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ACTION OF Na +, K +, and Ca ++ IONS ON THE DURATION 

OF THE PREAUTOMATIC PAUSE OF THE HEART 

L. S. U 1 ' ya n i n s k i i UDC 612o173o3.014o46:[5 46.32+546.33+546.41 

The duration of the preautomatic  pause ar is ing af ter  rapid e lectr ical  stimulation of the P u r -  
kinje fibers of the dog's  hear t ,  fibers of the f rog ' s  sinus venosus,  and the ventr icles  of the 
isolated rabbi t ' s  heart ,  was investigated. Action potentials of the cardiac  pacemakers  were 
recorded with mlcroelectrodeso In response to brief  stimulation (10-20 sec) and a lowered 
Kint/Kext,  Naext/Naint,  or  Caext/Cain t ratio,the automatic activity was depressed more 
s trongly,  with a consequent lengthening of the preautomatic  pause after  the end of e lec t r i -  
cal stimulation. Conversely,  in response to prolonged e lect r ical  stimulation (3 rain) and a 
lowered Kint/Kext, Naext/Naint,  or  Caext/Caint  rat io,  the depress ion of automatic activity 
was reduced and the preautomatic  pause af ter  the end of stimulation was shortened. These 
results  explain the conflicting data in the l i terature on the action of these ions on the dura-  
tion of the preautomatic  pause of the hear t .  

KEY WORDS: myocardium;  automatic rhythmic activity; sodium, potassium, and calcium 
ions. 

High-frequency e lec t r ica l  stimulation can temporar i ly  depress  the cardiac pacemaker  activity [2, 
3, 5, 7, 9]~ The depress ion  of automatic activity is reflected in the appearance of a preautomatic  pause 
af ter  the end of e lect r ical  stimulation. 

Data in the l i terature on the action of Na + and K + ions on the duration of the preautomatic  pause are 
contradic tory .  According to some findings, a decrease  in the extracel lu lar  concentrat ion of Na + ions causes 
shortening of the preautomatic  pause [4, 6], whereas an increase  in the extracel lu lar  concentration of K + 
ions leads to a decrease  in the depress ion of automatic activity during fast e lec t r ica l  stimulation of the 
cardiac  pacemakers  [4, 7, 8]~ According to other  observat ions,  in response to fast  e lectr ical  stimulation 
of the Purkinje fibers of the ventricle of the dog's  heart ,  an increase in the ext racel lu lar  K + or  a decrease  
in the extracel lu lar  Na + concentrat ion depresses  automatic activity and lengthens the preautomatic  pause 
af ter  the end of st imulation [5]. 

It was decided to study the action of different concentrat ions of Na +, K +, and Ca ++ ions on the dura-  
tion of the preautomatic  pause ar is ing in response to previous e lectr ical  stimulation of varied duration. 

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

The test  objects were Purkinje fibers of the dog's  hear t  (10 animals),  the isolated sinus venosus o f  
frogs (20), and the isolated hearts  of rabbits (20) with complete a t r ioventr icular  block. Each object served 
for  2-3 exper iments .  The total number of observations during the various experiments was 120. 

Prepara t ions  of the Purkinje fibers isolated f rom the dogs '  cardiac ventr icles and the isolated rab-  
bi ts '  hearts  were perfused with Tyrode solution of the following composition (in mM): NaC1 130, KC1 2.6, 
CaCI~ 1.8, MgC12 1, NaHCO 3 12, Na2HPO 4 0.4, glucose 5.5; pH 7.3~ The solution was saturated with 95% 
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Fig. 1 Fig. 2 

Fig. 1. Action of a double concentration of K + ions on the duration of the preautomatic  
pause ar i s ing  after  brief  (A) and long (B) e lectr ical  stimulation: 1) control p reau tomat -  
ic pause during perfusion with ordinary Tyrode solution; 2) preautomatic  pause in an 
increased concentration of K + ions. Record of action potentials of a single Purkinje 
fiber of a dog's  hear t .  Frequency of e lec t r ica l  stimuli 140/min. Times of e lect r ical  
st imulation marked by dots. 

Fig. 2. Action of half-concentrat ion of Na + ions on duration of preautomatie  pause a r i s -  
ing after  br ief  (A) and long (B) e lec t r ica l  st imulation: 1) control  preautomatic  pause 
during perfusion with o rd inary  Ringer ' s  solution; 2) preautomatie pause in a reduced 
concentrat ion of Na + ions. Record of potentials of a single fiber of the frog sinus veno- 
sus .  Frequency of e lec t r ic  stimuli  100/min.  

02 and 5% CO 2. The temperature  of the solution was 36~ andthe rate of perfusion 10 ml /min .  The iso-  
lated f rogs '  sinus venosus was perfused with Ringer ' s  solution of the following composition (in mM): NaC1 
110, KCI 2.5, CaCI 2 1.8, NaHCO~ 2.4; pH 7.3. 

The duration of the preautomatic  pause was studied: 1) with KC1 o r  CaC12 excluded f rom the per fu-  
sion fluid or  with a t w o - t o  threefold increase  in the concentration of one of these salts;  2) with a two- o r  
fourfold decrease  in the NaC1 concentrat ion (equimolar amounts of sucrose  were added to m~intain the 
isotonicity of the solution) or  with an increase  of 1.5 t imes in the NaC1 concentrat ion.  

Potentials were  recorded int racel lular ly  with glass  microe lec t rodes  f rom single spontaneously con-  
t ract ing Purkinje fibers of the hear t  of the warm-blooded animals o r  f rom the pacemaker  fibers of the 
sinus venosus of the frog.  In the experiments  on the isolated rabbi ts '  hearts  the vent r icular  ECG was r e -  
corded,  

Automatic activity of the cardiac  pacemakers  was depressed by high-frequency electr ical  s t imula-  
tion~ Stimuli with a duration of 2-5 msec  and a voltage just  above the threshold were applied. The f r e -  
quency of the stimuli  was 2-3 times higher than that of spontaneous excitation. A br ief  but dist inct  p r e -  
automatic pause and a pause twice to three times longer were induced in each experiment .  This was done 
by increas ing the duration of e lec t r ica l  stimulation f rom 10-20 sec to 3 rain (keeping the frequency of the 
e lec t r ica l  st imuli  constant). With these different per iods of st imulation it was possible to examine the ef -  
fect  of  the var ious  ions on the duration of the preautomatie  pause most  c lear ly  and rel iably.  

EXPERIMENTAL RESULTS 

In all the experiments, whether on the Purkinje fibers of the dog's heart, on the fibers of the frog 

sinus venosus, or on the ventricles of the isolated rabbit's heart, the same general rule was clearly ob- 
served: During br ie f  e lec t r ica l  stimulation (10-20 see) an increase in the ext race l lu lar  concentrat ion of 
K + ions or a decrease  in the ext racel lu lar  concentrat ion of Na + ions lengthened the preautomatic  pause (by 
2-3 times}. An increase  in the extracel lu lar  concentrat ion of Ca ++ ions, on the other  hand, shortened the 

pause (by half). 

During long e lec t r ica l  stimulation (3 min) these same ions had quite the opposite action: An in- 
c r ea se  in the ext race l lu lar  concentrat ion of  K + ions or  a decrease  in the extraeel lu lar  concentrat ion of 
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F i g .  3. Ac t ion  of  a double  c o n c e n t r a t i o n  of  
Ca  ++ ions on d u r a t i o n  of  p r e a u t o m a t i c  
p a u s e  a r i s i n g  a f t e r  b r i e f  (A) and long (B) 
e l e c t r i c a l  s t i m u l a t i o n :  1) c o n t r o l  p r e a u t o -  
m a t i c  p a u s e  d u r i n g  p e r f u s i o n  wi th  o r d i n a r y  
R i n g e r ' s  so lu t ion ;  2) p r e a u t o m a t i c  p a u s e  
in  an i n c r e a s e d  c o n c e n t r a t i o n  of  Ca ++ ions .  
R e c o r d  of  a c t i o n  p o t e n t i a l s  of  a s i ng l e  f i b e r  
of  the f r o g  s inus  v e n o s u s .  F r e q u e n c y  of  
e l e c t r i c a l  s t i m u l i  1 0 0 / m i n .  

Na + ions  s h o r t e n e d  the p r e a u t o m a t i c  p a u s e  (by 2-3 t imes )  
w h e r e a s  an i n c r e a s e  in the e x t r a c e l l u l a r  c o n c e n t r a t i o n  of 
Ca ++ ions  leng thened  i t  s i g n i f i c a n t l y .  

The  changes  in d u r a t i o n  of  the p r e a u t o m a t i c  p a u s e  
a f t e r  an i n c r e a s e  in the e x t r a c e l l u l a r  c o n c e n t r a t i o n  of  K + 
ions in r e s p o n s e  to b r i e f  and long s t i m u l a t i o n  a r e  i l l u s -  
t r a t e d  in F ig .  1. Dur ing  p e r f u s i o n  of the P u r k i n j e  f i b e r s  of  

the  i s o l a t e d  a t r i o v e n t r i c u l a r  bundle  of  the d o g ' s  v e n t r i c l e  
with ordinary Tyrode solution the duration of the control 

preautomatic pause after 20 sec of electrical stimulation 

was i0 �9 1.3 sec. During perfusion with a solution contain- 

ing twice the KCI concentration the preautomatie pause af- 

ter 20 sec of electrical stimulation was lengthened to 19 • 

201 see, 

In experiments on these same preparations after the 

end of a long period (3 min) of electrical stimulation and 

during perfusion with ordinary Tyrode solution the dura- 

tion of the control preautomatic pause was 24 �9 3.1 sec~ 

After 3 min of electrical stimulation and during perfusion 

with a solution containing double the concentration of KCI 

the preautomatic pause was shortened to 13 • 1.2 sec, 

The changes in the duration of the preautomatic pause 

with a decrease in the extracellular concentration of Na + 
ions  and in r e s p o n s e  to b r i e f  and long  e l e c t r i c a l  s t i m u l a t i o n  a r e  shown in F ig .  2. Dur ing  p e r f u s i o n  of  the 
i s o l a t e d  s inus  venosus  of  the f rogs  wi th  o r d i n a r y  R i n g e r ' s  so lu t ion  the d u r a t i o n  of  the c o n t r o l  p r e a u t o m a t -  
ie  p a u s e  a f t e r  10-20 s e e  of  e l e c t r i c a l  s t i m u l a t i o n  w a s  7 �9 1.1 s e c .  With  a d e c r e a s e  in the c o n c e n t r a t i o n  
of  Na + ions  by  ha l f  the p r e a u t o m a t i c  p a u s e  was  i n c r e a s e d  to 16 • 2.1 SeCo 

In the e x p e r i m e n t s  on these  s a m e  p r e p a r a t i o n s  and d u r i n g  p e r f u s i o n  with  o r d i n a r y  R i n g e r ' s  so lu t ion ,  
the d u r a t i o n  of  the p r e a u t o m a t i c  p a u s e  a f t e r  3 rain of  e l e c t r i c a l  s t i m u l a t i o n  was  12 i 1.3 s e c .  A f t e r  the 
end of  e l e c t r i c a l  s t i m u l a t i o n  and in ha l f  the c o n c e n t r a t i o n  o f  Na + ions ,  the  d u r a t i o n  of the p r e a u t o m a t i c  
~ a u s e  was  r e d u c e d  to 6 ~ 1.0 s e e .  

The  e f f ec t  of an i n c r e a s e d  c o n c e n t r a t i o n  of  Ca  ++ ions  t o g e t h e r  wi th  b r i e f  and long e l e c t r i c a l  s t i m u -  
l a t i on  is i l l u s t r a t e d  in F ig .  3o In e x p e r i m e n t s  on the s a m e  p r e p a r a t i o n s  of  the i s o l a t e d  s inus  ve nosus  of  
f r o g s ,  doub l ing  the c o n c e n t r a t i o n  of  Ca  ++ ions  led to s h o r t e n i n g  of  the p r e a u t o m a t i c  p a u s e  ( f rom 8 �9 1.3 to 
2 �9 0.5 sec)  a f t e r  b r i e f  e l e c t r i c a l  s t i m u l a t i o n  (10-20 s e c ) ,  but  to l eng then ing  of the p a u s e  c o m p a r e d  with  
the c o n t r o l  ( f rom 13 �9 1.4 to 28 • 2.5 sec)  a f t e r  long  e l e c t r i c a l  s t i m u l a t i o n  (3 min) .  

S i m i l a r  r e s u l t s  w e r e  ob ta ined  d u r i n g  the i n v e s t i g a t i o n  o f  the ac t ion  of K +, Na +, and Ca ++ ions  on the 
d u r a t i o n  of  the p r e a u t o m a t i c  p a u s e  a r i s i n g  a f t e r  the end of  f a s t  e l e c t r i c a l  s t i m u l a t i o n  of the v e n t r i c l e s  of  
the  i s o l a t e d  r a b b i t ' s  h e a r t  w i th  a c o m p l e t e  a t r i o v e n t r i c u l a r  b l o c k .  

D e p r e s s i o n  of  the a u t o m a t i c  a c t i v i t y  of  the c a r d i a c  p a c e m a k e r s  d u r i n g  h i g h - f r e q u e n c y  e l e c t r i c a l  
s t i m u l a t i o n  a r i s e s  as  the r e s u l t  of  i m b a l a n c e  b e t w e e n  p a s s i v e  and ac t i ve  ion t r a n s p o r t  [1]o The g e n e r a l  
r u l e  fo r  the ac t i on  of Na +, K +, and Ca ++ ions  on the d u r a t i o n  of  the p r e a u t o m a t i c  p a u s e  s t a t ed  above  m a y  
t h e r e f o r e  r e s t ,  p e r h a p s ,  on the fo l lowing  e x p l a n a t i o n .  D u r i n g  b r i e f  e l e c t r i c a l  s t i m u l a t i o n ,  when the d i s -  
t u r b a n c e s  of  the ion ic  g r a d i e n t s  i n s ide  and o u t s i d e  the c e l l  a r e  s t i l l  s m a l l ,  a c h a n g e  in the c o n c e n t r a t i o n  of  
Na +, K +, o r  Ca ++ ions  a f fec t s  p r e d o m i n a n t l y  the p a s s i v e  ion t r a n s p o r t .  D u r i n g  long e l e c t r i c a l  s t i m u l a t i o n ,  
when  t h e r e  is  a c o n s i d e r a b l e  sh i f t  of ion ic  g r a d i e n t s  i n s i d e  and ou t s i de  the c e l l ,  the e f f e c t  of  t he se  ions on 
a c t i v e  ion t r a n s p o r t  beg ins  to p r e d o m i n a t e .  

The r e s u l t s  of  t h e s e  e x p e r i m e n t s  exp l a ined  the ,  a t  f i r s t  g l ance ,  h igh ly  c o n t r a d i c t o r y  d a t a  in the l i t e r -  
a t u r e  on the a c t i o n  of  K + and Na + ions on the d u r a t i o n  of  the p r e a u t o m a t i c  p a u s e .  If  i t  is r e m e m b e r e d  tha t  
s o m e  w o r k e r s  [5] used  on ly  b r i e f  e l e c t r i c a l  s t i m u l a t i o n  (10-15 s e c ) ,  w h e r e a s  o t h e r s  [4, 7, 8] used  on ly  
long  e l e c t r i c a l  s t i m u l a t i o n  (up to 3-5 ra in) ,  the r e a s o n  for  the d i s c r e p a n c y  b e t w e e n  the r e s u l t s  of  these  two 
g r o u p s  o f  i n v e s t i g a t i o n s  w i l l  be  o b v i o u s .  
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