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Incomple te  S o d i u m  Inact ivat ion in Nodes  of Ranvier  Treated wi th  Scorpion V e n o m  I 

T h e  a c t i o n  p o t e n t i a l  of s ingle nodes  of R a n v i e r  is 
m a r k e d l y  p ro longed  b y  a d d i t i o n  of t e t r a e t h y l a m m o n i u m  
or  n icke l  ch lor ide  to t he  ou t s ide  m e d i u m  (~ a n d  ~). T h e  
m o s t  p o t e n t  s u b s t a n c e  in th i s  r e spec t  seems to  b e  scorp ion  
v e n o m ;  i t  l e n g t h e n s  t he  n o d a l  ac t ion  p o t e n t i a l  b y  a f a c t o r  
of more  t h a n  10,000 a t  20°C *. T h e  s h a p e  of t h e  a c t i o n  
p o t e n t i a l  closely r e sembles  t h a t  recorded  in P u r k i n j e  a n d  
v e n t r i c u l a r  fibres.  Ana lys i s  of t h e  noda l  m e m b r a n e  cur-  
r e n t s  m a y  the re fo re  p r ov i de  a model  for  t he  gene ra t i on  of 
long- la s t ing  ac t ion  p o t e n t i a l s  in  exc i t ab le  t issues.  P r ev ious  
e x p e r i m e n t s  sugges ted  t h a t  scorp ion  v e n o m  m a i n l y  
affects  t h e  i n a c t i v a t i o n  of t h e  sod ium p e r m e a b i l i t y  4,5. 
Th i s  p a p e r  deals  w i t h  t h e  t i m e  a n d  vo l t age  dependence  of 
t h e  sod ium i n a c t i v a t i o n  in nodes  of R a n v i e r  t r e a t e d  w i t h  
scorp ion  v e n o m .  

Single n e r v e  f ibres  of .Yenopus  laevis were i n v e s t i g a t e d  
b y  t h e  vo l t age  c l a m p  t e c h n i q u e  of DODGE a n d  FRA~KE~- 
HAgUSE~ ~. E x p e r i m e n t s  were  ca r r ied  o u t  w i t h  t h e  exper i -  
m e n t a l  a r r a n g e m e n t  desc r ibed  b y  KOPPENH6FER ~. T h e  
node  u n d e r  i n v e s t i g a t i o n  was  c o n t i n u o u s l y  super fused  
w i t h  R i n g e r  so lu t ion  (compos i t ion  m M ) :  KC1 2.5; NaC1 
112.9; N a H C O  a 2.4; CaCI~ 1.8. M e a s u r e m e n t s  of m e m b r a n e  
c u r r e n t s  were  s t a r t e d  6 ra in  a f t e r  a d d i t i o n  of scorp ion  
v e n o m  (10 -~ g/ml)  to  t h e  ou t s ide  solut ion.  B e t w e e n  pulses  
t he  m e m b r a n e  was  he ld  a t  t h e  n o r m a l  r e s t ing  p o t e n t i a l  
(V = 0). 

I f  a n o r m a l  node  is depola r ized  to  V = 50 mV,  a t r a n -  
s ien t  i n w a r d  s o d i u m  c u r r e n t  is r ecorded  w h i c h  is fol lowed 
b y  a n  o u t w a r d  p o t a s s i u m  c u r r e n t  (Figure  1A). Af t e r  
a p p l i c a t i o n  of t h e  v e n o m ,  t h e  i n w a r d  c u r r e n t  decays  more  
s lowly (F igure  IB) ,  a n d  a sus t a ined  c o m p o n e n t  is obse rved  
for  100 msec  (F igure  1C) or  more .  T h e  p e a k  i n w a r d  c u r r e n t  
is s l igh t ly  reduced .  S u b s t i t u t i o n  of T r i s  for  s o d i u m  ions 
(F igure  1D) or  a d d i t i o n  of t e t r o d o t o x i n  (10 -v g/rot) 
abol i shes  b o t h  t he  t r a n s i e n t  a n d  m a i n t a i n e d  c o m p o n e n t s  
of t h e  i n w a r d  cu r r en t .  A n  o u t w a r d  c u r r e n t  r e m a i n s  w h i c h  
consis ts  of a n  u n c h a n g e d  leak  c u r r e n t  a n d  a r educed  
p o t a s s i u m  cu r ren t .  These  e x p e r i m e n t s  Show t h a t  t h e  sus- 
t a i n e d  i n w a r d  c u r r e n t  is car r ied  b y  sod ium ions. 

I n  o rde r  to  m e a s u r e  t h e  t i m e  course  of t he  s o d i u m  
p e r m e a b i l i t y  PNa d u r i n g  a long- la s t ing  depo la r i za t ion ,  t h e  
node  was  supe r fused  w i t h  R i n g e r  so lu t ion  w h i c h  c o n t a i n e d  
114.5 m M  KC1 in  a d d i t i o n  s. As usua l  t he  m e m b r a n e  
p o t e n t i a l  was  c l a m p e d  a t  i t s  n o r m a l  v a l u e  (V = 0). A 
t e s t  pulse  of V = 67 m V  depo la r ized  t h e  m e m b r a n e  to  t h e  
p o t a s s i u m  e q u i l i b r i u m  po ten t i a l .  T he  m e m b r a n e  c u r r e n t  
d u r i n g  t h e  pu lse  cons i s t ed  of a l eak  a n d  a s o d i u m  c u r r e n t  

on ly ;  f rom t h e  l a t t e r  t h e  t i m e  course  of  P~a was  ca lcu-  
la ted .  Fi l led  a n d  open  circles in  F igu re  2 a re  PNa va lues  
m e a s u r e d  before  (A) a n d  a f t e r  (B) a p p l i c a t i o n  of t h e  
venom,  \Vhi le  t h e  r a t e  of increase  of PNa is h a r d l y  c h a n g e d  
b y  t h e  v e n o m ,  t h e  r a t e  of decrease  is c o n s i d e r a b l y  re- 
duced.  Th i s  is m a i n l y  due  to  a v e r y  slow p h a s e  of in- 
a c t i v a t i o n  (Figure  2B, lower  record) .  

I n  t h e  n o r m a l  node,  t he  t i m e  course  of PNa d u r i n g  a 
depo l a r i za t i on  of more  t h a n  30 m V  is descr ibed  b y  t h e  
fol lowing e q u a t i o n  ~ : 

PNa = -PNa × moo~ × (1 -- e-t/Vm) = × h o × e-t/zh (1} 

~Na × m~'oo × h0, ~ a n d  ~h can  be  d e t e r m i n e d  exper i -  
m e n t a l I y ;  in  t h e  e x p e r i m e n t  of F igu re  2A t h e y  were  
f o u n d  to  b e  4.79 x 10 -8 cm/sec ,  0.03 msec  a n d  0.43 reset:, 
r espec t ive ly .  T h e  c o n t i n u o u s  l ines ca l cu l a t ed  f r o m  equa -  
t i on  (1) s a t i s f ac to r i l y  descr ibe  t h e  m e a s u r e d  t i m e  course  
of PNa, 

Two a s s u m p t i o n s  were  m a d e  in o rde r  to  desc r ibe  t h e  
t ime  course  of PNa of t h e  po i soned  node  b y  a n  e q u a t i o n  
s imi la r  to  (1) : 

(a) T h e  i n a c t i v a t i o n  of PNa proceeds  in 2 phase s ;  t h e  
v a r i a b l e  h is sp l i t  i n to  2 componen t s ,  x a n d  y, w h i c h  
change  w i t h  t ime  cons t an t s ,  T, a n d  r~, f rom t h e i r  in i t i a l  
values ,  x 0 a n d  Y0, to  t he  s t e a d y  s t a t e  values ,  xoo a n d  yo~. 

(b) T h e  i n a c t i v a t i o n  of c o m p o n e n t  x is incomple te .  
T h u s  t he  t i m e  course  of PNa is g iven  b y  t he  fol lowing 

e q u a t i o n  : 

x [ ~ r ~ -  ( x  - Xo) x e-tl'rx + yo x e-tf'r~] (2) 
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Fig. 1. Membrane currents associated with a depolarizing pulse of 
V = 50 mV before (A) and after application of scorpion venom 
( B -  D); in D the sodium concentration was reduced from 113 to 
2 m M  (Tris.Cl replacing NaC1). Records A and B were taken from 
one preparation, and C and D from another. Temperature 18 °C. 
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Fig. 2. Time course of the sodium permeability PNa before (A) 
and after application of scorpion venom (B) to Ringer solu.tion 
containing 114.5 mM KC1 in addition. Ordinates: PNa during 
a depolarizing pulse of V = 67 inV. Abscissae: Duration of 
pulse. Note different time scales. Filled and open circles are 
measured values; the continuous and dotted lines were calculated 
from equations (1) and (2). Temperature 22 °C. 
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Fig. 3. k-V Relation before (crosses) and after application of scorpion 
venom (circles). Ordinate: Peak PNa during test pulse V 2 = 50 mV 
given as fractions of the peak PNa which is available at large anodal 
prepulses Vt. Abscissa: Amplitude of V 1. Curve A calculated by 
equation (1) given by HO~KIn and HuxLEY 1°, curve B drawn by 
eye. Temperature 18 °C. 

I n  t h e  e x p e r i m e n t  i l Ius t r a t ed  b y  F i g u r e  2B t he  va lues  
(x0 + Y0) a n d  T m were  d e t e r m i n e d  to  be  of I~N~ X moo, 

3.21 × 10 -a cm/sec,  0.54 a n d  0.025 msee, respec t ive ly .  All  
o t h e r  va lues  were  chosen  to  give t h e  b e s t  f i t :  x 0 = 0.435; 
xoo = 0.129; T~ = 1.4 msec ;  Y0 = 0.105;  ~ =~ 80 msec.  
F i g u r e  2B shows t h a t  t h e r e  is r e a s o n a b l e  a g r e e m e n t  be-  
t w e e n  t h e  m e a s u r e d  t i m e  course  of PNa a n d  t h e  ca l cu la t ed  
c u r v e  (do t t ed  lines).  

I n c o m p l e t e  s o d i u m  i n a c t i v a t i o n  is s h o w n  in  F i g u r e  3, 
where  t h e  ab i l i t y  of t h e  m e m b r a n e  to  u n d e r g o  a n  in-  
crease  of PNa is g iven  in t e r m s  of t h e  v a r i a b l e  h. T h e  p e a k  
vMue  of  P~'a was  d e t e r m i n e d  d u r i n g  a t e s t  pulse,  V,,  
wh ich  was  p receded  b y  a cond i t i on i ng  prepulse ,  V I, of 
v a r y i n g  a m p l i t u d e  a n d  po la r i ty .  T h e  d u r a t i o n  of V 1 was 
50 msec  for  t h e  n o r m a l  node ,  a n d  500 msec  for  t h e  
po i soned  node .  C u r v e  A of F i g u r e  3 r ep re sen t s  t h e  hoo-V 
r e l a t i on  ( i nac t i va t i on  curve)  of t h e  n o r m a l  node.  I t  shows 
t h a t  PNa is ful ly  i n a c t i v a t e d  a t  V 1 > 40 inV. Scorp ion  
v e n o m  (curve  B) r educes  t h e  h v a l u e  a t  t h e  n o r m a l  r e s t i ng  
p o t e n t i a l  (V = 0) to  a b o u t  75%.  T h e  m a i n  difference,  
however ,  is t h a t  h r e m a i n s  f in i te  a n d  even  ha s  a t e n d e n c y  
to  increase  w i t h  depo la r i za t ions  of more  t h a n  40 mV.  
Curve  13 does n o t  s t r i c t l y  r e p r e s e n t  t h e  h ~ - V  r e l a t i on  of 

t h e  po i soned  m e m b r a n e ;  t h e  d i f ference  appears ,  however ,  
t o  b e  small ,  because  p r o l o n g a t i o n  of V z f r o m  50 t o  500 
msec  d id  n o t  c h a n g e  t he  h va lues  b y  m o r e  t h a n  30%.  
Resu l t s  s imi la r  to  t hose  s h o w n  in F i g u r e  3 h a v e  b e e n  
f o u n d  b y  CHANDLER a n d  MERES n in squ id  a x o n s  i n t e r n -  
a l ly  pe r fused  w i t h  N a F  solut ion.  

T h e  e x p e r i m e n t s  show t h a t  sco rp ion  v e n o m  m a i n l y  
reduces  t he  r a t e  a n d  a m o u n t  of s o d i u m  i n a c t i v a t i o n .  Th i s  
effect  is l ikely to  b e  r e spons ib l e  for  t h e  e x t r e m e  pro-  
l o n g a t i o n  of t h e  a c t i o n  po ten t i a l .  T h e  s i m u l t a n e o u s  r educ -  
t i o n  of t h e  p o t a s s i u m  o u t w a r d  c u r r e n t  f avour s  t h e  
f o r m a t i o n  of a p l a t e a u  d u r i n g  t he  r epo l a r i za t i on  phase .  
Thus ,  u n d e r  t h e  in f luence  of scorp ion  v e n o m ,  t h e  p e r m e -  
ab i l i t ies  of t h e  n o d a l  m e m b r a n e  b e h a v e  in  a w a y  sugges t ed  
b y  severa l  a u t h o r s  z2 to  exp la in  t h e  long- l a s t ing  a c t i o n  
p o t e n t i a l s  of P u r k i n j e  a n d  v e n t r i c u l a r  f ibres  o n  t h e  bas i s  
of t h e  H o d g k i n - H u x l e y  equa t ions .  

A compIe t e  de sc r i p t i on  of t h e  r e su l t s  will a p p e a r  in  
Pf l i igers  Arch .  ges. Phys io l .  1~. 

Zusammen/assung. Vol t age -c l amp  Ver suche  a n  m a r k h a l -  
t i gen  N e r v e n f a s e r n  y o n  Xenopus laevis ergaben ,  dass  die 
I n a k t i v i e r u n g  de r  N a - P e r m e a b i l i t g t  u n t e r  d e m  Ein f luss  
v o n  Skorp iong i f t  e x t r e m  v e f l a n g s a m t  u n d  u n v o l l s t g n d i g  
ist.  D u t c h  A u f s p a l t u n g  d e r  Vax iab l en  h d e r  I o n e n t h e o r i e  
in  2 v o n e i n a n d e r  u n a b h ~ n g i g e  ] ~ o m p o n e n t e n  k a n n  de r  
zei t l iche Ver l au f  de r  N a - P e r m e a b i l i t & t  b e r e e h n e t  werden .  
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