The amplitude of the TAP varied depending on 
the frequency of stimulation. Stimulation at 0.2 Hz increased the TAP amplitude; higher frequencies of 
stimulation reduced it, arid to a greater  degree than the same frequencies when applied in a medium with 
normal  Ca concentrat ion (1.08 mmoles) .  Typical changes [i~ the shape, duration, and amplitude of the TAP 
in solutions with increased Ca concentration (3 mmoles)  compared with the same indices in normal  solution 
are  i l lustrated in Fig. 1. 

The relat ionship between contraction and TAP pa rame te r s  was investigated with the aid of Bowditch's 
s ta i rcase  phenomenon. In all experiments the f i r s t  contract ions after the pause possessed  the lowest am-  
plitude, but they corresponded to a TAP of the greates t  duration and amplitude. Subsequent contractions 
were high in amplitude but were accompanied by shortening and a decrease  in amplitude of the TAP. The 
frequency of stimulation modified not only the charac te r i s t i cs  of the TAP, but also the amplitude of con- 
t ract ion and the rate  of its increase  in a s ta i rcase  se r ies .  The amplitude and rate  of increase  of the con- 
t ract ion were least  at a frequency of stimulation of 0.2 Hz. The increase  in amplitude of the 10th cont rac-  
tion relat ive to the f i r s t  in this case varied f rom 139 to 300% in different preparat ions .  At a frequency of 
stimulation of 0.5 Hz the amplitude of the contractions rose  by the 10th contract ion f rom 149 to 620% of the 
amplitude of the f i rs t .  At stimulation frequencies of 0.7 and 1 Hz the increase  in amplitude of the cont rac-  
tions was less than during stimulation at 0.5 Hz, but even so was grea ter  than at the background frequency 
of 0.2 Hz. The rate  of increase  in amplitude of the contractions in the s ta i rcase  ser ies  was determined by 
the formula:  A n = A~o ( 1 - e - a n ) ,  where a represen ts  the time constant of increase ,  n the second contraction,  
and A~o the amplitude of the 10th contract ion expressed as a percentage of the amplitude of the f i rs t  cont rac-  
tion. 

The rate  of increase  in amplitude of contract ion in the s t a i rcase  ser ies  depended on the amplttude of 
the f i r s t  contraction.  The greater  its amplitude, the lower the ra te  of increase  in amplitude, and vice versa .  
A frequency of stimulation of 1 Hz in most  preparat ions  caused alternation of TAP amplitude and duration 
f rom the beginning of stimulation, accompanied by alternation of duration and amplitude of the contract ions.  
The f i rs t ,  longest TAP corresponded to the longest possible contract ion of low amplitude. Compared with 
the f i rs t ,  the second contract ion was shor ter  in duration and lower in amplitude. Star t ingfrom the third con- 
t ract ion a normal  s ta i rcase  developed against the background of p rogress ive  shortening of the TAP. 

An increase  in concentration of Ca ions in the medium (3 and 5 mmoles)  did not change the re la t ion-  
ship between the TAP paramete r s  and charac te r  of the contract ions.  Changes occur red  only in the ra te  of 
increase  and the amplitude of contract ion in the s ta i rcase  se r ies .  Compared with the background values,  
the amplitude of contract ion was increased.  The time constant of increase  in amplitude of the contractions 
was reduced.  It was reduced to the grea tes t  degree at a f requency of 0.5 Hz. Recordings of the TAPs and 
contract ions in response  to 10 stimuli applied at different frequencies are  given in Fig. 2, I and II. Since 
the amplitude of the TAPs and contractions usually became stabilized after the 7th contract ion,  the TAP and 
amplitude of contract ions in response  to the 7th stimulus at all f requencies used are  given in the upper part  
of the f igures .  

A definite relat ionship exists between the pa rame te r s  of the TAPs and ventr icular  contract ions.  At 
high frequencies of stimulation the TAP duration is reduced and the ra te  of contract ions increased;  a l terna-  
tion of amplitude and duration of the contract ions accompanies changes in TAP. Besides an increase  in TAP 
duration, an increase  in the duration of contract ion is also observed.  An increase  in Ca coneentration in 
the medium does not disturb the relat ionship between the pa rame te r s  of the TAP and contraction,  although 
it has an appreciable effect on the duration of the f i rs t  TAPs recorded  after the pause and acce lera tes  the 
shortening of TAPs in a ser ies  of potentials at high frequencies  of st imulation. 

Experiments  to test  the action of ca lc ium-f ree  solutions revealed uniform changes in the e lectr ical  
and contract i le  proper t ies  of the myocardium (Fig. 3). After the preparat ion had been kept for 1-2 rain in 
a ca lc ium-f ree  solution, spontaneous activity developed at a frequency of 0.5-0.7Hz,  and i tpers i s ted  through- 
out the experiment.  Because of generation of a spontaneous rhythm,  it was impossible to use art if icial  
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Fig.  2. TAPs  and cont rac t ions  of ven t r i c l e .  I) In no rma l  
solut ion at d i f fe ren t  f requenc ies  of s t imulat ion;  II) in so lu-  
tion with i n c r e a s e d  Ca concent ra t ion  (5 mmoles ) .  Above: 
TAP and ven t r i cu l a r  cont rac t ions  in r e sponse  to 7th s t i -  
mulus at  d i f fe ren t  f requenc ies  of s t imula t ion:  A) 0.2 Hz; 
B) 0.5 Hz; C) 0.7 ttz; D) 1 Hz. Below: supe rpos i t ion  of 
curves  of TAPs  and cont rac t ions  f rom f i r s t  to 10th s t i -  
muli  at  the same f requenc ies  of s t imula t ion .  

s t imula t ion ,  so that the effect  of r e m o v a l  of Ca on the TAP and ven t r i cu l a r  cont rac t ion  had to be studied 
agains t  the background of "spontaneous s t imula t ion ."  At a f requency of s t imula t ion  of 0.7 Hz, the total  d u r a -  
tion of the TAP in one p r e p a r a t i o n  (Fig. 3) in n o r m a l  solut ion (1.08 mmole  Ca) was 1030 m s e c ,  d e c r e a s i n g  
af te r  exposure  for  10 min in the c a l c i u m - f r e e  solut ion to 960 m s e c ,  desp i te  a lower f requency of "spontane-  
ous s t imula t ion"  (about 0.5 Hz). During the next 20-40 min of obse rva t ion  the total  dura t ion  of the TAP fel l  
only s l ight ly ,  main ly  on account of shor ten ing  of the p la teau  phase .  SLmilar r e s u l t s  were  obtained with other  
p r e p a r a t i o n s .  Only in one case  was cons ide rab le  shor tening  of the TAP durat ion de tec ted .  It is in t e res t ing  
to note that shor ten ing  of the TAPs was accompanied  by the i r  ape r iod ic  a l te rna t ion .  More definite changes  
o c c u r r e d  in the ampli tude and ve loc i ty  of TAP depo la r i za t ion .  Whereas  in no rma l  solut ions the TAP a m p l i -  
tude va r i ed ,  depending on the f requency of s t imula t ion ,  f rom 115 to 104 mV, af ter  a s tay of 10 rain in the ca l -  
c i u m - f r e e  medium it  fe l l  to 80-60 mV, and af ter  40 rain it had fa l len  to 33 inV. The d e c r e a s e  in ampli tude 
of the TAPs o c c u r r e d  s imul taneous ly  with lengthening of the depo la r i za t ion  phase ,  the dura t ion  of which in- 
c r e a s e d  f rom 20 msec  in no rma l  solut ions to 280 msec  in the c a l c i u m - f r e e  medium.  Removal  of Ca had a 
much m o r e  m a r k e d  effect  on the c h a r a c t e r  of the cont rac t ions :  af ter  the f i r s t  minutes  the ampli tude of i so -  
tonic con t rac t ion  fel l  p r o g r e s s i v e l y  until  they d i s appea red  comple te ly .  

The r e su l t s  of this inves t igat ion show that va r i a t ion  of the e x t r a c e l l u l a r  Ca concentra t ion  causes  
changes in conf igurat ion of the TAP and modif ies  the r a t e  and ampl i tude  of the con t rac t ions .  The most  
m a r k e d  effect  of an inc rease  in Ca concent ra t ion  in the e x t r a c e l l u l a r  f luid was an i n c r e a s e  in the dura t ion  
of the TAPs at  the beginning of s t imula t ion  and a m o r e  r ap id  shor tening  of the TAPs and d e c r e a s e  in the i r  
ampli tude than in the background in r e s p o n s e  to a high f requency of s t imula t ion .  The s t a i r c a s e  phenomenon 
was p r e s e r v e d .  Removal  of Ca caused  changes in the conf igurat ion of the TAPs aad in the charact;er  of m y -  
o c a r d i a l  con t rac t ions .  

The combined changes in config~uration and durat ion of the TAPs and a l so  in the c h a r a c t e r  of' the con- 
t r a c t i l e  r e s p o n s e  with changes in the Ca concent ra t ion  in the medium suggests  that Ca provides  a l inkbetween  
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Fig.  3. Effect  of c a l c i u m - f r e e  solution on TAPs and 
ven t r i cu l a r  cont rac t ions .  F r o m  top to bottom: t r ac ing  
of T A P s ,  con t rac t ions ,  t i m e  m a r k e r  100 m s e c .  A) Back-  
ground, f requency of s t imula t ion  0.7 Hz, Ca concen t r a -  
tion in solut ion 1.08 mmoles ;  B) a f te r  exposure  for  12 rain 
in c a l c i u m - f r e e  solution; C) for  28 min; D, E, F ,  G) 
f rom 57 to 64 min; B, C, D, E, F ,  G) a r t i f i c i a l  s t i m u l a -  
tion absent ,  rhythm is spontaneous.  

the p r o c e s s e s  o~ exc i ta t ion  and cont rac t ion  in the m y o c a r d i a l  ce l l s .  The effect  of an i nc r ea sed  Ca concen-  
t r a t ion  can be a t t r ibu ted  to the fact  that the Ca concent ra t ion  is i nc r ea sed  not only in the sur face  l a y e r s  of 
the cel l  m e m b r a n e ,  but a lso  inside the ce l l ,  in the C a - t r a n s p o r t  s y s t e m .  It has been shown [4] that an in-  
c r e a s e  in the ve loc i ty  of cont rac t ion  of the pap i l l a ry  musc le  of the dogis  a s soc i a t ed  with an i n c r e a s e  in the 
ve loc i ty  of Ca me tabo l i sm .  On the other  hand [3], an i n c r e a s e  in the max imum of m y o c a r d i a l  tone and the 
i nc rea se  in the ve loc i ty  of contrac t ion  if the t e m p e r a t u r e  of the sur rounding  solut ion was lowered  were  ob- 
s e rved  p a r a l l e l  with an i n c r e a s e  in TAP dura t ion .  A d e c r e a s e  in the Ca concent ra t ion  in the medium in t e r -  
f e red  with this phenomenon. Under no rma l  condit ions the dura t ion  of the TAP is evident ly  insufficient  to 
allow a c c e s s  of Ca into the ce l l  in amounts adequate to a t ta in  the max imum of the con t rac t i l e  r e s p o n s e ,  as 
a r e s u l t  of which a s t a i r c a s e  phenomenon is observed .  In solut ions with an inc reased  Ca concentra t ion ,  
sa tu ra t ion  of the ce l l s  with Ca ions takes  p lace  much more  quickly.  The r e s u l t s  of this invest igat ion,  to-  
gether  with the i r  explanat ion,  a r e  in ha rmony  with the hypothes is  that movement  of sodium ions inside and 
out of m y o c a r d i a l  ce l l s  may take p lace  in a spec i a l i zed  m e m b r a n e  reg ion  together  with movement  of Ca ions 
[4]. It has a l so  been concluded [6] that Ca ions pa r t i c ipa t e  in the genera t ion  of an [on c u r r e n t  through the 
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m e m b r a n e  and they accumulate  dur ing s t imulat ion in cer ta in  pa r t s  of the cell.  It can be postulated that the 
assoc ia ted  movemen t  of Ca and sodium in the same  channel of the m e m b r a n e  also exer t s  an influence on 
the veloci t ies  of movemen t  of po tass ium ions. When Ca me tabo l i sm  is increased  in solutions with high Ca 
concentrat ion,  the veloci ty  of in t race l lu la r  d i sp lacement  of sodium ions is  evidently increased  a lso ,  leading 
to a m o r e  intensive eject ion of po tass ium ions,  as r evea led  by a m o r e  marked  shor tening than in ~he back-  
ground of TAPs at high f requencies  of s t imulat ion.  
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