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M e m b r a n e  P o t e n t i a l s  of  the  Squ id  Giant  A x o n  
R e c o r d e d  w i t h  an I n s e r t e d  A n t i m o n y  

M i c r o e l e c t r o d e  

D i r e c t  m e a s u r e m e n t s  of ce l lu la r  m e m b r a n e  p o t e n t i a l s  
are  u s u a l l y  m a d e  w i t h  KCl-f i l led  m i c r ocap i l l a r i e s  in  
p r e f e r e n c e  to  me ta l l i c  i n s e r t i o n  e lec t rodes .  T h e  f o r m e r  
bes ides  b e i n g  e a s y  to  p r e p a r e  x are  n o t  s u b j e c t  to  v a r i a t i o n s  
in  c o n t a c t  p o t e n t i a l s  w h i c h  o f t e n  deve l op  w i t h  t h e  l a t t e r .  
N e v e r t h e l e s s ,  s o m e  m e t a l l i c  e l ec t rodes  h a v e  a r e a l m  of  
spec ia l  use fu lness .  T h u s ,  a r e v e r s i b l e  Ag-AgC1 e l ec t rode  
c a n  s e rve  to  d e t e r m i n e  t h e  e l e c t r o c h e m i c a l  a c t i v i t y  of 
C1- in  a n  a p p r o p r i a t e  s y s t e m .  F o r  t h e  s q u i d  g i a n t  a x o n  i t  
h a s  b e e n  s h o w n  ~ t h a t  CI-  ins ide  a n d  ou t s i de  t h e  e x c i t a b l e  
m e m b r a n e  is n o t  in  t h e r m o d y n a m i c  e q u i l i b r i u m .  T h i s  
n o t e  r e p o r t s  m e a s u r e m e n t s  of i n t r a - a x o n a l  p o t e n t i a l s  b y  
m e a n s  of a n t i m o n y  e l ec t rodes  wh ich ,  w h e n  p r o p e r l y  
used,  a re  r e v e r s i b l y  s e n s i t i v e  to  H+. 

G l a s s - i n s u l a t e d  Sb  m i c r o e l e c t r o d e s  3 w i t h  ove ra l l  t i p  
d i a m e t e r s  of 5-10/* were  c o n n e c t e d  t o  a n  a m p l i f i e r  
wh ich ,  b e c a u s e  of t h e  low m a g n i t u d e  a n d  p o l a r i t y  of i t s  
g r id  c u r r e n t  d id  n o t  a f f ec t  t h e  H +  s e n s i t i v i t y  of t h e  
e l ec t rodes .  T h e  e l e c t r o d e s  were  c h e c k e d  be fo re  i n s e r t i o n  
i n t o  a n d  a f t e r  r e m o v a l  f r o m  t h e  a x o n .  A g a i n s t  a Ag-  
AgC1 re fe rence ,  a s t a n d a r d  p h o s p h a t e  b u f f e r  of p H 7  
was  170-180  m V  m o r e  n e g a t i v e  t h a n  a b u f f e r  of p H 4 .  

R e s u l t s .  M e a s u r e m e n t s  were  o b t a i n e d  on  s ix  ne rves .  
T h e  a x o n  was  f i r s t  i m p a l e d  w i t h  a KCl-f i l led  m i c r ocap i l -  
la ry .  T h e  r e s t i n g  p o t e n t i a l  ( - - 6 0  mV)  a n d  t h e  sp ike  
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(110 mV)  r e c o r d e d  ill t h i s  w a y  are  s h o w n  in  F igu re  1. 
S u b s e q u e n t  i n s e r t i o n  of t h e  Sb  e l ec t rode  less t h a n  1 mm 
f r o m  t h e  s i te  of t h e  m i c r o c a p i l l a r y  d id  n o t  af fec t  the 
p o t e n t i a l s  a t  t h e  l a t t e r .  T h e  i n i t i a l  p o t e n t i a l  in  sea  water  
b e t w e e n  t h e  Sb  e l ec t rode  a n d  t h e  r e fe rence  electrode 
( cons ide red  as  t h e  zero  p o t e n t i a l )  c h a n g e d  a b r u p t l y  and 
v i o l e n t l y  in  a p o s i t i v e  d i r e c t i o n  w h e n  t h e  S b  electrode 
t o u c h e d ,  b u t  d id  n o t  p e n e t r a t e  t h e  axon .  T h e  shif t ,  which 
v a r i e d  b e t w e e n  100 a n d  200 mV,  m a y  h a v e  b e e n  caused 
b y  a t e m p o r a r y  inc rease  in  t h e  r e s i s t a n c e  as t h e  Sb sur- 
face c a m e  i n t o  c o n t a c t  w i t h  l ip id  m a t e r i a l  of t h e  axonal  
s h e a t h .  S m a l l  p o t e n t i a l  v a r i a t i o n s ,  u s u a l l y  n o t  more 
t h a n  5 mV,  a re  f r e q u e n t l y  o b t a i n e d  w h e n  a KC1 micro- 
c a p i l l a r y  is p re s sed  a g a i n s t  t h e  a x o n .  

As soon  as t h e  Sb  e l ec t rode  p e n e t r a t e d  t h e  axonal  
m e m b r a n e ,  h o w e v e r ,  i t  r e g i s t e r e d  a v a l u e  closely ap- 
p r o x i m a t i n g  t h e  r e s t i n g  p o t e n t i a l  r e c o r d e d  w i t h  the 
KC1 mic rocap i l l a ry .  T h e  sma l l  d i f f e rence  (4 t o  7 mV, 
Fig .  1 a n d  2) is a s c r i b a b l e  to  j u n c t i o n a l  potent ia ls .  
P e n e t r a t i o n  of t h e  Sb e l ec t rode  i n to  t h e  a x o n  was  fur ther  
s igna l i zed  b y  t h e  a p p e a r a n c e  of t r a n s m e m b r a n e  spikes 
a l m o s t  i d e n t i c a l  w i t h  t h o s e  r e c o r d e d  b y  t h e  KC1 micro- 
cap i l l a ry .  

I n  t w o  e x p e r i m e n t s ,  0-54 M KC1 was  a d d e d  to  t he  sea 
w a t e r  s u r r o u n d i n g  a 1.2 c m  s t r e t c h  of t h e  a x o n  located 
in  a wel l  s e p a r a t e d  f r o m  t h e  r e s t  of t h e  n e r v e  chambre  
b y  v a s e l i n e  seals.  B o t h  e l ec t rodes  i m p a l e d  t h e  central  
p o r t i o n  of t h e  a x o n  l y i n g  w i t h i n  t h i s  well. One  e n d  of the 
a x o n  was  s t i m u l a t e d .  E x t e r n a l l y  r e c o r d i n g  electrodes,  
s t r a d d l i n g  t h e  well,  m o n i t o r e d  t h e  p r o p a g a t i o n  of the 
i m p u l s e  i n t o  t h e  wel l  a n d  o u t  of it .  

]Both i n t e r n a l  e l ec t rodes  r e c o r d e d  i d e n t i c a l l y  t he  de- 
p o l a r i z a t i o n  a n d  dec rease  of sp ike  a m p l i t u d e  caused  by 
t h e  a d d i t i o n  of KC1 (Fig. 1 a n d  2). T h e  depo la r iza t ion  
b e g a n  i m m e d i a t e l y  a n d  c o n t i n u e d  t o  d e v e l o p  whi le  the 
KC1 was  a g a i n  r e p l a c e d  w i t h  sea  wa te r ,  s ince  removal  
of  t h e  excess  KC1 b y  d i l u t i o n  was  a r e l a t i v e l y  slow pro- 
cess. T h e  r e s p o n s e  los t  is o v e r s h o o t  a n d  p ropaga t ion  
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Fig. 1.--Membrane potentials simultaneously recorded with KC1 and Sb microelectrodes inserted into loci less than 1 mm apart of 
squid giant axon. Upper trace: Zero potential base line for both microelectrodes prior to impalement; also carries the record of di- 
phasic spike, propagating into and out of impaled region. Two traces below: KCl and Sb electrodes, respectively. A, initial record. 
B, within first second after adding 0.54 M KC1 to impalement region. Signal marker indicates the addition of the KC1. C, fifth second. D, 
a t  I0 s, prior to block of conduction; E, at 15 s, maximum block. F to I, recovery at 25, 30, 35 and 65 s, respectively. Calibration, 

100 mV, between E and F, 
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ceased w h e n  t h e  r e s t i n g  p o t e n t i a l  in  t h e  r e c o r d i n g  reg ion  
fell to  40 m V  (Fig. 1 D, E). R e c o v e r y  of r e s p o n s e  h e i g h t  
and of c o n d u c t i o n  (Fig. 1 F, G) were  a s soc i a t ed  w i t h  a 
repolar iza t ion  of o n l y  2 m V  (Fig. 2). T h e  sp ike  a m p l i t u d e  
increased m o r e  r a p i d l y  t h a n  d id  t h e  r e s t i n g  p o t e n t i a l ,  
except  t o w a r d  t h e  e n d  of r ecove ry ,  w h e n  r a p i d  r epo la r i -  
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p o t e n t i a l s  r eco rded  w i t h  the d i f f e r e n t  e lec t rodes ,  is that 
t h e  r e s t i ng  p o t e n t i a l  is n o t  d u e  to  a D o n n a n  p o t e n t i a l  re-  
su l t i ng  f rom t h e  a s y m m e t r i c a l  d i s t r i b u t i o n  of  ions ,  b u t  
is a consequence  of a c t i v e  processes  i n  t h e  m e m b r a n e .  

C. Y. KAO 7 a n d  H. GRUNDFEST $ 
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Fig. 2.--Time course of membrane potential changes and character of the response produced by changing KCI concentration of the 
external medium. Same experiment as in Figure 1. 

zation b r o u g h t  b o t h  t h e  r e s t i n g  p o t e n t i a l  a n d  t h e  sp ike  
almost  fu l ly  b a c k  to  t h e i r  i n i t i a l  va lues .  

Discussion. I f  t h e  i n t e r n a l  H + c o n c e n t r a t i o n  were 
de te rmined  b y  a D o n n a n  d i s t r i b u t i o n ,  a p o t e n t i a l  of 
60 mV, ins ide  n e g a t i v e ,  r e c o r d e d  w i t h  t h e  Sb  micro-  
electrode w o u l d  i n d i c a t e  t h a t  t h e  i n t e r i o r  of t h e  a x o n  
should h a v e  a p H  of a b o u t  9, s ince  t h a t  of t h e  sea  w a t e r  
was a b o u t  8. H o w e v e r ,  c o l o r i m e t r i c  d e t e r m i n a t i o n s  dis- 
close a n  a x o p l a s m i c  p H  of 6.6 a n d  6.8 for  g i a n t  a x o n s  of 
Sepia a n d  Loligo r e s p e c t i v e l y  4, v a l u e s  w h i c h  s h o u l d  cor-  
respond to  a p o t e n t i a l  of a b o u t  70 m V ,  ins ide  pos i t ive .  
These r e su l t s  a r e  n o t  in  a g r e e m e n t  w i t h  a D o n n a n  d is t r i -  
but ion e v e n  a s s u m i n g  t h a t  t h e  p o t e n t i a l  r e co rded  w i t h  
the Sb e l ec t rode  were  d e t e r m i n e d  b y  a n  a lgeb ra i c  s u m -  
mat ion  of t h e  p o t e n t i a l  of t h e  H + d i s t r i b u t i o n  r a t i o  a n d  
of t he  r e s t i n g  p o t e n t i a l  (of w h a t e v e r  i n d e p e n d e n t  
origin) as d e t e r m i n e d  b y  t h e  KCl-f i t led mic rocap i l l a ry .  
In c rab  a n d  f rog m u s c l e  f ibe rs  a, t h e  i n t e r n a l  p H  is l ike- 
wise d i f f e ren t  f r o m  t h a t  c a l c u l a t e d  on  t h e  bas i s  of t h e  
Donnan  ra t ios .  

Conce ivab ly ,  in  t h e  a x o p l a s m i c  m e d i u m ,  t h e  Sb elec- 
trode fai led t o  s e rve  as  a p H  e lec t rode ,  desp i t e  t h e  f ac t  
tha t  before  i n s e r t i o n  i n t o  a n d  a f t e r  r e m o v a l  f r o m  t h e  
axon i t  r e c o r d e d  H +  a c t i v i t y  r eve r s ib ly .  A n  a l t e r n a t i v e  
i n t e r p r e t a t i o n  a, m a d e  m o r e  l ike ly  b y  t h e  n e a r l y  iden t i ca l  
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Rdsumd 

Les  e n r e g i s t r e m e n t s  p r i s  s i m u l t a n 6 m e n t  des  a x o n e s  
g 6 a n t s  de  Loligo au  m o y e n  de  micro61ec t rodes  de  KC1 e t  
de l ' a n t i m o i n e  d o n n e n t  ~ peu  pros  les m ~ m e s  v a l e u r s  
p o u r  le p o t e n t i e l  de  r epos  e t  p o u r  la  po in t e .  Les  d e u x  
micro61ec t rodes  e n r e g i s t r e n t  d ' u n e  fagon  i d e n t i q u e  les 
c h a n g e m e n t s  de  p o t e n t i e l  de  la m e m b r a n e  p e n d a n t  la  
d6po l a r i s a t i on  a v e c  KC1 e t  p e n d a n t  la  r e s t i t u t i o n .  B i e n  
que  les micro61ec t rodes  de Sb  r e s t e n t  t o u j o u r s  r 6ve r s ib l e s  

H*,  les p o t e n t i e l s  en reg i s t r6 s  ne  c o r r e s p o n d e n t  p a s  
la  d i s t r i b u t i o n  de  H +. Ces donn6es ,  c o m m e  d ' a u t r e s ,  in -  
d i q u e n t  q u e  le p o t e n t i e t  de  r e p o s  n ' e s t  p a s  u n e  cons6-  
q u e n c e  des  d i s t r i b u t i o n s  de  DONNAN, m a i s  p l u t 6 t ,  se lon  
r o u t e  p robab i l i t 6 ,  u n  ef fe t  des  p r o p r i 6 t 6 s  de  la  m e m b r a n e  
61ectrog6ne.  
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