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The s t rength of cont rac t ion  of a s t imula ted  (0.5 Hz) s t r ip  of frog ven t r i cu l a r  myocard ium 
was reduced  to 3-5% of i ts  or iginal  value by per fus ion  with R inge r ' s  solution containing 
2.5 mM Mn2+; the durat ion of the act ion potential  under  these  c i r c u m s t a n c e s  was sharp ly  
reduced.  An inc rea se  in the f requency  of s t imulat ion to 5 Hz led to the development  of a 
con t rac tu re ,  the magnitude of which reached  30% of the original  s t rength of contract ion 
r eco rded  in normal  p e ~ u s i o n  solution. The ampl i tude of the con t rac tu re  was m o r e  than 
doubled by the addition of ouabain (2.10 -G g /ml) .  In analogous expe r imen t s  with La 3+ 
(2.5 raM) c o n t r a c t u r e  did not develop in r e sponse  to an i nc r ea se  in the f requency of s t imu-  
lation; ouabain was ineffect ive in these  exper iments .  It is postulated that the con t rae tu re  
induced in the p r e s e n c e  of Mn 2+ is due to nonelect rogenic  Ca 2+ t r a n s p o r t  in the musc le  
f ibers .  
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Mn 2+ ions depress the mechanical activity of the myocardium by inhibiting the calcium current through 
the cell membrane [8]. Recently, however, it has been shown for the myocardium of the guinea pig ventricle 
that, in the presence of Mn 2+ and in response to a constant frequency of stimulation (0.7 Hz) the heart muscle 
develops tonic contraction. This contracture is due to the ability of Mn 2+ to penetrate into the muscle cells 
and displace Ca 2+ from the sarcoplasmic reticulurn [1]. 

The object of this investigation was to study the relationship between the frequency of excitation and the 
effect of Mn 2+ on mechanical activity of the myocardium of the frog ventricle, which has been shown [7] to be 
deficient in sarcoplasmic reticulum. 

E X P E R I M E N T A L  METHOD 

Small strips (15-20 rag) of ventricle from the frog (Rana temporaria) heart were placed in a 1-mlper- 
fusion chamber. One end of the strip was fixed to bipolar stimulating electrodes and the other was connected 
to a 6MKhlS meehanieal-eleetricaltransducer (USSR). The preparation was stimulated by square electrical 
pulses with a duration of 3 msec, a frequency of 0.5 Hz, and an intensity of 1.5-2 thresholds of excitation. 
Mechanical activity of the strips was recorded on an oscilloscope (5103 ND-11, Tektronix, USA) equipped with 
a polaroid camera (C-5, Tektronix, USA). After preliminary perfusion for 30 rain with normal Ringer's solu- 
tion, 2.5 mM Mn 2+ or 2.5 mM La 3+ was added to the perfusion fluid. During the action of Mn 2+ or La 3+ the 
frequency of stimulation was increased stepwise to 5 Hz in 30-40 sec. In special experiments ouabain was 
added up to a concentration of 2 �9 10 -6 g/ml to the Ringer's solution containing Mn 2+ or La 3+. The transmem- 
brane action potentials of single cells were recorded by glass microelectrodes with a resistance of 10-30 m~. 

E X P E R I M E N T A L  RESULTS 

Replacing the normal Ringer's solution by solution containing 2.5 mM Mn 2+ led within 20-30 rain to 
virtually complete cessation of mechanical activity of the preparation; residual contractions in most experi- 
ments did not exceed 3-5% of the original amplitude of contraction. The duration of the transrnembrane action 
potential under these circumstances was considerably reduced and was about one-third of the initial value 
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Fig. 1. Action of 2.5 mM manganese on electr ical  and mechanical  activity of myocard -  
ial s t r ip  f rom f rog ' s  heart.  A) Action potential and mechanical  response  of p r e p a r a -  
tion in normal  Ringer ' s  solution (1) and after  perfusion for  20 rain with solution contain- 
ing 2.5 mM manganese  (2). Top par t  of f igure shows action potential, bottom part  con- 
t rac t i le  response.  Time m a r k e r  200 msec;  B) development of cont rac ture  in response 
to inc rease  in frequency of stimulation (from 0.5 to 5 Hz) af ter  action of manganese for 
2 h. Top curve represents  contraction,  bottom curve action potential. Time m a r k e r  
2 sec. 

Fig. 2 Fig. 3 

Fig. 2. Effect of ouabain on amplitude of cont rac ture  induced by increase  in frequency 
of st imulation in p resence  of 2.5 mM manganese.  A) Contracture  induced af ter  expos- 
u re  for  10 rain to manganese;  ]3) for  20 rain to manganese;  C) for 10 min to combined 
action of manganese and ouabain; D) for  20 min to combined action of manganese and 
ouabain. Amplitude of single contract ion in normal  Ringer ' s  solution during s t imula-  
tion of prepara t ion  with a frequency of 0.5 H~ shown on right. 

Fig. 3. Effect of stepwise inc rease  in frequency of st imulation f rom 0.5 to 5 Hz on 
prepara t ion t reated with lanthanum and ouabain. A) Increase  in frequency of s t imula-  
tion af ter  exposure to lanthanum only; B, C, and D) increase  in frequency of s t imula-  
tion 10, 20, and 30 min respect ively  af ter  combined action of lanthanum and ouabain. 
Amplitude of single contract ion in normal  Ringer ' s  solution plotted on right. (Time 
cal ibrat ion 20 sec). 
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(Fig. 1A). The r e s t ing  tension of the p r e p a r a t i o n  during s t imulat ion at 0.5 Hz r ema ined  unchanged during 
per fus ion  fo r  s eve ra l  hours  with the solution containing Mn 2+ An i nc r ea se  in the f requency  of s t imula t ion  
f r o m  0.5 to 5 Hz was accompanied  by the development  of con t rac tu re ,  the s t reng th  of which reached  25-40% 
of the s t rength  of cont rac t ion  in no rm a l  R inge r ' s  solution. The con t r ac tu re  was mainta ined throughout this 
per iod of h igh- f requency  s t imula t ion  and was rep laced  by re laxa t ion  to the initial value of the res t ing  tension 
when the or iginal  f requency  of s t imula t ion  was r e s t o r e d  (Fig. 1B). Cont rac tu re  was reproduced  by repea ted  
h igh- f requency  s t imulat ion;  the ampl i tude of the con t r ac tu re  showed l i t t le  change in the cou r se  of the ex p e r i -  
ment  (1 h). The abil i ty of the p r epa ra t i on  to r ep roduce  such a high f requency of s t imulat ion (5 Hz), incidental -  
ly, was connected with the fac t  that the durat ion of the act ion potential  was cons iderab ly  shor tened by Mn 2+. 
High-f requency s t imulat ion of the p r e p a r a t i o n  when in normal  physiological  sa l ine  without Mn 2+ caused t r a n s -  
fo rma t ion  of the rhy thm of excitat ion,  and when the p repa ra t ion  reproduced  its  highest  poss ib le  f requency of 
s t imulat ion,  this was accompanied  by con t r ac tu re .  

Addition of ouabain (2 �9 10 -6 g /ml )  to the per fus ion  solution containing Mn 2+ caused an i nc r ea se  in con-  
t r a c t u r e ,  which reached  300% com pared  with the con t rac tu re  r e co rded  in the p r e s e n c e  of Mn 2+ alone (Fig. 2). 
In s o m e  expe r imen t s  with ouabain the ampli tude of con t rac tu re  exceeded the ampli tude of the individual con-  
t rac t ions  r eco rded  in no rma l  R inge r ' s  solution. Ouabain thus potent iated the tonic cont rac t ions  a r i s ing  in 
r e sponse  to a high f requency  of s t imula t ion  in the p r e s e n c e  of manganese .  

Exper imen t s  s i m i l a r  to those desc r ibed  above w e r e  c a r r i e d  out with La 3+ which, unlike Mn 2+, comple te ly  
abol i shes  movemen t  of Ca 2+ through the cel l  m e m b r a n e  [3]. Jus t  l ike Mn 2+, La  3+ (2.5 mM) inhibited mech an -  
ical act iv i ty  of the myocard ia l  s t r ip ,  but an i n c r e a s e  in the f requency of s t imulat ion and the addition of ouabain 
to the per fus ion  solution did not cause  tonic cont rac t ions  (Fig. 3). 

The con t r ac tu r e  obse rved  in the p r e s e n c e  of Mn 2+ during an i nc r ea se  in the f requency  of s t imula t ion  to 
5 Hz reflects an increase in the intracellular free Ca 2+ concentration in the myoplasm. Under normal condi- 
tions depolarization of the surface membrane of the heart fiber causes an eleetrogenic inward flow of Ca 2+, 
on account of which the cell in warm-blooded animals receives only part of the Ca 2+ necessary for contraction 
[6]. A further increase in the free Ca 2+ concentration in the cytoplasm can be provided by: i) the sarcoplas- 
mic retieulum [2], and 2) the electrically neutral energy-dependent flow of Ca 2+ through the sareolemma into 
the cell, of the sodium-calcium exchange type [4, 5]. 

In the p r e s e n c e  of Mn 2+ the e lec t rogenic  Ca 2+ cu r r en t  is comple te ly  inhibited [1], but under  these  c i r -  
cums tances  the m y o c a r d i u m  of the w a r m - b l o o d e d  animal  develops a tonic cont rac t ion  in r e sponse  to s t imu la -  
t ion at a constant  low f requency  [1]. The r e s t ing  tens ion in the myoca rd ium of amphibians  is unchanged under  
analogous condit ions.  These  d i f f e rences  a r e  evidently connected with the fact  that  the musc l e  ce l l s  of the a m -  
phibian h e a r t  have a poor ly  developed s a r c o p l a s m i c  re t ieulum,  which is the pr inc ipa l  i n t r ace l lu l a r  Ca 2+ depot 
[3]. Development  of con t r ac tu re  in the f rog  m y o c a r d i u m  in r e sponse  to an i nc r ea se  in the f requency  of s t i m -  
ulat ion in the p r e s e n c e  of Mn 2+ can be explained on the bas i s  of the hypothesis  of the ro le  of s o d i u m - c a l c i u m  
exchange diffusion in the regula t ion of the cont rac t i l e  act  of the myocard ia l  cell  [4]. In accordance  with this 
hypothes is  Ca 2+ ions can be t r a n s p o r t e d  into the cell  by the c a r r i e r  in exchange for  Na + ions, which a r e  r e -  
moved f r o m  the cell .  A high f requency  of s t imula t ion  in the p re sen t  e+xperiments with Mn 2+ evidently ac t iva tes  
s o d i u m - c a l c i u m  exchange through an i nc r ea se  in the in t r ace l lu !a r  Na concentra t ion.  This explanation is 
conf i rmed  by e x p e r i m e n t s  which showed that  manganese  con t rac tu re  was potentiated by ouabain, which a lso  
i n c r e a s e s  the i n t r ace l l u l a r  Na + concent ra t ion  [4]. 

Mn 2+ thus does not p reven t  s o d i u m - c a l c i u m  exchange. The absence  of con t r ac tu re  during the act ion of 
La 3+ can  be explained by the abil i ty of this ion to p reven t  not only the e lee t rogenic  but a l so  the nonelec t rogenie  
energy-dependent  t r a n s p o r t  of Ca 2+ through the cel l  m e m b r a n e  [3]. 
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