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A process  of slow sodium inactivation (SI) with time constant ~'s = 150-300 msec  and de-  
pendent on external potassium was found by the voltage clamp method in single nodes of 
Ranvier .  Unlike the fast inactivation descr ibed by the variable h, SI in the intact fiber 
does not develop in po tass ium-f ree  medium. The value of T s is independent of potential 
and falls with a r i se  of [K] 0 . The s teady-s ta te  value of S (the fraction of sodium channels 
remaining free from SI after depolarization for 1 sac) falls with a r i se  of potential, but 
only up to a certain limiting, nonzero level of S rain for the given [K]0. With an increase  
in [K]0 from 2.5 to 25 mM S~ mm falls f rom 0.75 to 0.4. The fact that S~ reaches  the level 
S mm in the regidn of values of E where 1~ becomes the zero  suggests that only those 
channels which vcere inactivated by the "fast" mechanisms pass into a state of slow in- 
activation. 

Recent investigations have shown that besides the fast  p rocesses  descr ibed by Hodgkin and Huxley [12] 
in the membranes  of nerve and muscle  fibers (cells) there  are also slow changes in ionic permeabil i t ies  
charac te r ized  by t ime constants measured  in hundreds of mil l iseconds,  in seconds,  or even in minutes.  
These p rocesses  include the slow sodium inactivation [3, 4, 6, 7, 13] which lies at the basis of Vvedenskii 's  
"parabiosis"  [1, 2]. So far as the wr i te rs  know, quantitative studies of slow inactivation under voltage 
clamp conditions have so far  been ca r r i ed  out only in experiments on squid giant axons [3, 4]. 

However,  it is difficult to in terpret  the resul ts  obtained by invest igators  using that object because al-  
lowance must  be made for  the accumulation of K + ions in the space between the surface of the membrane  
undergoing prolonged depolarization and the layer  of Schwann cells  [9]. It was therefore  decided to inves-  
tigate myelinated fibers in which the membrane of the nodes is re la t ively exposed and, consequently, the 
accumulation of K + in the juxtamembranous space is unlikely to take place, especial ly if the potassium 
channels are blocked by te t rae thylammonium.  

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 isolated nerve fibers of Rana t emporar ia  using the voltage clamp 
method [5, 8, 11]. The apparatus designed by V. V. Belyi and Z. S. Volovich fixed the membrane  potential 
at an assigned level with a transit ion process  of less than 50 ttsec. The ar rangement  of the fiber in the ex-  
perimental  chamber  and the theoret ical  c i rcui t  of the apparatus used are  shown in Fig. l a .  

Solutions of the following composition were used in the experiments :  NaC1 114 raM, CaCI~ 2 mM, 
KC1 0 raM, 2.5 raM, and 50 raM; pH = 7.2. Since solutions contaIning 25 and 50 ml KC1 were hypertonic,  
all measurements  were made during the f i rs t  !0  min after  the solution was changed [10]. In every  case the 
initial membrane  potential was stabilized at between -90 and -100  mV, so that not only the initial fast, but 
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Fig. 1. Diagram of voltage clamping apparatus and experimental  r ecords  showing 
cha rac te r  of change in ionic cur ren t s  after end of depolarization:  a) myelinated 
nerve fiber placed in chamber  consisting of 4 compar tments  isolated f rom each 
other by petrolatum parti t ions (shaded). Note for testing kept in bath A. Both ex-  
t r eme parti t ions consis t  of two petrolatum columns separated by an air  space.  
Numbers above each partition show their resistance (in N~2). Numbers below show 
width of corresponding partitions and baths (in ~). Black dots mark boundary of 
conventionally shown equivalent electrical circuit of the preparation for a steady 
current. The chamber is connected by 4 salt bridges with an electronic circuit 
(shown above the chamber). Amplifier 1 holds the potential at point D inside the 
fiber at the zero level, amplifier 2 ensures that the membrane potential is equal 
to the assigned value; b-e) peaks of inward current developing in response to a 
series of testing pulses applied after removal of the conditioning depolarization. 
Top record shows ionic current; bottom record shows membrane potential (de- 
polarization downward); b) node in Ringer's solution with 2.5 mM KCI, duration of 
conditioning pulse (t) 50 msec. Fiber 3.5.72; c) the same as in b, t = 1 sec; d) node 
in potassium-free solution, fiber 19.4.72; e) parameters of stimuli the same as in d; 
potassium-free solution replaced by solution containing 2.5 mM KCI. 

also the slow inactivation was almost completely abolished. Conditioning and testing changes of potential 
were carried out from that initial level. In the present investigation all the depolarizing pulses used did 
not exceed 1 sec in duration, in this way it was hoped to eliminate the contribution of any other slower 
(rime constant 30-200 sec) inactivation process independent of external potassium [3, 4, 7]. In all cases 
the potassium channels were blocked by the addition of I0 mM tetraethylammonium chloride (TEA) to the 
Ringer's solution. The experiments were carried out at 20-22~ 

EXPERIMENTAL RESULTS AND DISCUSSION 

The order  in which the experiment  was ca r r i ed  out was as follows: the leak cur ren t  was measured  by 
means of a hyperpolar iz ing pulse, after which the relat ionship between the sodium cur ren t  INa and the amp-  
litude of the depolarizing step was studied; the stimulus evoking the grea tes t  peak of inward INa was used 
as the testing s t imulus.  Conditioning depolarization 50-1000 msec  in duration was then applied in 1 step, 
and immediate ly  after  it, without any delay, a se r ies  of 1-msec  testing stimuli was applied at intervals  of 
100-150 msec .  The peak value of the sodium current  developing in response to the f i rs t  testing pulse of the 
ser ies  I1, divided by the amplitude of the cur ren t  (I0) ar is ing in response  to the same pulse without p re l im-  
inary depolarization,  is the usual measure  of the fraction (h) of the channels not becoming inactivated during 
the action of the conditioning pulse. With the interval between pulses chosen, the fast p rocesses  descr ibed 
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S = I e x / I 0  as  a funct ion of d u r a t i o n  of cond i t ion ing  d e p o l a r i z i n g  p u l s e .  N u m b e r s  by  each  
c u r v e  i nd i ca t e  a b s o l u t e  va lue  of p o t e n t i a l  (E) of cond i t ion ing  p u l s e .  F i b e r  12.4 .72:  a) KC1 = 2.5 
raM; b) KC1 = 25 raM.  

F i g .  3. S t e a d y - s t a t e  v a l u e s  of h and S: a, b) h~o as  a funct ion of E for  2 v a l u e s  of [K]0. E m p t y  
c i r c l e s  deno te  v a l u e s  of l~ o for  a cond i t ion ing  pu l se  of 50 m s e c ,  f i l l e d  c i r c l e s  for  a pu l se  of 1 
s e c  in d u r a t i o n ;  a) KC1 = 2.5 mM;  b) KC1 = 25 raM.  F i b e r  12.4.72;  c) S~o as  a funct ion of p o t e n -  
t i a l  fo r  2 v a l u e s  of  [K]0 (shown nex t  to e a c h  c u r v e ) .  F i b e r  12.4.72;  d) S m i n  as  a funct ion of e x -  
t e r n a l  c o n c e n t r a t i o n  [K C1] 0. D i f f e r e n t  f i g u r e s  c o r r e s p o n d  to d i f f e r e n t  f i b e r s :  I) 12.4.72;  II) 
19.4.72;  III) 13.6.72;  IV) 14.6.72;  V) 15.6.72;  VI) 19.6.72.  

b y  the H o d g k i n - H u x l e y  equa t ions  [12] would  a l r e a d y  have  ended  by  the  t i m e  of a p p l i c a t i o n  of the  s e c o n d  t e s t -  
ing p u l s e .  A s  F i g .  l c  shows ,  a f t e r  a cond i t ion ing  pu l se  of 1 s e c  ~ y c o n t r a s t  wi th  tha t  o b s e r v e d  a f t e r  d e -  
p o l a r i z a t i o n  fo r  50 m s e c ,  F i g .  l b ) ,  INn to the  s e c o n d  t e s t i n g  pu l se  was  much  l e s s  than the  i n i t i a l  I 0 and r o s e  
to  tha t  l e v e l  on an a p p r o x i m a t e l y  exponen t i a l  c u r v e  with  a t i m e  c o n s t a n t  of about  300 m s e c .  P r e s u m a b l y  
d u r i n g  the  p r o l o n g e d  d e p o l a r i z a t i o n  s o m e  of the  s o d i u m  c h a n n e l s  p a s s e d  into a new nonconduc t ing ,  i n a c t i -  
v a t e d  s t a t e  f r o m  which  t hey  s l o w l y  e m e r g e d  dur ing  r e p o l a r i z a t i o n .  The  v a l u e  of Iex,  ob t a ined  by  e x t r a p o l a -  
t ion of the  p e a k  va lue s  of the  c u r r e n t s  by  the end of the  cond i t ion ing  pu l s e ,  d iv ided  by  I 0 was  t aken  as  a 
m e a s u r e  of the  f r a c t i o n  S of the  s o d i u m  c h a n n e l s  wh ich  w e r e  unab le  to  p a s s  into the "s low"  i n a c t i v a t e d  
s t a t e  du r ing  the p r e l i m i n a r y  d e p o l a r i z a t i o n  (S = I e x / I 0 ) .  In a p o t a s s i u m - f r e e  e x t e r n a l  m e d i u m  v i r t u a l l y  no 
s low i n a c t i v a t i o n  d e v e l o p e d ,  but  i t  a p p e a r e d  when the  p o t a s s i u m - f r e e  so lu t ion  was  r e p l a c e d  by  a so lu t ion  
con ta in ing  2.5 mM KC1 (Fig .  l b , c ) .  The r e l a t i o n s h i p  be tween  S and the  d u r a t i o n  and s t r e n g t h  of the  c o n d i -  
t ion ing  d e p o l a r i z a t i o n  fo r  2 v o l u m e s  of [K]0 i s  shown in F i g .  2. F o r  a g iven  v a l u e  of [K]0 the  p r o c e s s  d e -  
ve loped  e x p o n e n t i a l l y  wi th  a t i m e  c o n s t a n t  ~-s i ndependen t  of p o t e n t i a l .  Wi th  an i n c r e a s e  in [K]0 f r o m  2.5 
to 25 mM T s was  r e d u c e d  by  about  ha l f  (in th i s  c a s e  f r o m  170 to 80 m s e c ) .  C u r v e s  showing 1~ and S~ as  
func t ions  of po t en t i a l  (E) a r e  g iven  in F i g s .  3 a - c .  F o r  e a c h  va lue  of E, 1~ m e a s u r e d  wi th  cond i t ion ing  d e -  
p o l a r i z a t i o n  l a s t i n g  1 s ec  was  l e s s  than tha t  for  d e p o l a r i z a t i o n  for  50 m s e c ;  the  d i f f e r e n c e  was  g r e a t e r  for  
[K]0 = 2.5 mM than fo r  [K] 0 = 2.5 raM.  The  s t e a d y - s t a t e  l e v e l  S (see F i g .  3c) fe l l  wi th  an i n c r e a s e  in E, bu t  
on ly  up to  a c e r t a i n  l i m i t i n g  va lue  Sta in ;  t h i s  l i m i t i n g  l e v e l  i t s e l f  f e l l  wi th  an i n c r e a s e  in [K] 0 (Fig .  3d).  

The  r e s u l t s  d e s c r i b e d  above  a g r e e  w e l l  wi th  t hose  ob ta ined  [3, 4] on the squ id  g i an t  axon.  H o w e v e r ,  
the  m e t h o d  of i n v e s t i g a t i o n  u s e d  in the  p r e s e n t  e x p e r i m e n t s  (the i n i t i a l  va lue  of E c l a m p e d  at  t he  s a m e  l e v e l  
for  d i f f e r en t  v a l u e s  of [K] 0) m a d e  i t  p o s s i b l e  to d e t e r m i n e  s e v e r a l  o t h e r  f ac t s  which  i n d i c a t e  tha t  the  
phenomenon  can be i n t e r p r e t e d  wi th in  the  f r a m e w o r k  of a m e c h a n i s m  which  d i f f e r s  in p r i n c i p l e  f r o m  tha t  
d i s c u s s e d  in the  i n v e s t i g a t i o n s  c i t e d  above  [3,4]. The fac t  tha t  no s low i n a c t i v a t i o n  was  d e t e c t e d  in a p o t a s -  
s i u m - f r e e  m e d i u m  i n d i c a t e s  s i m u l t a n e o u s l y  both the  need  f o r  K + ions  in o r d e r  fo r  th is  p r o c e s s  to deve lop ,  
and a l s o  tha t  even i f  a c c u m u l a t i o n  of K + took p l a c e  i t  in any  event  d e t e r m i n e d  n e i t h e r  the  k i n e t i c s  n o r  t he  
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steady-state level of slow inactivation, as the authors cited above claimed [3,4]. The fact that T s is inde- 

pendent of E, whereas See was characteristically dependent on potential indicates a link between slow in- 

activation and some fast potential-dependent process. It is clear from Fig. 3 that the steady-state level of 

slow inactivation S~o no longer depends on potential in that region of values of E where I~o becomes zero. 

This evidently indicates that those, and only those channels which were inactivated by the fast mechanism 
described by the variable h pass into the slow inactivated state. Under these circumstances potassium ions 

are necessary for this change of state to take place. The simplest scheme in qualitative agreement with 
these facts is that one or more K + ions are bound with a certain center in the inactivated channel and give 

rise to a new state of Na nonconduction. If, however, allowance is made for the fact that the external potas- 

sium influences the steady-state level and the time constant of fast inactivation [3,4], the question of 

whether the effect of potassium on fast and slow inactivation can be explained from identical standpoints 

must be considered. The answer to this question, however, will be obtained only after further and more de- 

tailed investigation of the effect of potassium on fast and slow inactivation simultaneously. 

The authors are grateful to B. Hille for valuable technical advice and for discussing the results. 
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