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Several  success ive  stages can be distinguished in evoked media tor  secret ion:  depolarizat ion of the p r e -  
synaptic membrane  during the action potential, opening of potential-dependent calcium channels, entry  of Ca ++ 
ions into the cytoplasm of the nerve ending, activation of the secre t ion  mechanism,  and l iberation of the t r ans -  
mi t te r  f rom its re lease  point [2, 5]. T ransmi t t e r  re lease  depends mainly on the in t race l lu lar  Ca ++ ion concen-  
tration. Special s t ruc tures  which utilize active calcium, thereby reducing its in t racel lu lar  concentration,  are  
p resen t  in the nerve ending. They include mitochondria,  the endoplasmic ret iculum, the presynapt ic  plasma 
membrane,  etc. [3].  The fall in the Ca ++ ion concentrat ion in the cytoplasm af ter  the action potential lasts  sev-  
era l  tens of mil l iseconds.  If a second stimulus is applied during this time, the new portion of Ca p+ ions, on 
entering the nerve ending, undergoes summation with the calcium remaining after  the previous st imulus,  thus 
causing increased  t r ansmi t t e r  secre t ion [6 ]. This mechanism lies at the basis  of facilitation of t r ansmi t t e r  
re lease  during paired and repeti t ive stimulation. Consequently increased  t r ansmi t t e r  secre t ion  during repe t i -  
tive st imulation ought to be dependent only on the number  and frequency of st imulating pulses. 

This paper  descr ibes  a s tat is t ical  analysis  of t r ansmi t t e r  secre t ion using the conditional probabil i ty 
method. It was found that during paired and repeti t ive stimulation, quantum t r ansmi t t e r  re lease  in response  to 
the f i rs t  (previous) st imulus leads to inhibition of secre t ion in response to the next st imulus.  

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

Experiments  were ca r r i ed  out on ne rve -musc l e  prepara t ions  of the sa r to r ius  muscle  of Rana ridibunda. 
The ne rve -musc l e  prepara t ion  was kept in a bath containing continuously flowing Ringer ' s  solution of the fol-  
lowing composit ion .(in raM): NaC1 - 115.0, KC1 - 2.0, CaC12 - 0.2-0.6, MgC12 - 1-4, NaHCO 3 - 2.4, pH 7.2- 
7.4. End-plate potentials (EPP) were recorded  ext race l lu lar ly  by means of glass  mic roe lec t rodes  filled with 2 
M NaC1 solution with a res i s tance  of 10-40 MAL All experiments  were ca r r i ed  out at a very  low (m = 0.1-0.5) 
E P P  quantum composition. Analysis  of t r ansmi t t e r  secre t ion  in these exper iments  is indicated schemat ica l ly  
in Fig. 1 for the case of st imulation by se r ies  of tworbr three pulses.  The total number of se r i e s  (NT), the 
number  of se r ies  in which quantum re lease  took place in response to the i- th ( lst ,  2nd, 3rd) stimulus (nl, nz, 
n3) , and the number  of se r ies  in which a response to the f i rs t  stimulus was absent iN(0)] and present  iN( l ) ] ,  
the number  in which there was no response to ei ther  st imulus iN(00)],  a response only to the f i rs t  st imulus 
iN(10)],  or  a response  to both stimuli  [N(11)],  and so on, were determined.  The mean probabil i ty of quantum 
t ransmi t t e r  re lease  (5) in response  to the 1st, 2nd, and 3rd st imulus and the number of functioning re lease  
points (~) were determined on the basis  of the rules of binomial s tat is t ics  [4] : ~ = 1 - S/m; n = ~ / p ,  where N 
stands for var iat ions.  The motor  nerve was st imulated by 100-200 se r ies  of pulses,  the interval  between 
ser ies  being 15-30 sec.  The number  of pulses in the burs t  var ied f rom two to four and their  f requency was 50- 
100 Hz. 

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

Determinat ion of the s tat is t ical  pa r ame te r s  showed that during repeti t ive st imulation the mean probabi l -  
ity of quantum t r ansmi t t e r  re lease  increased to each success ive  st imulus.  Data showing an increase  in the 
p a r a m e t e r  p during stimulation by three pulses with a frequency of 100 Hz are  given in Table 1. At low initial 
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Fig .  1. S c h e m e  of  a n a l y s i s  of  E P P s  r e c o r d e d  d u r i n g  
fou r  s e r i e s ,  e a c h  of  two s t i m u l i  (A) ,  and  e i g h t  s e r i e s  
e a c h  of  t h r e e  s t i m u l i  (B) .  N u m b e r s  in  p a r e n t h e s e s  i n -  
d i c a t e  p r e s e n c e  (1) o r  a b s e n c e  (0) of  r e s p o n s e  to 1st, 
2nd, and 3 rd  s t i m u l i .  T i m e  of  s t i m u l a t i o n  i n d i c a t e d  b y  
s h o r t  v e r t i c a l  l i ne .  C a l c u l a t e d  v a l u e s  of  p a r a m e t e r s  

fo r  A:  N T = 4, n 1 = 2, n 2 = 2, N(00)  = 1, N(01)  = 1, 
N ( 1 0 )  = 1, N ( 1 1 )  = 1. 

T A B L E  1. B i n o m i a l  P a r a m e t e r s  (m, n, p) of  
T r a n s m i t t e r  S e c r e t i o n  d u r i n g  R e p e t i t i v e  S t i m -  
u l a t i on  ( t h r e e  p u l s e s  with f r e q u e n c y  of  100 Hz) 

N o .  of stimulating pulAe 

3 1 

3,0581 1,1610,0500,117 
D, 1251 1,10 ]0,11410,275 
D,IO0] 1,10 ]0 09110,170 
3,1671 1,04 [0,15910,258' 
3,125 f 1,04[0, 12010,26I 
3,042] 1,2440,034]0,092 I 
3,030] I 191o 025[0 O35 / ,:T:o,olo:o,o 

2 

1,07 0,1090,150 
1,03 0,2660,413 
1,05 0,16210,300 
1,02 0,252]0,300 
1,02 0,257[0,190 
1,09 0,084[0,142 
1,16 0,030 0,075 
1,12 0,061 0,160 

1,05 0,143 
1,02 I 0,405 
1,02 ] 0,293 
t,02 I 0,294 
t , 0 2  [ 0 , 1 8 6  
1,05 ] 0,134 
1,07 0,070 
1,06 0,152 

v a l u e s  of  ~ r e p e t i t i v e  s t i m u l a t i o n  c a u s e d  an  i n c r e a s e  in p wi thout  any  a p p r e c i a b l e  c h a n g e s  in  the p a r a m e t e r  ~,  
which  r e m a i n e d  equa l  to 1. In th i s  c a s e  f a c i l i t a t i o n  of  t r a n s m i t t e r  s e c r e t i o n  can  be r e p r e s e n t e d  as  fo l lows :  

p(el = 1)< p(e~ = 1)<p(e~ = 1), (1) 

w h e r e  e i s  a r a n d o m  va lue  equa l  to 1, if  in the  r e s p o n s e  to the  i - t h  p u l s e  t r a n s m i t t e r  was r e l e a s e d ,  and equal  to 0 
in  the  o p p o s i t e  c a s e .  The  v a l u e  of  P (e = 1) can  be  e s t i m a t e d  b y  the r e l a t i o n s h i p :  

nl/Nr. P(%= I)--n2/N1. pe3= l)--n3/NT. 

If f a c i l i t a t i o n  d u r i n g  r e p e t i t i v e  s t i m u l a t i o n  was  due to a c c u m u l a t i o n  of  Ca ++ ions  in the  n e r v e  ending  on 
a c c o u n t  of  a d d i t i o n  of  Ca ++ ions  e n t e r i n g  the ending  d u r i n g  the a c t i o n  p o t e n t i a l  to c a l c i u m  r e m a i n i n g  a f t e r  the 
p r e v i o u s  s t i m u l a t i o n  [2, 6] ,  in  s e r i e s  of  two s t i m u l i  the  fo l lowing  equa t ion  ought  to ho ld  good:  

p(e~_ = l/e I : 0) = p(% = 1/el : 1, (2) 

w h e r e  13 (e2 = 1 / e l  = 0) i s  the p r o b a b i l i t y  of  q u a n t u m  a p p e a r a n c e  to the s e c o n d  s t i m u l u s  p r o v i d e d  tha t  t h e r e  
was  no r e s p o n s e  to the  f i r s t  s t i m u l u s ,  and  p (e2 = 1 / e l  = 1) i s  the p r o b a b i l i t y  of a p p e a r a n c e  of  a r e s p o n s e  to the 
s e c o n d  s t i m u l u s  p r o v i d e d  tha t  s e c r e t i o n  was  p r e s e n t  to the  f i r s t  s t i m u l u s .  An e s t i m a t e  of  the c o n d i t i o n a l  p r o b a -  
b i l i t y  p (e;  = 1 / a  t = 0 ) i s  the  r a t i o  N ( 0 1 ) / N  (0) ,  and an  e s t i m a t e  of  the c o n d i t i o n a l  p r o b a b i l i t y  p (e z = 1 / e  1 = 1) i s  
the  r a t i o  N ( l l ) / N ( 1 ) .  T h e s e  r a t i o s  wi l l  s u b s e q u e n t l y  be  d e s c r i b e d  a s  N ( 0 1 / 0 )  and N ( 1 1 / 1 ) .  In the  s a m e  way,  
f o r  s e r i e s  o f  t h r e e  s t i m u l i  the  fo l lowing  equa t i ons  ought  to  be  s a t i s f i e d :  

p(e3= 1/e~=0, % = 0 ) = p ( % = l / e  I = 0 ,  (3) 
% = l ) = p ( % = l / e i = l ,  ~2=1) 

E s t i m a t e s  fo r  P(e3 = 1 / e t  = 0, e 2 = 0) ,  PC3 = 1 ( e l  = 0, e 2 = 1),  P ( e 8  = 1) e 3 = 1)g 1 = 1 a r e  N ( 0 0 1 / 1 ) ,  N ( 0 1 1 / 1 ) ,  
and  N ( 1 1 1 / 1 ) .  Cond i t i ona l  p r o b a b i l i t i e s  of  quan tum t r a n s m i t t e r  s e c r e 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  a r e  g iven  
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T A B L E  2. Cond i t i ona l  P r o b a b i l i t i e s  of  Quan- 
tum T r a n s m i t t e r  R e l e a s e  in R e s p o n s e  to 

P a i r e d  S t i m u l a t i o n  

E x p e r i -  
m e n t  N o .  

1 
2 
3 
4 
5 

7 
8 
9 

10 
I1 
12 
13 
14 

P i 

0,55 
0,54 
0,04 
O >08 
0,38 
0,21 
0,24 
0,22 
0,13 
0,18 
0,24 
0,21 
0,21 
0,2l 

0,65 
0,60 1 
0.06 t 
0.11 
0.31 
0,25 
0,28 
0,28 
0,24 
0,20 
0,25 
(t,22 
0.23 
(/,21 

N { I I l l )  

0,78 

0>13 
0,40 
0,24 
(1,16 
0,18 
0.08 
0,17 
0,37 
0,30 
0,16 
0.10 

'b, Z 

m E  

15 0,14 
16 0,10 
17 0,07 
18 0,17 
19 0,16 
20 0>21 
21 0,22 
22 0,11 
23 0,32 
24 0,12 
25 0,10 
26 0.30 
27 0,40 

8" 
o 

0,23 I 
o,~3 I 
0,12 I 
o,16 t 
0,16[  
0,I9 f 
0,18 / 
0, i l  / 
0,47 f 
0,27 / 
0,14 / 
o,38 / 
0,48 t 

0,20 
0 
0 

0,23 
0,26 
0,14 
0,09 
0,09 
0,47 
0,17 
0>07 
0,68 
0,6 

Legend .  Pl) P r o b a b i l i t y  of quan tum t r a n s m i t -  
t e r  r e l e a s e  to f i r s t  s t i m u l u s ;  No. (01/01 p r o b -  
a b i l i t y  of  quan tum r e l e a s e  to s e c o n d  s t i m u l u s ,  
u n d e r  the cond i t ion  tha t  s e c r e t i o n  i s  a b s e n t  to 
the f i r s t  s t i m u l u s ;  No. (11/11 p r o b a b i l i t y  of  
s e c r e t i o n  to s e c o n d  s t i m u l u s  p r o v i d e d  tha t  r e -  
s p o n s e  to f i r s t  s t i m u l u s  was p r e s e n t .  

in Tab le  2. In 17 of  the 27 e x p e r i m e n t s  v a l u e s  of  N(01 /0)  w e r e  found to be h i g h e r  than those  of N ( 1 1 / 1 1 ,  in 9 
they w e r e  l o w e r ,  and in one e x p e r i m e n t  t h e r e  was  no d i f f e r e n c e .  Since  the p r o b a b i l i t i e s  of  the c o r r e s p o n d i n g  
e v e n t s  d i f f e r e d  in d i f f e r e n t  e x p e r i m e n t s ,  to t e s t  the nul l  h y p o t h e s i s  ( equa t ion  2) W i l c o x o n ' s  s ign  t e s t  was u s e d .  
The p r i n c i p l e  of  th is  t e s t  is  tha t  i f  the null  h y p o t h e s i s  i s  v a l i d  the n u m b e r  of  e x p e r i m e n t s  in which the i n e q u a l -  
i t i e s  N ( 0 1 / 0 )  > N ( l l / 1 )  and  N ( 0 1 / 0 )  < N ( l l / 1 )  a r e  s a t i s f i e d  ought  to be abou t  equa l .  We found f r o m  s p e c i a l  
t a b l e s  that ,  a t  a 0.05 l e v e l  of  s i g n i f i c a n c e ,  the nul l  h y p o t h e s i s  m u s t  be  r e j e c t e d .  S i m i l a r  r e s u l t s  a l s o  w e r e  o b -  
t a i ned  when c o n d i t i o n a l  p r o b a b i l i t i e s  w e r e  s t u d i e d  in s e r i e s  c o n s i s t i n g  of  t h r e e  s t i m u l i .  In th i s  c a s e  v a l u e s  of  

N (001 /00)  w e r e  g r e a t e r  than  the v a l u e s  of  N ( 1 1 1 / 1 1 )  in 6 e x p e r i m e n t s ,  and  s m a l l e r  in only  two e x p e r i m e n t s .  
A n a l y s i s  a l s o  showed  that  v a l u e s  of  c o n d i t i o n a l  p r o b a b i l t i e s  N (111/1  l )  d u r i n g  s t i m u l a t i o n  b y  t h r e e  p u l s e s  w e r e  
h i g h e r  in 7 of  8 e x p e r i m e n t s  than the m e a n  p r o b a b i l i t y  of quan tum t r a n s m i t t e r  r e l e a s e  to the f i r s t  s t i m u l u s  

(Pt). 
The r e s u l t s  i n d i c a t e  that  d u r i n g  r e p e t i t i v e  s t i m u l a t i o n  of  the m o t o r  n e r v e  the m e a n  p r o b a b i l i t y  (p) of 

quan tum t r a n s m i t t e r  r e l e a s e  is  i n c r e a s e d  ( inequa l i t y  1 is  s a t i s f i e d ) .  Th i s  i n c r e a s e  took p l a c e  at  v a l u e s  of the 
b i n o m i a l  p a r a m e t e r  ~ c l o s e  to 1 (Tab l e  1). S ince ,  in the m o d e r n  view,  the p a r a m e t e r  n r e f l e c t s  the  n u m b e r  of 
func t ion ing  t r a n s m i t t e r  r e l e a s e  po in t s  [ 1, 7, 8 ], i t  can be t e n t a t i v e l y  s u g g e s t e d  tha t  in t h e s e  expe r imeI{ t s  a c t i v -  
i t y  of  on ly  one r e l e a s e  po in t  was  r e c o r d e d .  The  i n c r e a s e  in p was  due to an i n c r e a s e  in the Ca *+ ion c o n c e n t r a -  
t ion in the n e r v e  ending  at  the quan tum t r a n s m i t t e r  r e l e a s e  point .  

H o w e v e r ,  c a l c u l a t i o n  of cond i t i ona l  p r o b a b i l i t i e s  with p a i r e d  and r e p e t i t i v e  s t i m u l a t i o n  showed  a d e c r e a s e  
in the  p r o b a b i l i t y  of r e l e a s e  in the c a s e  when the p r e v i o u s  s t i m u l u s  evoked  t r a n s m i t t e r  s e c r e t i o n  ( equa t ions  2 
and 3 not  s a t i s f i e d ) .  Th i s  fac t  is  e v i d e n c e  of  a fa l l  in the i n t r a c e l l u l a r  Ca ++ ion c o n c e n t r a t i o n  a t  the  m o m e n t  of  
quan tum t r a n s m i t t e r  s e c r e t i o n  o r  i m m e d i a t e l y  a f t e r  s e c r e t i o n .  Two h y p o t h e s e s  can  be put  f o r w a r d  to e x p l a i n  
the r e s u l t s :  1) a t  the t i m e  of  s e c r e t i o n  of  a p o r t i o n  of  t r a n s m i t t e r ,  a c e r t a i n  n u m b e r  of  Ca ++ ions  a r e  d i s c h a r g e d  
f r o m  the a x o p l a s m  of  the n e r v e  ending;  2) quan tum t r a n s m i t t e r  r e l e a s e  and e m p t y i n g  of  a v e s i c l e  l e a d s  to the 
e n t r y  of  Ca ++ ions  in to  the s y n a p t i c  v e s i c l e .  In t h o s e  c a s e s  the e f f ec t ive  Ca ++ ion c o n c e n t r a t i o n  f a l l s  a t  the  r e -  
l e a s e  point ,  and th i s  l e a d s  to a d e c r e a s e  in the p r o b a b i l i t y  of  qua n tum t r a n s m i t t e r  r e l e a s e  to s u b s e q u e n t  s t i m u -  
l a t ion .  

We c o n s i d e r  tha t  a d e c r e a s e  in the p r o b a b i l i t y  of  r e l e a s e ,  a s s o c i a t e d  with  s e c r e t i o n  of  a qua n tum of  
t r a n s m i t t e r  in  r e s p o n s e  to a p r e c e d i n g  s t i m u l u s ,  can  be  d e t e c t e d  on ly  by  r e c o r d i n g  f r o m  a s i n g l e  r e l e a s e  point .  
Th i s  v i ew  i s  c o n f i r m e d  by  e x p e r i m e n t s  Nos .  l ,  5, 23, 26, and 27 (Tab l e  2) ,  in  which  the v a l u e s  of  N ( 0 1 / 0 )  
w e r e  s m a l l e r  than  those  of  N ( I  l / 1 ) ,  i . e . ,  s e c r e t i o n  of  a qua n tum to the f i r s t  s t i m u l u s  did  not  i nh ib i t  r e l e a s e  
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to the second stimulus. Values of the pa r ame te r  m in these exper iments  were found to be considerably g r ea t e r  
than 1. Consequently, activity of severa l  re lease  points was recorded.  

At the same time, it was found that the inequalities N(11/1) > Pt and N(111/11) > Pl were satisfied, 
where Pl stands for the probabil i ty of quantum t r ansmi t t e r  re lease  to the f i r s t  stimulus. This is evidence that 
the number  of Ca ++ ions leaving the cytoplasm of the nerve ending in response to secre t ion of a portion to ace-  
tylcholine is smal le r  than the quantity of calcium entering the terminal  during depolarizat ion of the p resynap-  
tic membrane.  Hence it follows that, despite the continuous loss of calcium as a resul t  of t ransmi t te r  s e c r e -  
tion, during repeti t ive st imulation the in t race l lu lar  calcium concentrat ion will r ise .  

The presence  of two mechanisms reducing the calc ium concentrat ion in a nerve ending can thus be postu- 
lated. The f i r s t  mechanism is independent of t r ansmi t t e r  secre t ion and is due to the functioning of in t racel lu-  
l a r  s t ruc tures  which utilize Ca+ § ions f rom the axoplasm of the nerve ending (mitochondria, endoplasmie 
ret iculum, etc.) [3].  The second mechanism is di rect ly  connected with quantum t r ansmi t t e r  secre t ion or  with 
p r o c e s s e s  lying at its basis .  
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INACTIVATION OF THE FAST SODIUM CURRENT 

ACROSS THE MEMBRANE OF SINGLE HEART CELLS 

Yu. I. Zil'berter and E. N. Timin UDC 612.173.1.014.462.2 

KEY WORDS: microrecord ing ;  fast  sodium current ;  single hear t  cells;  inactivation. 

Many investigations have been devoted to the study of inactivation of sodium channels in e lec t r ica l ly  ex- 
citable membranes .  Recent investigations [2, 3, 7, 9] have revealed deviations in the development of inactiva- 
tion f rom the monoexponential course  predicted by the Hodgkin-Huxley  model [6].  Contradic tory information 
on this subject  has been obtained by experiments  on single hear t  cells [2, 4]. 

In the present  investigation inactivation of the sodium cur ren t  was studied in the membrane  of single 
hear t  cells by the mic ro record ing  technique descr ibed  in [1].  The pre l iminary  resul ts  were descr ibed  prev i -  

ously. 

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

Cells were isolated by the method in [8]. The experimental  procedure  was descr ibed previously.  A cell 
selected under the microscope  was t r ans fe r r ed  to a working chamber  containing solution of the following com-  
position (in raM): NaC1 - 130, KC1 - 5.4, MgSO 4 -- 1.2, CaC12 - 0.9, glucose - 11, MOPSbuffer - 20,pH7.4.  The 
exper iments  were ca r r i ed  out at room tempera ture  (20-22~ A V-shaped polyethylene suction cap, with a 
pore 5-7 tt in diameter ,  was applied to a small  a rea  of cell membrane .  The solution in the cap had the compos i -  
tion descr ibed above, with the addition of 1 mM MnC12 and 1 mM 4-aminopyridine to block the calcium and 
potass ium channels respect ively .  
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