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The effect  of procaine and Ca ++ ions on slow sodium inactivation (SSI) was studied by the volt- 
age clamp method in nodes of Ranvier  of the frog. The resul t s  obtained with procaine con- 
f i rm the ea r l i e r  hypothesis that only those sodium channels which were initially inactivated 
by a fast  mechanism pass into a state of slow inactivation. Under the influence of procaine 
SSI also develops in a po tass ium-f ree  solution; this conflicts with the view that SSI is based 
on the accumulat ion of potassium in the p remembranous  space during prolonged depolar iza-  
tion. The addition of Ca++ ions to the solution leads to part ial  abolition of SSI. The effect of 
Ca ++ cannot be reduced to a change in the surface charge on the membrane .  It is postulated 
that Ca ++ ions displace K + or  procaine ions from those sites on the membrane  which play an 
important  role in the mechanism of SSI development. 

A previous investigation [2] showed that besides fast  sodium inactivation [12, 17] in the node of Ran- 
vier  of f rog nerve f ibers  there is also a p rocess  of slow sodium inactivation (SSI) with a time constant (v s) 
of the o rder  of hundreds of mil l iseconds [7, 8]. The curve express ing the  proport ion of sodium channels 
free f rom SSI (So) as a function of potential E is s imi lar  in shape to the curve of s ta t ionary fast  inactiva- 
tion (h,o-E) .  However, whereas  h~ tends toward zero at high values ofE,  S~oin the same. region of values of 

min E becomes  stabilized at a constant level (S~o ) that differs from zero.  The value of S m m  is highly de- 
pendent on the external  K + ion concentra t ion ([K+]0), for SSI does not develop in po tass ium-f ree  solution. At 
[K] 0 = 2 .5mM S min is 0.75-0.8, and it falls to 0.35 at [K]0 = 50 mM. Unlike ~h, the value o f t  s is inde- 
pendent of potential. With an increase  in [K] 0 from 2.5 to 25 mM the value of ? s  is approximately halved 
(from 170 to 80 msec).  

The effect of procaine and Ca ++ ions on SSI was studied. This investigation was ca r r i ed  out because 
of the d iscovery  that action potential generation is r e s to r ed  in the procainized node of Ranvier  during hyper-  
polar izat ion of the membrane  and an increase  in the external  Ca++ ion concentrat ion [3-5]. 

EXPERIMENTAL METHOD 

Experiments were carried out by the voltage clamp method on nodes of Ranvier of Rana ridibunda 
[9, II, 19]. The potassium current was blocked by tetraethylammonium chloride (I0 raM). To abolish the 
initial SSI, the membrane potential of the node was maintained at high negative values of E (from -90 to -I00 
mY). 

The volt-ampere characteristic curves of the node were measured at each change of the solution (Fig. 
I). To investigate SSI a depolarizing step of varied amplitude and duration was applied and short testing 
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F ig .  1. P e a k  v a l u e s  o f INa  (A) a n d P N a  (B) a s  func t ions  of  po t en t i a l  E in 
node of R a n v i e r  in n o r m a l  R i n g e r ' s  s o l u t i o n  (1), a f t e r  a d d i t i o n  of  1.5 �9 
10 -5 g / m l  p r o c a i n e  to the  so lu t i on  (2), and  a f t e r  c o m b i n e d  a d d i t i o n  of  
p r o c a i n e  and 20 mM Ca (3). Va lues  of  P N a  in c o n v e n t i o n a l  un i t s .  P r o -  
ca ine  c l e a r l y  d i m i n i s h e s  the  m a x i m a l  sod ium p e r m e a b i l i t y  and  sh i f t s  
the  P N a  - E c u r v e .  An i n c r e a s e  in [Ca] 0 c a u s e s  a f u r t h e r  sh i f t  of  the 
c u r v e  bu t  does  not  change  the m a x i m u m  of PNa" 

F ig .  2. Slow s o d i u m  i n a c t i v a t i o n  in p r o c a i n i z e d  node of R a n v i e r :  A) 
m e t h o d  of m e a s u r e m e n t  (for e x p l a n a t i o n  s e e  tex t ) ;  B) c u r v e s  of f a s t  
(h~ - E) and s low (S~ - E) s o d i u m  i n a c t i v a t i o n  in node of  R a n v i e r  t r e a t e d  
with p r o c a i n e  ( 2 . 5 . 1 0  -5 g / m l ) .  

s t i m u l i  w e r e  a p p l i e d  a t  v a r i o u s  t i m e  i n t e r v a l s  ( f rom 0 to 1-2 sec )  a f t e r  i t s  end .  The peak  va lue  of  the  in-  
w a r d  s o d i u m  c u r r e n t  (IPa) to a t e s t i n g  s t i m u l u s  a p p l i e d  a t  the  m o m e n t  of  the d i s c o n t i n u a t i o n  of the cond i -  
t i on ing  d e p o l a r i z a t i o n  (I1) , e x p r e s s e d  a s  a r a t i o  of the o r i g i n a l  va lue  I 0 o b t a i n e d  in r e s p o n s e  to the s a m e  
s t i m u l u s  but  wi thout  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 ,  was  u s e d  a s  the  o r d i n a r y  m e a s u r e  of h. 

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

In p o t a s s i u m ' f r e e  R i n g e r ' s  so lu t i on  50 m s e c  a f t e r  the  end  of the d e p o l a r i z a t i o n  l a s t i n g  1 s e c  the  v a l -  
ue s  of I P  to the t e s t i n g  s t i m u l i  w e r e  c o m p l e t e l y  r e s t o r e d  to the I 0 l eve l .  On the a d d i t i o n  of p r o c a i n e  (2.5 �9 
10 -5 g/m~) to the so lu t ion ,  h o w e v e r ,  the p i c t u r e  i l l u s t r a t e d  in F ig .  2A was  o b s e r v e d .  C l e a r l y  I P  a to the 
s e c o n d  t e s t i n g  s t i m u l u s  was  c o n s i d e r a b l y  l e s s  than  I0 ,and i t  i n c r e a s e d  to tha t  l e v e l  a p p r o x i m a t e l y  e x p o n e n -  
t i a l l y  wi th  a t ime  c o n s t a n t  of  abou t  700 m s e c .  Th i s  i n c r e a s e  in I P  a was  c o n n e c t e d  with  the g r a d u a l  a b o l i -  
t ion  of SSI d e v e l o p i n g  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 .  In o t h e r  e x p e r i m e n t s  the t i m e  c o n s t a n t  of  e m e r -  
gence  f r o m  SSI v a r i e d  f r o m  400 to 890 m s e c .  The  v a l u e s  of I s ,  o b t a i n e d  by  e x t r a p o l a t i o n  of  the  peak  INa 
v a l u e s  to the  end  of the cond i t i on ing  d e p o l a r i z a t i o n  (Fig .  2A), e x p r e s s e d  a s  a r a t i o  of  I 0 was  t a k e n  a s  the 
m e a s u r e  of the  p r o p o r t i o n  (S) of  s o d i u m  c h a n n e l s  f r e e  f r o m  SSI. The  v a r i a b l e  S d e c r e a s e s  wi th  an  i n c r e a s e  
in length  of  the  cond i t i on ing  s t ep .  Th i s  " e n t r y "  into SSI took  p l a c e  wi th  two t i m e  c o n s t a n t s :  an i n i t i a l  f a s t  
(~"s of the  o r d e r  of 55-80 m s e c )  and  a s u b s e q u e n t  s low c o n s t a n t  (T s 200 ' 300  m s e c ) .  Both t i m e  c o n s t a n t s  
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Fig .  3. E f f e c t  of  Ca  ++ ions  on  c u r v e s  of  f a s t  and  s low 
i n a c t i v a t i o n  in  node of R a n v i e r :  A,  B) R i n g e r ' s  s o l u t i o n  
with  K c o n c e n t r a t i o n  i n c r e a s e d  to 10 mM;  C, D) R i n -  
g e r ' s  so lu t i on  with  1 . 5 . 1 0  -5 g / m l  p r o c a i n e .  Value  of  
[Ca] 0 i n c r e a s e d  f r o m  2 to 20 mM. 1) P r o c a i n e  1.5" 10 - s  
g / m l ;  2) p r o c a i n e  + 20 mM Ca++; 3) 20 mM Ca++; 4) 10 
m ~  K +. 

w e r e  i ndependen t  of po t en t i a l .  C u r v e s  of  hoo - E and  Soo - E p lo t s  in a node t r e a t e d  wi th  2 .5"  10 -5 g /m1  
p r o c a i n e  a r e  shown in F ig .  2B. In the  d i f f e r e n t  e x p e r i m e n t s  ,~mln v a r i e d  f r o m  0.02 to 0.38. E v e n  in 50 �9 - - o o  

mM K, s m i n  v a r i e d  f r o m  0.02 to 0.38. The  va lue  of  m m  _,  -~o S~o aL the  r e s t i n g  p o t e n t i a l  (E = - 7 5  mV) v a r i e d  in  
d i f f e r e n t  e x p e r i m e n t s  f r o m  0.15 to 0.76. T h i s  m e a n s  tha t  in the  p r e s e n c e  of p r o c a i n e  ( 1 . 5 - 5 . 1 0  - s  g / m l ) ,  
f r o m  85 to 24% of  the  s o d i u m  c h a n n e l s  m a y  be  in a s t a t e  of SSI. The  m a x i m a l  s o d i u m  p e r m e a b i l i t y  P N a  
fe l l  u n d e r  t h e s e  cond i t i ons  by  30-61% of i t s  i n i t i a l  va lue .  

An i n c r e a s e  in the c o n c e n t r a t i o n  of Ca ++ ions  f r o m  2 to 20 mM in a s o l u t i o n  c on t a in ing  p r o c a i n e  o r  an  
e x c e s s  of K sh i f t ed  the boo - E and  Soo - E c u r v e s  t o w a r d  ENa  and  a t  the  s a m e  t i m e  s i g n i f i c a n t l y  i n c r e a s e d  
the l e v e l  of  S ra in  (F ig .  3). 

Some  i m p o r t a n t  r e s u l t s  can  be deduced  f r o m  t h e s e  o b s e r v a t i o n s .  

The  r e s u l t s  of the e x p e r i m e n t s  wi th  p r o c a i n e  a g r e e  with the  e a r l i e r  h y p o t h e s i s  [2] t ha t  only  t h o s e  
sod ium c h a n n e l s  which  w e r e  i n i t i a l l y  i n a c t i v a t e d  b y  the f a s t  m e c h a n i s m  p a s s  into a s t a t e  of  SSI. Th i s  con-  
c l u s i o n  i s  s u p p o r t e d  by  the i ndependence  of the t ime  c o n s t a n t s  of SSI of the p o t e n t i a l  E and  the f ac t  t ha t  Soo 
s t o p s  f a l l i ng  in the r e g i o n  of  v a l u e s  of  E in which  boo t ends  t o w a r d  z e r o .  

The  o n s e t  of SSI in  the  p o t a s s i u m - f r e e  s o l u t i o n  u n d e r  the  in f luence  of  p r o c a i n e  c o n f l i c t s  wi th  the v i ew 
tha t  SSI i s  b a s e d  on the a c c u m u l a t i o n  of K + ions  in the  p r e m e m b r a n o u s  s p a c e  d u r i n g  p r o l o n g e d  d e p o l a r i z a -  
t ion  [7]. 

The  e f f ec t  of Ca ++ ions  canno t  be r e d u c e d  en t i r e . ly  to t h e i r  i n f luence  on the s u r f a c e  p o t e n t i a l  of  the 
m e m b r a n e  [1, 15, 16]; the  i n c r e a s e  in the l e v e l  of S m m  e v i d e n t l y  i n d i c a t e s  tha t  Ca ++ ions  d i s p l a c e  K + ions  
o r  p r o c a i n e  f r o m  s i t e s  on the m e m b r a n e  which  p l a y  the  key  r o l e  in the m e c h a n i s m  of d e v e l o p m e n t  of  SSI. 
I t  is  t e m p t i n g  to p o s t u l a t e  tha t  in the  r e s t i n g  s t a t e  of the m e m b r a n e  t h e s e  s i t e s  a r e  o c c u p i e d  b y  Ca ++ ions  
and  tha t  c l o s i n g  the " i n a c t i v a t e d  h g a t e s "  c r e a t e s  the  cond i t i ons  unde r  which  Ca can  be  d i s p l a c e d  f r o m  those  
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s i tes  by ce r t a in  other  cat ions in solution, such as  K + or  procaine .  If such an ion-exchange reac t ion  devel-  
ops, the "slow inact ivat ing S ga tes"  will a l so  be closed.  The exis tence  of compet i t ive  re la t ionsh ips  between 
Ca a n d p r o c a i n e  for  some s t ruc tu ra l  e l ements  of the m e m b r a n e  has  been pointed out e l sewhere  [6, 10, 18]. 

The r e s u l t s  do not support  the view that  the blocking act ion of procaine is due en t i re ly  to a dec rease  
in PNa [13, 14, 21]. A significant contr ibution to the ef fec t  of procaine is made by sodium inactivation. 
However ,  for a c o r r e c t  a s s e s s m e n t  of this contr ibution it is not sufficient  to use 50 -msec  hyperpo la r i z ing  
p repu l ses  only, as  is usual ly done to abol ish i n a c t i v a t i o n -  the durat ion of these  p repu l se s  should be not 
l ess  than 1 sec.  There  a r e  se r ious  grounds for  consider ing that many  observa t ions  on changes in PNa (or 
gNa ) desc r ibed  in the l i t e r a tu re  in var ious  a l t e r ed  s ta tes  of the nerve  f iber  r equ i re  ver i f ica t ion  because  no 
al lowance was made for  SSI in those invest igat ions [13, 14]. 
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