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T h e  P h ys io log ica l L abora to ry, C ambridge

(C om m un ica ted  by  E .  D . A d r ia n ,  — Received  3 Octobe

T h e o r e t ic a l  e q u a t io n s  a r e  d e r iv e d  fo r  th e  re s p o n s e  o f  a  n e r v e  f ib re  to  th e  s u d d e n  a p p l ic a t io n  

o f  a  w e a k  c u r r e n t .  T h e  e q u a t io n s  d e s c r ib e  t h e  b e h a v io u r  o f  t h e  n e r v e  f ib re  in  t e r m s  o f  th e  

m e m b r a n e  r e s is ta n c e  a n d  c a p a c i ty ,  t h e  a x o p la s m  r e s is ta n c e  a n d  th e  r e s is ta n c e  o f  th e  e x t e r n a l  

f lu id . E x p re s s io n s  a r e  g iv e n  w h ic h  a l lo w  th e s e  f o u r  c o n s ta n t s  to  b e  c a lc u la t e d  f ro m  e x p e r i 

m e n ta l  o b s e rv a t io n s .

A x o n s  f ro m  C a rc in u s  m a e n a s  w e re  u s e d  in  p r e l im in a r y  e x p e r im e n t s .  Q u a n t i t a t iv e  d e t e r 

m in a t io n s  w e re  m a d e  o n  a  n e w  s in g le - f ib re  p r e p a r a t i o n — th e  75 y  d ia m e te r  a x o n  f ro m  th e  

w a lk in g  le g  o f  th e  lo b s t e r  (H om a ru s  v u lg a r is ) .  C u r r e n ts  w i th  a  s t r e n g t h  o f  o n e - th i r d  t o  

o n e - h a l f  th r e s h o ld  w e re  u s e d  in  th e  q u a n t i t a t i v e  d e te r m in a t io n s .

T h e  b e h a v io u r  o f  lo b s t e r  a x o n s  a g r e e d  w i th  th e o r e t i c a l  p r e d ic t io n s  in  th e  fo llo w in g  

r e s p e c ts :  (a) t h e  s t e a d y  e x t r a p o la r  p o te n t i a l  d e c l in e d  e x p o n e n t ia l ly  w i th  d i s t a n c e ;  (b ) t h e  

v o l ta g e  g r a d ie n t  m id w a y  b e tw e e n  tw o  d i s t a n t  e l e c t ro d e s  w a s  u n i f o r m ;  (c) t h e  r is e  a n d  fa ll  

o f  t h e  e x t r a p o la r  p o t e n t i a l  a t  d if f e r e n t  d is t a n c e s  c o n f o r m e d  to  th e  c o r r e c t  t h e o r e t ic a l  c u rv e s .

T h e  e x t r a p o la r  p o t e n t i a l  d i s a p p e a r e d  w h e n  t h e  a x o n  w a s  t r e a t e d  w i th  a  s o lu t io n  o f  

c h lo ro fo rm , in d ic a t in g  t h a t  t h e  s u r fa c e  m e m b r a n e  w a s  d e s t r o y e d  b y  th i s  t r e a t m e n t ,  a n d  

t h a t  t h e  p o t e n t i a l  r e c o rd e d  w a s  in  f a c t  d e r iv e d  f ro m  th e  m e m b r a n e .

T h e  r a t i o  o f  th e  in t e r n a l  to  e x t e r n a l  r e s is ta n c e  p e r  u n i t  l e n g th  w a s  fo u n d  to  b e  a b o u t  0*7.

T h e  a b s o lu te  m a g n i tu d e  o f  th e  a c t io n  p o te n t i a l  a t  t h e  s u r fa c e  m e m b r a n e  w a s  e s t im a te d  

a t  a b o u t  110 m V .

T h e  sp e c if ic  r e s is ta n c e  o f  th e  a x o p la s m  h a d  a n  a v e r a g e  v a lu e  o f  6 0Q  c m .,  w h ic h  w a s  

ro u g h ly  th r e e  t im e s  t h a t  o f  t h e  s u r r o u n d in g  s e a  w a te r .

T h e  c a lc u la t e d  r e s is ta n c e  o f  o n e  s q u a re  c e n t im e t r e  o f  m e m b r a n e  w a s  fo u n d  to  v a r y  f ro m  

600  to  7000.Q  in  t h i r t e e n  e x p e r im e n ts .

T h e  m e m b r a n e  c a p a c i ty  w a s  o f  th e  o r d e r  o f  1-3/l F c m ,-2 .

N o  t r a c e  o f  in d u c t iv e  b e h a v io u r  c o u ld  b e  o b s e rv e d  in  th e  m a j o r i t y  o f  t h e  e x p e r im e n t s .  

B u t  th r e e  a x o n s  w i th  lo w  m e m b r a n e  r e s is ta n c e s  s h o w e d  e f fe c ts  w h ic h  c o u ld  b e  a t t r i b u t e d  

e i th e r  to  in d u c ta n c e  o r  to  a  s m a ll  lo c a l r e s p o n s e .  T h e  a b s e n c e  o f  in d u c t iv e  b e h a v io u r  in  a x o n s  

w i th  h ig h  m e m b r a n e  r e s is ta n c e  d o e s  n o t  p r o v e  th e  a b s e n c e  o f  a n  in d u c t iv e  e le m e n t .  C u r r e n ts  

w i th  a  s t r e n g t h  s e v e r a l  t im e s  g r e a te r  t h a n  th r e s h o l d  o f te n  p r o d u c e d  o s c i l la t in g  p o te n t i a l s  a t  

t h e  c a th o d e .

A  lo c a l  r e s p o n s e  w a s  a lw a y s  o b s e rv e d  w h e n  th e  s t r e n g t h  o f  c u r r e n t  a p p r o a c h e d  th r e s h o ld .  

T h e  re s p o n s e  h a d  a  s t r ik in g  in f le c te d  fo rm  i f  t h e  c u r r e n t  s t r e n g t h  w a s  n e a r  th r e s h o ld  a n d  i t s  

d u r a t i o n  le ss  t h a n  t h e  u t i l i z a t io n  t im e .

I n d i r e c t  e v id e n c e  in d ic a te s  t h a t  t h e  m e m b r a n e  r e s is ta n c e  fa l ls  t o  a lo w  v a lu e  d u r in g  a c t iv i ty .
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E x p e r im e n ts  w ith  n o n -m e d u lla te d  n e rv e  fib res h a v e  sh o w n  t h a t  a  s u b - th re s h o ld  

e lec tr ic  c u r r e n t  p ro d u c e s  tw o  q u ite  d is t in c t  e ffec ts  (H o d g k in  1938; P u m p h re y , 

S c h m it t  & Y o u n g  1940). C u rre n ts  w ith  a  s t r e n g th  less  t h a n  h a lf - th re s h o ld  p ro d u c e  

a  v o lta g e  w h ic h  b e h a v e s  as  th o u g h  i t  w e re  d u e  to  th e  p a ss iv e  a c c u m u la t io n  o f 

ch arg e  a t  t h e  n e rv e  m e m b ra n e . T h is  v o lta g e  v a r ie s  l in e a r ly  w ith  th e  a p p lie d  c u r re n t  

a n d  is so m e tim e s  ca lled  a n  e le c tro to n ic  p o te n t ia l .  C u rre n ts  w ith  a  s t r e n g th  g re a te r  

th a n  h a lf - th re s h o ld  ev o k e  a n  a d d it io n a l  w a v e  o f  n e g a t iv i ty  w h ic h  is n o n - lin e a r  an d  

w h ic h  b e h a v e s  as  th o u g h  i t  w e re  a  su b lim in a l re sp o n se  in  th e  c a th o d ic  p a r t  o f  th e  

n e rv e  fib re . T h e  p re s e n t  p a p e r  is c o n ce rn e d  w ith  a n  a n a ly s is  o f  th e  f ir s t  o f  th e se  

e ffec ts  a n d  c o n ta in s  o n ly  q u a l i ta t iv e  o b s e rv a tio n s  o f  th e  seco nd . T h e re  a re  se v e ra l 

re a so n s  fo r b e lie v in g  in  th e  im p o r ta n c e  o f  su ch  a n  a n a ly s is . I n  th e  f ir s t  p la c e  a  

p h y s ic a l u n d e r s ta n d in g  o f  th e  p a ss iv e  b e h a v io u r  o f  n e rv e  is e s s e n tia l to  a n y  

th e o ry  o f  e x c i ta t io n . T h u s  a  s t r e n g th - d u r a t io n  c u rv e  c a n n o t  b e  e x p la in e d  u n t i l  

th e  t im e  cou rse  o f  th e  v o lta g e  acro ss  th e  e x c ita b le  m e m b ra n e  is k n o w n . N o r  c an  

th e  m e c h a n ism  o f  e x c i ta t io n  b y  th e  a c tio n  p o te n t ia l  be  fu lly  u n d e rs to o d  u n ti l  

th e re  e x is ts  a  th o ro u g h  k n o w le d g e  o f  th e  e ffe c t o f  a p p lie d  c u r re n ts  o n  a  s ing le  

n e rv e  fib re . A  p h y s ic a l  a n a ly s is  is a lso  in te re s t in g  b e c a u se  i t  p ro v id e s  a n  in s ig h t 

in to  th e  s t r u c tu r e  o f  th e  su rfa c e  m e m b ra n e . P h y s ic a l  c h e m is ts  a re  n o w  a b le  to  

p re p a re  v e ry  t h in  film s o f  lip o id  m a te r ia l  b e tw e e n  tw o  a q u e o u s  p h a se s  (D e an  1939), 

a n d  i t  is c le a r ly  o f  th e  u tm o s t  im p o r ta n c e  to  c o m p a re  th e  e le c tr ic a l r e s is ta n c e  a n d  

c a p a c i ty  o f  su ch  film s w ith  th o s e  o f  th e  su rfa c e  m e m b ra n e  in  th e  liv in g  cell. T h e  

m e m b ra n e  re s is ta n c e  is a lso  in te re s t in g  fro m  a  m o re  g e n e ra l p o in t  o f  view'. 

M a n y  b io lo g ica l p ro cesses  d e p e n d  u p o n  th e  m o v e m e n t o f  ions  th ro u g h  cell m e m 

b ra n e s , a n d  th e  r a te  a t  w h ic h  ion s a re  tr a n s fe r r e d  acro ss a  m e m b ra n e  s h o u ld  be  

r e la te d  to  i ts  e le c tr ic a l re s is ta n c e . O u r re s u lts  m a y , th e re fo re , be  o f  u se  to  th o s e  w ho  

s tu d y  th e  ion ic  m o v e m e n ts  t h a t  o c cu r in  th e  p ro ce sse s o f  g ro w th , s e c re tio n  a n d  r e s p ir 

a tio n . B u t  p e rh a p s  th e  m o s t im p o r ta n t  re a so n  fo r  m a k in g  a n  a n a ly s is  o f  th e  p a ss iv e  

p ro p e r tie s  o f  a  n e rv e  fib re  is t h a t  su ch  a n  a n a ly s is  m u s t  p re c e d e  a n  u n d e r s ta n d in g  

o f  th e  m ore  c o m p lic a te d  e le c tr ic a l c h an g e s  w h ic h  m a k e  u p  th e  n e rv o u s  im p u ls e  itse lf .

C e r ta in  a s s u m p tio n s  a b o u t  th e  e le c tr ic a l s t r u c tu r e  o f  a  n e rv e  fib re  m u s t  be  m a d e  

b e fo re  a n y  a n a ly s is  c a n  be  s ta r te d .  T h e  b a s ic  a s s u m p tio n  o f  o u r  w o rk  is t h a t  th e  

s t r u c tu r e  o f  a  n o n -m e d u lla te d  n e rv e  fib re  is s im ila r  to  t h a t  o f  o th e r  cells w h ic h  a re  

k n o w n  to  h a v e  a n  in te r io r  o f  c o n d u c tin g  p ro to p la s m  a n d  a  th in  su rfa c e  m e m b ra n e  

w ith  a  h ig h  le a k a g e  re s is ta n c e  a n d  a  la rg e  c a p a c i ty  p e r  u n i t  a re a  (H o b e r 1910; 

F r ic k e  & M orse 1925 ; Cole 1937, e tc .) . I f  th is  g e n e ra l ty p e  o f  s t r u c tu r e  is g r a n te d ,  

i t  fo llow s t h a t  th e  p a ss iv e  b e h a v io u r  o f  a  new  fib re  m u s t  be  g o v e rn e d  b y  th e  

e q u a tio n s  o f  c ab le  th e o ry  (C rem er 1899; H e rm a n n  1905; R u s h to n  1934; B o g ue  & 

R o se n b e rg  1934; Cole & C u rtis  1938, a n d  o th e rs ) . T h e  q u a n t i ta t iv e  b e h a v io u r  o f  

th e  fib re  s h o u ld  be  d e te rm in e d  b y  fo u r  e le c tr ic a l c o n s ta n ts ,  v iz.

(1) T h e  e le c tr ic a l re s is ta n c e  o f  th e  flu id  o u ts id e  th e  n e rv e  fib re .

(2) T h e  e le c tr ic a l re s is ta n c e  o f  th e  a x o p la sm .

(3) T h e  e le c tr ic a l c a p a c i ty  o f  th e  su rfa c e  m e m b ra n e .

(4) T h e  e le c tr ic a l re s is ta n c e  o f  th e  su rfa c e  m e m b ra n e .

E le c tr ica l c o n s ta n ts  o f  a  c ru sta cea n  nerve  fib re
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O ne o th e r  p a ra m e te r ,  th e  m e m b ra n e  in d u c ta n c e , m a y  h a v e  to  b e  a d d e d  (Cole 

1941), b u t  w ill n o t  b e  c o n s id e re d  in  th e  in i t ia l  s ta g e s  o f  th is  p a p e r . T h e re  a lre a d y  

e x is ts  a  c o n s id e ra b le  a m o u n t  o f  in fo rm a t io n  a b o u t  th e  m a g n itu d e  o f  th re e  o f  th e se  

q u a n t i t ie s .  T h e  e x te r n a l  r e s is ta n c e  c a n  b e  c a lc u la te d  fro m  th e  v o lu m e  a n d  c o n 

d u c t iv i ty  o f  th e  f lu id  b a th in g  th e  n e rv e  f ib re ; th e  cell in te r io r  a p p e a rs  to  h a v e  a  

r e s is t iv i ty  tw o  o r  th r e e  t im e s  as  g r e a t  a s  t h a t  o f  th e  e x te r n a l  flu id  a n d  th e  su rfa ce  

m e m b ra n e  to  h a v e  a  c a p a c i ty  o f  a b o u t  1 y F /s q .c m . V e ry  l i t t l e  is k n o w n  a b o u t  th e  

m e m b ra n e  re s is ta n c e  a n d  m e a s u re m e n ts  h a v e  so f a r  b e e n  co n fined  to  a  few  p la n t  

cells (B lin ks  1937) a n d  one  a n im a l cell, th e  g ia n t  n e rv e  fib re  o f  th e  s q u id  (Cole & 

H o d g k in  1939; Cole 1940).* T h e  d e te r m in a t io n  o f  th e  m e m b ra n e  re s is ta n c e  w as 

th e re fo re  th e  f ir s t  a im  o f  o u r  e x p e r im e n ts  a n d  m e a s u re m e n t  o f  th e  re m a in in g  

c o n s ta n ts  w as  o r ig in a lly  re g a rd e d  as  o f  s e c o n d a ry  im p o r ta n c e . B u t  i t  so h a p p e n s  

t h a t  one  c o n s ta n t  c a n n o t  be  d e te rm in e d  w ith o u t  m a k in g  m e a s u re m e n ts  o f  a t  le a s t  tw o  

o th e r s . A n  a t t e m p t  w as  th e re fo re  m a d e  to  d e te rm in e  a ll fo u r  q u a n ti t ie s  s im u lta n e o u s ly  

o n  a  s ing le  fib re . F o u r  se ts  o f  m e a s u re m e n ts  h a d  to  b e  m a d e  since  th e re  w e re  fo u r  

u n k n o w n s  to  b e  e v a lu a te d ,  a n d  a f te r  s e v e ra l t r ia ls  w e  chose  th e  fo llow ing  m e th o d s :

(1) T h e  e x te n t  o f  s p re a d  o f  p o te n t ia l  in  th e  e x t r a p o la r  re g io n .

(2) T h e  r a t e  o f  rise  o f  p o te n t ia l  in  th e  e x tr a p o la r  re g io n .

(3) T h e  r a t io  o f  th e  a p p lie d  c u r r e n t  to  th e  v o lta g e  re c o rd e d  b e tw e e n  c a th o d e  o r 

a n o d e  a n d  a  d i s ta n t  e x t r a p o la r  p o in t .

(4) T h e  v o lta g e  g ra d ie n t  in  th e  re g io n  m id w a y  b e tw e e n  tw o  d i s ta n t  e le c tro d e s .

A x o n s  w ith  a  d ia m e te r  o f  30 [ifro m  C arc in u s  m aenas  (H

in i t ia l ly . T h is  w o rk  s e rv e d  to  d e v e lo p  th e  e x p e r im e n ta l  te c h n iq u e , b u t  th e  e x te n t  

o f  s p re a d  o f  p o te n t ia l  w a s  th o u g h t  to o  s m a ll fo r  a c c u ra te  m e a s u re m e n t. A  s e a rc h  

w as  th e re fo re  m a d e  fo r  a  fib re  w ith  a  la rg e r  d ia m e te r  a n d  a  s u i ta b le  p r e p a ra t io n  w as  

e v e n tu a l ly  fo u n d  in  th e  w a lk in g  legs o f  th e  lo b s te r  ( vu lga ris). T h e  m ero -

p o d ite  o f  th e  w a lk in g  leg s c o n ta in s  a  few  fib re s w h ic h  h a v e  a  d ia m e te r  o f  7 5/i a n d  

a re  ro b u s t  e n o u g h  to  p e r m i t  is o la tio n  w i th o u t  d a m a g e . T h is  p re p a r a t io n  w as  u se d  

in  th e  m a jo r i ty  o f  e x p e r im e n ts . E le c tr ic a l  m e a s u re m e n ts  w e re  m a d e  b y  a p p ly in g  

r e c ta n g u la r  p u ls e s  o f  c u r r e n t  a n d  re c o rd in g  th e  p o te n t ia l  re sp o n se  p h o to g ra p h ic 

a lly . A b o u t  f if te e n  se ts  o f  film  w ere  o b ta in e d  in  M ay  a n d  J u n e  o f  1939, a n d  a  

p re l im in a ry  a n a ly s is  w a s  s ta r te d  d u r in g  th e  fo llo w ing  m o n th s . T h e  w o rk  w as th e n  

a b a n d o n e d  a n d  th e  re c o rd s  a n d  n o te s  s to re d  fo r  s ix  y e a rs . A  fin a l a n a ly s is  w as  m a d e  

in  1945 a n d  fo rm s  th e  b a s is  o f  th is  p a p e r . A  c e r ta in  a m o u n t  o f  b io p h y s ic a l w o rk  h a s  

p ro c e e d e d  d u r in g  th e  in te rv a l ,  b u t  n o  one  seem s  to  h a v e  r e p e a te d  th e se  p a r t ic u la r  

e x p e r im e n ts .

N  O M E N  C L A T U R E

T h e  p a ss iv e  s p re a d  o f  p o te n t ia l  w h ic h  o c cu rs  in  n e rv e  fib res is so m e tim e s  

d e sc r ib e d  b y  th e  te r m  p o la r iz a t io n  p o te n t ia l  a n d  so m e tim e s  e le c tro to n u s  o r 

e le c tro to n ic  p o te n t ia l .  B o th  w o rd s  a re  u n f o r tu n a te .  E le c tro  to n u s  im p lie s  t h a t  th e

* A n  e s t i m a t e  o f  t h e  p l a s m a  m e m b r a n e  r e s i s t a n c e  i n  t h e  f r o g ’s  e g g  h a s  b e e n  m a d e  b y  

C o le  &  G u t t m a n  ( 1 9 4 2 ).

A . L . H o d g k in  a n d  W . A . H . R u s h to n
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a x o n  is in  a  s t a t e  o f  e n h a n c e d  p h y s io lo g ic a l a c t iv i ty :  p o la r iz a t io n  p o te n t ia l  t h a t  

th e  c h a n g e  o f  v o lta g e  is d u e  to  a n  a l te r a t io n  o f  ion ic  c o n c e n tra t io n  in  th e  v ic in i ty  

o f  th e  m e m b ra n e . W e a k  c u r re n ts  do  n o t  n e c e s sa rily  ev o k e  a n  a c tiv e  o r  to n ic  

re s p o n s e ; n o r  is i t  a t  a ll c e r ta in  t h a t  th e re  is a  s ig n if ic a n t p o la r iz a t io n  in  th e  sense  

o f  N e rn s t  (1908) o r  W a rb u rg  (1899). F o r  i t  seem s lik e ly  t h a t  th e  c h a n g e  o f  v o lta g e  

w ith  c u r r e n t  is d u e  to  a  f r ic tio n a l re s is ta n c e  o p p o s in g  th e  m o tio n  o f  ions  a n d  n o t  

to  c h an g es  in  ion ic  c o n c e n tra tio n . W e  h a v e  th e re fo re  a v o id e d  th e  u se  o f  b o th  

te rm s  so f a r  a s  is p os sib le  a n d  h a v e  u se d  in s te a d  w o rd s  su c h  a s  m e m b ra n e  p o te n t ia l  

o r e x tr a p o la r  p o te n t ia l  a c c o rd in g  to  th e  c o n te x t .

W h e re v e r  p o ss ib le  w e h a v e  u se d  th e  sam e  sy m b o ls  as  Cole a n d  h is  co lleag ues. 

A h a s  b e e n  e m p lo y e d  as  a  sp ac e  c o n s ta n t  a n d  sh o u ld  n o t  b e  co n fu sed  w ith  th e  

A o f  H i l l ’s th e o r y  o f  e x c i ta t io n  (H ill 1936). T h e  d u a l  u se  o f  sy m b o ls  is u n f o r tu n a te  

b u t  c a n n o t  be  a v o id e d , s ince  b o th  A m e ric a n  a n d  B r i t is h  w r ite rs  h a v e  u se d  A as 

a  sp ac e  c o n s ta n t  (e.g. Cole & C u rtis  1938; R u s h to n  1934).

T h e o r e t i c a l  s e c t i o n  

A ssum p tio n s

(1) T h e  a x o n  h a s  a  u n ifo rm  c ab le -lik e  s t r u c tu r e  w ith  a  c o n d u c tin g  co re , a n  

e x te r n a l  c o n d u c tin g  p a th  a n d  a  su rfa c e  m e m b ra n e  w ith  re s is ta n c e  a n d  c a p a c ity .

(2) T h e  a x o n  is su ff ic ie n tly  th in  a n d  th e  m e m b ra n e  re s is ta n c e  su ff ic ie n tly  h ig h  

fo r  th e  flow  o f  c u r r e n t  in  core  a n d  in te r s t i t ia l  flu id  to  be  s t r ic t ly  p a ra lle l . A n  

a l te rn a t iv e  s ta t e m e n t  o f  th is  a s s u m p tio n  is t h a t  a t  a n y  g iv e n  d is ta n c e  a lo n g  th e  

n e rv e  th e  p o te n t ia l  is c o n s ta n t  th ro u g h o u t  th e  core  o r  th ro u g h o u t  th e  e x te r n a l  flu id .

(3) T h e  a x o p la s m  a n d  e x te rn a l  flu id  b e h a v e  as  p u re  oh m ic  re s is ta n c e s .

(4) T h e  m e m b ra n e  re s is ta n c e  is c o n s ta n t  w h e n  th e  c u r r e n t  d e n s i ty  th ro u g h  th e  

m e m b ra n e  is sm all.

(5) T h e  m e m b ra n e  c a p a c i ty  b e h a v e s  like  a  p u re  d ie le c tr ic  w ith  n o  loss.

T h ese  a re  g e n e ra l a s s u m p tio n s  w h ic h  a llow  th e  d if fe re n tia l e q u a tio n s  fo r  c u r r e n t

o r  p o te n t ia l  to  be  w r i t te n .  E a c h  a s s u m p tio n  is re a lly  a n  a p p ro x im a tio n , b u t  w e 

sh a ll  show  la te r  t h a t  n o  v e ry  seriou s e rro rs  a re  lik e ly  to  re s u l t  f ro m  th e i r  u se . 

C e r ta in  e x p e r im e n ta l  c o n d itio n s  m u s t  a lso  be d e fine d  in  o rd e r  to  a llo w  th e  d if fe re n 

t ia l  e q u a tio n s  to  b e  so lved . T h ese  m a y  be  s ta t e d  in  th e  fo llow ing  w a y :

(1) T h e  e x tr a p o la r  a n d  in te rp o la r  le n g th s  a re  su ff ic ie n tly  lon g  to  b e  ta k e n  a s  

in fin ite .

(2) T h e  e le c tro d e s  a re  su ff ic ie n tly  fine to  be  c o n s id e re d  o f  zero  b re a d th .

(3) A  c u r r e n t  o f  r e c ta n g u la r  w a v e  fo rm  is p a sse d  th ro u g h  th e  n e rv e .

Sym bo ls  a n d  de fin itio n s

Variab les

x  is d is ta n c e  a lo n g  a x o n  in  cm . 

t is t im e  in  seco nds .

i x is th e  c u r re n t  in  a m p e re s  flow ing th ro u g h  th e  e x te r n a l  flu id  (figure  1).

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta c ean  n e rv e  fib re
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i 2 is th e  c u r r e n t  in  a m p e re s  flow ing  th ro u g h  th e  a x is  c y lin d e r.

I  is th e  t o t a l  c u r r e n t  in  a m p e re s  flow ing  th ro u g h  th e  fib re  a n d  e x te rn a l  flu id

( /  =  i x + i 2).

i m  is th e  c u r r e n t  p e n e tr a t in g  th e  su rfa c e  m e m b ra n e  a t  a n y  p o in t  in  a m p e re  c m .-1 . 

Vx is th e  p o te n t ia l  in  v o lts  o f  th e  e x te r n a l  flu id  w ith  re s p e c t to  a  d i s ta n t  p o in t

=  — J  r xi xd x ^ .

V2 is th e  p o te n t ia l  in  v o lts  o f  th e  a x is  c y lin d e r  w ith  re s p e c t to  a  d i s ta n t  p o in t

K  =  -  I r 2i 2d x \  .

44 8  A . L . H o d g k in  a n d  W . A . H . R u s h to n

Vm is th e  c h a n g e  in  p o te n t ia l  d iffe renc e  a c ro ss  th e  s u rfa c e  m e m b ra n e  w h ic h  re s u l ts  

f ro m  th e  flow  o f  c u r r e n t  ( Vm =  — k^)-

I o

Y

( 1

I

- 6

--- > * i

• + oo

+ S

F i g u r e  1. G e o m e t r y  o f  s y s t e m  c o n s i d e r e d  i n  t h e o r e t i c a l  s e c t i o n .

B a s ic  constan ts

a  is th e  ra d iu s  o f  th e  a x is  c y lin d e r  in  cm .

jB2 is th e  spec ific  r e s is t iv i ty  o f  th e  a x o p la s m  in  Q  cm .

R x is th e  re s is ta n c e  x u n i t  a re a  o f  th e  su rfa c e  m e m b ra n e  in  Q  c m .2.

(jM is th e  c a p a c i ty  p e r  u n i t  a re a  o f  th e  su rfa c e  m e m b ra n e  in  F  c m ." 2.

P ra c tic a l con stan ts

r x is t h e  re s is ta n c e  p e r  u n i t  le n g th  o f  th e  e x te r n a l  flu id  in  Q  cm . 

r 2 is th e  re s is ta n c e  p e r  u n i t  le n g th  o f  th e  a x is  c y lin d e r  in  Q  c m .-1 ( r2 =  R J n a 2). 

r 4 is th e  re s is ta n c e  x  u n i t  le n g th  o f  th e  su rfa c e  m e m b ra n e  in  th e  a x o n  in  Q  cm  

(r4 =  R J 2 n a ) .
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4 4 9

c is th e  c a p a c i ty  p e r  u n i t  le n g th  o f  th e  s u rfa c e  m e m b ra n e  in  th e  a x o n  in  F  c m .-1 

(c =  CM x  2na).

A =  f i r j r 1 + r 2), a n d  is th e  c h a ra c te r is t ic  le n g th  in  cm .

m  = r 1r j r 1 + r 2, a n d  is th e  p a ra lle l re s is ta n c e  o f  th e  a x is  c y lin d e r  a n d  e x te r n a l  

flu id  in  Q  c m .-1 .

y  =  m X rxj2 r2 = r\A /2(r1 +  r 2).

rm =  r 4c =  R^Cm , a n d  is th e  c h a ra c te r is t ic  t im e  o f  th e  su rfa c e  m e m b ra n e  in  secon ds . 

M isce llan eou s

8 is e q u a l to  h a l f  th e  e le c tro d e  w id th  (figu re  1). T h is  q u a n t i ty  w ill e v e n tu a l ly  b e  

m a d e  v a n ish in g ly  sm all, b u t  is in tro d u c e d  in  o rd e r  to  d e a l w ith  d is c o n tin u it ie s . 

X ,  T ,  U , £ a n d  I 0 a re  b e s t  d e fin ed  a s  th e y  a re  in tro d u c e d .

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  nerve  fib re

Theory

A  n u m b e r  o f  u se fu l e q u a tio n s  fo llow  a t  once  fro m  th e  d e f in it io n s :

dx
~ r i h

dx

oJL

dx

~*V2>

{rl + r 2) i 2 - I r 1,

Vm =  V ^ r f i j d x .

I n  th e  e x tr a p o la r  re g io n  I  =  0 so t h a t  (T 3 ) can  be  s im p lifie d  to

Vm - f ^ )

T h e  to ta l  c u r r e n t  th ro u g h  th e  m e m b ra n e  c a n  b e  o b ta in e d  in  tw o  w ay s:

( 1-0 )

( M )

( 1 -2 )

(1-3)

(1-4)

di2
t m ~  d x ’

(1-5)

i  -  +  r dVm
' m ~ r T  " s T

(1-6)

H e n ce
K , , s r m si,
r ,  8t d x ’

(1-7)

a n d  on  s u b s t i tu t in g  fro m  (1-2) 9

vm dvm 1 d2Vm ri 0 /
—  + c ^ r  r4 dt

YYl | 1

r i +  r 2 r 1 +  r
(2-0)

- A2^ + ^ f ‘+ F ”  =  ’- 'A2l '
o r ( 2 - 1 )

 D
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4 5 0 A . L . H o d g k in  a n d  W . A . H . R u s h to n

N o w  d l /d x  v a n ish e s  e x c e p t  a t  th e  e le c tro d e , s ince  1 = 0 fo r — — a n d

/  = / 0 fo r  £ < # < o o .  H e n c e  th e  fo llow ing  e q u a tio n  (2-2) a p p lie s  to  th e  reg ions

— c o < x <  — 8, 8<x<oo:

02F  dV

+ F -  =  0 - (2-2 )

T h is  e q u a tio n  m u s t  n o w  b e  so lv ed  fo r  th e  p a r t ic u la r  case  w h e re  is a  c o n s ta n t  

c u r r e n t  I 0 s ta r t in g  a b r u p t ly  a t  t =  0.

T h e  b o u n d a ry  c o n d itio n s  a re

Vm =  0 e v e ry w h e re  — oo <  £ <  0, Vrn =  0 a lw a y s  w h en  x  ± oo.

T h e re  a re  a lso  tw o  c o n t in u i ty  c o n d itio n s . F i r s t ,  Vm is a lw a y s  a  c o n tin u o u s  fu n c tio n  

o f  x ,  s in ce  a  d is c o n t in u i ty  in  Vm w o u ld  m e a n  t h a t  a n  in f in ite  c u r r e n t  m u s t  flow 

th ro u g h  th e  n e rv e . S e c o n d ly , i 2is a lso  a  c o n tin u o u s  fu n c

d e n s i ty  th r o u g h  th e  m e m b ra n e  c a n n o t  be  in f in ite  w h e n  £4=0. I n t r o d u c e  new  

v a r ia b le s  X  =  x jX , T  =  t/Tm, U  =  VmeT . E q u a t io n  (2*2) c a n  n o w  be  w r i t te n

o r

d2V  dVw r m  , ^  r m  | T7

s x 2 d t
o,

d2U  d u _  

e x 2 + d T  ~  °*

(2-3)

(2-4)

T h e  o p e ra to r  q2 m a y  b e  s u b s t i tu te d  d ire c t ly  fo r  d jd T  s in ce  XJ =  0 w h e n  T  =  0. 

H e n c e

d2U
^ 2  =  q2u .

T h e  s o lu tio n s  o f  (3-0) a re

U  =  A e qX + B e~ qX , w h e n  —o o < X <  — A,

U  =  A - ^ e ^  + B -̂̂ ,when 8 / \ < X < c c .

B u t  th e  sec o n d  b o u n d a ry  c o n d itio n  in d ic a te s  t h a t  4= oo w h e n  oo, so

B  =  0 =  A v

F ro m  th e  f ir s t  c o n t in u i ty  c o n d itio n  i t  fo llow s t h a t  A  = B x, s ince

Ux=8l\ =  Ux=-8I\>

w h e n  81 A. is m a d e  v a n is h in g ly  sm a ll.  H e n c e

U =  A e qX fo r  — o o < A < — 0/A, (3 T )

U =  A e~ qX fo r  A c A c o o .  (3-2)

T h e  v a lu e  o f  A  c a n  be  fo u n d  b y  a p p ly in g  th e  c o n t in u i ty  o f  i 2 to  e q u a tio n  (1-2). F o r

^li-^x—8 ^ x= s ) ’

w h e n ce =  —T iI0A.eT ,

 D
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451E le c tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  nerve  fib re

w hich  in  th e  o p e ra t io n a l  fo rm  beco m es — r 1A /0 B u t  fro m  (3-1) a n d  (3-2)

So t /  =  ! V ^ / _ J _ + _ L \ eax  fo r  - o o < X < - 8 I A ,
4 [ q -  1 g + l j

a n d  U  =  +  —  \ e -*xfo r  8 ! \< X < o o .
4 \ q - l  l j

(3-3)

(3-4)

T h e  in te r p r e ta t io n s  o f  th e  o p e ra t io n a l  e x p re ss io n s  in  (3-3) a n d  (3-4) a re  k n o w n  

(Je ff re y s  1931). W h e n  th e y  a re  s u b s t i tu te d ,  th e  fo llow ing  e q u a tio n s  fo r  Vm a re  

o b ta in e d :

Vm =  ^ { e * [ l  +  e r f  (X /2  J T  +  J T ) ]  -  e~x [l  +  e r f  ( i / 2

w h e n  —o o < X < 0 ,  (4*0)

a n d  Vm = * X ^ { e - x [ l - e r f ( X / 2 j T - j T ) ] - e x [ l - e r f ( X / 2 j T  + jT ) ] } ,

w h e n  0 <  < 0 0 ,  (4*1)

2 Cz
w h e re  e r f Z  =  -r- e -^d co .

V ^Jo

T h ese  e x p re ss io n s  s a t is fy  e q u a tio n  (2-3) a n d  th e  b o u n d a ry  c o n d itio n s . C am p b e ll  

& F o s te r  (1931, p . 162) g iv e  a n  e x p re ss io n  w h ic h  is e q u iv a le n t  to  (4-1) fo r  th e  re sp o n se  

o f  a  n o n - in d u c tiv e  c ab le  to  th e  s u d d e n  a p p lic a t io n  o f  c u r re n t .

T h e  so lu tio n s  fo r  th e  case  w h e n  th e  a p p lie d  c u r r e n t  is m a in ta in e d  fo r  a  long  t im e  

a n d  th e n  b ro k e n  s u d d e n ly  a t  t — 0 c a n  b e  w r i t t e n  d o w n  a t  on ce  

p o s it io n  th e o re m . T h e y  a re

Vm =  r—f i  {ex [ 1 -  e r f  ( i / 2  J T  +  J T ) ]  + e~x [ 1 +  e

w h en  — (4*2)

a n d  ^  {e~x [ 1 +  e r f  (X/2 V 

w h e n O < X < o o .  (4-3)

E q u a t io n s  (4-0), ( 4 J )  a n d  (4-2), (4-3) a re  s y m m e tr ic a l  p a ir s  d iffe ring  o n ly  in  th e  

s ign  o f  X .  T h u s  i t  is n e c e s sa ry  to  c o m p u te  o n ly  one  s e t  o f  c u rv e s  in  o rd e r  to  d e sc rib e  

th e  d is t r ib u t io n  o f  p o te n t ia l  fo r th e  m a k e  o r b re a k  o f  a  c o n s ta n t  c u r re n t .  A n d  th e  

c u rv e s  fo r th e  b re a k  o f  c u r r e n t  c a n  be  o b ta in e d  fro m  th o s e  fo r  th e  m a k e  b y  a  d ire c t  

a p p lic a t io n  o f  th e  su p e rp o s it io n  th e o re m . E q u a t io n  ( 4 J )  is th e  m o s t c o n v e n ie n t to  

c o m p u te , s ince  i t  d ea ls  w ith  p o s itiv e  v a lu e s  o f  X .  A n  e v a lu a t io n  o f  th e  e s se n tia l p a r t  

o f  ( 4 J )  is g iv e n  in  ta b le  1 a n d  th e  re s u lts  a re  p lo t te d  g ra p h ic a lly  in  figu re  2.
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— 01-

----------- 02 -

— o-:

— o-.

----- 0 5

---- 01

------ O'

------ O'!

—  io-

---- 1-2'

----- 15'

----------- 2 0 '

----- 2 5
---- ,35

t i m e  (T )t i m e  (T )

F i g u r e  2. T h e o r e t i c a l  b e h a v i o u r  o f  p o t e n t i a l  d i f f e r e n c e  a c r o s s  n e r v e  m e m b r a n e  ( V m). 

a , b , s p a t i a l  d i s t r i b u t i o n  o f  p o t e n t i a l  a t  d i f f e r e n t  t i m e s ;  c, d , t i m e  c o u r s e  o f  p o t e n t i a l  a t  d i f 

f e r e n t  d i s t a n c e s  f r o m  e l e c t r o d e ;  a ,  c, c u r r e n t  m a d e  a t  T  =  0 ;  b, d ,  c u r r e n t  m a i n t a i n e d  f o r  a  

lo n g  t i m e  a n d  t h e n  b r o k e n  a t  T  =  0 .
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4 5 4 A . L . H o d g k in  a n d  W . A . H . R u s h to n

A  g r e a t  s im p lif ic a tio n  o f  th e  m a th e m a t ic a l  th e o ry  c a n  b e  a c h ie v e d  b y  c o n sid e rin g  

th e  to t a l  c h a rg e  in  th e  re g io n  o f  th e  e le c tro d e  in s te a d  o f  th e  m e m b ra n e  p o te n tia l .  

D efine  to t a l  c h a rg e  b y  a  n e w  v a r ia b le

r fi
i  =C vmdx, (5-0)

J — oo

w h e re  [j is su ff ic ie n tly  la rg e  to  a llow  th e  in te g ra t io n  to  in c lu d e  a ll th e  c h a rg e  in  th e  

e le c tro d e  re g ion . /? c a n  b e  c o n s id e re d  as  in f in ite  p ro v id e d  t h a t  th e  in te g ra t io n  does 

n o t  in c lu d e  th e  re g io n  o f  th e  sec o n d  e le c tro d e . I n te g r a t io n  o f  e q u a tio n  (2-1) fro m  

— oo to  /? g ives

d i

since

Tm f t + £  =  ̂ lC A 2/ 0 ,

r/i d r  r e  i
J d V J d td x  =  ^  j

(5-1)

d K
a n d  =  0 w h e n  x  =  — oo a n d  x  = + fi. T h e  so lu tio n s  o f  (5 T ) a re

(5-2)£ =  r 1cA2/ 0( l  —e~tlT™)

fo r  a  c o n s ta n t  c u r r e n t  m a d e  a t  t — 0 a n d

£ =  r 1cA2/ 0 e-^ m  (5 -3 )

fo r a  c o n s ta n t  c u r r e n t  b ro k e n  a t  t =  0. U n fo r tu n a te ly ,  th e

l i t t l e  p ra c t ic a l  u se , s in ce  £ c a n  o n ly  b e  o b ta in e d  in d ir e c t ly  fro m  th e  e x p e r im e n ta l  

re s u lts .

T h e  ex trapo la r  p o te n tia l

E q u a t io n s  (4-0) a n d  (4-2) c a n  b e  a p p lie d  d ire c t ly  to  th e  e x p e r im e n ta l  re s u lts

s in ce  Vm =  —  Vv  X  = x /X  a n d  T  = t\Tm. 
r x

T h e  m o s t c o n v e n ie n t e x p re ss io n s  fo r  th e  m a k e  o f  c u r r e n t  a re

K  =  (V1) , ^ i { e ^ [ l  + e v f ( X I 2 ^ T  + ^ T ) } - e - ^ [ l  + e v { ( X I 2 ^ T - ^ T ) ] } ,  (6-0)

w h e re ( 6 * 1 )

y  b e in g  th u s  d e fin e d  in  th e  ta b le  o f  p ra c t ic a l  c o n s ta n ts ,

(*!)/= * =  (K)<=oo ex ,
x=0

a n d X i)x -o  =  ( V ^

( 6 - 2 )

(6-3)
x=0

F o r  th e  b re a k  o f  c u r r e n t  th e  r e le v a n t  e x p re ss io n s  a re

Vt  =  ( ^ i ) ( = o  i{ ex [ l  — e r f  {X /2 + *JT)] +  e~x [l  +  e r f  (X /2  — ̂ T) ] } ,  (6-4)
x= 0

(R)x=0 ( F i ) „ „ [ l - e r f  (V T )]. ( 6 - 6 )a n d
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The  m id -in te r  po la r  g rad ien t

T h e  e x p re ss io n s  g iv en  in  th e  p re c e d in g  p a ra g ra p h  a llow  A, r m a n d  y  to  be  d e te r 

m in e d  from  e x p e r im e n ta l  o b s e rv a tio n s  o f  th e  e x tr a p o la r  p o te n t ia l .  T h e  c o n s ta n t  

m  c an  b e  o b ta in e d  from  a  m e a s u re m e n t o f  th e  v o lta g e  g ra d ie n t  in  th e  in te rp o la r  

reg io n  a t  a  la rg e  d is ta n c e  fro m  e ith e r  e le c tro d e . F o r  e q u a tio n  (4 T ) show s t h a t

K

dx J

E le c tr ica l c o n s ta n ts  o f  a  c ru sta cea n  ne rve  f ib re  45 5

x =/3

0 w h e n  /? >  A. H e n ce  d if fe re n tia tio n  o f  (1-3) g ives

_ ( ? E \  r i r 2 _ _

l  d x j xJ0r x + r 2
(7-0)

D ete rm in a tio n  o f  basic con stan ts

C o n v e n ie n t e x p re ss io n s  fo r d e te rm in in g  th e  b a s ic  c o n s ta n ts  a re

R 2 =  na 2m ( l  -f wiA/2y),

R x =  2naX2 + +

0 , T  I T ?I m / ^ 4 -

( 8 -0 )

( 8 - 1 )

( 8 - 2 )

A n  e x p re ss io n  fo r  th e  r e s is t iv i ty  o f  th e  e x te rn a l  flu id  is  n o t  g iv e n  b e c a u se  th e r e  w as  

n o  e a sy  w a y  o f  d e te rm in in g  th e  v o lu m e  o f  flu id  s u r ro u n d in g  th e  n e rv e  fib re . N o r  

w o u ld  th is  q u a n t i ty  h a v e  b e en  o f  g re a t  in te re s t .  B u t  i t  is d e s ira b le  to  h a v e  a n  in d e x  

o f  th e  a m o u n t  o f  s h o r t-c irc u it in g  in tro d u c e d  b y  th e  e x te r n a l  flu id  a n d  th e  r a t io  

r2jr 1 h a s  b een  u se d  fo r  th is  p u rp o se . I t  c a n  be  c o m p u te d  b y  th e  re la t io n

r 2\r x = (8-3)

V a l i d i t y  o f  a s s u m p t i o n s

W e a re  no w  in  a  b e t t e r  p o s itio n  to  assess  th e  e rro rs  w h ic h  a re  in tro d u c e d  b y  th e  

a p p ro x im a tio n s  m a d e  in  th e  th e o ry . T h e  a s s u m p tio n  o f  p a ra lle l  c u r r e n t  flow  is n o t  

lik e ly  to  in v o lv e  a n y  ser iou s e r ro r  p ro v id e d  t h a t  th e  c u r r e n t  sp re a d s  o v e r  a  le n g th  

w h ic h  is s e v e ra l t im e s  g re a te r  t h a n  th e  d ia m e te r  o f  th e  a x o n . T h is  c o n d itio n  w as  

sa tis fied  e x p e r im e n ta lly , s ince  th e  a v e ra g e  v a lu e  fo r th e  sp ac e  c o n s ta n t  A w as 

tw e n ty  tim e s  g re a te r  t h a n  th e  a x o n  d ia m e te r . T h e  a s s u m p tio n  o f  zero  b r e a d th  fo r 

th e  e le c tro d e  c a n  b e  ju s tif ie d  in  th e  sam e  w ay , s in ce  X/8  w as a lso  o f  th e  o rd e r  o f  

tw e n ty .  B o th  a p p ro x im a tio n s  a re  d o u b tfu l  a t  s h o r t  t im e  in te rv a ls .  T h u s  fig u re  2 

show s t h a t  th e  e ffe c tiv e  sp ac e  c o n s ta n t  is o n ly  A/5 w h e n  t/Tm is 0-04. B u t  i t  c a n  b e  

sa id  t h a t  th e  c ab le  e q u a tio n s  a p p ly  w ith  re a so n a b le  a c c u ra c y  p ro v id e d  t \ rm > 0-04.

I n  p ra c t ic e  a n o d e  a n d  c a th o d e  w ere  s e p a ra te d  b y  a b o u t  8 m m . o f  n e r v e ; th e o ry  

a ssu m e s  th e m  to  b e  a n  in f in ite  d is ta n c e  a p a r t .  B u t  in te rfe re n c e  b e tw e e n  th e  tw o  

e le c tro d e  re g io n s  m u s t  h a v e  b e e n  n eg lig ib le , s ince  8 m m . w as  e q u iv a le n t  to  5A in  

a n  a v e ra g e  e x p e r im e n t a n d  e~5 is 0-007. A  s im ila r  a rg u m e n t a p p lie s  to  th e  re c o rd in g  

e le c tro d e s  w h ic h  w e re  a lso  8 m m . a p a r t .

T h e  a s s u m p tio n  t h a t  th e  in te rn a l  a n d  e x te r n a l  re s is ta n c e s  o b e y  O h m ’s la w  is 

fu lly  ju s tif ie d  b y  e a r lie r  w o rk  (see, fo r in s ta n c e , Cole & H o d g k in  1939) a n d  fin ds

Vol. 133. B. 30
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45 6

f u r th e r  c o n firm a tio n  in  th e  m e a s u re m e n ts  o f  m id - in te rp o la r  g ra d ie n t  w h ic h  w ill 

be d e sc r ib e d  p re s e n tly . T h e  c o n s ta n c y  o f  th e  m e m b ra n e  re s is ta n c e  m ig h t  be  

q u e s tio n e d  in  v iew  o f  Cole & C u r t is ’s (1941) d e m o n s tra t io n  o f  th e  re c tify in g  

p ro p e r t ie s  o f  th e  s u rfa c e  m e m b ra n e . B u t  a n y  re c tif ie r  b e h a v e s  as  a  lin e a r  e le m e n t 

i f  i t  is e x a m in e d  w ith  a  su ff ic ie n tly  w e a k  c u r re n t .  A n d  w e sh a ll  show  la te r  t h a t  th e  

m e a s u r in g  c u r re n ts  u se d  w ere  p ro b a b ly  sm a ll e n o u g h  to  k e e p  th e  m e m b ra n e  in  a  

l in e a r  p a r t  o f  i t s  c h a ra c te r is t ic .

S om e e r ro r  m u s t  h a v e  been  in tro d u c e d  b y  a ssu m in g  t h a t  th e  m e m b ra n e  c a p a c ity  

b e h a v e d  lik e  a  p u re  d ie le c tr ic . T h e  m a g n itu d e  o f  th e  e r ro r  c a n n o t  b e  e s t im a te d  in  

a n y  s im p le  w a y , b u t  i t  is n o t  lik e ly  to  h a v e  b e e n  v e ry  la rg e . F o r  a .c . m e a s u re 

m e n ts  g ive  a  v a lu e  o f  7 6° fo r  th e  p h a se  a n g le  o f  th e  d ie le c tr ic  o f  th e  m e m b ra n e  in  

th e  s q u id  a x o n  (C u rtis  & Cole 1938). T h is  su g g es ts  t h a t  th e  m e m b ra n e  c a p a c i ty  w o u ld  

be  re d u c e d  b y  30 %  w h e n  th e  f re q u e n c y  w as  in c re a s e d  te n fo ld . M o st o f  th e  re c o rd s  

d e a l t  w ith  h e re  co u ld  b e  re p ro d u c e d  fa ir ly  a c c u ra te ly  b y  a  F o u r ie r  sy n th e s is  

c o n ta in in g  a  te n fo ld  ra n g e  o f  f re q u e n c ie s  a n d  so w o u ld  n o t  h a v e  b e e n  g re a t ly  

a ffe c te d  b y  im p e rfe c tio n s  in  th e  m e m b ra n e  c a p a c ity .

M e t h o d

M a te r i a l

S i n g l e - n e r v e  f i b r e s  w i t h  a  d i a m e t e r  o f  6 0 - 8 0 /^  w e r e  o b t a i n e d  f r o m  t h e  w a l k i n g  le g s  o f  t h e  

c o m m o n  l o b s t e r  (H o m a r u s  v u l g a r i s ) .  L i v e  l o b s t e r s  w e r e  b o u g h t  f r o m  a  f i s h m o n g e r  a n d  k e p t  

i n  a n  a q u a r i u m  f i l l e d  w i t h  c i r c u l a t i n g  s e a  w a t e r .  T h e  a n i m a l s  w e r e  i n  p o o r  c o n d i t i o n  w h e n  

f i r s t  o b t a i n e d ,  b u t  t h e y  r e c o v e r e d  a f t e r  a  f e w  h o u r s  i n  t h e  a q u a r i u m  a n d  w e r e  a b l e  t o  l i v e  

t h e r e  f o r  s e v e r a l  w e e k s .  A x o n s  w e r e  o b t a i n e d  f r o m  t h e  f i r s t  t w o  p a i r s  o f  w a l k i n g  le g s  w h i c h  

a r e  c h e l a t e  a n d  a p p e a r  t o  b e  b e t t e r  s u p p l i e d  w i t h  l a r g e  f i b r e s  t h a n  t h e  l a s t  t w o  w h i c h  h a v e  n o  

t e r m i n a l  c l a w .  T h e  n e r v e  w a s  d i s s e c t e d  f r o m  t h e  m e r o p o d i t e  a n d  t e a s e d  a p a r t  i n  a  P e t r i  d i s h  

o f  s e a  w a t e r .  H o m a r u s  n e r v e  c o n t a i n s  m u c h  c o n n e c t i v e  t i s s u e ,  a n d  s e p a r a t i o n  o f  a  s in g l e  

f i b r e  p r o v e d  t o  b e  a  m o r e  l a b o r i o u s  p r o c e s s  t h a n  in  a  G a r c in u s  p r e p a r a t i o n .  M o r e  t i m e  h a d  t o  

b e  s p e n t  i n  c u t t i n g  a w a y  c o n n e c t i v e  t i s s u e ,  a n d  n o  a t t e m p t  c o u l d  b e  m a d e  t o  p u l l  f i b r e s  a p a r t  

u n t i l  t h e y  h a d  b e e n  f r e e d  f r o m  t h e  s t r a n d s  o f  c o n n e c t i v e  t i s s u e  w h i c h  b o u n d  t h e m  t o g e t h e r .  

A l l  l o o s e  m a t e r i a l  w a s  r e m o v e d  f r o m  t h e  i s o l a t e d  a x o n  w h o s e  l e n g t h  v a r i e d  f r o m  2 5  t o  4 0  m m .  

F i b r e s  w i t h  b r a n c h e s  w e r e  n e v e r  e m p l o y e d .

T h e  m e t h o d  o f  i s o l a t i n g  C a r c in u s  a x o n s  w a s  s i m i l a r  t o  t h a t  e m p l o y e d  i n  e a r l i e r  w o r k  

( H o d g k i n  1 9 3 8 ) a n d  n e e d  n o t  b e  d e s c r i b e d  a g a i n .

A p p a r a t u s

A  g e n e r a l  p l a n  o f  t h e  e q u i p m e n t  u s e d  is  s h o w n  i n  f i g u r e  3 . T h e  a x o n  w a s  k e p t  i n  p a r a f f i n  

o i l  a n d  w a s  g r i p p e d  a t  e a c h  e n d  b y  t h e  t i p s  o f  i n s u l a t e d  f o r c e p s  ( A A ' ) .  I t  w a s  h e l d  in  a  h o r i 

z o n t a l  p o s i t i o n  a n d  c o u l d  b e  o b s e r v e d  f r o m  a b o v e  b y  m e a n s  o f  a  b i n o c u l a r  m i c r o s c o p e .  T h e  

a x o n  r e s t e d  o n  t h e  w i c k  e l e c t r o d e s  B ,  D ,  a n d  m a d e  c o n t a c t  w i t h  t h e  t i p  o f  e l e c t r o d e  C .  E l e c 

t r o d e s  B  a n d  D  m a d e  c o n t a c t  o v e r  a  l e n g t h  o f  a b o u t  2 5 0 /£ , a n d  e l e c t r o d e  C  o v e r  a p p r o x i 

m a t e l y  10 0 /£ . T h e s e  t h r e e  e l e c t r o d e s  c o n s i s t e d  o f  s m a l l  g l a s s  t u b e s  c o n t a i n i n g  s e a  w a t e r  a n d  

s i l v e r  w i r e s  w h i c h  h a d  b e e n  c o a t e d  e l e c t r o l y t i c a l l y  w i t h  c h l o r i d e .  O n e  e n d  o f  t h e  g l a s s  t u b e  

w a s  s e a l e d  w i t h  w a x ; t h e  o t h e r  w a s  d r a w n  o u t  i n t o  a  c o a r s e  c a p i l l a r y  a n d  p l u g g e d  w i t h  a g a r  

s e a  w a t e r .  C o n n e x i o n  t o  t h e  n e r v e  w a s  m a d e  t h r o u g h  f in e  a g a r  w i c k s  w h i c h  p r o j e c t e d  f o r  

a b o u t  5  m m .  b e y o n d  t h e  t i p  o f  t h e  g l a s s  c a p i l l a r y .  T h e  w i c k s  w e r e  b u i l t  b y  a l l o w i n g  a g a r  s e a  

w a t e r  t o  s o l i d i f y  a r o u n d  a  f in e  s i l k  t h r e a d .  S i l v e r  c h l o r i d e  e l e c t r o d e s  w e r e  s u f f i c i e n t l y  n o n -  

p o l a r i z a b l e ,  s i n c e  a  5 M Q  r e s i s t a n c e  i n  s e r i e s  w i t h  t h e  e l e c t r o d e s  e n s u r e d  t h a t  t h e  c u r r e n t  w a s  

e n t i r e l y  u n a f f e c t e d  b y  r e s i d u a l  e l e c t r o d e  p o l a r i z a t i o n .  E l e c t r o d e  E  d i d  n o t  n e e d  t o  b e  n o n -

A . L . H o d g k in  a n d  W . A . H . R u s h to n
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p o l a r i z a b l e ,  s in c e  i t  w a s  u s e d  o n l y  f o r  r e c o r d i n g  t r a n s i e n t  p u l s e s  w i t h  a n  a m p l i f i e r  o f  h i g h  i n p u t  

i m p e d a n c e .  T h i s  e l e c t r o d e  c o n s i s t e d  o f  a  f i n e f g l a s s  t u b e  i n t o  w h i c h  a  p l a t i n u m  w i r e  w a s  

s e a l e d ;  o n e  e n d  o f  t h e  t u b e  w a s  d r a w n  o u t  i n t o  a  f in e  g l a s s  c a p i l l a r y ,  g r o u n d  s q u a r e  a n d  t h e  

w h o le  f i l l e d  w i t h  s e a  w a t e r .  T h e  d i a m e t e r  o f  t h e  t i p  w a s  a b o u t  5 0 f t  a n d  t h e  r e g i o n  o f  c o n t a c t  

w i t h  t h e  n e r v e  f i b r e  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e .

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta c ea n  nerve  fib re

C A M ER A S

---- ->

.FOLLOWER FOLLOWER MEASURING

EQUIPMENT

5 M i l

W/  ELECTRODE 

/  ASSEMBLY

V O L T A G E  &  

T I M E

C A L I B R A T O R S

C R T UNIT TIME BASE

BALANCED 

DC AMPLIFIER

SQUARE-WAVE

GENERATOR

F i g u r e  3. G e n e r a l  p l a n  o f  e q u i p m e n t .  F o r  l e t t e r  r e f e r e n c e s ,  s e e  t e x t .

E l e c t r o d e  E  w a s  h e l d  i n  a  m i c r o m a n i p u l a t o r  c a r r i a g e  a n d  c o u l d  b e  m o v e d  a l o n g  t h e  n e r v e  

f ib r e  b y  t u r n i n g  o n e  o f  t h e  v e r n i e r  c o n t r o l s  o n  t h e  m a n i p u l a t o r .  T h e  e l e c t r o d e  s l i d  s m o o t h l y  

a l o n g  t h e  f i b r e  p r o v i d e d  t h a t  a l l  lo o s e  c o n n e c t i v e  t i s s u e  h a d  b e e n  r e m o v e d  a n d  t h a t  t h e  

d i r e c t i o n  o f  m o v e m e n t  w a s  p a r a l l e l  t o  t h e  a x i s  o f  t h e  f ib r e .  T h e  p o s i t i o n  o f  t h e  e l e c t r o d e  w a s  

d e t e r m i n e d  b y  a  s c a l e  o n  t h e  m a n i p u l a t o r  w h i c h  w a s  c a l i b r a t e d  t o  r e a d  i n  f r a c t i o n s  o f  a  

m i l l i m e t r e .  T h i s  m e t h o d  o f  m e a s u r e m e n t  w a s  c h e c k e d  p e r i o d i c a l l y  b y  o b s e r v i n g  t h e  m o t i o n  o f  

t h e  e l e c t r o d e  u n d e r  t h e  b i n o c u l a r  m ic r o s c o p e .  T h e  m o v e m e n t  o f  t h e  e l e c t r o d e  w a s  f o u n d  t o  b e  

t h e  s a m e  a s  t h a t  g i v e n  b y  t h e  s c a le  o n  t h e  s c r e w  a d j u s t m e n t .  B a c k - l a s h  c o u l d  b e  t a k e n  a s  

z e r o ,  s in c e  i t  w a s  le s s  t h a n  10  m i c r a .

A l l  e l e c t r i c a l  m e a s u r e m e n t s  w e r e  m a d e  b y  a p p l y i n g  a  r e c t a n g u l a r  p u l s e  o f  c u r r e n t  t o  t h e  

a x o n  a n d  r e c o r d i n g  t h e  r e s u l t i n g  p o t e n t i a l  c h a n g e s  w i t h  a n  a m p l i f i e r  a n d  o s c i l l o g r a p h .  T h e  

r e c t a n g u l a r  p u l s e  w a s  g e n e r a t e d  b y  m e a n s  o f  a n  a r r a n g e m e n t  o f  t h y r a t r o n s  ( R .C .A .  8 8 5 )  a n d  

a  m u l t i v i b r a t o r  o f  t h e  t y p e  d e s c r i b e d  b y  S c h m i t t  ( 1 9 3 8 ). T h e  w a v e  f o r m  o f  t h e  r e c t a n g u l a r  

p u l s e s  w a s  t e s t e d  b y  c o n n e c t i n g  t h e  p u l s e  o u t p u t  t o  t h e  p l a t e s  o f  a  c a t h o d e - r a y  t u b e .  T h i s  

s h o w e d  t h a t  t h e  d e f l e x io n  w a s  9 0  %  c o m p l e t e  i n  le s s  t h a n  1 0 /^ se c . T h e  p u l s e  c o u l d  b e  s y n c h r o n 

i z e d  w i t h  t h e  s w e e p  c i r c u i t  a n d  i t s  d u r a t i o n  v a r i e d  b e t w e e n  10  a n d  10 6/£ se c . A  l o w - r e s i s t a n c e  

a t t e n u a t o r  w a s  u s e d  f o r  v a r y i n g  t h e  m a g n i t u d e  o f  t h e  p u l s e  a p p l i e d  t o  t h e  n e r v e .  O n e  t e r 

m i n a l  o f  t h e  p u l s e  g e n e r a t o r  w a s  c o n n e c t e d  t o  e a r t h ; t h e  o t h e r  b e c a m e  p o s i t i v e  f o r  t h e  d u r a 

t i o n  o f  t h e  p u l s e .  T h e  p o s i t i v e - g o i n g  t e r m i n a l  w a s  c o n n e c t e d  t o  e l e c t r o d e  D  t h r o u g h  5 M f2  a n d  

t h e  o t h e r  t e r m i n a l  ( e a r t h )  t o  e l e c t r o d e  G  t h r o u g h  a  m o n i t o r i n g  r e s i s t a n c e  o f  6 1 ,7 0 0 £ ? . T h e  

5 - m e g o h m  r e s i s t a n c e  e n s u r e d  t h a t  a  c o n s t a n t  c u r r e n t  w a s  p a s s e d  t h r o u g h  t h e  n e r v e ,  w h i l e  

t h e  m o n i t o r i n g  r e s i s t a n c e  w a s  u s e d  t o  m e a s u r e  t h e  c u r r e n t  t h r o u g h  t h e  n e r v e  f ib r e .  T h e  p u l s e s  

o f  c u r r e n t  w e r e  r e p e a t e d  a t  a  r a t e  o f  a b o u t  o n e  a  s e c o n d .

3 0 - 2
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45 8 A . L . H o d g k in  a n d  W . A . H . R u s h to n

E l e c t r i c a l  c h a n g e s  w e r e  r e c o r d e d  w i t h  a  b a l a n c e d  d .c .  a m p l i f i e r  d e s i g n e d  b y  D r  R a w d o n  

S m i t h  o f  t h e  P s y c h o l o g i c a l  L a b o r a t o r y ,  C a m b r i d g e .  T h i s  c o n s i s t e d  o f  t h r e e  p a i r s  o f  p e n t o d e s  

w i t h  s e p a r a t e  a n o d e  l o a d s  a n d  c o m m o n  c a t h o d e  r e s i s t a n c e s .  T h e  l in e  v o l t a g e s  w e r e  a r r a n g e d  

s o  t h a t  t h e  a n o d e  o f  o n e  s t a g e  c o u l d  b e  c o n n e c t e d  t o  t h e  g r i d  o f  t h e  n e x t .  I n  t h i s  w a y  t h e  

u n d e s i r a b l e  r e s i s t a n c e  c h a i n s  u s u a l l y  a s s o c i a t e d  w i t h  d .c .  a m p l i f i e r s  w e r e  a v o i d e d .  O c c a s i o n a l  

c h e c k s  s h o w e d  t h a t  t h e  d i f f e r e n t i a l  a c t i o n  o f  t h e  a m p l i f i e r  w a s  b e t t e r  t h a n  o n e  p a r t  i n  f iv e  

h u n d r e d  ( i .e .  w h e n  b o t h  i n p u t s  w e r e  r a i s e d  1 V  a b o v e  e a r t h  t h e  o s c i l l o g r a p h  d e f l e x io n  w a s  

e q u i v a l e n t  t o  le s s  t h a n  2 m V  d i f f e r e n c e  b e t w e e n  i n p u t s ) .  I n i t i a l  c h e c k s  w i t h  a  s i g n a l  g e n e r a t o r  

i n d i c a t e d  t h a t  t h e  r e s p o n s e  o f  t h e  a m p l i f i e r  w a s  s u b s t a n t i a l l y  f l a t  b e t w e e n  0 a n d  5 0  k c y c . / s e c .  

I n  o r d e r  t o  i n c r e a s e  t h e  i n p u t  i m p e d a n c e  t h e  r e c o r d i n g  l e a d s  w e r e  c o n n e c t e d  t o  t h e  g r i d s  o f  

t w o  c a t h o d e  f o l lo w e r s  w h i c h  w e r e  p l a c e d  a t  a  d i s t a n c e  o f  15  c m .  f r o m  t h e  p r e p a r a t i o n .  C a l i 

b r a t i o n s  o f  t h e  i n p u t  s t a g e  a n d  t h e  w h o l e  a m p l i f i e r  w e r e  m a d e  b y  a p p l y i n g  t h e  r e c t a n g u l a r  

p u l s e  t o  t h e  g r i d s  o f  t h e  i n p u t  s t a g e  t h r o u g h  a  r e s i s t a n c e  o f  t h e  s a m e  m a g n i t u d e  a s  t h a t  i n 

v o l v e d  in  r e c o r d i n g  f r o m  t h e  n e r v e .  T h i s  t e s t  s h o w e d  t h a t  t h e  d e f l e x i o n  p r o d u c e d  w a s  9 0  %  

c o m p l e t e  i n  a b o u t  3 0 /^ s e c . ,  a n d  t h e  s y s t e m  w a s  t h e r e f o r e  s u f f i c i e n t l y  r a p i d  f o r  t h e  i n v e s t i g a 

t i o n  o f  p h e n o m e n a  l a s t i n g  s e v e r a l  m i l l i s e c o n d s .  T h e  d .c .  i n p u t  i m p e d a n c e  w a s  g r e a t e r  t h a n  

1 0 10f2 a n d  t h e  g r i d  c u r r e n t  l e s s  t h a n  1 0 ~ 10 a m p .

T h e  t i m e  b a s e  w a s  c a l i b r a t e d  b y  a p p l y i n g  t h e  o u t p u t  f r o m  a  5 0 0  e y e . / s e c .  o s c i l l a t o r  t o  t h e  

a m p l i f i e r .  V o l t a g e  c a l i b r a t i o n s  w e r e  m a d e  b y  p h o t o g r a p h i n g  t h e  s e r i e s  o f  o s c i l l o g r a p h  l in e s  

p r o d u c e d  b y  v a r y i n g  t h e  p o s i t i o n  o f  a  d e c a d e  r e s i s t a n c e  a t t e n u a t o r .  I n  t h i s  w a y  a  c a l i b r a t i o n  

g r i d  w a s  o b t a i n e d  a n d  c o u l d  b e  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  I n  g e n e r a l  t h e  

e x p e r i m e n t a l  r e c o r d s  f e l l  i n  a  r e g i o n  w h i c h  w a s  l i n e a r  t o  w i t h i n  2 %  a n d  s o  c o u l d  b e  a n a l y s e d  

w i t h o u t  c o r r e c t i o n .  C o r r e c t i o n s  h a d  o c c a s i o n a l l y  t o  b e  m a d e  b u t  d i d  n o t  m a t e r i a l l y  a f f e c t  

t h e  r e s u l t s ,  s in c e  t h e  a m o u n t  o f  i n s t r u m e n t a l  d i s t o r t i o n  r a r e l y  e x c e e d e d  5 % .  A l l  p h o t o g r a p h i c  

r e c o r d s  w e r e  t a k e n  o n  f i lm  a n d  w e r e  t r a c e d  o n  t o  g r a p h  p a p e r  a f t e r  t h e y  h a d  b e e n  e n l a r g e d  

a b o u t  t e n  t i m e s .

S q u a r e  W ave

G e n e ra to r

B ala n ced  D C  A m plifie i

5 M O

F i g u r e  4 . A r r a n g e m e n t  o f  l e a d s  a n d  e l e c t r o d e s  e m p l o y e d  i n  a  q u a n t i t a t i v e  e x p e r i m e n t ,  

a ,  s y s t e m  u s e d  f o r  d e t e r m i n i n g  A a n d  r m ; 6 , s y s t e m  u s e d  i n  c o n j u n c t i o n  w i t h  a  f o r  d e t e r m i n i n g  

y ; c , d ,  s y s t e m  u s e d  f o r  d e t e r m i n i n g  m .
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A  t y p i c a l  e x p e r im e n t

T h e  s e q u e n c e  o f  e v e n t s  i n  a  q u a n t i t a t i v e  e x p e r i m e n t  m u s t  n o w  b e  d e s c r i b e d .  T h e  i s o l a t e d  

a x o n  w a s  m o u n t e d  o n  t h e  e l e c t r o d e  s y s t e m  a n d  r a i s e d  i n t o  a  l a y e r  o f  a e r a t e d  m i n e r a l  o i l  w h i c h  

f l o a t e d  o n  t h e  s u r f a c e  o f  t h e  s e a  w a t e r .  T h e  r e c o r d i n g  e l e c t r o d e  w a s  b r o u g h t  i n t o  c o n t a c t  w i t h  

t h e  a x o n  a n d  a  p r e l i m i n a r y  t e s t  m a d e  t o  e n s u r e  t h a t  t h e  a c t i o n  p o t e n t i a l  w a s  p r o p a g a t e d  

n o r m a l l y  t h r o u g h o u t  t h e  w h o le  f ib r e .  T h e  s t r e n g t h  o f  c u r r e n t  w a s  r e d u c e d  u n t i l  i t  w a s  b e l o w  

h a l f - t h r e s h o l d  a n d  t h e  p o t e n t i a l  r e s p o n s e  o b s e r v e d  v i s u a l l y  o n  t h e  C .R .T .  T h e  d u r a t i o n  o f  t h e  

r e c t a n g u l a r  w a v e  w a s  a d j u s t e d  u n t i l  i t  w a s  s u f f i c i e n t  t o  a l lo w  t h e  m e m b r a n e  v o l t a g e  t o  r e a c h  

i t s  e q u i l i b r i u m  v a l u e .  A  t e s t  w a s  m a d e  t o  e n s u r e  t h a t  t h e  r e c o r d i n g  e l e c t r o d e  s l i d  s m o o t h l y  

a l o n g  t h e  a x o n .  A  s e r i e s  o f  p h o t o g r a p h i c  r e c o r d s  o f  t h e  e x t r a p o l a r  p o t e n t i a l  w a s  t h e n  o b t a i n e d  

w i t h  t h e  a r r a n g e m e n t  o f  e l e c t r o d e s  s h o w n  i n  f i g u r e  4 a ;  i n  g e n e r a l  t h e s e  w e r e  s i m i l a r  t o  t h o s e  

i n  f ig u r e  6 . O n e  s e t  o f  r e c o r d s  w a s  m a d e  w i t h  t h e  m o v a b l e  e l e c t r o d e  r e c e d i n g  f r o m  t h e  c a t h o d e  

a n d  a n o t h e r  w i t h  i t  a p p r o a c h i n g .  T h e r e  w a s  s o m e t i m e s  a  d i f f e r e n c e  o f  5  o r  10  %  b e t w e e n  t h e  

t w o  s e t s  o f  r e c o r d s ,  b u t  a s  a  r u l e  t h e y  a g r e e d  c l o s e l y  w i t h  o n e  a n o t h e r .  T h e  c u r r e n t  t h r o u g h  t h e  

a x o n  w a s  d e t e r m i n e d  w i t h  t h e  a r r a n g e m e n t  o f  e l e c t r o d e s  s h o w n  in  f i g u r e  4 6  a n d  a  t y p i c a l  

r e c o r d  is  g i v e n  i n  f i g u r e  6 . T h i s  o b s e r v a t i o n  a l s o  p r o v i d e d  a  r o u t i n e  c h e c k  o f  t h e  s q u a r e n e s s  

o f  t h e  c u r r e n t  w a v e  f o r m  t h r o u g h  t h e  n e r v e  f ib r e .  T h e  n e x t  o p e r a t i o n  w a s  t o  d e t e r m i n e  t h e  

v o l t a g e  g r a d i e n t  i n  t h e  m i d - i n t e r p o l a r  s t r e t c h  u s i n g  t h e  a r r a n g e m e n t  o f  f i g u r e  4  c. T h e  r e 

c o r d i n g  e l e c t r o d e  w a s  m o v e d  a l o n g  t h e  a x o n  a n d  a  s e r i e s  o f  r e c o r d s  s i m i l a r  t o  t h o s e  i n  f i g u r e  9 

o b t a i n e d .  T h e  c u r r e n t  t h r o u g h  t h e  a x o n  w a s  a g a i n  d e t e r m i n e d ;  t h e  a r r a n g e m e n t  o f  l e a d s  b e i n g  

t h a t  o f  f i g u r e  4  dan d  a  t y p i c a l  r e c o r d  t h a t  o f  f i g u r e  9 6 .  A t  t h e  e n d  o f  e a c h  e x p e r i m e n t  t h e  f i b r

d i a m e t e r  w a s  m e a s u r e d  i n  t h e  f o l lo w in g  w a y .  T h e  a x o n  w a s  l o w e r e d  i n t o  s e a  w a t e r  a n d  t r a n s 

f e r r e d  t o  a  h o l l o w - g r o u n d  s l i d e ;  i t  w a s  t h e n  e x a m i n e d  w i t h  a  m i c r o s c o p e  u s i n g  a  in .  o b j e c t i v e  

a n d  a n  e y e p i e c e  m i c r o m e t e r .  S o m e  v a r i a t i o n  i n  d i a m e t e r  w a s  a l w a y s  e n c o u n t e r e d ,  b u t  t h i s  

r a r e l y  e x c e e d e d  5 % .

R e s u l t s

P re lim in a r y  exper im en ts  

Local response a n d  p a ss iv e  sp read  o f  po ten tia l

I n  a t te m p t in g  to  m e a s u re  th e  m e m b ra n e  re s is ta n c e  i t  is im p o r ta n t  to  e n su re  t h a t  

m e a s u re m e n ts  a re  m a d e  in  th e  lin e a r  p a r t  o f  th e  n e rv e  c h a ra c te r is t ic ,  a n d  t h a t  th e  

re s u lts  a re  n o t  c o m p lic a te d  b y  th e  n o n - lin e a r  p h e n o m e n a  o f  loc a l re sp o n se  a n d  

re c tif ic a tio n . F ro m  th is  p o in t  o f  v ie w  c u r re n ts  w h ic h  a re  m u c h  w e a k e r  th a n  

th re s h o ld  sh o u ld  b e  e m p lo y e d . O n  th e  o th e r  h a n d , as  th e  c u r r e n t  is re d u c e d  th e  

a m p lif ic a tio n  m u s t  b e  in c re a se d  a n d  e rro rs  fro m  o th e r  so u rc es  in c re a se . T h is  f a c t  

w ill b e  a p p re c ia te d  b y  a n y o n e  w ho  h a s  w o rk e d  w ith  a  s ing le-fib re  p r e p a ra t io n  a n d  

a  h ig h -g a in  d .c . a m p lif ie r. I t  is su ffic ien t to  m e n tio n  th e  d ifficu lties  w h ic h  a rise  

fro m  s t r a y  in te rfe re n c e , sh oc k  a r t i f a c t  a n d  th e  i r re g u la r  d r if ts  in  v o lta g e  w h ic h  

o c cu r in  th e  a m p lif ie r  a n d  in  th e  n e rv e  a n d  e le c tro d e  sy s te m . P r e l im in a r y  te s t s  

in d ic a te d  t h a t  a  re a so n a b le  c om p ro m ise  w o u ld  be  to  u se  c u r re n ts  w ith  a  s t r e n g th  

o f  0 -4 -0-5  th re s h o ld . A n  a b so lu te  v a lu e  fo r th e  re s u lt in g  c u r re n t  d e n s i ty  th ro u g h  

th e  m e m b ra n e  c a n n o t  be  g iv en , s ince  i t  v a r ie d  w ith  th e  e x c i ta b i l i ty  a n d  m e m 

b ra n e  re s is ta n c e  o f  in d iv id u a l a x o n s . B u t  a  ro u g h  e s t im a te  is t h a t  th e  c u r r e n t  

d e n s i ty  u n d e r  th e  e le c tro d e  w as o f  th e  o rd e r  o f  A  c m .-2 . T h e  to t a l  c u r re n t  th ro u g h  

th e  a x o n  w as  ro u g h ly  0-1 p A .The a b se n c e  o f  a n y  s ig n if ic a n t re sp o n se  in

be low  h a lf - th re s h o ld  is i l lu s t r a te d  b y  a n  e x p e r im e n t  w ith  a  C arc inu s  fib re  (figure 5). 

H e re  th e  b e h a v io u r  o f  th e  a x o n  is sh o w n  fo r d iffe re n t s tr e n g th s  o f  a p p lie d  c u r re n t .  

A no d ic  o r  w e a k  c a th o d ic  c u r re n ts  a p p e a r  to  a ffe c t o n ly  th e  p a ss iv e  c h a rg in g  p ro c e s s ;

E le c tr ica l c o n s ta n ts  o f  a  c ru sta c ea n  n erve  f ib re
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4 6 0

fo r  a ll th e  c u rv e s  h a v e  th e  sam e  s h a p e  a n d  th e i r  a m p li tu d e  is ro u g h ly  p ro p o r tio n a l 

to  th e  a p p lie d  c u r re n t .  A n d  th e  s h a p e  o f  th e  c u rv e s  is o f  a  ty p e  w h ic h  is to  be  

e x p e c te d  fro m  a  p ro c e ss  in v o lv in g  p a ss iv e  c h a rg e  a n d  d isc h a rg e  o f  th e  m e m b ra n e  

c a p a c i ty . T h e  p ic tu re  c h a n g e d  c o m p le te ly  w h e n  th e  a p p lie d  c u r r e n t  a p p ro a c h e d  

th re s h o ld . A t  0-9 th re s h o ld  th e  c a th o d ic  p o te n t ia l  sho w ed  a  fa s t  c reep , a n d  a t  1-0 

th e  c u rv e s  tu r n e d  u p w a rd s  as  i f  to  g iv e  r is e  to  a  p ro p a g a te d  im p u ls e . B u t  a  t ru e

A . L . H o d g k in  a n d  W . A . H . R u s h to n

0 - 8 9  (cl

0 - 4 4  (d)

0 - 2 2  (e)

O i l  I P )

- 0 1 1 ( g )

- 0 - 2  2(h),

- Q  4 4  (j)

- l O O ( k )

2 5  m s e c

F i g u r e  5. R e s p o n s e  o f  G a r c in u s  a x o n  t o  r e c t a n g u l a r  w a v e s  o f  c u r r e n t  o f  d i f f e r e n t  i n t e n s i t y ;  

r e c o r d e d  a t  a  p o l a r i z i n g  e l e c t r o d e  o f  w i d t h  a b o u t  2 0 0 [ i.  T h e  n u m b e r s  o n  e a c h  r e c o r d  g i v e  t h e  

s t r e n g t h  o f  c u r r e n t  r e l a t i v e  t o  t h r e s h o l d .  D e p o l a r i z a t i o n  o f  t h e  n e r v e  is  s h o w n  a s  p o s i t i v e .

a c t io n  p o te n t ia l  d id  n o t  r e s u l t  in  e v e ry  case . O w ing  to  th e  s p o n ta n e o u s  p la y  in  

e x c i ta b i l i ty ,  a  s t im u lu s  does n o t  in v a r ia b ly  ev o k e  a n  im p u lse  u n t i l  i t s  s t r e n g th  is 

s l ig h t ly  g r e a te r  th a n  th re s h o ld . I n  fa c t , a  th r e s h o ld  sh o c k  is n o rm a lly  d e fin ed  as 

o ne  w h ic h  p ro d u c e s  im p u lse s  o n  50 %  o f  o cca sio ns . R e c o rd  b show s w h a t  h a p p e n s  

w h e n  a  th re s h o ld  sh o ck  fa ile d  to  ev o k e  a n  im p u ls e . T h e  p o te n t ia l  tu r n e d  u p w a rd s  

a s  i f  to  g iv e  ris e  to  a  sp ik e , b u t  i t  fa ile d  to  re a c h  a  c r i t ic a l  le v e l a n d  d ie d  o u t  as  a  

lo c a liz e d  w a v e . In f le c te d  lo ca l re sp o n se s  o f  th is  k in d  o n ly  o c c u r re d  w h e n  th e  

c u r r e n t  w as  n e a r ly  th re s h o ld  b u t  th e i r  o n s e t w as  c o m p le te ly  g ra d u a l.  T h u s  a ll 

t r a n s i t io n s  b e tw e e n  re c o rd s  b a n d  c co u ld  be  o b ta in e d  b y  c a re fu l a d ju s tm e n t  o f 

th e  s t r e n g th  o f  c u r re n t .
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T h e  s tr ik in g  fo rm  o f  loc a l re sp o n se  i l lu s t r a te d  b y  th is  e x p e r im e n t  w as  o b se rv e d  

on  a  la rg e  n u m b e r  o f  oc cas ion s a n d  w ill be  d e sc rib e d  in  g re a te r  d e ta i l  la te r .  F o r  

th e  m o m e n t o u r  c h ie f  c o n ce rn  is t h a t  i t  d id  n o t  o c c u r  w h e n  th e  c u r r e n t  w as less 

th a n  h a lf - th re s h o ld .

M e a s u r e m e n t  o f  t h e  c u r v e s  in  f ig u r e  5 i n d i c a t e d  t h a t  t h e r e  w e r e  s m a l l  d e v i a t i o n s  f r o m  

l i n e a r i t y  i n  t h e  r e g i o n  b e l o w  h a l f - t h r e s h o l d .  A t  p r e s e n t  t h e r e  is  n o  e v i d e n c e  t o  s h o w  w h e t h e r  

t h e s e  d e v i a t i o n s  w e r e  r e p r o d u c i b l e ,  a n d  t h e y  m a y  w e l l  h a v e  b e e n  i n s t r u m e n t a l  i n  o r ig in .

Th e  effect o f  long p u ls e s  o f  current

T h e  o b s e rv a tio n s  o f  Cole & H o d g k in  (1939) o n  m e m b ra n e  re s is ta n c e  w e re  m a d e  

w ith  c u r re n ts  la s t in g  se v e ra l sec ond s, w h ile  th e  d u r a t io n  o f  th e  c u r re n ts  u se d  in  

th e  p re s e n t  w o rk  w as  o f  th e  o rd e r  o f  20 m sec . I t  is le g it im a te  to  a sk  w h e th e r  th e  

tw o  m e th o d s  o f  m e a s u re m e n t  g ive  c o m p a ra b le  re s u lts . O ne  o r tw o  e x p e r im e n ts  

w ith  long  pu ls e s  w e re  m a d e  in  o rd e r  to  a n sw e r th is  q u e s tio n . T h e  p o in t  a t  is su e  is 

w h e th e r  th e  s te a d y  p o te n t ia l  w h ic h  is e s ta b lis h e d  in  a  few  m illiseco n d s  is r e a lly  

c o n s ta n t ,  o r  w h e th e r  th e re  m a y  n o t  be  a  c re ep  o f  p o te n t ia l  w h ic h  is to o  slow  to  

re g is te r  on  th e  t im e  sca le  u sed . R e c o rd s  sh o w in g  th e  e ffe c t o f  p u ls e s  la s t in g  

300 m sec , w e re  th e re fo re  m a d e  o n  a  s low  tim e  b ase . T h e  r e s u l t  w as  u n e q u iv o c a l, 

s ince  th e  p o te n t ia l  a t t a in e d  i ts  m a x im u m  in  a  few  m illiseco n d s  a n d  th e n  re m a in e d  

c o n s ta n t  fo r  th e  d u r a t io n  o f  th e  p u lse .

E xp e r im en ts  w ith  dead nerve fib res

M e a su re m e n ts  o f  th e  e x tr a p o la r  p o te n t ia l  a re  lia b le  to  be  c o m p lic a te d  b y  e rro rs  

a n d  a r t i f a c ts  o f  v a r io u s  k in d s  (cf. B o g u e  & R o se n b e rg  1934). A  n u m b e r  o f  c o n tro l  

e x p e r im e n ts  w e re  th e re fo re  m a d e  in  o rd e r  to  e n su re  t h a t  th e  p o te n t ia l  re c o rd e d  in  

th e  e x tr a p o la r  re g io n  w as  e n t ir e ly  d u e  to  a c c u m u la t io n  o f  c h a rg e  a t  th e  n e rv e  

m e m b ra n e . I n  g e n e ra l, w e fo u n d  t h a t  th e  s p re a d  o f  p o te n t ia l  in  th e  e x tr a p o la r  

re g io n  w as  re d u c e d  p ro g re s s iv e ly  as  th e  fib re  lo s t i t s  p h y s io lo g ic a l a c t iv i ty ,  a n d  

t h a t  i t  f in a lly  fe ll to  a  low  v a lu e  w he n  th e  fib re  b e c a m e  in e x c ita b le . A  v e ry  s tr ik in g  

d e m o n s t r a t io n  o f  th is  g e n e ra l ty p e  o f  b e h a v io u r  c a n  b e  o b ta in e d  b y  a llo w in g  th e  

a x o n  to  com e in to  c o n ta c t  w ith  a  s o lu tio n  o f  ch lo ro fo rm . F ig u re  6 i l lu s t r a te s  a n  

e x p e r im e n t  o f  th is  k in d . R e c o rd s  b -g  sh ow  th e  s p re a d  o f  p o te n t ia l  in  th e  e x tr a -  

p o la r  re g io n  o f  a  n o rm a l a x o n , a n d  d e m o n s tra te  th e  p a ss iv e  a c c u m u la tio n  o f  c h a rg e  

a t  th e  s u rfa c e  m e m b ra n e . T h e  fib re  w as  th e n  d ip p e d  in to  sea  w a te r  w h ic h  h a d  b e en  

s h a k e n  w ith  c h lo ro fo rm . I t  w as  le f t  in  th is  s o lu tio n  fo r 1 o r 2 m in . a n d  ra is e d  in to  

oil. T h e  r e s u l t  w as  e x tre m e ly  s t r ik in g ;  fo r  th e  p o te n t ia l  ch an g e  a t  th e  c a th o d e  w as 

re d u c e d  to  o n e - tw e n tie th  o f  i ts  fo rm e r  v a lu e  a n d  w as  a b o lish e d  a t  a ll o th e r  p o in ts . 

R e c o rd s  a  a n d  A  a re  a n  in d e x  o f  th e  c u r r e n t  th ro u g h  th e  a x o n , w h ic h  w as  u n c h a n g e d  

b y  th e  c h lo ro fo rm  t r e a tm e n t .  T h is  e x p e r im e n t  i l lu s tra te s  th e  d e lic a te  n a tu r e  o f  

th e  su rfa c e  m e m b ra n e  a n d  p ro v id e s  a  c o n v in c in g  d e m o n s tra t io n  o f  th e  v i r tu a l  

a b se n c e  o f  a r t i f a c ts .  T h e  sm a ll p o te n t ia l  w h ic h  is re c o rd e d  a t  th e  c a th o d e  in  B  

m a y  be a t t r ib u te d  e ith e r  to  a  re s id u a l m e m b ra n e  re s is ta n c e  o r to  th e  fin ite  th ic k n e ss  

o f  th e  n e rv e  fib re . C lose e x a m in a tio n  o f  th e  o rig in a l re c o rd s  re v e a le d  a  r a p id  sp ik e  

w h ic h  o c c u rre d  a t  th e  b e g in n in g  a n d  e n d  o f  th e  s q u a re  w av e , b u t  w as to o  f a in t  fo r

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta c ean  n erve  f ib r e  461
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4 6 2 A . L . H o d g k in  a n d  W . A . H . R u s h to n

re p ro d u c t io n . T h is  p e rs is te d  a f te r  ch lo ro fo rm  t r e a tm e n t  a n d  m u s t  be  re g a rd e d  as 

a n  a r t i f a c t  c a u se d  b y  c a p a c i ta t iv e  c o u p lin g  b e tw e e n  th e  p o la r iz in g  a n d  re c o rd in g  

le a d s . T h e  sp ik e  w as  ig n o re d  in  a n a ly s in g  th e  re c o rd s , b u t  s e rv e d  a  u sefu l p u rp o se  

in  de fin in g  p re c ise ly  th e  b e g in n in g  a n d  e n d  o f  th e  a p p l ie d  c u r re n t .

n o r m a l  a x o n  a x o n  t r e a t e d  w i t h  C H C 13 s o l u t i o n

(0 -0  m m .)

( 0 5  m m .)

( 1 -0  m m .)

(1 -5  m m .)

(2 -0  m m .)

(2 -5  m m .)

1.0 2.0 3.0 40msec4 0  m s e c

A

B

(0 -0  m m .)

C

(0 -5  m m .)

D

( 1-0 m m .)

E

(1 -5  m m .)

F

(2 -0  m m .)  

G

(2 -5  m m .)  

H

F i g u r e  6. E f f e c t  o f  c h l o r o f o r m  s o l u t i o n  o n  s p r e a d  o f  m e m b r a n e  p o t e n t i a l  i n  H o m a r u s  a x o n .  

a ,  A ,  c u r r e n t  t h r o u g h  n o r m a l  a n d  c h l o r o f o r m  t r e a t e d  a x o n ,  m e a s u r e d  a s  v o l t a g e  a c r o s s  

6 1 ,7 0 0 .Q  r e s i s t a n c e  i n  s e r i e s  w i t h  a x o n ;  b-g, po t e n t i a l  r e c o r

a x o n ;  t h e  d i s t a n c e  f r o m  t h e  c a t h o d e  is  s h o w n  b y  t h e  f i g u r e s  i n  b r a c k e t s ;  B - G ,  p o t e n t i a l s  

r e c o r d e d  i n  t h e  s a m e  w a y  a f t e r  a p p l i c a t i o n  o f  c h l o r o f o r m  s o l u t i o n ;  h ,  H ,  5 0 0  c y c . / s e c .  t i m e  

c a l i b r a t i o n .  T h e  v e r t i c a l  a r r o w s  i n d i c a t e  t h e  b e g i n n i n g  a n d  e n d  o f  t h e  s q u a r e  w a v e  o f  c u r r e n t  

a n d  w e r e  m a r k e d  f r o m  a  c a p a c i t a t i v e  a r t i f a c t  w h i c h  a p p e a r e d  o n  t h e  o r i g i n a l  r e c o r d s .  R e c o r d s  

a  t o  c h a v e  b e e n  r e t o u c h e d .  T h e  a m p l i f i c a t i o n  w a s  t h e  s a m e  i n  a l l  r e c o r d s  a n d  t h e  a m p l i t u d e  

o f  t h e  w a v e  i n  b w a s  a p p r o x i m a t e l y  T o  m V .  R e c o r d s  t a k e n  f r o m  e x p e r i m e n t  13 .

T h e  m easu rem en t o f  A

E q u a t io n  (6-2) sh ow s  t h a t  th e re  s h o u ld  be  a n  e x p o n e n tia l  r e la t io n  b e tw e e n  th e  

s te a d y  p o te n t ia l  in  th e  e x t r a p o la r  re g io n  a n d  th e  d is ta n c e  fro m  th e  c a th o d e . 

H e n c e  a  s t r a ig h t  lin e  w ith  s lop e  (log10 e)/A sh o u ld  re s u l t  w h e n  th e  log 10 o f  th e
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46 3

p o te n tia l  is p lo t te d  a g a in s t  d is ta n c e . T h is  m e th o d  w as u se d  in  a ll th e  e x p e r im e n ts  

a n d  is i l lu s t r a te d  b y  figu re  7. I n  d ra w in g  a  s t r a ig h t  line  th ro u g h  th e  e x p e r im e n ta l  

p o in ts , m o re  w e ig h t w as  p la c e d  o n  o b s e rv a tio n s  n e a r  th e  c a th o d e , s ince  th e  

p e rc e n ta g e  e r ro r  in c re a se d  as  th e  re c o rd e d  v o lta g e  d e c re a se d . F ig u re  8 p ro v e s  t h a t  

th is  p ro c e d u re  g a v e  s a t is fa c to ry  re s u lts . H e re  th e  re s u l ts  o f  a ll th e  e x p e r im e n ts  

a re  p lo t te d  on  a  l in e a r  s c a le : th e  o rd in a te  g iv in g  th e  p o te n t ia l  a s  a  f r a c t io n  o f  th e  

p o te n t ia l  a t  th e  c a th o d e  a n d  th e  a b sc is sa  g iv in g  d is ta n c e  as  a  f r a c t io n  o f  th e  

sp ac e  c o n s ta n t .  I f  e q u a t io n  (6-2) w e re  o b e y e d  p e r fe c t ly  a ll th e  p o in ts  sh o u ld  fa ll 

o n  a n  e x p o n e n tia l  c u rv e  w h ic h  is d ra w n  as  a  so lid  lin e . I n  p ra c tic e  th e re  a re  

d e v ia tio n s , b u t  in  no  case  a re  th e y  a t  a ll se r iou s. H e n c e  th is  s e t  o f  o b s e rv a tio n s  

d e m o n s tra te s  th e  v a l id i ty  o f  th e  th e o ry  a n d  o f  th e  m e th o d  o f  m e a s u re m e n t  

e m p lo y e d .

T a b le  2 sh ow s  t h a t  th e  a v e ra g e  v a lu e  fo r  A w as  1-6 m m ., b u t  t h a t  i ts  m a g n itu d e  

v a r ie d  c o n s id e ra b ly  in  in d iv id u a l  e x p e r im e n ts . A s w ill a p p e a r  l a te r  th e  v a r ia t io n s  

a re  p r im a r i ly  d u e  to  d iffe re n ces  in  th e  m e m b ra n e  re s is ta n c e , a n d  th e  s c a t te r  in  

th e  re s u lts  re fle c ts  th e  v a r ia b le  n a tu r e  o f  th is  q u a n t i ty .

T a b l e  2. E l e c t r i c a l  c o n s t a n t s  i n  t e n  a x o n s  f r o m  v u l g a r i s

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  nerve  fib re

e x p e r i  d i a 

m e n t a x o n m e t e r A y m rJ ri d?2 R i Cm
n u m b e r  n u m b e r y m m . Q  x  1 0 3 M !2 c m . -1 m s e c . Q  c m . Q  c m .2 jiF  c m . -2

i i 6 5 1 -80 78 0 -7 2 1-6 0 -8 2 4 3 -6 1 9 1 0 0 -8 3

2 2 8 0 1-07 4 9 0 -8 0 1-8 0 -8 7 7 5 -2 9 2 7 1 -9 4

3 3 6 2 1-9 0 77 0 -9 8 2 -4 1-21 6 5 -4 2 7 8 4 0 -8 7

4 4 76 1-40 8 0 0 -8 8 5 -4 0 -7 6 7 0 -6 1 6 5 5 3 -2 4

5 5 76 1-8 2 1 3 4 0 -8 6 3-7 0 -5 9 6 3 -0 2 9 5 5 1 -2 5

' 6 6 73 2 -9 5 103 0 -9 0 4 -0 1-3 8 3 -6 7 3 3 0 0 -5 5

f ? 6 7 3 2 -6 2 1 1 4 0 -7 3 3 -3 0 -8 4 5 5 -9 4 5 9 0 0 -7 1

Li § 6 7 3 1-9 5 5 5 0 -7 6 1-3 1 -35 7 4 -6 2 7 2 0 0 -4 6

9 7 87 1-31 5 4 0 -5 9 0 -7 6 0 -7 2 6 1 -2 1 1 5 0 0 -6 6

n o 8 78 1-2 9 137 0 -7 4 1-9 0 -3 5 4 8 -1 1 5 9 0 1-2 3

i n 8 78 0-8 1 1 12 0-71 0 -9 1 0 -2 6 4 3 -2 7 0 6 1-2 9

12 9 7 3 0 -9 2 4 0 0 -7 2 0 -8 9 0 -8 4 5 5 -6 5 6 4 1 -5 8

13 10 8 0 1 -1 5 5 5 0 -6 6 2 -5 0 -6 9 5 6 '6 9 0 5 2 -7 3

a v e r a g e  v a l u e 7 5 1 -61 81 0 -8 3 2 -3 0 -8 1 6 0 -5 2 2 9 0 1 -3 3

S q u a r e  b r a c k e t s  i n d i c a t e  t h a t  s u c c e s s iv e  m e a s u r e m e n t s  w e r e  m a d e  o n  t h e  s a m e  n e r v e  f i b r e ;  c u r v e d  

b r a c k e t s  t h a t  t h e y  w e r e  m a d e  o n  t h e  s a m e  s t r e t c h  o f  t h e  s a m e  f ib r e .  T e m p e r a t u r e :  1 5 - 2 0 °  C . S t r e n g t h  

o f  c u r r e n t :  0 - 4 - 0 - 5  t h r e s h o l d .  T h e  v a l u e s  g i v e n  f o r  Tm a r e  t h e  m e a n  o f  f o u r  m e a s u r e m e n t s .

T h e  m ea su rem en t o f  y

T h e  c o n s ta n t  y  h a s  th e  d im e n s io n s  o f  a  re s is ta n c e  a n d  is g iv e n  b y  th e  r a t io  o f  

th e  s te a d y  v o lta g e  a t  th e  c a th o d e  to  th e  a p p lie d  c u r r e n t  (see e q u a tio n  (6 T )) . T h e  

m e th o d  o f  m e a s u re m e n t is c la rified  b y  re fe rr in g  to  figu re  6. H e re  b g ive s th e  

v o lta g e  a t  th e  c a th o d e  a n d  a  th e  v o lta g e  acro ss  61,70012. H e n c e  61 ,700 x 

w h e re  b /a  is th e  ra t io  o f  th e  o b se rv e d  v o lta g e s . I n  th is  case  y  w as 55 ,400 i2 , w h ic h  

w as r a th e r  sm a lle r  t h a n  t h a t  u su a lly  o b ta in e d  (see ta b le  2).
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4 6 4 A . L . H o d g k in  a n d  W . A . H . R u s h to n

F i g u r e  7 . E q u i l i b r i u m  d i s t r i b u t i o n  o f  e x t r a p o l a r  p o t e n t i a l .  O r d i n a t e :  lo g 10 p o t e n t i a l .  

A b s c i s s a :  d i s t a n c e  o f  r e c o r d i n g  e l e c t r o d e  f r o m  c a t h o d e  i n  m m .  T h e  d i s t a n c e  i s  s h o w n  a s  

n e g a t i v e  i n  o r d e r  t o  c o n f o r m  t o  t h e  c o n v e n t i o n  u s e d  i n  t h e  t h e o r e t i c a l  s e c t i o n .

su. O

F i g u r e  8. E q u i l i b r i u m  d i s t r i b u t i o n  o f  e x t r a p o l a r  p o t e n t i a l  i n  t h i r t e e n  e x p e r i m e n t s .  O r d i n a t e : 

p o t e n t i a l  a s  a  f r a c t i o n  o f  t h e  p o t e n t i a l  a t  t h e  c a t h o d e .  A b s c i s s a : d i s t a n c e  a s  a  f r a c t i o n  o f  t h e  

m e a s u r e d  s p a c e  c o n s t a n t  A. T h e  s o l i d  l i n e  is  d r a w n  a c c o r d i n g  t o  e q u a t i o n  (6 -2 ).
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The  m easu rem en t o f  m

m  h a s  b e e n  d e fine d  as  th e  p a ra l le l  re s is ta n c e  o f  co re  a n d  e x te r n a l  flu id . I t  w as  

d e te rm in e d  b y  m e a su r in g  th e  v o lta g e  g ra d ie n t  m id w a y  b e tw e e n  tw o  d i s ta n t  

e le c tro d e s  a n d  d iv id in g  th e  g ra d ie n t  b y  th e  c u r r e n t  th ro u g h  th e  n e rv e . T y p ic a l 

re c o rd s  fo r d e te rm in in g  m  a re  g iv e n  in  figu re  9. A c co rd in g  to  th e o r y  a ll th e se  

re c o rd s  s h o u ld  be  p e r fe c t ly  r e c ta n g u la r ,  s ince  th e  m e m b ra n e  im p e d a n c e  is n o t  

in v o lv e d  in  th e  m id - in te rp o la r  re g io n . T h e  re c o rd s  a c tu a l ly  show  a  s lig h t c reep , 

w h ic h  c a n  be  e x p la in e d  in  v a r io u s  w ays . I t  m ig h t  h a v e  b e e n  d u e  to  som e c a p a c ita -  

t iv e  p r o p e r ty  o f  th e  a x o p la s m  o r to  ir r e g u la r i t ie s  in  th e  d ia m e te r  o f  th e  a x is  

c y lin d e r ;  o r  i t  co u ld  b e  a t t r ib u te d  to  th e  f a c t  t h a t  th e  e le c tro d e s  w e re  n o t  r e a lly  

a n  in f in ite  d is ta n c e  a p a r t  a s  a s su m e d  in  th e  th e o ry . W h a te v e r  i ts  e x p la n a t io n , th e  

e ffe c t is n o t  o f  p re s e n t  im p o r ta n c e , s ince  i t  m a k e s  l i t t l e  d iffe ren ce  w h e th e r  th e  

m a x im u m  o r th e  s u d d e n  rise  is u sed  fo r a n a ly s is . O n  th e  w ho le  i t  se e m e d  b e s t  to  

m e a su re  th e  s u d d e n  rise , s ince  a n y  e ffec ts  in tro d u c e d  b y  th e  m e m b ra n e  w e re  

a v o id e d  b y  th is  p ro c e d u re . T h e  d e fle x io n  o b se rv e d  a t  a n y  p o in t  co u ld  be  e x p re sse d  

as  a  re s is ta n c e  b y  c o m p a r in g  i t  w ith  th e  e ffe c t p ro d u c e d  b y  th e  m o n ito r in g  r e s is t 

anc e . I t  w as  th e re fo re  p o ssib le  to  p lo t  re s is ta n c e  a g a in s t  e le c tro d e  s e p a ra t io n  as  

h a s  b e e n  d o n e  in  figu re  10, w h ic h  i l lu s tra te s  th re e  ty p ic a l  e x p e r im e n ts . T h e  

o b se rv e d  p o in ts  fa ll  v e ry  close to  s t r a ig h t  lines as  th e y  s h o u ld  a c c o rd in g  to  th e o ry .  

A  d ire c t  m e a s u re m e n t  o f  m  is g iv e n  b y  th e  s lope  o f  th e  b e s t  s t r a ig h t  lin e  th ro u g h  

th e  e x p e r im e n ta l  p o in ts .  T h e  ra n d o m  n a tu r e  o f  th e  e r ro rs  in v o lv e d  se e m e d  to  

ju s t i fy  a  s ta t i s t ic a l  t r e a tm e n t  a n d  m  w as  th e re fo re  d e te rm in e d  b y  th e  s ta n d a r d  

‘le a s t  s q u a r e ’ fo rm u la .

Th e  m easu rem en t o f  r m

T h e  s p a t ia l  a n d  te m p o ra l  d is t r ib u t io n  o f  th e  e x tr a p o la r  p o te n t ia l  a re  d e te r 

m in e d  b y  th e  tw o  c o n s ta n ts  A a n d  rm. A h a s  a lre a d y  b e e n  o b ta in e d  so t h a t  r m c an  

be  d e te rm in e d  b y  c o m p a r in g  e x p e r im e n ta l  a n d  th e o re t ic a l  c u rv e s. B u t  f irs t  i t  

m u s t  b e  e s ta b lis h e d  t h a t  th e  e x p e r im e n ta l  re c o rd s  ag re e  w ith  th e  r a th e r  c o m 

p lic a te d  e q u a tio n s  o f  c ab le  th e o ry . P ra c t ic e  a n d  th e o ry  a re  u s u a lly  r e la te d  b y  

c o m p a rin g  e x p e r im e n ta l  p o in ts  w ith  a  th e o re t ic a l  c u rv e . H e re  th e  s i tu a t io n  is 

m o re  c o m p lic a te d , s ince  th e  e x p e r im e n ta l  o b s e rv a tio n s  c o n s is t o f  a  fa m ily  o f  

c u rv e s  in s te a d  o f  a  s ing le  s e t o f  p o in ts . I n  o th e r  w o rd s  a  th re e -d im e n s io n a l s u rfa c e  

h a s  b e e n  fo u n d  a n d  m u s t  be  c o m p a re d  w ith  a  th e o re t ic a l  su rfa ce . T h is  im p o ses  a  

m u c h  m o re  d ra s t ic  t e s t  on  th e  th e o re t ic a l  e q u a tio n s , s ince  o n ly  on e  p a ra m e te r ,  t  

c an  be  v a r ie d  to  m a k e  a  n u m b e r  o f  c u rv e s  co in c id e . I n  su ch  a  case  i t  w o u ld  be  to o  

m u c h  to  h o p e  fo r  c o m p le te  a g re e m e n t a t  e v e ry  p o in t  o n  th e  n e rv e . N e v e r th e le s s , 

a g re e m e n t b e tw e e n  th e o r y  a n d  p ra c tic e  is re a s o n a b ly  goo d , as  m a y  b e  see n  fro m  

figu re  11. H e re  t ra c in g s  o f  th e  v o lta g e - tim e  re c o rd s  a t  d if fe re n t d is ta n c e s  a re  

c o m p a re d  w ith  th e  c o rre sp o n d in g  th e o re t ic a l  c u rv e s  fo r th o s e  d is ta n c e s . O n ly  a  

fin ite  n u m b e r  o f  th e o re t ic a l  c u rv e s  w as  c o m p u te d  a n d  i t  w as th e re fo re  im po ssib le  

to  u se  a  th e o re t ic a l  c u rv e  w h ich  c o rre sp o n d e d  e x a c t ly  w ith  th e  e x p e r im e n ta l  one . 

T h u s  C  is th e  e x p e r im e n ta l  c u rv e  fo r x /X  =  0-38 a n d  

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta c ean  n e rv e  f ib r e  46 5
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46 6 A . L . H o d g k in  a n d  W . A . H . R u s h to n
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F i g u r e  9. a ,  v o l t a g e  g r a d i e n t  i n  m i d - i n t e r p o l a r  r e g i o n .  R e c o r d s  o b t a i n e d  w i t h  a r r a n g e m e n t  

o f  f i g u r e  4 c  a n d  w i t h  m e a s u r i n g  e l e c t r o d e s  s e p a r a t e d  b y  d i s t a n c e s  o f  0 - 2 * 0  m m .  b, v o l t a g e  

a c r o s s  6 1 ,7 0 0 1 ?  u s i n g  t h e  s a m e  s t r e n g t h  o f  c u r r e n t  a s  t h a t  i n  a .  E l e c t r o d e  a r r a n g e m e n t  a s  

i n  f i g u r e  4  d .

F i g u r e  10 . R e s i s t a n c e  l e n g t h  r e l a t i o n  i n  t h e  m i d - i n t e r p o l a r  r e g i o n .  O r d i n a t e :  r e s i s t a n c e ,  

m e a s u r e d  f r o m  r e c o r d s  o f  t h e  t y p e  s h o w n  i n  f i g u r e  9 . A b s c i s s a :  d i s t a n c e  b e t w e e n  r e c o r d i n g  

l e a d s .  T h e  n u m b e r s  o n  t h e  s t r a i g h t  l i n e s  r e f e r  t o  t h e  e x p e r i m e n t s  i n  t a b l e  2 . T h e  c u r r e n t  w a s  

l e d  i n t o  t h e  n e r v e  t h r o u g h  e l e c t r o d e s  a b o u t  16  m m .  a p a r t .
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467

x /A  =  0*4. B u t  th e  sm all d iffe ren ces  in tro d u c e d  b y  th is  m e th o d  o f  p lo t t in g  do  n o t  

m a te r ia l ly  a l te r  th e  g e n e ra l p ic tu re  o f  close a g re e m e n t b e tw e e n  th e o ry  a n d  p r a c 

tice . N o r  do  th e y  o b scu re  th e  fa c t  t h a t  th e re  a re  c e r ta in  re a l d iffe renc es b e tw e e n  

th e  tw o  se ts  o f  c u rv e s. T h u s  th e  re c o rd  a t  th e  c a th o d e  rises  m o re  s low ly  th a n  th e  

c o rre sp o n d in g  th e o re t ic a l  cu rv e , w h ile  th e  d e sc e n d in g  c u rv e s  a g re e  c lo se ly  a t  th e  

c a th o d e  b u t  d iv e rg e  a t  la rg e r  d is ta n c e s .

E le c tr ic a l c o n sta n ts  o f  a  cru sta cea n  ne rve  f ib re

2 0  m s e c

F i g u r e  11 . E x p e r i m e n t a l  a n d  t h e o r e t i c a l  c u r v e s  s h o w i n g  r i s e  a n d  f a l l  o f  e x t r a p o l a r  p o t e n t i a l  

a t  d i f f e r e n t  d i s t a n c e s  f r o m  c a t h o d e .  E x p e r i m e n t  10  ( t a b l e  2 ) ;  A =  1*29 m m .  A b s c i s s a :  t i m e  in  

m s e c .  O r d i n a t e :  p o t e n t i a l  e x p r e s s e d  a s  a  f r a c t i o n  o f  t h e  e q u i l i b r i u m  p o t e n t i a l  a t  t h e  c a t h o d e .

a . T h e o r e t i c a l  c u r v e  w i t h  — x / A  =  0*0

b. E x p e r i m e n t a l  c u r v e  w i t h  —x / A  — 0 -0

c. E x p e r i m e n t a l  c u r v e  w i t h  — x / A  =  0*38

d .  T h e o r e t i c a l  c u r v e  w i t h  —x /A  =  0*4

e. T h e o r e t i c a l  c u r v e  w i t h  —x /A  =  0*8 

/ .  E x p e r i m e n t a l  c u r v e  w i t h  —x /A  =  0*76

g. E x p e r i m e n t a l  c u r v e  w i t h  —x /A  = 1 - 1 4

T h e o r e t i c a l  c u r v e  w i t h  —x /A  = 1*2

h.  T h e o r e t i c a l  c u r v e  w i t h  —x / A  =  T 5

i .  E x p e r i m e n t a l  c u r v e  w i t h  — x / A  =  1 -5 2

j .  E x p e r i m e n t a l  c u r v e  w i t h  —x / A  =  1*89

k .  T h e o r e t i c a l  c u r v e  w i t h  —x /A  =  2*0

l.  E x p e r i m e n t a l  c u r v e  w i t h  —x / A  =  2*27

m .  E x p e r i m e n t a l  c u r v e  w i t h  — x /A  =  2*65

T h e o r e t i c a l  c u r v e s  d r a w n  a c c o r d i n g  t o  e q u a t i o n s  ( 6 *0 ) a n d  (6*4) w i t h  r m t a k e n  a s  2 -1 0  m s e c .  

A r r a n g e m e n t  o f  e l e c t r o d e s  a s  i n  f i g u r e  4 a .  R e c t a n g u l a r  p u l s e  w i t h  s t r e n g t h  a b o u t  4 0  %  

t h r e s h o l d .  T h e  a b s c i s s a  is  n o t  q u i t e  l i n e a r  a n d  t h e  t h e o r e t i c a l  c u r v e s  h a v e  b e e n  p l o t t e d  

a c c o r d i n g  t o  t h e  a c t u a l  s c a l e  a n d  n o t  t o  a  h y p o t h e t i c a l  l i n e a r  s c a l e ; t i m e  c a l i b r a t i o n s  d e r i v e d  

f r o m  5 0 0  e y e . / s e c .  o s c i l l a t o r .  A  c o n t i n u o u s  l i n e  i n d i c a t e s  t h a t  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  

c u r v e s  c o i n c i d e .

T h e  g e n e ra l co in c ide n ce  b e tw e e n  th e o ry  a n d  e x p e r im e n t  i l lu s t r a te d  b y  figu re  11 

w as o n ly  o b ta in e d  b e ca u se  th e  th e o re t ic a l  c u rv e s  w ere  p lo t te d  w ith  th e  c o rre c t  

t im e  c o n s ta n t  w h ic h  in  th is  case h a p p e n e d  to  b e  2 T 0  m sec . T h is  v a lu e  w as  o b ta in e d  

b y  a  la b o r io u s  p ro cess  o f  t r i a l  a n d  e r ro r  w h ic h  w as  to o  c u m b erso m e  fo r u se  in  e v e ry  

e x p e r im e n t . I t  w as  th e re fo re  n e c e s sa ry  to  fin d  a  sw if te r  m e th o d  o f  c o m p u ta tio n . 

O ne p o s s ib il i ty  is to  m a k e  u se  o f  th e  e q u a tio n s  fo r to ta l  ch arg e . T h is  m e th o d  w as  

o f  l i t t le  g e n e ra l u se , b u t  w ill b e  d e sc rib e d  b rie fly  b e ca u se  i t  is o f  c o n s id e ra b le
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4 6 8

th e o r e t ic a l  in te r e s t .  E q u a t io n s  (5*2) a n d  (5*3) sh o w  t h a t  th e  to t a l  c h a rg e  ob ey s 

s im p le  e x p o n e n t ia l  la w s. I t  fo llow s im m e d ia te ly  t h a t  th e  t o t a l  e x tr a p o la r  c h arg e ,

f °
w h ic h  is p ro p o r t io n a l  to  V^dx, m u s t  a lso  o b e y  e x p o n

J  —00

q u a n t i ty  c a n  b e  o b ta in e d  b y  g ra p h ic a l  in te g r a t io n  o f  th e  p o te n t ia l  in  th e  e x tr a -  

p o la r  re g io n  a n d  m a y  th e n  b e  p lo t te d  a g a in s t  t im e . T h e  r e s u l t  o f  s u c h  a n  a n a ly s is  

is  g iv e n  in  fig u re  12. H e re  th e  th e o re t ic a l  c u rv e  fo r  th e  rise  o f  a  c h a rg e  is d ra w n  

w ith  a  t im e  c o n s ta n t  o f  2*02 m sec , a n d  fo r  th e  fa ll  w i th  a  t im e  c o n s ta n t  o f  1-65 

m sec . T h e  c h a rg in g  p ro c e ss  o b v io u s ly  a g re e s  c lo se ly  w i th  th e o ry ,  b u t  th e re  is a  

d e f in ite  d e v ia t io n  in  th e  p ro c e ss  o f  d is c h a rg e . F u r th e r ,  th e  t im e  c o n s ta n t  fo r  th e  

c h a rg in g  p ro c e ss  a g re e s  w i th  t h a t  fo u n d  p re v io u s ly  (2*10 m sec .), w h e re a s  th e  

d is c h a rg e  c o n s ta n t  is a p p re c ia b ly  sm a lle r . T h e  re a s o n  fo r  th e s e  d isc re p a n c ie s  is  

n o t  c le a r, b u t  t h e y  m a y  a r is e  f ro m  a n  a p p a r e n t ly  t r iv ia l  c irc u m s ta n c e . D u r in g  th e  

c h a rg in g  p ro c e ss  th e  p o te n t ia l  is r e la t iv e ly  la rg e  a n d  o ccu p ie s  a  sm a ll a re a , w h e re a s  

th e  c o n v e rse  s i tu a t io n  h o ld s  d u r in g  th e  p e r io d  o f  d is c h a rg e  (see fig u re s 2 a , b). 

T h is  m e a n s  t h a t  g ra p h ic a l  in te g r a t io n  is m u c h  less su sc e p tib le  to  c u m u la t iv e  e rro rs  

in  th e  fo rm e r  case  t h a n  i t  is  in  th e  l a t t e r .  T h e  d is c h a rg e  c u rv e  m a y  th e re fo re  b e  a  

less  re lia b le  in d e x  o f  th e  b e h a v io u r  o f  th e  n e rv e  th a n  th e  c o rre sp o n d in g  c h a rg in g  

c u rv e . W h a te v e r  th e  e x p la n a t io n ,  th is  m e th o d  w ill n o t  b e  p u rs u e d  f u r th e r ,  s ince  

i t  p ro v e d  to o  la b o r io u s  fo r  u se  in  m o re  t h a n  o n e  e x p e r im e n t .

A . L . H o d g k in  a n d  W . A . H . R u s h to n

F i g u r e  12. T im e course o f  to ta l m em bran e charge in  ex tra p olar region . A b scissa : tim e in

f °
m sec. O rdinate: I V 1d x  in  arbitrary  u n its . T he circles are exp erim en ta l p o in ts  co m pu ted  

J — 00
b y  graph ical in tegra tio n  o f  p hotograp h ic  records from  ex p erim en t 10. T he so lid  line is  a  p lo t  

o f  eq u ation s (5*2) an d  (5-3) w ith  r m =  2-02 and  T 65 m sec, for th e  rise and  fall, resp ectively .

A  s im p le  m e th o d  o f  m e a s u r in g  th e  m e m b ra n e  t im e  c o n s ta n t  is  to  ig n o re  a ll  

o b s e r v a t io n s  e x c e p t  th o s e  a t  th e  c a th o d e  a n d  f in d  th e  t im e  c o n s ta n t  b y  c o m p a r in g  

a  s in g le  th e o r e t ic a l  c u rv e  w i th  th e  c o r re c t  e q u a t io n  ((6-3) o r  (6-5)). T h is  c a n  b e
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d o n e  fo r b o th  c h a rg in g  a n d  d isc h a rg in g  p ro cesses  a n d  h a s  th e  a d v a n ta g e  o f  s im 

p lic ity . B u t  i t  su ffe rs  fro m  tw o  ser io us  d is a d v a n ta g e s . I n  th e  f ir s t  p la ce  i t  ig n o re s  

a  g re a t  d e a l o f  v a lu a b le  in fo rm a tio n , a n d  in  th e  sec o nd  i t  is lia b le  to  m a g n ify  th e  

e rro rs  w h ic h  a rise  fro m  th e  fin ite  w id th  o f  th e  e le c tro d e . T h e  g e n e ra l e ffe c t o f  

e le c tro d e  w id th  is to  le n g th e n  th e  a p p a r e n t  t im e  c o n s ta n t ; fo r  th e  e ffe c tiv e  c a th o d e  

o ccu rs  on  th e  in te rp o la r  s ide  o f  th e  e le c tro d e  a n d  th e  e ffe c tiv e  re c o rd in g  p o in t  on  

th e  e x tr a p o la r  s ide . W ith  a  c a th o d e  o f  w id th  A /10 th e  a p p a r e n t  t im e  c o n s ta n t  

sh o u ld  b e  10 %  la rg e r  th a n  th e  t r u e  t im e  c o n s ta n t .  B u t  n o  w o r th -w h i le  c o rre c tio n  

c a n  b e  m a d e , since  th e  e x a c t  c u r r e n t  d is t r ib u t io n  a t  th e  e le c tro d e  is u n k n o w n . 

T im e  c o n s ta n ts  m e a s u re d  b y  th is  m e th o d  sh o u ld  th e re fo re  b e  r e g a rd e d  as  o n ly  

a p p ro x im a te ly  c o rre c t .

A n o th e r  m e th o d  o f  m e a s u r in g  th e  t im e  c o n s ta n t  d e p e n d s  u p o n  a  re m a rk a b le  

p r o p e r ty  o f  e q u a tio n s  (6-0) a n d  (6-4). I f  th e  t im e  to  re a c h  h a lf -m a x im u m  is p lo t te d  

a g a in s t  d is ta n c e , a  c u rv e  is o b ta in e d  w h ic h  is v e ry  n e a r ly  a  s t r a ig h t  line  w ith  

a  s lope  o f  2A/Vm. A n  a l te r n a t iv e  s ta te m e n t  o f  th is  r e s u l t  is t h a t  th e  h a lf -v a lu e  

p o te n t ia l  p ro p a g a te s  a t  a  c o n s ta n t  v e lo c i ty  o f  2A /rm.* S ince  A is k n o w n , r m c a n  

be  o b ta in e d  b y  m e a s u r in g  th e  v e lo c i ty  o f  p ro p a g a tio n  fro m  th e  e x p e r im e n ta l  

re c o rd s .

S ev en  m e th o d s  o f  m e a s u r in g  rm fro m  th e  e x p e r im e n ta l  d a t a  h a v e  n o w  b e e n  

d e s c r ib e d :

(1) T r ia l  a n d  e r ro r  to  fin d  b e s t  o v e ra ll  f it  o f  e x p e r im e n ta l  c u rv e s .

(2) R a te  o f  rise  o f  to t a l  c h a rg e  in  e x tr a p o la r  reg io n .

(3) R a te  o f  fa ll  o f  t o t a l  c h a rg e  in  e x tr a p o la r  reg io n .

(4) R a te  o f  rise  o f  p o te n t ia l  a t  c a th o d e .

(5) R a te  o f  fa ll  o f  p o te n t ia l  a t  c a th o d e .

(6) P r o p a g a t io n  v e lo c i ty  o f  h a lf -v a lu e  p o te n t ia l  fo llow ing  m a k e  o f  c u r re n t .

(7) P r o p a g a t io n  v e lo c i ty  o f  h a lf -v a lu e  p o te n t ia l  fo llow ing  b re a k  o f  c u r re n t .

A ll sev e n  m e th o d s  w e re  a p p lie d  to  one  e x p e r im e n t , w ith  th e  fo llow ing  r e s u l t s :

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  n erve  fib re

m e t h o d

a p p a r e n t  t i m e  

c o n s t a n t  ( m s e c .) m e t h o d

a p p a r e n t  t i m e  

c o n s t a n t  ( m s e c .)

1 2 -1 0 5 2 -1 0

2 2 -0 2 6 1 -63

3 1 -65 7 1 -4 0

4 2 -6 7 a v e r a g e  1*93

T h e  la s t  fo u r  m e th o d s  w e re  a p p lie d  as  a  ro u tin e  p ro c e d u re  to  a ll  th e  e x p e r im e n ts , 

w ith  re s u l ts  w h ic h  a re  sh o w n  in  ta b le  3. T h e  a g re e m e n t b e tw e e n  d if fe re n t m e th o d s  

is o f te n  p o o r  a n d  th e  v a r ia t io n s  seem  to  be  e n t ire ly  ra n d o m  in  n a tu re .  B u t  th e re  

is l i t t le  d o u b t  as  to  th e  o rd e r  o f  m a g n itu d e  o f  th e  tim e  c o n s ta n t ,  a n d  i t  is th is  

t h a t  is o f  in te r e s t  a t  th e  m o m e n t.

* A  f o o t n o t e  i n  B o g u e  &  R o s e n b e r g ’s  ( 1 9 3 4 ) p a p e r  s u g g e s t s  t h a t  t h i s  r e l a t i o n  w a s  k n o w n  

t o  C r e m e r .
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4 7 04 7 0  A .  L . H o d g k in  a n d  W . A .  H . R u s h t o n

T a b l e  3 . V a l u e s  o f  m e m b r a n e  t i m e  c o n s t a n t  ( r m ) o b t a i n e d

BY FOUR DIFFERENT METHODS 

r m  in msec, determined by method
D VT\ m  n rr r  nv v •e x p e r i m e n t ) _________ v r  i n  m s p o .

number 4 5 6 7

■ m  — —— — •
average

1 1 - 9 7 1 - 7 1 1 - 2 8 1 - 4 0 1 - 6

2 1 - 2 8 1 - 4 9 2 - 4 8 1 - 9 6 1 - 8

3 3 - 0 9 2 - 3 4 2 - 4 9 1 - 8 0 2 - 4

4 3 - 8 5 6 - 2 2 6 - 0 0 5 - 4 0 5 - 4

5 4 - 5 1 3 - 9 1 3 - 3 3 3 - 0 6 3 - 7

6 2 - 9 0 2 - 6 7 5 - 6 4 4 - 8 6 4 - 0

7 3 - 4 6 3 1 1 3 - 2 8 3 - 1 8 3 - 3

8 0 - 8 1 0 - 8 4 1 - 8 1 1 - 5 9 1 - 3

9 0 - 7 3 0 - 9 1 0 - 7 8 0 - 6 3 0 - 7 6

1 0 2 - 6 7 2 1 0 1 - 6 3 1 - 4 0 1 - 9

1 1 1 - 2 4 1 - 2 2 0 - 6 5 0 - 5 4 0 - 9 1

1 2 T 1 7 1 - 3 6 0 - 5 6 0 - 4 9 0 - 8 9

1 3 2 - 4 3 3 - 5 0 1 - 8 2 2 - 1 2 2 - 5

average 2 - 3 1 2 - 4 0 2 - 4 4 2 - 1 9 2 - 3 4

T h e  rela tive  m agn itu d e  o f  in te rn a l a n d  externa l res is tances

T h e  r a t io  o f  th e  in te r n a l  to  e x te r n a l  re s is ta n c e  p e r  u n i t  le n g th  {rfr-f)  is im 

p o r ta n t ,  b e c a u se  i t  a llow s u s  to  e s t im a te  th e  a b s o lu te  m a g n itu d e  o f  p o te n t ia l  

c h a n g e s  a t  th e  n e rv e  m e m b ra n e . E q u a t io n  (T 4 ) w as  d e r iv e d  w ith o u t  re fe re n c e  to  

th e  p ro p e r t ie s  o f  th e  su rfa c e  m e m b ra n e , a n d  i t  m a y  th e re fo re  b e  a p p lie d  to  a n y  

re g io n  o f  n e rv e  w h ic h  d oes n o t  fo rm  p a r t  o f  a n  e x te r n a l  c irc u it . I n  g e n e ra l

(p o te n t ia l  c h a n g e  a t  m e m b ra n e )

=  (p o te n t ia l  c h a n g e  re c o rd e d  e x te rn a l ly )  x  (1 +  r 2

r 2/ri w as  o b ta in e d  f ro m  th e  e x p e r im e n ta l  r e s u l ts  b y  e q u a t io n  (8-3) a n d  c a lc u la te d  

v a lu e s  a re  g iv e n  in  ta b le  2. A c tio n  p o te n t ia ls  w e re  m e a s u re d  in  five o f  th e se  

e x p e r im e n ts , a n d  th e  a b s o lu te  m a g n itu d e  o f  th e  e le c tr ic a l c h a n g e  a t  th e  s u rfa c e  

m e m b ra n e  co u ld  th e re fo re  b e  e s t im a te d .  T h e  a v e ra g e  v a lu e  fo r  th e  m e m b ra n e  

a c t io n  p o te n t ia l  w as  fo u n d  to  b e  110 m V  a n d  th e  e x tre m e s  135 a n d  87 m V . T h is  

r e s u l t  is in  g o o d  a g re e m e n t w i th  th e  d i r e c t  m e a s u re m e n ts  w h ic h  h a v e  b e e n  m a d e  

w ith  a  m ic ro -e le c tro d e  in  s q u id  a x o n s  (C u rtis  & C ole 1942; H o d g k in  & H u x le y  

r 939)-

T h e  m e a s u r e m e n t  o f  r j r l  w a s  s u b j e c t  t o  a  s m a l l  s y s t e m a t i c  e r r o r .  I n  t h e  t h e o r y  i t  w a s  

a s s u m e d  t h a t  t h e  e l e c t r o d e  w a s  i n f i n i t e s i m a l  i n  w i d t h ,  w h e r e a s  i t  a c t u a l l y  h a d  a n  e f f e c t i v e  

w i d t h  o f  1 0 0 —1 5 0 / t .  T h e  m e a s u r e d  v a l u e  f o r  r 2 :r t w o u l d  t h e r e f o r e  e x c e e d  t h e  t r u e  v a l u e  b y  a n  

a m o u n t  w h i c h  w e  e s t i m a t e  r o u g h l y  a t  10  % .

T h e  a xo p la sm  re s is tiv ity  ( R 2)

T h e  r e s is t iv i ty  o f  th e  a x o p la s m  c a n  b e  c o m p u te d  b y  e q u a tio n  (8-0):

R 2 =  7ra2m ( l+ m \ / 2 y ) .

I t  w o u ld  b e  u n w is e  to  e x p e c t  g re a t  a c c u ra c y  o r  c o n s is te n c y  in  th e  c a lc u la te d  v a lu e  

o f  R 2, s ince  fo u r  s e p a ra te  m e a s u re m e n ts  e n te r  in to  i t s  d e te rm in a t io n ,  a n d  th e  fina l
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re s u lt  is s u b je c t  to  th e  e rro rs  w h ic h  a rise  fro m  th e  a s s u m p tio n  o f  in f in ite s im a l 

e le c tro d e  w id th . A  ro u g h  e s t im a te  o f  th e  to t a l  e r ro r  in  R 2 is t h a t  i t  a m o u n ts  to  

+ 30 % . T a b le  2 show s t h a t  th e  a v e ra g e  v a lu e  o f  w as  60-5X2 cm . a n d  th e  l im its  

43-2 a n d  83-6X2 cm . T h e  a v e ra g e  v a lu e  o f  th e  a x o p la s m  re s is t iv i ty  w as, th e re fo re , 

a b o u t  th r e e  tim e s  as  g re a t  as  t h a t  o f  th e  s u r ro u n d in g  sea  w a te r . T h is  r e s u l t  is 

s im ila r  to  th o s e  o b ta in e d  fo r o th e r  cells. M e a su re m e n ts  w ith  t r a n s v e r s e  e le c tro d e s  

g a v e  a n  a v e ra g e  v a lu e  o f  fo u r  tim e s  se a  w a te r  fo r th e  re s is t iv i ty  o f  s q u id  a x o p la s m  

(Cole & C u rtis  1938), a n d  o b s e rv a tio n s  w ith  a x ia l e le c tro d e s  a n  a v e ra g e  o f  1-4 

tim e s  se a  w a te r  fo r  th e  sam e  m a te r ia l  (Cole & H o d g k in  1939). R e d  a n d  w h ite  b lo o d  

co rp u sc le s  h a v e  a  re s is t iv i ty  o f  tw ic e  p la sm a , f ro g ’s s a r to r iu s  m usc le  on e  o f  a b o u t  

th re e  tim e s  R in g e r  a n d  v a r io u s  e c h in o d e rm  eggs a  re s is t iv i ty  o f  fo u r  to  e le v e n  

tim e s  se a  w a te r  (for re fe re n ce s  see Cole & Cole (1936) a n d  B o zler  & Cole (1935)).

T h e  m embrane  resis tance

T h e  re s is ta n c e  x  u n i t  a re a  o f  th e  su rfa ce  m e m b ra n e  is d e te rm in e d  b y  e q u a tio n  

(8 *1):
i?4 =  27TaA2m (2  + m A I2 y  + 2y /m A ).

T a b le  2 show s t h a t  th e  r a t io  r 2/ r 1 w h ic h  is e q u a l to  th e  fa c to r  m X \2 y  u s u a lly  lies 

b e tw e e n  f a n d  f. T h is  m e a n s  t h a t  a  la rg e  e r ro r  in  m \ \ 2 y  w ill h a v e  o n ly  a  sm all 

e ffec t on  i?4. S u p p o se , fo r  e x a m p le , t h a t  th e  t r u e  v a lu e  o f  m X \2 y  is 1-0 a n d  t h a t  i t  

is m e a s u re d  as  1-5. I n  th e  f ir s t  case  th e  fa c to r  in  b ra c k e ts  in  (8-1) w o u ld  be  4-0 

a n d  in  th e  sec o n d  4 T 7 ;  h en ce  th e  e r ro r  in  R i  w o u ld  o n ly  b e  4 % . A  s im ila r  lin e  o f  

a rg u m e n t show s t h a t  th e  m e a s u re d  v a lu e  o f  wall o n ly  b e  v e ry  s l ig h tly  a ffe c te d  

b y  th e  a s s u m p tio n  o f  in f in ite s im a l e le c tro d e  w id th . T h e  a c c u ra c y  o f  th e  i?4 d e te r 

m in a t io n  is, th e re fo re , p r im a r i ly  c o n tro lle d  b y  th e  m e a s u re m e n t  o f  A2, a  a n d  m . 

T h e  e rro rs  in  A2 a re  lik e ly  to  be  o f  th e  o rd e r  o f  ± 30 % , a n d  a lm o s t c e r ta in ly  sw a m p  

th e  e rro rs  in  a  a n d  m . A  c o n se rv a tiv e  e s t im a te  o f  th e  a c c u ra c y  o f  th e  m e a s u re m e n ts  

in  ta b le  2 is t h a t  th e  v a lu e s  g iv e n  fo r i?4 a re  c o rre c t to  w ith in  50 % . T h e  o b se rv e d  

v a r ia t io n  w as  m u c h  g re a te r  t h a n  th is , a n d  successiv e  m e a s u re m e n ts  o n  one  a x o n  

sho w ed  t h a t  th e  m e m b ra n e  re s is ta n c e  d e c lin ed  p ro g re ss iv e ly  d u r in g  th e  co u rse  o f  

a n  e x p e r im e n t . T h u s  a x o n s  6 a n d  8 h a d  in i t ia l  re s is ta n c e s  o f  7330 a n d  1590X2 c m .2, 

w h ile  th e i r  fin a l re s is ta n c e s  w e re  2720 a n d  706X2 c m .2. T h e  v a r ia b le  p ro p e r t ie s  o f  

th e  su rfa c e  m e m b ra n e  m e a n  t h a t  a n  a v e ra g e  o r  s ta n d a r d  v a lu e  c a n n o t  b e  g iv e n  

fo r  i ts  re s is ta n c e . A ll t h a t  c an  be  sa id  is t h a t  a x o n s  w ith  re s is ta n c e s  v a ry in g  fro m  

600 to  700012 c m .2 a re  c a p a b le  o f  c o n d u c tin g  n e rv o u s  im p u lse s  in  a  n o rm a l m a n n e r . 

I t  is e q u a lly  im p o ssib le  to  e s t im a te  th e  v a lu e  o f  th e  m e m b ra n e  re s is ta n c e  in  th e  

liv in g  a n im a l. T h e  n a tu r a l  m e m b ra n e  re s is ta n c e  is n o t  lik e ly  to  be  less  th a n  t h a t  

fo u n d  i n  v itro , b u t  i t  m a y  be  m u c h  h ig h e r  s ince  B lin k s ’s (1930) w o rk  o n  V a lo n ia  

in d ic a te s  t h a t  th e  su rfa ce  re s is ta n c e  fa lls  w h e n  cells a re  h a n d le d .

T h e  v a lu e s  fo r  R 4 g iv e n  in  ta b le  2 a re  c o n s id e ra b ly  la rg e r  th a n  th o s e  re c o rd e d  in  

th e  sq u id  a x o n . Cole & H o d g k in  (1939) re p o r te d  v a lu e s  ra n g in g  fro m  400 to  

1100X2 c m .2 on  th e  b a sis  o f  re s is ta n c e - le n g th  m e a s u re m e n ts  w ith  d ire c t  c u r re n t ,  

w h ile  Cole & B a k e r  (1941a) o b ta in e d  a n  u p p e r  l im it  o f  200X2 c m .2 fro m  m e a su re -

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  nerve  fib re

V ol. 133. B . 31
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m e n ts  w ith  a .c . a n d  t ra n s v e r s e  e le c tro d e s . O n  th e  o th e r  h a n d , Cole & C u rtis  (1941) 

g iv e  a n  a v e ra g e  v a lu e  o f  o n ly  23D  c m .2 fro m  m e a s u re m e n ts  w ith  a n  in te rn a l  

e le c tro d e  a n d  d .c . pu lses . F in a lly , Cole & B a k e r  (19416) c a lc u la te d  a  v a lu e  o f  

350,0  c m r 2 fro m  th e  r e s u l t  o f  a .c . m e a s u re m e n ts  w ith  lo n g itu d in a l e le c tro d e s  a n d  

th e  a s s u m p tio n  o f  a  m e m b ra n e  c a p a c i ty  o f  1 -1 /tF  c m .2. Cole (1941) a p p e a rs  to  

re g a rd  3 0 0 0  c m .2 as  a  m o re  o r  less  a v e ra g e  v a lu e . T h e  low  v a lu e  o f  2 3 0  c m .2 w as 

a t t r i b u t e d  b y  Cole & C u rtis  (1941) to  th e  p o o r  p h y s io lo g ic a l c o n d itio n  o f  im p a le d  

a x o n s , b u t  as  th e y  p o in t  o u t  i t  m a y  a lso  h a v e  b e e n  d u e  to  th e  f a c t  t h a t  tw o  c o n 

s t a n t s  re q u ire d  in  th e  a n a ly s is  w e re  a s s u m e d  a n d  n o t  m e a su re d . I n  a n y  case, 

th e r e  seem s to  b e  n o  d o u b t  t h a t  th e  m e m b ra n e  re s is ta n c e  o f  75/6 lo b s te r  a x o n s  is 

s e v e ra l  t im e s  la rg e r  th a n  i t  is in  500 ysq u id  a x o n s . 

fu n c t io n a l  s ign ifica nce , s in ce  th e  r a te  o f  a t ta in in g  ion ic  e q u ilib r iu m  te n d s  to  

in c re a s e  w i th  s u rfa c e -v o lu m e  r a t io ,  o th e r  th in g s  b e in g  e q u a l. T h e  m e m b ra n e  

re s is ta n c e  w o u ld  th e re fo re  n e e d  to  d e c re a se  as  th e  d ia m e te r  in c re a se d  i f  th e  cell 

e c o n o m y  d e m a n d s  a  c o n s ta n t  r a te  o f  a p p ro a c h  to  e q u ilib r iu m .

T h e  v a lu e s  o f  m e m b ra n e  re s is ta n c e  e n c o u n te re d  in  o u r  w o rk  su g g e s t t h a t  th e  

p e rm e a b il i ty  to  io n s  m u s t  b e  r a th e r  low . S om e id e a  o f  th is  m a y  b e  g a in e d  b y  s u p 

p o s in g  t h a t  p o ta s s iu m  ion s a lo n e  c a n  d iffu se  th ro u g h  th e  m e m b ra n e  a n d  t h a t  

p e rm e a b il i ty  is s tu d ie d  b y  re p la c in g  th e  p o ta s s iu m  in  th e  e x te r n a l  so lu tio n  w ith  

a  r a d io a c t iv e  is o to p e . I n  th is  case  i t  is  fa ir ly  e a s y  to  show  t h a t  a p p ro x im a te ly  

30 m in . w o u ld  e lap se  b e fo re  a n  80/6 fib re  w ith  a  m e m b ra n e  re s is ta n c e  o f  7000.Q c m .2 

re a c h e d  a  s ta t e  in  w h ic h  o n e - te n th  o f  i t s  in te r n a l  p o ta s s iu m  w a s  re p la c e d  b y  th e  

ra d io a c t iv e  iso to p e . I t  w o u ld  b e  in te re s t in g  to  see  w h e th e r  th e  r a te  o f  p e n e tr a t io n  

o f  p o ta s s iu m  is o f  th is  g e n e ra l o rd e r  o f  m a g n itu d e .

O u r  v a lu e s  fo r  th e  m e m b ra n e  re s is ta n c e  m a y  b e  c o m p a re d  w ith  th o s e  o b ta in e d  

b y  D e a n , C u r tis  & Cole (1940) o n  a r t if ic ia l film s c o n ta in in g  lip o id  a n d  p ro te in  

m o le cu le s . T h e se  film s w e re  o f  th e  r ig h t  e le c tr ic a l  th ic k n e s s , s ince  th e i r  c a p a c i ty  

w a s  a b o u t  \ y F  c m r 2, b u t  th e i r  e le c tr ic a l  re s is ta n c e  w as  o n ly  5 0 -1 0 0

I t  is to o  e a r ly  to  t r y  to  c o r re la te  th is  d iffe ren ce  w ith  c h em ica l s t r u c tu r e ,  b u t  th e re  

is som e h o p e  t h a t  f u tu r e  w o rk  w ill sh ow  w h a t  s o r t  o f  s t r u c tu r e  is n e e d e d  to  p ro d u c e  

a  m e m b ra n e  o f  h ig h  re s is ta n c e .

T h e  m agn itu d e  o f  the m em brane  ca pa c ity

T h e  m e m b ra n e  c a p a c i ty  w as  d e te rm in e d  b y  th e  r e la t io n

B o th  r m a n d  a re  s u b je c t  to  la rg e  e rro rs , so t h a t  l i t t l e  co n fidence  c a n  be  p la c e d  

o n  th e  e x a c t  n u m e r ic a l  v a lu e s  o b ta in e d  fo r  I n  fa c t ,  i t  is p o ssib le  t h a t  th e  

v a r ia t io n  e n c o u n te re d  in  ta b le  2 w a s  e n t ire ly  d u e  to  e x p e r im e n ta l  e r ro r . B u t  th e re  

c a n  be  l i t t l e  d o u b t  t h a t  th e  m e m b ra n e  c a p a c i ty  w as  o f  th e  o rd e r  o f  0 -5 -2 -0 /6F  c m .-2 . 

A  v a lu e  o f  th is  k in d  h a s  b e e n  o b ta in e d  in  a  w id e  v a r ie ty  o f  liv in g  c e l ls ; w ell-k n o w n  

e x a m p le s  a re  re d  b lo o d  cells 0-95/dF c m .-2 , y e a s t  0-60//JF c m .-2 , e c h in o d e rm  eggs

A . L . H o d g k in  a n d  W . A . H . R u s h to n
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0 -8 7 -3 -1/cF c m .- 2, f ro g ’s s a r to r iu s  m u sc le  c. c m .- 2, s q u id  n e rv e  1-1/^F c m .- 2, 

a n d  N ite lla  0 -9 4 /tF  c m .- 2 (for re fe re n ce s  a n d  q u a lif ic a tio n s  see Cole 1940).

A ll th e se  re s u lts  d e p e n d  o n  th e  u se  o f  a .c .,  t r a n s v e r s e  e le c tro d e s  a n d  a  th e o ry  

b a se d  on  M ax w e ll’s a p p lic a tio n  o f  L a p la c e ’s e q u a tio n  to  a  su sp e n s io n  o f  sp h e re s . 

O u r o b s e rv a tio n s  w ere  m a d e  w ith  p u lses  o f  d .c .,  lo n g itu d in a l e le c tro d e s  a n d  a  th e o r y  

b a se d  on  K e lv in ’s e q u a tio n s  fo r  th e  su b m a r in e  cab le . So i t  is p le a s in g  to  fin d  e v e n  

a  b ro a d  a g re e m e n t b e tw e e n  th e  tw o  se ts  o f  r e s u lts .

T h e  im p lic a tio n s  o f  th e  m e m b ra n e  c a p a c i ty  o f  1 f iF  c m .-2 a re  to o  w ell k n o w n  to  

be  re p e a te d . A ll t h a t  n e e d  be  s a id  is t h a t  th e  r e s u l t  su g g es ts  th e  p re sen c e  e i th e r  o f  

a  v e ry  th in  m e m b ra n e , o r o f  one  w ith  a  la rg e  d ie le c tr ic  c o n s ta n t .  I f  th e  d ie le c tr ic  

c o n s ta n t  w e re  3, th e  m e m b ra n e  th ic k n e ss  w o u ld  be  2 7 A ;  a n d  i f  th e  th ic k n e ss  

w ere  1 fith e  d ie le c tr ic  c o n s ta n t  w o u ld  be  1100.

Possib le  m em brane  induc tance

Cole & B a k e r  (19416 ) h a v e  p re s e n te d  e x p e r im e n ta l  e v id e n c e  w h ic h  su g g es ts  

t h a t  a n  in d u c tiv e  e le m e n t is p re s e n t  in  th e  su rfa c e  m e m b ra n e  o f  th e  s q u id  a x o n . 

N o  sign  o f  in d u c tiv e  b e h a v io u r  co u ld  be  o b se rv e d  in  th e  m a jo r i ty  o f  o u r  e x p e r i

m e n ts . B u t  th e  tw o  se ts  o f  o b s e rv a tio n s  do  n o t  con flic t in  s p ite  o f  th e  a p p a r e n t  

c o n tra d ic t io n . Cole & B a k e r ’s a x o n s  h a d  a  m e m b ra n e  re s is ta n c e  o f  a b o u t  30012 

c m .2, o u rs  a n  a v e ra g e  o f  230012 c m .2. T h e  e ffe c t o f  a n  in d u c tiv e  e le m e n t w o u ld  

h a v e  b e en  p ro fo u n d ly  in flu en c ed  b y  th e  v a lu e  o f  th e  m e m b ra n e  re s is ta n c e , s ince  

Cole & B a k e r ’s w o rk  in d ic a te s  t h a t  th e  tw o  e le m e n ts  a re  in  se ries . T o  ta k e  a  spec ific  

e x a m p le : a ssu m e  t h a t  th e  m e m b ra n e  h a s  th e  e q u iv a le n t  c irc u it  su g g e s te d  b y  Cole 

& B a k e r , t h a t  th e  c a p a c i ty  is 1 / iF,  th e  in d u c ta n c e  0-2 H  a n d  th e  re s is ta n c e  30012 

c m .2. W h e n  a  r e c ta n g u la r  c u r r e n t  is a p p lie d  to  th is  c irc u it , th e  v o lta g e  re sp o n se  is 

o sc il la to ry  a n d  th e  f ir s t  o v e rs h o o t is 75 %  g re a te r  t h a n  th e  fin a l s te a d y  v a lu e . T h e  

re sp o n se  is e n t ir e ly  d if fe re n t i f  th e  re s is ta n c e  is in c re a se d  to  2500 c m .2. I n  th is

case  th e  w a v e  fo rm  is n o  lo n g e r o sc il la to ry , i t  do es n o t  o v e rs h o o t th e  s te a d y  v a lu e , 

a n d  i t  d iffe rs  fro m  a  s im p le  e x p o n e n tia l  s o lu tio n  b y  less  th a n  0-2 % . T h e  a b se n c e  

o f  in d u c tiv e  o r  o sc il la to ry  b e h a v io u r  th e re fo re  ag re es  w ith  Cole & B a k e r ’s h y p o 

th e sis , a l th o u g h  i t  c le a r ly  c a n n o t  be  u sed  in  ev id en c e  on e  w a y  o r th e  o th e r . B u t  

som e o f  th e  a x o n s  s tu d ie d  h a d  low  m e m b ra n e  re s is ta n c e s  a n d  sh o u ld  h a v e  sh o w n  

signs o f  in d u c tiv e  b e h a v io u r , i f  Cole & B a k e r ’s p ic tu re  is c o rre c t . T h is , in  fa c t ,  is 

w h a t  h a p p e n e d . F ig u re  13c g ives th e  re sp o n se  o f  a n  a x o n  w ith  a  re s is ta n c e  o f  

70012 c m .2 a n d  show s t h a t  th e re  is a n  o v e rs h o o t o f  5 % . T h e re  is no  e q u a t io n  w ith  

w h ic h  to  c o m p a re  th is  re c o rd , b u t  a  th e o ry  fo r  to ta l  c h a rg e  c a n  b e  d e v e lo p e d  b y  

th e  m e th o d  u sed  in  d e riv in g  (5-1). T h e  re s u lt in g  e x p re ss io n s  a llow  th e  m e m b ra n e  

in d u c ta n c e  ( L ) to  be  c a lc u la te d  fro m  th e  o v e rs h o o t a n d  p re d ic t  t h a t  th e  re sp o n se

w ill o n ly  be  o sc il la to ry  w h e n  L >  E x p e r im e n ts  9, 11 a n d  1

sh ow ed  a  sm a ll o v e rsh o o t a n d  g a v e  a n  a v e ra g e  v a lu e  o f  0-3 H  fo r  th e  m e m b ra n e  

in d u c ta n c e . N o  o v e rsh o o t w as o b se rv e d  in  th e  re m a in in g  e x p e r im e n ts , a n d  th is  is 

to  be  e x p e c te d  since  th e  fa c to r  R \C Mjk  a lw a y s  e x ce e d ed

th e re fo re  c o n s is te n t w ith  th e  e x is te n c e  o f  a n  in d u c tiv e  e le m e n t o f  a b o u t  0-2 H  c m .2.

E le c tr ica l co n sta n ts  o f  a  c ru sta cea n  n erve  fib re

3 1 - 2
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B u t  th e r e  is a n  e n t ir e ly  d if fe re n t w a y  o f  e x p la in in g  th e  e x p e r im e n ta l  fa c ts  a n d  th is  

m u s t  no w  b e  c o n s id e re d . I n  fig u re  13 a  a n d  b th e  c u

i t  w as  o f  ju s t  th re s h o ld  s t r e n g th ,  w h ic h  m e a n s  t h a t  i t  w as  s tro n g  en o u g h  to  p ro d u c e  

p r o p a g a te d  sp ik es  o n  50 %  o f  occas ion s. T h e  p ro p a g a te d  re sp o n se  is sh o w n  b y  a  

a n d  th e  c r i t ic a l  lo ca l re sp o n se  b y  6. I t  is a rg u a b le  t h a t  th e  loc a l re sp o n se  is o f  th e  

sam e  g e n e ra l n a tu r e  as  th e  sp ik e , a n d  t h a t  th e  d is c o n t in u ity  in  n e rv e  a rises  b e ca u se  th e  

re sp o n se  to  a  s u p e r th re s h o ld  sh o ck  is la rg e  e n o u g h  to  in v o lv e  th e  w ho le  fib re  b y  

lo ca l c irc u it  a c tio n , w h e re a s  th e  s u b th re s h o ld  re sp o n se  can n o t  s p re a d  b e y o n d  th e  

c a th o d ic  re g io n . I t  is a lso  a rg u a b le  t h a t  th e  sm a ll o v e rs h o o t p ro d u c e d  b y  th e  w e a k  

c u r r e n t  is o f  th e  sam e  g e n e ra l n a tu r e  as  th e  la rg e r  o v e rs h o o t p ro d u c e d  b y  th e  

th re s h o ld  c u r re n t .  A n d  th e  s im ila r i ty  o f  th e  tw o  lo w er c u rv e s  in  figu re  13 su g g es ts  

r a th e r  s tro n g ly  t h a t  a  c o m m o n  p ro c e ss  is in v o lv e d . A c co rd in g  to  th is  t r a in  o f  

re a so n in g  th e  o v e rs h o o t see n  in  fig u re  13c is to  b e  r e g a rd e d  as  a  v e s tig e  o f  th e  

n o rm a l a c t io n  p o te n t ia l .  I n  th is  case  i t  c a n n o t  b e  c o n s id e re d  as  a n  in d u c tiv e  

e ffec t. F o r  th e  p ro c e ss  u n d e r ly in g  th e  a c t io n  p o te n t ia l  m u s t  in v o lv e  e n e rg y  l ib e ra 

t io n  b y  th e  n e rv e , w h e re a s  a  p u re  in d u c tiv e  o v e rs h o o t w o u ld  n o t .  T h e  tw o  th e o r ie s  

a re  th e re fo re  q u ite  d is t in c t ,  a l th o u g h  n o  a t t e m p t  c a n  b e  m a d e  to  d ec ide  b e tw e e n  

th e m  u n t i l  th e re  a re  p re c ise  c o n c e p ts  to  re p la c e  th e  g e n e ra l n o tio n s  o f  in d u c ta n c e  

a n d  e n e rg y  l ib e ra tio n .

A . L . H o d g k in  a n d  W . A . H . R u s h to n

m s e c

F i g u r e  13 . P o t e n t i a l  r e c o r d e d  a t  c a t h o d e  in  a x o n  w i t h  m e m b r a n e  r e s i s t a n c e  o f  70012  c m .2 

( e x p e r i m e n t  1 1 ) . a ,  p r o p a g a t e d  r e s p o n s e  p r o d u c e d  b y  c u r r e n t  o f  s t r e n g t h  1 -0 0 ;  b ,  l o c a l  r e s p o n s e  

p r o d u c e d  b y  c u r r e n t  o f  s t r e n g t h  1 *00 ; c , p o t e n t i a l  p r o d u c e d  b y  c u r r e n t  o f  s t r e n g t h  0 -4 9 . 

T h e  a b s o l u t e  v a l u e s  g i v e n  o n  t h e  o r d i n a t e  a r e  a p p r o x i m a t e ,  b u t  t h e  s c a l e  i s  l i n e a r .
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T h e  id e a  o f  a  m e m b ra n e  in d u c ta n c e  is c e r ta in ly  u sefu l, w h a te v e r  i ts  u l t im a te  

t r u t h  o r  fa lseh o o d . O ne  a p p lic a t io n  w as  fo u n d  in  th e  a t t e m p t  to  e x p la in  th e  

d iffe renc e  b e tw e e n  th e  a c tio n  p o te n t ia l  a n d  th e  re s tin g  p o te n t ia l  (C u rtis  & Cole 

1942; H o d g k in  & H u x le y  1945). A n o th e r  is i l lu s t r a te d  b y  fig u re  14, w h ic h  show s 

th e  e ffe c t o f  s tro n g  c a th o d ic  c u r re n ts  o n  a  C arc inu s  a x o n . T h e  re c o rd s  in d ic a te  

t h a t  th e  w a v e  fo rm  o f  th e  c a th o d ic  p o te n t ia l  b eco m e s in c re a s in g ly  o sc il la to ry  as

E le c tr ic a l c o n s ta n ts  o f  a  c ru sta c ean  n erve  f ib re

40 msec

F i g u r e  14 . E f f e c t  o f  s t r o n g  c a t h o d i c  c u r r e n t s  o n  C a r c in u s  a x o n .  R e l a t i v e  s t r e n g t h  o f  c u r r e n t  

s h o w n  b y  b r a c k e t e d  f ig u r e s ,  g ,  5 0 0  e y e . / s e c .  t i m e  c a l i b r a t i o n .  P r o p a g a t e d  s p i k e s  r e t o u c h e d .

T w o  p o i n t s  i n  f i g u r e  14 c a l l  f o r  c o m m e n t .  A f t e r  t h e  o s c i l l a t i o n s  h a v e  d i e d  o u t  t h e  m e m b r a n e  

p o t e n t i a l  s e t t l e s  d o w n  t o  a  s t e a d y  v a l u e  w h i c h  is  n o t  p r o p o r t i o n a l  t o  t h e  c u r r e n t  b u t  v a r i e s  

m o r e  s l o w ly  a s  t h e  c u r r e n t  is  i n c r e a s e d .  T h i s  is  a n  e x a m p l e  o f  t h e  m e m b r a n e  r e c t i f i c a t i o n  

d e s c r i b e d  b y  C o le  &  C u r t i s  ( 1 9 4 1 ) in  t h e  s q u i d  a x o n .

I n  f ig u r e  14  ea s e c o n d  s p i k e  a r i s e s  f r o m  t h e  s e c o n d  w a v e  o f  p o t e n t i a l ,  b u t  a  l i t t l e  a f t e r

i t s  c r e s t .  H o d g k i n  ( 1 9 3 8 ) s h o w e d  t h a t  a  s p i k e  a l w a y s  s t a r t e d  a t  a  d i s t a n c e  f r o m  t h e  c a t h o d e  

w h e n  i t  a r o s e  l a t e r  t h a n  t h e  c r e s t  o f  t h e  lo c a l  r e s p o n s e .  E x a m i n a t i o n  o f  t h e  o r i g i n a l  

r e c o r d s '  s u g g e s t e d  t h a t  t h e  s a m e  t h i n g  w a s  o c c u r r i n g  h e r e ,  a l t h o u g h  n o  p o s i t i v e  e v i d e n c e  f o r  

t h i s  c o n c lu s i o n  w a s  o b t a i n e d .
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th e  s t r e n g th  o f  c u r r e n t  is in c re a se d . S im ila r  r e s u lts  h a v e  b e e n  r e p o r te d  b y  A rv a n i-  

t a k i  (1939) in  S e p ia  a n d  a re  to  be  e x p e c te d  fro m  Cole & B a k e r ’s h y p o th e s is . F o r  

th e  m e m b ra n e  re s is ta n c e  d e c rea se s  p ro g re s s iv e ly  a s  th e  n e rv e  is d e p o la r iz e d  (Cole 

& C u rtis  1941), a n d  th e  re sp o n se  th e re fo re  beco m es in c re a s in g ly  o sc il la to ry  as  th e  

c u r r e n t  is ra is e d . T h e  f re q u e n c y  o f  th e  o sc illa tio n s  in  fig u re  14  is c o n s is te n t w ith  an 

in d u c ta n c e  o f  0-3  H  c m .2 a n d  a  c a p a c i ty  o f  c m .-2 .

Observa tions on  the local response

T h e  m o s t s tr ik in g  fe a tu re s  o f  th e  lo c a l re sp o n se  w e re  th e  in f le x io n  a n d  m in ia tu re  

sp ik e  w h ic h  o c c u r re d  w h e n  th e  d u r a t io n  o f  th e  r e c ta n g u la r  w a v e  w as  less  th a n  th e  

u t i l iz a t io n  t im e . O ne  e x a m p le  h a s  a lre a d y  b e e n  d e sc r ib e d  (figure 5 ), a n d  a  m o re  

g e n e ra l p ic tu re  is g iv e n  b y  fig u re  15  w h ic h  show s th e  e ffe c t p ro d u c e d  b y  th re s h o ld  

p u ls e s  o f  d if fe re n t d u ra t io n .  A  la rg e  n u m b e r  o f  p h o to g ra p h s  w e re  ta k e n  a n d  w ith  

tw o  e x c e p tio n s  o n ly  th e  re sp o n se s  w h ic h  ju s t  su cc eed  o r  ju s t  fa il  to  p ro p a g a te  h a v e  

b e e n  re p ro d u c e d . T h e  e ffe c t o f  a  c u r r e n t  lo n g e r th a n  th e  u t i l iz a t io n  t im e  is g iv e n  

b y  c a n d  C. I n  th is  case  th e  re c o rd  show s f ir s t  th e  p a ss iv e  c h a rg in g  o f  th e  n e rv e  

m e m b ra n e  a n d  th e n  a  s low  creep , w h ic h  m u s t  b e  r e g a rd e d  as  a  lo ca l re sp o n se , s ince  

i t  is a b s e n t  fro m  th e  a n o d ic  w a v e  fo rm  (a).  I f  th e  lo c a l a c t iv i ty  su cc e ed e d  in  re a c h in g  

a  c r i t ic a l  le ve l i t  tu r n e d  u p w a rd s  a n d  g a v e  ris e  to  a  p r o p a g a te d  a c t io n  p o te n t ia l .  

W h e n  th e  c r i t ic a l  le v e l w as  n o t  re a c h e d  th e  re sp o n se  d ie d  o u t  as  a  m o n o p h a s ic  

w a v e  o f  low  a m p li tu d e . T h e  fo rm  o f  th e  p ro p a g a t in g  re sp o n se s  w as  n o t  v e ry  

d if fe re n t w h e n  th e  d u r a t io n  o f  th e  re c ta n g u la r  w a v e  w as  less  th a n  th e  u t i l iz a t io n  

t im e  ( D to  H) ,  b u t  th e  re sp o n se s  w h ic h  fa ile d  to  p r o p a g a te  sh o w ed  th e  c h a r a c te r 

is tic  in flex io n  a n d  m in ia tu re  sp ik e  ( d to  h).  T h is  ty p

d u r a t io n  o f  th e  c u r r e n t  w as  re d u c e d , b u t  a t  v e ry  s h o r t  t im e s  i t  c h a n g e d  to  t h a t  

c h a ra c te r is t ic  o f  e x c i ta t io n  b y  s h o r t  sh o ck s  (cf. H o d g k in  1938). A n  e x a m p le  is 

g iv e n  in  h  a n d  H ,  b u t  th e  d e ta i ls  o f  th e  re c o rd  c a n n o t  b e  a p p re c ia te d  o n  th e  s low  

t im e  sc a le  u sed . T h is  s e t  o f  re c o rd s  su g g e s ts  t h a t  th e  c o n d itio n  fo r e x c i ta t io n  b y  

c u r r e n ts  o f  d if fe re n t d u r a t io n  is t h a t  a  c r i t ic a l  p o te n t ia l  m u s t  b e  r e a c h e d ; th e y  a lso  

i l lu s t r a te  th e  r e v e rs ib i l i ty  o f  th e  p ro c e ss  re sp o n s ib le  fo r th e  a c t io n  p o te n t ia l .  O ne 

is a c c u s to m e d  to  th in k  t h a t  n o th in g  c a n  s to p  a n  im p u lse  once  th e  p o te n t ia l  h a s  

b e g u n  to  t u r n  u p w a rd s  in to  a  sp ik e . O u r re c o rd s  in d ic a te  t h a t  th e  p o te n t ia l  w a v e  

m a y  fa il  to  p ro p a g a te , a l th o u g h  i t  h a s  sh o w n  th e  in flex io n  n o rm a lly  a s s o c ia te d  

w ith  a  sp ik e .

T h e  re c o rd s  w h ic h  h a v e  ju s t  b e e n  d e sc r ib e d  w e re  o b ta in e d  fro m  a  C arc in u s  a x o n  

a n d  m a y  be  re g a rd e d  as  ty p ic a l  o f  th is  p re p a ra t io n .  H om a ru s  fib res b e h a v e d  in  a  

s im ila r  m a n n e r , b u t  th e  u t i l iz a t io n  t im e  w as  c o n s id e ra b ly  s h o r te r  a n d  th e  rh e o b a s ic  

lo ca l re sp o n se  h a d  a  m o re  co n sp ic u o u s  h u m p e d  fo rm . W e  o b ta in e d  th e  im p re s s io n  

t h a t  th e  lo n g  u t i l iz a t io n  t im e  a n d  f la t  loc a l re sp o n se  w e re  a ss o c ia te d  w ith  a  h ig h  

m e m b ra n e  re s is ta n c e , a n d  t h a t  a x o n s  w ith  a  low  re s is ta n c e  g a v e  th e  s h o r t  u t i l iz a 

t io n  t im e  a n d  h u m p e d  lo ca l re sp o n se  c h a ra c te r iz e d  b y  fig u re  1 3 .

I n  c o m p a r in g  o u r  re s u lts  w ith  th o s e  o b ta in e d  in  w h o le  n e rv e  t r u n k s  i t  sh o u ld  be  

re m e m b e re d  t h a t  th e  a m p li tu d e  o f  th e  s u b th re s h o ld  p o te n t ia ls  w as sm a ll c o m p a re d

A- L- H o d g k in  a n d  W . A . H . R u s h t o n
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4 77

to  th e  sp ike . T h u s  th e  p ro p a g a te d  p o te n t ia l  w as  t e n  t im e s  la rg e r  th a n  th e  su b -  

th re s h o ld  p o te n t ia l  sho w n  in  figu re  1 5 . T h e  e ffec ts  w e h a v e  d e sc rib e d  w o u ld  th e r e 

fo re b e  d if ficu lt  to  o b se rv e  in  p re p a ra t io n s  g iv in g  sp ik es  o n ly  lOO/tV in  a m p litu d e .

E lec tr ic a l c o n s ta n ts  o f  a  c ru sta cea n  ne rve  fib re

a

( - • 7 9 )

c

( 1 - 0 0 )

d
( 1 - 0 2 )

e

( 1 - 0 5 )

/
( 1 - 1 7 )

9

( 1 - 4 3 )

h

( 2 - 1 4 )

0  2 0  4 0  6 0  8 0  m s e c  0  2 0  4 0  6 0  8 0  m s e c

F i g u r e  1 5 .  E ffect o f rectangular currents on C a r c in u s  axon  recorded a t polarizing  elec trode. 

a ,  p olarization  produced b y  anodic current; local responses produced b y  th reshold

currents; B - H ,  propagated  spikes (retouched) produced b y  threshold  currents; i ,  I ,  5 0 0  

cy c ./sec . tim e calibration. T he stren gth  o f th e current re lative to  th e rheobase is ind icated  b y  

th e brack eted  figures. T he strength  and  duration o f th e current w as iden tica l in th e pairs c, C ,  

d ,  D ,  h ,  H .

T h e  change o f  m em brane  resistance d u r in g  a c tiv ity

A  t r a n s ie n t  d e c rea se  o f  m e m b ra n e  re s is ta n c e  d u r in g  a c t iv i ty  h a s  b e e n  p ro v e d  

b y  th e  w e ll-k no w n  e x p e r im e n ts  o f  Cole & C u rtis  (1939). O ne  re s u l t  o f  th is  p h e n o 

m e n o n  is sh o w n  in  figu re  15  B .Here th e  d ip h a s ic  a c tio n  p o te n t ia l  a ro

e n d  o f  th e  r e c ta n g u la r  w ave  a n d  la s te d  fo r a b o u t  2 m sec . T h e  m e m b ra n e  c a p a c i ty  

sh o u ld  be  d is c h a rg e d  d u r in g  th e  sp ik e  a n d  m u s t  c h a rg e  a g a in  w h e n  th e  re s is ta n c e
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r e tu r n s  to  i ts  n o rm a l v a lu e . T h e  sp ik e  sh o u ld  th e re fo re  b e  fo llow ed  b y  a  c h a rg in g  

p ro c e ss  s im ila r  to  t h a t  w h ic h  o c c u r re d  a t  th e  b e g in n in g  o f  th e  re c ta n g u la r  w av e . 

T h is  e ffec t is c le a r ly  sh o w n  b y  re c o rd  B  b u t  is a b s e n t  w h e n  th e  a c t io n  p o te n t ia l  a rises  

a t  th e  e n d  o f  th e  a p p lie d  c u r r e n t  (D to  

r a p id ly  d u r in g  th e  sp ik e  a n d  d id  n o t  re fo rm , b e c a u se  th e  a p p lie d  c u r re n t  w as re m o v e d .

D i s c u s s i o n

T h e  im p lic a tio n s  o f  th e  re s is ta n c e  a n d  c a p a c i ty  m e a s u re m e n ts  h a v e  a lre a d y  

b e e n  d iscu ssed . I t  re m a in s  to  c o n s id e r th e  b e a r in g  o f  o u r  re s u lts  o n  s tu d ie s  o f  

e le c tr ic  e x c i ta t io n . T h e  lo c a l re sp o n se s  o b s e rv e d  in  o u r  e x p e r im e n ts  a g re e  in  a  

r e m a rk a b le  w a y  w ith  th e  in s ta b i l i ty  d e sc r ib e d  b y  one  o f  u s . R u s h to n  (1932) 

s tu d ie d  th e  e x c i ta t io n  p ro c e ss  in  m e d u lla te d  n e rv e  b y  s u p e r im p o s in g  a  s h o r t  sh o ck  

o n  a  r e c ta n g u la r  w a v e . A  p lo t  o f  e x c i ta b i l i ty  a g a in s t  t im e  sh o w e d  t h a t  th e  e x c i ta 

t io n  p roc ess  fo llo w ed  a n  in f le c te d  t im e  co u rse  v e ry  s im ila r  to  t h a t  o b se rv e d  in  o u r  

re c o rd s  o f  lo c a l re sp o n se . T h is  is a n o th e r  e x a m p le  o f  th e  g e n e ra l s im ila r i ty  b e tw e e n  

th e  re s u l ts  o f  e x c i ta b i l i ty  s tu d ie s  o n  m e d u lla te d  n e rv e s  a n d  th e  e le c tr ic a l re c o rd s  

o b ta in e d  in  n o n -m e d u lla te d  n e rv e  fib res. T h e  p h e n o m e n o n  o f  la te n c y  a n d  th e  

e x c i ta b i l i ty  e ffe c ts  d e sc r ib e d  b y  R u s h to n  a n d  b y  K a tz  (1937) a ll  f in d  a n  e x p la n a t io n  

in  th e  e le c tr ic a l  b e h a v io u r  o f  is o la te d  c ru s ta c e a n  a x o n s . T h e  o b v io u s  co n c lu s io n  

is t h a t  s im ila r  e le c tr ic  e ffec ts  e x is t  in  m e d u lla te d  a x o n s , b u t  t h a t  th e y  a re  to o  sm a ll 

to  b e  d e te c te d  in  s tu d ie s  o f  w h o le  n e rv e  t r u n k s .  T h is  c o n c lu s io n  is n o t  g e n e ra lly  

a c c e p te d  a n d  is l ik e ly  to  re m a in  in  d is p u te  u n t i l  s a t i s f a c to ry  re c o rd s  c a n  b e  

o b ta in e d  fro m  a n  is o la te d  m e d u lla te d  a x o n .

H ill  (1936) a n d  o th e rs  h a v e  sh o w n  t h a t  m a n y  p h e n o m e n a  c a n  b e  e x p la in e d  b y  

su p p o s in g  t h a t  th e  p ro c e ss  o f  e x c i ta t io n  is e q u iv a le n t  to  th e  c h a rg in g  o f  a  le a k y  

c o n d e n se r . T h is  th e o r y  is u se fu l in  c o -o rd in a tin g  a  w id e  ra n g e  o f  o b s e rv a tio n s , b u t  

e x t r a  a s s u m p tio n s  h a v e  to  b e  in t r o d u c e d  to  d e a l w i th  th e  p h e n o m e n a  o f  a c c o m 

m o d a tio n , la te n c y  a n d  th e  d e c a y  o f  e x c i ta b i l i ty  fo llo w ing  a  b r ie f  s t im u lu s . O u r 

re s u l ts  in d ic a te  t h a t  th e  p ro c e sse s  u n d e r ly in g  e x c i ta t io n  a re  o f  g re a t  m a th e m a t ic a l  

c o m p le x ity . W h e n  th e  c u r r e n t  is w e a k  i ts  s p a t i a l  a n d  te m p o ra l  d is t r ib u t io n  is 

d e te r m in e d  b y  th e  c u m b e rso m e  e q u a tio n s  o f  c ab le  th e o r y ;  w h e n  i t  is s tro n g  a n  

im m e n se  c o m p lic a tio n  is in t r o d u c e d  b y  th e  n o n - lin e a r  e ffe c t o f  th e  lo c a l re sp o n se . 

H i l l ’s e q u a tio n s  m u s t  th e re fo re  b e  r e g a rd e d  as  la rg e ly  e m p ir ic a l in  n a tu r e .  B u t  

th e r e  c a n  b e  n o  d o u b t  t h a t  c e r ta in  f a c ts  seem  to  a g re e  b e t t e r  w i th  H i l l ’s th e o r y  

th a n  w ith  th e  c ab le  e q u a tio n s . T o  ta k e  a  spec ific  e x a m p le . I t  is u n iv e rs a lly  a g re e d  

t h a t  th e  c r i te r io n  fo r  e x c i ta t io n  b y  s h o r t  sh o ck s  is t h a t  a  fix ed  q u a n t i ty  o f  e le c 

t r i c i ty  m u s t  flow  th r o u g h  th e  n e rv e . T h is  fo llow s a t  on ce  fro m  H il l ’s th e o ry , b u t  

n o t  fro m  th e  e q u a tio n s  o f  c ab le  th e o ry .  F o r  th e  c o n d itio n  w h ic h  a llow s a  s h o r t  

p u lse  to  p ro d u c e  a  c o n s ta n t  p o te n t ia l  a t  th e  c a th o d e  in  a  c ab le -lik e  s y s te m  is t h a t  

a  p u ls e  o f  c o n s ta n t  e n e rg y  m u s t  flow  th r o u g h  th e  e le c tro d e s . T h is  d if f ic u lty  a n d  

o th e rs  o f  a  s im ila r  k in d  c a n  b e  re so lv e d  in  th e  fo llo w ing  w a y . T h e  c o n d itio n  fo r 

e x c i ta t io n  see m s  to  b e  t h a t  th e  c a th o d ic  re sp o n se  m u s t  re a c h  a  p o te n t ia l  a t  w h ic h  

i t  c a n  p ro p a g a te  th r o u g h  th e  n e rv e  b y  lo c a l c irc u it  a c tio n . I t  is e a s y  to  su p p o se

A . L . H o d g k in  a n d  W . A . H . R u s h to n
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t h a t  th e  c r i te r io n  fo r  p ro p a g a tio n  is r e la te d  n o t  to  th e  m e m b ra n e  p o te n t ia l  a t  th e  

c a th o d e  b u t  to  th e  to ta l  m e m b ra n e  c h a rg e  in  th e  re g io n  o f  th e  e le c tro d e . I n  th is  

case  a  c o n s ta n t  q u a n t i ty  r e la t io n  w o u ld  b e  o b ta in e d  a n d  th e  b e h a v io u r  o f  n e rv e  

w o u ld  a p p ro x im a te  to  t h a t  o f  a  le a k y  c o n d en se r  in  m a n y  re sp e c ts . A c co rd in g  to  

th is  v iew , H i l l ’s ‘ loc a l p o te n t i a l ’ is to  b e  id e n tif ie d  w ith  th e  to t a l  c h a rg e  in  th e  

e le c tro d e  re g io n  a n d  H il l ’s c o n s ta n t  k  w ith  th e  m e m b ra n e  t im e  c o n s ta n t .  T h e  t r u e  

s i tu a t io n  is o b v io u s ly  m u c h  m o re  c o m p lic a te d , b u t  th is  h y p o th e s is  p ro v id e s  a  

s im p le  a n d  c o n v e n ie n t w a y  o f  lo ok in g  a t  th e  e x c i ta t io n  p ro cess.

W e w ish  to  e x p re ss  o u r  in d e b te d n e s s  to  th e  R o c k e fe lle r  F o u n d a t io n  fo r  d e f ra y in g  

th e  e x p e n se s  a s s o c ia te d  w ith  th is  w o rk  a n d  to  P ro fe s s o r  G ra y  fo r  a llo w in g  u s  to  

u se  th e  a q u a r iu m  in  th e  Z o o lo g ica l L a b o ra to ry .
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