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The contractile function of the myocardium in situ is controlled by both inotropic and 
mechanical factors. Inotropic factors exert their primary influence on the ion transport sys- 
tem, as a result of which changes take place in the concentration of Ca ++ , which activates 
myofibrils. Mechanical factors -- a change in the return flow of blood or resistance -- act 
mainly on myofibrils, changing their initial length or the degree of development of tension. 
The question of whether under these circumstances changes arise in the ion transport system 
is not yet settled. The dynamics of recovery of contractility is an important criterion of 
work of the ion transport system of the myocardial cells. If the length of the muscle and 
the load on it remain unchanged, restitution of contractility is determined chiefly by the 
dynamics of Ca++ accumulation in regions from which these ions enter the myoplasm during ex- 

citation [13]. 

In the investigation described below the parameter of restitution of contractility was 
the maximal velocity of contraction -- its peak coincides closely with the peak of free Ca++ 
in the myoplasm [3] and it depends to a lesser degree on activity of the system removing Ca ++ 
from the myoplasm than the peak of contraction. Restoration of the velocity of contraction 
was determined under isotonic and isometric conditions of contraction of the isolated heart 
muscle over a wide range of Ca ++ concentrations in the perfusate. 

EXPERIMENTAL METHOD 

Experiments were carried out on isolated papillary muscles taken from the right ventricle 
of guinea pigs. The muscles were placed in a chamber containing Krebs' solution saturated 
with 5% C02 + 95% O= at 29~ (pH 7.4). The lower end of the muscle was fixed rigidly and the 
upper end was attached either to an FT 03 Grass transducer to measure the force during isomet- 
ric contraction or to an isotonic lever, displacement of which was measured by a photoelectric 
transducer with a linear range of 2 mm. Signals of force or shortening, together with their 
first derivative obtained with a differentiator, were recorded on a "Gould Brush 2200" two- 
channel recorder. The rest of the experimental conditions were described previously [i]. To 
determine restitution of contractility, stimulation by paired pulses was carried out, with a 
reducing interval between pulses. The total number of pulses per minute remained constant. 
When the intervals were sufficiently short, extrasystolic contraction merged with regular, and 
in these cases the velocity and the amount of additional contraction were measured. 

EXPERIMENTAL RESULTS 

To compare the dynamics of restitution under different conditions of contraction, the 
maximal velocity of the extrasystolic contractions induced at different time intervals after 
regular contraction was expressed as a ratio of the corresponding value at a constant frequen- 
cy of 1 Hz. With a normal Ca++ concentration in the solution the restitution curves were very 
similar in the two regimes (Fig. la), but nevertheless significantly faster restitution was 
found during isotonic contraction within the interval of 0.35-0.50 sec. The difference in- 
creased even more with an increase in the Ca ++ concentration to 7.5 mM, but almost disappeared 
when it fell to 0.5 mM (Fig. Ib). The time course of strength or amplitude of contraction 

changed in a similar way. 
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F ig .  1. V e l o c i t y  o f  e x t r a s y s t o l i c  c o n t r a c t i o n  o f  p a p i l l a r y  musc le  under  i s o m e t r i c  (1, 
3) and i s o t o n i c  (2, 4) c o n d i t i o n s  as a f u n c t i o n  o f  e x t r a s y s t o l i c  i n t e r v a l  w i t h  Ca++ c o n -  
c e n t r a t i o n s  o f  2 .5 mN ( a ) ,  7.5 mM (b -- 1, 2 ) ,  and 0 .5  ~ (b -- 3, 4 ) .  The v e l o c i t y  o f  
c o n t r a c t i o n  i s  e x p r e s s e d  in  p e r c e n t  o f  i t s  v a l u e  a t  t he  i n i t i a l  f r e q u e n c y  of  1 Hz. As-  
t e r i s k s  i n d i c a t e  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  (P < 0 . 0 1 ) .  

F ig .  2. Time c o u r s e  o f  d i s a p p e a r a n c e  of  d i f f e r e n c e  be tween v e l o c i t y  o f  r e g u l a r  and e x -  
t r a s y s t o l i c  c o n t r a c t i o n s  a t  d i f f e r e n t  e x t r a s y s t o l i c  i n t e r v a l s  under  i s o m e t r i c  (a) and 
i s o t o n i c  (b) c o n d i t i o n s .  Ca++ c o n c e n t r a t i o n  i n  s o l u t i o n :  1) 0 .5  raM, 2) 1 .25 mM, 3) 2 .5  
mM, 4) 7.5 mM. H o r i z o n t a l  l i n e s  deno t e  t w i c e  the  mean e r r o r  o f  the  t ime to  r e a c h  50% 
r e s t i t u t i o n .  

F ig .  3. I s o t o n i c  (a) and i s o m e t r i c  (b) c o n t r a c t i o n s  of  p a p i l l a r y  musc le  in  a Ca ++ c o n -  
c e n t r a t i o n  o f  7.5 mM. 1) R e g u l a r  c o n t r a c t i o n s  a t  a f r e q u e n c y  of  1 Hz; 2) c o n t r a c t i o n s  
d u r i n g  p a i r e d  s t i m u l a t i o n  w i t h  an e x t r a s y s t o l i c  i n t e r v a l  of  0 .4  s e c .  C a l i b r a t i o n  f o r  
i s o t o n i c  c o n t r a c t i o n  0 .2  mm, f o r  i s o m e t r i c  c o n t r a c t i o n  0 .5  g. 

To estimate the steepness of the restitution curve quantitatively the time course of max- 
imal velocity of contraction was expressed in a system of reciprocal coordinates according to 
the formula i00 -- x (in per cent), representing the difference between the maximal velocities 
of regular and extrasystolic contractions at that given moment. With an increase in the ex- 
trasystolic interval this difference, expressed on a logarithmic scale, disappeared as a lin- 
ear function (Fig. 2). Under isometric conditions a change in the Ca ++ concentration did not 
affect the shape of this relationship, which remained linear (Fig. 2a). With an increase in 
the Caq-~concentration onlya shift of the straight lines to the left was observed, i.e., restitu- 
tion began sooner" the constant of the steepness of restitution also increased a little -- from 
2.1 at a low Ca~-+'concentration (0.5 mM) to 2.5 at a high Ca ++ concentration (7.5 mM). 

Restitution of contractility reflects most closely the dynamics of recovery of the number 
of Ca ++ ions entering the myoplasm under the influence of premature excitation [13]. Two 
pathways of Ca ++ penetration into the cells are known: the electrogenic Ca ++ current [12] and 
Ca++--Na + exchange, which may be electrically neutral [i0, ii]. Liberation of Ca++ from the 
third possible source -- the sarcoplasmic reticulum -- depends on the Ca ++ concentration in the 
myoplasm [6] and, consequently, it is determined by the dynamics of restoration of the Ca++ 
inflow into the cell. We know that restitution of the Ca ++ current is an exponential process 
[8], which depends primarily on the number of Ca ++ ions on the inner surface of the sarcolemma 
[8, 9]. The dynamics of recovery of Ca++--Na + exchange has not yet been established, but it is 
probably mainly determined by the number of Na + ions bound with the carrier molecule on the 
inner surface of the sarcolemma. Since removal of Na + from cells in the resting period through 
the Na+--K + pump takes place exponentially [5, 7], the Ca++--Na + exchange which is dependent on 
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it ought to decrease ex~onentially with lengthening of the rest period. This means that both 
the main pathways of Ca r~ penetration into the cell are most probably characterized by expo- 
nential recovery. It is therefore clear why restitution of contractility under isometric con- 
ditions of contraction is exponential in character in the presence of different Ca q-~ concen- 
trations (Fig. 2). 

Under isotonic conditions the dynamics of restitution was monoexponential only when the 
Ca ++ concentration in the solution was low (0.5 mM, see Fig. 2b). In higher Ca ++ concentra- 
tions the dynamics of restitution became biexponential; the steepness of the first phase, 
moreover, was much greater than that of the second. An increase in Ca++ concentration from 
0.5 to 7.5 mM was combined with an increase in the constant of steepness of restitution from 
]..6 to 4.5. 

The presence of steeper restitution under isotonic conditions in normal and high Ca++ 
concentrations (Fig. i) was observed within the range from 0.35 to 0.45 sec, when relaxation 
under isotonic conditions was almost complete, unlike under isometric conditions. This fa- 
miliar relationship is illustrated in Fig. 3 [4]. In this experiment, when the Ca ++ concen- 
tration was 7.5 mM, extrasystolic contraction, induced after completion of the main contrac- 
tion, was characterized by almost complete recovery of amplitude (Fig. 3a), whereas under iso- 
metric conditions the force of the extrasystolic contraction evoked after the same interval, 
but before relaxation was complete, was only about half of the force of the regular contrac- 
tion (Fig. 3b). 

These observations suggested a connection between the velocity of relaxation of the mus- 
cle and the steepness of restitution of contractility. Since the velocity of relaxation is 
determined primarily by the amplitude or force of contraction [2], to characterize the relax- 
ation process we used a relaxation index, determined by dividing the maximal velocity of re- 
laxation by the amount of contraction under the given conditions. Over a wide range of Ca ++ 
concentrations positive correlation was found (r = 0.83) between the relaxation index and the 
constant of steepness of restitution under isometric conditions. Consequently, acceleration 
of relaxation was coupled with an increase in steepness of restitution of contractility. Un- 
der isometric conditions this relationship was much less clearly expressed. 

Accelerated restitution of contractility under isotonic conditions was thus due most 
probably to more rapid relaxation, as a result of which the outflow of Ca++ from the cell was 
accelerated. The importance of accelerated restitution increases when the frequency of con- 
tractions is high and the diastolic pause is greatly reduced. 

LITERATURE CITED 

i~ M. S. Gorina and V. I. Kapel'ko, Byull. Vses. Kardiol. Nauchn. Tsentra, No. 2, 66 (1981). 
2. F. Z. Meerson and V. I. Kapel'ko, Kardiologiya, No. 2, 19 (1973). 
3. D. G. Allen and S. Kurihara, Eur. Heart J., ~, Suppl. A, 5 (1980). 
4. D. L. Brutsaert, N. M. De Clerck, M. A. Goethals, et al., J. Physiol. (London), 283, 469 

(1978). 
5. J. W. Deitmer and D. Ellis, J. Physiol. (London), 284, 241 (1978). 
6 A. Fabiato and F. Fabiato, Annu. Rev. Physiol., 41, 473 (1979). 
7 H.G. Glitsch, W. Kampmann, and H. Pusch, PflHg. Arch. Ges. Physiol., 391, 28 (1981). 
8 M. Kohlhardt, Basic Res. Cardiol., 76, 589 (1981). 
9 E.G. Lakatta and D. L. Lappe, J. Physiol. (London), 315, 369 (1981). 

i0 G.A. Langer, Annu. Rev. Med., 28, 13 (1977). 
ii Lo J. Mullins, Am. J. Physiol., 236, C-I03 (1979). 
12 H. Reuter~ Prog. Biophys. Mol. Biol., 26, 1 (1973). 
13 W.J. Wier, Science~ 207, 1085 (1980). 

257 


