
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 .  

Labora tory  of Biophysical Research,  A. V. Vishnevskii Institute of Surgery,  Academy of Medical Sciences 
of the USSR, Moscow. (Presented by Academician of the Academy of Medical Sciences of the USSR D. S. Sarki-  
sov.) Trans la ted  f rom Byulleten'  ~ksper imenta l 'no i  Biologii i Meditsiny, Vol. 94, No. 10, pp. 5-7, October,  

1982. Original ar t icle  submitted May 28, 1982. 
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Fig. 1. Time course  of inactivation of sodium conductance at a 
potential of 70 inV. a) Empty c i rc les  - resul ts  of measu remen t  by 
two-pulse method. Currents  normal ized for  response to test  pulse 
without conditioning pulse; filled c i rc les  - descending phase of 
sodium cur ren t  in conventional units, on same scale as resul ts  
of measuremen t s  by two-pulse method. Inset: sod ium-cu r -  
rent  recorded  at a potential of 70 inV. b) Time course  of inactiva- 
tion (two-pulse method) plotted between semi logar i thmic  coordi -  
nates.  Inset: pulse p rogram.  
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Fig. 2. Dependence of time constants Whl and ~rh2 (a) and s teady-  
state level (b) of inactivation on potential, a) Different symbols 
cor respond to different exper iments :  empty symbols -~h l ,  filled 
s y m b o l s -  Th2. Continuous curves  t raced visually, b) Inset :  p ro-  
g r a m  of pulses.  Amplitude of testing potential Vtest = 70 inV. 

Currents were measured by means of a "virtual ground" circuit with subsequent filtration to the 5 kHz 
band and recording on a VC-9 oscilloscope (Nihon Kohden, Japan) or ATAC-250 digital averager (from the 
same firm). Potentials were assigned from the level of the resting potential. 

EXPERIMENTAL RESULTS 

The kinetics of the inactivation p rocess  were studied both by the two-pulse method [51 and also direct ly  
f rom the t ime course  of the descending phase of the sodium current .  In the two-pulse method (Fig. lb, inset) 
a conditioning pulse, whose duration varied,  was followed by a s tandard test  pulse. Dependence of the amplitude 
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Fig. 3. Recovery of sodium conductance from inactiva- 
tion at potentials of -30 mV (filled circles) and -80 
mV (empty circles). Inset: program of pulses. Cur- 
rents normalized for response to test pulse, following 
conditioning pulse a f te r  an in te rva l  of 200 msec .  

of the r e sponse  to the t es t  pulse on the durat ion of the conditioning pulse was studied. This  re la t ionship  is  
shown in Fig. la  (empty c i rc les )  for  a conditioning pulse with an ampli tude of 70 inV. The descending phase of 
the sodium cu r r en t  (filled c i r c l e s ) ,  r e co rded  at the s a m e  potential ,  is  a lso shown in Fig. la  ( inset) .  The t ime  
course  of inact ivat ion,  plotted between semi loga r i t hmic  coordinates ,  is  shown in Fig. lb. At l ea s t  two exponen- 
tial cu rves  can be seen  to be p resen t .  The s ame  pic ture  was obse rved  ove r  a wide range of potent ials  studied. 
Here  and la te r ,  only two exponential  cu rves  have been dist inguished.  The t ime  constants  of the two exponential  
functions a r e  potent ia l -dependent .  The r e su l t s  of m e a s u r e m e n t s  by the two-pulse  method and by d i rec t  logar i th -  
mic  plotting of the descending phase  were  approx imate ly  the same .  

Dependence of the t ime constants  ?hi and 7h2 on potential ,  m e a s u r e d  by the two-pulse  method, a r e  shown 
in Fig. 2a. The values  of val and Th2 v a r y  depending on potential  f r o m  27 to 0.3 m s e c  and f r o m  42 to 0.6 msec .  

Dependence of the s t e ady - s t a t e  level  of inact ivat ion h~ on potential  (Fig. 2b) was m e a s u r e d  by the two- 
pulse method [5].  Test ing pulses  of constant  voltage were  p receded  by 100-msec conditioning pulses  of  d i f fe r -  
ent ampli tude.  

To r e c o r d  the r e c o v e r y  of sodium conductance,  the sodium c u r r e n t  was inact ivated by a conditioning 
pulse.  The ampli tude of the cu r r en t  in r e s ponse  to the test ing pulse ,  following the conditioning pulse a f t e r  dif-  
fe ren t  t ime in te rva l s ,  was measu red .  The r e c o v e r y  p roce s s  was r eco rded  at  potent ials  of - 3 0 ,  - 4 0 ,  - 5 0 ,  - 6 0 ,  
- 7 0 ,  a n d - 8 0  inV. Curves  showing e m e r g e n c e  of sodium channels f r o m  inact ivat ion at  potent ia ls  o f - 3 0  and 
- 8 0  mV a r e  i l lus t ra ted  in Fig. 3. The curves  a r e  S-shaped,  with a ma rked  delay at the beginning. The amount  
of delay was de te rmined  fo rmal ly  by Chiu 's  p rocedure  [3]. The length of the delay va r i ed  depending on the po- 
tent ia ls  f r o m  11 to 0.5 m s e c ,  reducing with shif ts  of potential  toward hyperpolar iza t ion .  The r e su l t s  were  not 
subjected to theore t ica l  ana lys i s .  

The r e su l t s  thus show that the kinet ics  of inact ivat ion of sodium conductance in the hea r t  cell m e m b r a n e  
does not co r r e spond  to the Hodgk in -Hux ley  model .  These  r e su l t s  agree  qual i ta t ively  with those obtained p r e -  
viously onthe  Ranvier  node m e m b r a n e  [ 3] and single hea r t  ce l ls  [2l .  

The authors  a re  gra teful  to Z. A. Bendukidze, N. A. Burnashev,  and B. Schubert  for  g r ea t  a s s i s t ance  at 
all s tages  of the work  and to B. I. Khodorov for  useful  d i scuss ion  of the resu l t s .  
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