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In  1939 , COLE AND CURTIS made  a l te rna t ing  current  impedance  measurements  on 

the fresh water  p lant  Nitel la  and the g iant  axon of the squid during the passage of an 

impulse. In  their  exper iments ,  the relat ionship be tween the membrane  resistance and  

the e lec t romot ive  force therein has been most  impressively brought  out. Hence a similar  

exper iment  on the myel ina ted  nerve fibre seemed very  desirable to us for a be t te r  under-  

s tanding  of the process of exci ta t ion in the p lasma membrane  at  the node of RANVlEI¢. 

In the present  work, the impedance of the single motor  nerve fibre of the toad  has 

been inves t iga ted  by the use of the "br idge- insu la to r"  method.  This me thod  of insu- 

lat ing an isolated single nerve  fibre between two neighbouring nodes provides  us with 

a simple but  ve ry  direct way  of demons t ra t ing  the remarkab ly  close in ter re la t ionship  

between the impedance changes and the action current  in this fibre. The effects of 

several  alkaloids and electrotonic  polar izat ion upon the t ime course of the impedance  

changes have  fur ther  been inves t iga ted  in the hope of securing addi t ional  evidence tha t  

the impedance  change and the product ion  of act ion current  are only two different 

expressions of one and the same process occurr ing at the plasma membrane  of the node 

of RANVIER. 
Wi th  a whole nerve  t runk,  LULLIES (1930) has a l ready found a decrease in the 

impedance  for bridge currents  s t rong enough to exci te  the nerve fibres. But,  as the effect 

is demonst rable  wi th '  only low f requency a l te rna t ing  currents,  its relat ionship with 

those presented in this paper  is not very  clear at present.  

METHOD 

Nerve fibres of above 11 microns in diameter have been selected for the experiments. The tech- 
nique of isolating the fibres is fundamentally the same as that described previously (TASAKI, I939). 
except that in the present investigation the operation was carried out under a binocular microscope. 
Care was taken to remove all the inactive fibres and tissues around the nerve fibre to be e.xamined. 
The isolated region of the nerve fibre was mounted on a "bridge-insulator" consisting of two separate 
glass plates fixed at a distance (between the edges) of about i ram. In each of the pools of RINGER 
on lmth sides of the bridge-insulator, a non-polarizable electrode of the Zn-ZnSO4-RINOER (agar) 
type was immersed. 

The isolated region of the fibre on the bridge-insulator, together with the electrodes dipping 
into the pools, formed one arm of a Wheatstone bridge. The experimental arrangement used in the 
later stage of the present investigation is shown in Fig. I. The resistance R in the figure was in most 
cases I megohm and r was generally between 0. 3 and 3 ohms. The bridge was balanced by adjusting 
the condenser C and the resistance r continuously. The bridge input consisted of an alternating 
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cu r r en t  (A.C.) f rom a beat -osci l la tor ,  i t s  f r equency  be ing  be tween  I and  io  ki locycles per  second (kc). 
As too s t r ong  an  A.C. r educed  the  electr ic r e sponse  of t he  nerve  fibre, as  a l r eady  descr ibed by  
ROSE~rBLOETH (X94 o) a n d  his  coworke r s  care was t a k e n  no t  to allow i ts  a m p l i t u d e  to exceed a b o u t  
5 ° inV.  

Most  e x p e r i m e n t s  were m a d e  a t  t e m p e r a t u r e s  be t ween  2 and  6 ° C. A t  such  low t e m p e r a t u r e s  
t he  d u r a t i o n  of t he  ac t ion  c u r r e n t  of  the  ne rve  fibre is severa l  msec  and  th i s  m a d e  i t  possible to 
d e m o n s t r a t e  impedanc e  changes  wi th  A.C. of r e la t ive ly  low frequencies .  Moreover,  cold raises  the  
th resho ld  of the  fibre for br ief  c u r r e n t s  and  c o n s e q u e n t l y  pe rmi t s  us  to increase the  bridge i npu t  
w i t h o u t  apprec iab ly  affect ing t he  exc i t ab i l i t y  of  t he  fibre. A t  2 ° C, a n  A.C. of  a b o u t  20 m V  a t  3 kc 
was  found n o t  to b r ing  a b o u t  a n y  de t ec t ab l e  change  in t he  th resho ld  of the  fibre. 

The  nerve  fibre was b r o u g h t  in to  ac t ion  by  m e a n s  of an  i nduc t ion  coil I or a b a t t e r y  B in t h e  
figure. The  con tac t s  in t he  p r i m a r y  c i rcui t  01 the  i nduc t ion  coil and  in the  b a t t e r y  circui t  (K t and  Kt) 
were ope ra t ed  wi th  a HELMHOLTZ p e n d u l u m ,  of wh ich  a n o t h e r  b r eak  con t ac t  was used  to s t a r t  s ingle 
sweeps  of the  ca thode  r a y  osci l lograph.  T he  figures on the  face of t he  osci l lograph were p h o t o g r a p h e d .  

FT] 

i 

- - Oscill~or 

Fig, x. Schema t i c  d iagra  m of the  electr ical  e q u i p m e n t  used  for the  i m p e a a n c e  d e t e r m i n a t i o n s  dur ing  
ac t iv i ty .  The  nerve  fibre, o1 which  two nodes  of RANVIER N I and  N I are exposed ,  is a t  t he  lef t  ot 
t he  br idge.  R,  r 1 a n d  r s are  r espec t ive ly  the  res i s tances  o1 the  order  of  x m e g o h m ,  5o o h m s  a n d  x ohm.  
C is t he  va r i ab le  condense r  (below 300 pF) and  W the  var iable  res is tance  used  to control  the  s t r eng th  
of  D.C. :from the  b a t t e r y  B of a b o u t  2o volts .  T he  u n t u n e d  res i s t ance -capac i ty  coupled amplif ier  
a n d  t he  t u n e d  impedance  ampli f ier  are r ep resen ted  by  R C - a m p  and  LC-amp.  K ' s  are the  knock-over  

keys  of a HELMHOLTZ p e n d u l u m  and  I is the  i nduc t i on  coil. 

The  br idge o u t p u t  was first connec ted  to a z-s tage  res i s t ance-capac i ty  coupled (RC-) amplif ier  
and  t h e n  to a n o t h e r  RC-ampl i f ier  or  to a t r a n s f o r m e r  coupled (LC-) ampl i f ie r  t uned  to t he  f requcncy  
of the  oscil lator .  I n  t he  e x p e r i m e n t s  of  F igs  5 and  6, t he  o u t p u t  of the  t u n e d  LC-amplif ier  was  con- 
nec ted  to one of t he  deflect ion p la tes  of  t he  osci l lograph and  the  o u t p u t  of t he  u n t u n e d  RC-amplif i  r 
to t he  o the r  def lect ion p la te .  In  th i s  case the  A.C. c o m p o n e n t  in t he  bridge o u t p u t  is superposed  on 
t he  ac t ion  cu r r en t  o5 t he  fibre. I n  these  a r r a n g e m e n t s ,  t he  condenser  C, which  had  a capac i ty  of the  
order  of  xo -1°  farad,  is shor t -c i rcu i ted  wi th  a res i s tance  of 2. 5. IO 6 o h m s  in t he  midd le  of  the  br idge;  
and  c o n s e q a e n t l y  the  presence  of the  condense r  C br ings  a b o u t  no apprec iab le  de fo rma t ion  in the  
ac t i on  c u r r e n t  recorded.  

I t  shoa:ld be not iced in  our  records  t h a t  t he  response  of t he  LC-amplif ier  to an  i n s t a n t a n e o u s  
a l t e r a t ion  of br idge ba lance  was re la t ive ly  slow: i t  took a b o u t  0. 5 msec  or more  to comple te  the  
response .  Moreover,  a g rea t  i n s t a n t a n e o u s  va r i a t ion  in t he  po ten t i a l  difference be tween  the  electrod~ s, 
such  as caused  by  a p ronounced  shock  ar te fac t ,  could resu l t  in a d a m p i n g  osci l la t ion of a s imilar  
d u r a t i o n  in  t he  t u n i n g  ci rcui t  of  the  amplif ier .  B u t ,  since m o s t  of t he  e x p e r i m e n t s  descr ibed in th is  
paper  were conduc t ed  a t  e x t r e m e l y  low t e m p e r a t u r e s  and  the  d u r a t i o n  o1 the  ac t ion  c a r r e n t  was 
cor respondingly  long, we could ob ta in  rel iable  in fo rma t ion  concern ing  the  t ime  course  of th~ imve-  
dance  change  a c c o m p a n i e d  by t he  p roduc t ion  of t he  ac t ion  current .  

RESULTS 

I. Th~ impedance o[ the resting nerve fibre and its variation during activity 

The fact that under these experimental conditions the resting impedance of the 
single nerve fibre is constantly well over IO megohms has made all the high frequency 
Re[erences  p .  493.  
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impedance measurements  difficult. Frequencies over Io kc were not used, because 
at  such frequencies the capacity of the electrodes and tile wires connected with them 
were considered to cause an appreciable error in the reading. 

After the single fibre preparat ion was placed in the cooled nerw, chamber  and  the 
tempera ture  of the chamber  became steady, the resting parallel resistance and capacit.v 
were measured at several frequencies between 2 and 6 kc. The resting resistance of tht: 
fibre, which could be obta ined  from the resistance of the known a lms  of the balanced 
bridge by mul t ip ly ing  the value of R in Fig. r by the rat io rl/r2, was in general between 
2o and  60 megohms. I t  seemed fairly certain tha t  this value wtried according to the 
diameter  and the in ternodal  dis tance of the fibre. The value of Cr2/r I in the balanced 
state was approximate ly  t0 -12 farad at a bridge frequency of 3 kc. 

When the bridge was balanced with the LC-amplifier at a bridge frequency of about 3 kc, each 
sweep of the electron beam gave a narrow trace on the face of the oscillograph. A weak induction 
shock applied to the nerve fibre during the course of the sweep gave rise to a brief oscillation of the 
electron beam, due to the shock artefact. When the threshold was reached, the bridge went of/" balance 
and the oscillograph line was broadened into a band. Then, as the fibre recovered, the band soon 
narrow¢d down to the resting line again. In all cases the width of the band was found to wtry clirectly 
as the strength of the bridge A.C. The balance was very stat;le and the measurement reprodvciblc. 

After the impedance change was recorded photographically as show in Fig. 2, top left, the os- 
cillograph was switched from the LC-amplifier to the RC-amplifier (Fig. I) and the action current 
of the fibre was recorded without change of the sweep circuit of the stimulus. As the bridge oscillator 
was not turned off in that case, the change in the impedance resulted in a slight broadening of It,.(: 
oscillograph line in the action current records obtained (Fig. 2. top right). 

I t  is easy to demonst ra te  the impedance change dur ing act ivi ty  at the site of 
s t imulat ion.  Wi th  the exper imental  a r rangements  i l lustrated in Fig. i ,  rectangular  
current  pulses of vary ing  s t rengths  could be applied to the nerve fibre through the 
bridge electrodes. When the bridge was balanced with A.C., a rectangular  current  pulse 
applied to the same bridge electrodes brought  abou t  a deflection of rectangular  con- 
f iguration on the face of the oscillograph (connected to the RC-amplifier), due to over- 
compensat ion of the s t imula t ing  current  by the bridge. After the rheobase was a t ta ined ,  
action currents  of all-or-none character and s imul taneous changes in the impedance 

were observed (Fig. 2). 

As the strength of the rectangular current pulse is increased, the time interval from the onset 
of stimulus to the start of action current decreases, ana the form of the action current becorr.es co- 
responaingly diphasic as a result of the increased internodal conduction time. At a strength sufficient 
to suspend conduction of impmse from one node of RANVlER to the other (between N 1 and N z in 
Fig. I), the action current becomes comp~ete,y monophasic. At this strength, the magnitude of the 
impedance change was found to fall to half the normal value. 

More direct informat ion on the magni tude  of impedance change dur ing ac t iv i ty  
can be obtained,  according to the technique used by COLE AND CURTIS (1941) in their 
exper iment  on the squid giant  axon, by  the following procedure. The resistance and  
capaci ty  of the known arm of the bridge, is so altered that  the bridge is no longer ba-  
lanced at rest, bu t  it becomes balanced at some definite moment  dur ing  the ac t iv i ty  
(see Fig. 3). In  this way, the parallel  resistance of the fibre (Rrl/r2) was shown to 
decrease by  5 to 15 % at the onset of the ac t iv i ty  (at a bridge frequency of about  3 kc). 
Then,  as the fibre recovers, the resistance re turns  to normal at  a near ly  constant  rate 
unt i l  the band  on the face of the oscillograph regains the resting width. The parallel  
capaci ty of the fibre (Cr2/r,) was found not  to alter appreciably dur ing activity.  

The magni tude  of the impedance loss dur ing  ac t iv i ty  va, ies pronouncedly  according 
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to the bridge frequency. At 
frequencies above 7 kc it was 
activity. 

Inducboo ~nock 

L _ _  

i V 

/:tecte~qutar p ~ l s e  

- -  2 4 m Y  

- -  • " 25 rn V 

I v ,~5mv 

higher frequencies the change was decidedly less. For 
not feasible to demonstrate any impedance change during 

Fig. 2. Le f t  c o l u m n :  The  impedance  
change  du r ing  ac t iv i ty  elicited by  an  in- 
duc t ion  shock  (top) and  r ec t angu l a r  
c u r r e n t  pulses  (below). T h e  bridge was  
ba lanced for the  i mpedance  of t he  nerve  
fibre a t  rest .  The  br idge f requency  was  
3 kc. The  s t r eng t h  of the  pulses  are g iven  
in the  figures. B i g h t  c o l u m n :  The  bridge 
o u t p u t  amplif ied wi th  u n t u n e d  RC-am-  
plifiers and  recorded u n d e r  o therwise  the  
s ame  cond i t ion  as in the  left co lumn.  The  
t ime  m a r k s  a t  the  b o t t o m  are  xo mill i-  
seconds  apar t .  T he  t e m p e r a t u r e  of  the  

nerve  c n a m b e r  was 3.5 ° C. 

Fig. 3- Br iage  o u t p u t  du r ing  the  passage  
of an  impulse ,  w i th  the  bridge ba lanced a t  
res t  or a t  var ious  m o m e n t s  a u r i n g  ac t ion.  
The  n u m e r a l s  above  ind ica te  the  paral lel  
res i s tances  in m e g o h m s  of the  fibre a t  the  
ba lanced m o m e n t s .  The  two lower records  
were ob ta ined  a f te r  app l ica t ion  of cocaine 
RINGER solut ions  of the  concen t r a t ions  
ind ica ted  in the  f igures;  the  r e s t ing  re- 

"~  9 0 m V  s is tance  of the  fibre was increased by  
. . . . . . . . . . . . . .  narcosis  to a b o u t  4 8 megohms .  F r e q u e n c y  

Fig. 2 2 kc;  t e m p e r a t u r e  5 ° C; t ime  m a r k s  io 
msec  apa r t .  

t . / . .0.  

Z,I ,~. 

38, .G 

Cocaine 

i k  o.oo _ _ % 

0.004 % 
I - -  

, ~ L  , , 

[ r  

Fig. 3 

2. The effects o/alkaloids upon the time course o~ impedance change 

Our previous investigation on the effect of alkaloids upon the isolated nerve fibre 
revealed that these drugs may be classified according to their physiological effects into 
three categories. Cocaine and many other alkaloids reduce the size and duration of the 
electric response of the fibre and raise the threshold; they may be referred to as nar- 
cotics. Sinomenine, brucine, emetine and heroine prolong the descending phase of the 
action current at adequate concentrations. Veratrine causes the fibre to produce a 
prolonged weak "after-current" which is the current counterpart of the negative after- 
potential. The classification of all alkaloids into these three types, namely into the 
cocaine-type, sinomenine-type and veratrine-type, become somewhat dubious at strong 
concentrations, as all chemicals are then narcotic in action. 

In the present investigation, we have examined the effect of these three kinds of 
alkaloids upon the time course of the impedance change during activity. In the first 
place, the effect of cocaine, which is known to reduce the size and duration of the action 
current, was examined (Fig. 3). It was immediately disclosed that cocaine decreases 
the magnitude and duration of the impedance change during an action when applied 
to the region of' the fibre around the impedance electrodes. At such strong concentrations 
as to inhibit completely the production of the action current, no impedance change 
was observed even at the site of stimulation. 

We have investigated in the next place the effect of sinomenine. The drug was 
dissolved in RINGER at an adequate concentration (from I to 3%), and this solution 
replaced the fluid on both sides of the bridge-insulator. The fibre was excited from 
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t ime to t ime by  means  of the  induct ion  coil. Alkalo ids  of this  type  arc, unlike cocaine, 
progress ive in act ion,  i.e., the  magn i tude  of the  effect increases g radua l ly  as t ime 
elapses even when the concen t ra t ion  of the  drug remains  unal tered .  

I t  was d e m o n s t r a t e d  tha t  this  drug  r e m a r k a b l y  prolongs the per iod  of decreased 
impedance .  The magn i tude  of the  impedance  change on act ion is much less in th(, 
poisoned fibre than  in the normal ,  but  i ts effect upon the t ime course, of tht: change is 
charac te r i s t ic  (Fig. 4)- The course is such tha t  the  osci l lograph line is b roadened  sudderdy,  
then it soon nar rows down to a cer ta in  ex ten t  and  this level is ma in t a ined  for some t ime 
unt i l  it  f inally begins to re turn  g r a d u a l l y  to  normal .  

The effect of vera t r ine  upon the t ime course of impedance  change dur ing  ac t iv i ty  

, L k  _ 

-qr 
O. O0 5 ~ veratr/r le 2 % Sinordenine 

• . ° ° . . ° ° , • 

Fig. 4. Left column: The effect of veratrine as 
shown by photographic records of the impedance 
change during activity. The two lower records were 
obtained between 15 and 20 minutes after applica- 
tion of w~ratrine. The resting resistance was increased 
by the drug from 48 to 55 megohms. Frequency, 2 ke; 
temperature 5 ° C; time marks io msec apart. Right 
column: The effect of sinomenine. The two lower 
records were obtained about 5 and 15 minutes after 
application of the drug. The resting resistance was 
at first 5 ° megohms and was not much altered by 
the drug. Frequency 5 kc; temperature 6 ° C; time 

marks io m~,c apart. 

is very  in teres t ing  in connect ion with 
its effect on the  act ion current .  I t  is 
possible to show the impedance  counter-  
par t  of the  increased negat ive  af ter-  
potent ia l ,  which a number  of recent  
inves t iga tors  have  demons t r a t ed  for the 
nerve t runk  (Gm~HAM, I930; GI~AH:X.~I 
AND GASSER, I931 ; ACHESON AND 
ROSENBLUETII, 1941; KUFFLER, 1043 
and  others).  

When  the RINC, ER'S fluid on bo th  
sides of the br idge- insu la tor  (Fig. I) is 
replaced with a veratrine-RINGER solu- 
t ion of an app rop r i a t e  concent ra t ion  
which varies  cons iderab ly  with the 
t empera tu re ,  re tnrn  of the impedance  
to normal  following an act ion becomes 
incomple te  and  the band  remains  sl ight-  
ly b roadened  for a per iod of one minute  
or more af ter  it  has been once broad-  
ened. As the detec t ion  of the  impedance  
change can be done fair ly accura te ly  
even when the change occurs w~'ry 

slowly, it  is obvious  tha t ,  for the  s t u d y  of the  process under ly ing  the a f te r -potent ia l ,  
the  use of the  impedance  m e t h o d  is more adequa t e  than  the usual methods .  

3. The relationship between the impedance and the action current and the e[Ject o/polarization 

In  order  to examine  the re la t ionship  between the magn i tude  of impedance  change 
and  the  ac t ion current ,  a special  technique  was adopted ,  in which both  the A.C. indi-  
ca t ing  the  impedance  changes and the act ion cur ren t  were led s imul taneonlsy  into one 
and the same oscil lograph.  In  the exper imen ta l  a r r angemen t  shown in Fig. I, these two 
componen t s  in the  br idge o u t p u t  were ampli f ied first by  means  of the  R(;-amplif ier  (I) 
and  then the un tuned  RC-amplif ier  (2) made  it possible to record  act ion currents  of the  
order  of I0 -9 ampere .  The LC-amplif ier ,  t uned  to the bridge-A.C.,  had  a cur ren t  sensi- 
t i v i t y  of abou t  10 t imes  as high as the RC-amplif ier  (2). 

Af ter  a o.2% cocaine-RISGER solut ion h a d  been in t roduced  into the d is ta l  pool of 
RINGER in which was immersed  node of RANVlER N z in the  figure, an induct ion shock 
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app l i ed  to the  fibre evoked  an ac t ion  current  which was der ived  ma in ly  from the ac t i v i t y  
a t  the  node N 1. The  t ime  course of such an act ion current  roughly  dupl ica tes  t ha t  of the  
va r i a t ion  in the  e lec t romot ive  force a t  the  p l a sma  membrane  of the  node, name ly  the  
t ime course of the  " " " act lon-e.m.f .  

The  ac t ion  cur ren t  records furnished in the  left column of Fig.  5 were ob ta ined  wi th  
the  a r r angemen t  of Fig.  I in which the LC-amplif ier  was p u t  out  of act ion.  Those in 
the  middle  column were ob ta ined  with  the  RC-amplif ier  (2) swi tched off. W i t h  all  the  
amplif iers  a t  work, the  records  in the  r ight  column were obta ined .  

o 

A ~% ~inorneoleTe-Rtn~e," sO/uP,on 

. w w v  

_ ~ _ 1 . ~ _ _ ~  ' I - -  I L ,  

• • • • • • • • • • • • • • • • • . e • • 

Fig. 5- I~t t  column : "mononodal" action currents of a single nerve fibre. Middle column : Impedance 
changes during activity. Right column: Superposition of the impedance changes upon the action 
currents. Records in the two lower rows were obtained about 5 and zo minutes alter application ot 

sinomenine respectively. Frequency 3 kc; temperature 3 ° C; time markers zo msec apart. 

W h e n  the  sens i t iv i ty  of the  RC-amplif ier  (2) was reduced  to  such an ex ten t  t h a t  
the  m a x i m u m  wid th  of the  b a n d  was a p p r o x i m a t e l y  equal  to the  m a x i m u m  deflection 
b y  the  ac t ion  current ,  superposi t ion  of these two components  gave figures of which 
the  lower marg ins  showed p rac t i ca l ly  no depa r tu re  from the  base line of the  oscillo- 
graph.  A n d  this  was t rue  even af te r  the  node under  observa t ion  (Nz) was poisoned wi th  
a lkaloids  (Fig. 5). This  indica tes  u n d o u b t e d l y  t ha t ,  
if bo th  the  ac t ion cur ren t  and  the  impedance  change 
are  l imi ted  to  those der ived  ma in ly  from the 
a c t i v i t y  of a single node of RANVIER, the magnitude 
o~ the impedance change is proportional to the strength 
o/ the action current at that moment. 

W e  came across an a p p a r e n t  except ion  to  this  
rule in our  inves t iga t ion  of the  effect of polar iza t ion  
on the magn i tude  of impedance  change dur ing  
a c t i v i t y  (Fig. 6). In  this  inves t igat ion,  the  b a t t e r y  
circui t  shown in Fig. I was used for the polar iza t ion  
of the  fibre. The por t ion  of the  fibre in the  d is ta l  pool  

Fig. 6. Effect of electrotonic polarization upon the action 
current and the impedancec hange. Node N s in the figure was 
narcotized. The records in the left column were obtained 
during the anodal polarization of the node N 1 at various 
strengths, and those in the right column during cathodal 
polarization. Polarizing voltages are given in the figure. 
Two records at the bottom were taken at the same polar- 
izing voltage. Frequency 2.8 kc, temperature 2.5 ° C, time 

marker 7 msec apart. 
Re/evences p. 493. 
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was prevented from developing action currents by  narcosis. The fibre was brought into 
action by an induction shock applied to its proximal portion after the polarizing 
current had been allowed to act for a period of about o.5 second. In this experinaent, 
the effect of the polarizing current is referred to ,as catelectrotonic (C.E.T.) when the 
node of RANVlER under observation (N1 in Fig. I) is on the side of the cathode of 
ba t te ry  B in the polarizing circuit. When the sign of the bat tery is reversed, we speak 
of anelectrotonus (A.E.T.). 

By C.E.T. these two types of electric responses are reduced in size, and by A.E.T. 
both are increased. In the case of C.E.T., the reduction in the magnitude of the impe- 
dance change was found to be more pronounced than that  in the action current, but 
still a proportionality seemed to exist between these two types of response in that  
condition. In the case of very strong A.E.T., action currents without simultaneous 
change are often observed. A closer analysis of this phenomenon reveals, however, that  
this observed disparity between the action current and the impedance change is merely 
superficial. 

As was first discovered by ERLANGER AND BLAnl (I934), the transmission of an 
impulse from one node to the next is strongly hampered by A.E.T. and consequently 
a notch is formed on the ascending limb of the action current recold. In the diagram 
of Fig. 6, the broken line indicates the component of the action current derived from 
the node N O in the figure, and the thick continuous line shows the current from the 
node N~. At the moment  when the latter node N~ is thrown into action, the oscillograph 
line changes over suddenly from the broken line to the continuous, producing a notch 
in the record (TAKEUCHI AND TASAKI, 1942 ). 

With these points in mind, it is inferred that,  under these experimental conditions, 
the component of the current arising from the act ivi ty of the node N o is unaccompanied 
by  any observable change in the impedance. The observed impedance change is syn- 
chronous with and proportional to the deflection resulting from the action current of 
the node N a. 

DISCUSSION 

One of the difficulties of our present investigation lies in the fact that,  in order to 
demonstrate the change in the impedance during activity, only a restricted range of 
bridge frequency, 2-5 kc, is available. The limited duration of the action current 
determines the lower limit of the available frequency. The upper limit is influenced by 
the experimental fact that  for higher frequencies no change in the impedance is observed 
during activity. This latter can no doubt be at tr ibuted to the properties of the myelin 
sheath which covers the nerve fibre. 

There is evidence that  the resistance of the myelin sheath is reactive in noture 
(TASAKI AND TAKEUCHI, 1942 ). For a direct current the sheath may behave like an 
almost perfect insulator, but, for a high frequency alternating current, it may  act as 
though it were a good conductor. Adopting the view that  the action current of the fibre 
arises from a process localized at  the nodes of RANVIER, we may conclude that  the 
inefficacy of a high frequency A.C. for detecting the impedance loss during activi ty 
is due to the leakage of the testing current through the myelin sheath. 

In connection with our investigation of the effect of anodal polarization upon the 
impedance changes during activity, we have seen that  the activity at the second node 

Re/erences p. 493. 
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(No) from the bridge-insulator may cause a sizable action current in the bridge output  
without being accompanied by any detectable change in the impedance. We may now 
attribute this too to the above-stated property of the myelin sheath. The bridge A.C. 
cannot reach this remote node on account of leakage through the myelin sheath, while 
the action current from this node may spread to the bridge electrodes after suffering 
an appreciable distortion in its sharp rising phase. 

Turning now to the relationship between the impedance change and the action- 
e.m.f, at the node of RANVIER, it should first be emphasized that these two occur not 
only simultaneously but  also their magnitudes are proportional to each other at every 
moment during activity. The constant of proportionality may vary according to the 
experimental conditions, but during one specified activity, one varies proportionately 
to the other. This fact indicates undoubtedly that the change in the impedance and the 
production of the action current are two different expressions of one and the same 
bioelectric process which occurs at the plasma membrane. In the experiment of COLE 
AND CURTIS, the measurements were made under such conditions that  the diphasic 
artefact and the spread of the action current along the fibre could cause a slight disparity 
between the time courses of these two processes. 

In this connection, emphasis should be laid on the peculiarity of the time course 
of this bioelectric process. The first, rising phase is extremely short as compared with 
its second, descending phase. In this respect, the bioelectric responses we recorded are 
very like those obtained with the plant cell NiteUa (see for example OSTERHOUT AND 
HILL, 1936, p. 46)- 

It  would be very interesting to know how this bioelectric process is affected by  
various chemical and physical agents such as those used in the present investigation. 
I t  is first necessary to show that the changes in the bioelectric response described above 
are the real effects of those agents. Their effects upon the resistance of the myelin sheath 
must be excluded before we can discuss the process at the node. 

By the shock test method in combination with a bridge-insulator (TASAKI, I940), 
it has been demonstrated that, by cocaine of above 0.2% and urethane of above 2 %, 
the resistance of the myelin sheath is increased beyond the limit of the experimental 
error. In the present investigation, introduction of a 2% cocaine solution into one 
of the pools on the bridge-insulator increased the parallel resistance by about 5 %. 

With a view to clarifying the effect of the polarizing current upon the resting resist- 
ance of the nerve fibre, we have made a special experiment in which a three-electrode 
arrangement with the.bridge-insulator technique was used. Of the three electrodes two 
served as the bridge-electrodes for the impedance measurement, and the remaining one 
in combination with one of the bridge-electrodes was used for polarizing the fibre. In 
the middle pool of RINGER in which the common electrode was immersed, a short 
portion of the fibre was introduced including one node of RANVIER. In this manner it 
has been shown that A.E.T. of about ioo millivolts brings about no detectable change 
in the resting impedance and that a slight, but unmistakable change results in case of 
C,E.T. of about IOO millivolts. This catelectrotonic effect is considered indistinguishable 
from the impedance counterpart of the after-potential which is known to increase in 
case of C.E.T. (GRAHAM, 1942 ). 

Thus, all the effects of the chemical and physical agents under investigation upon 
the resting impedance are too small to account for the observed impedance change 
during activity. We may therefore conclude that all the remarkable effects brought 
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about by alkaloids and polarization are due to their direct action upoi~ the action cur- 
rent producing process at the plasma membrane. 

Among the data presented, the fact that  A.E.T. augments the magnitude of the 
impedance changes during activi ty may be of considerable interest in regard to the 
mechanism of action current production. This seems to indicate that, contrary to the 
conclusion at which COLE AND CURTIS have arrived for the squid giant axon, the decrease 
in the membrane resistance during activity is not so profound as to be regarded as a 
complete depolarization of the membrane.  If the resistance of the normal plasma mem- 
brane i~ decreased on action by almost lOO% it would be impossible for the impedance 
during activi ty to by augmented by any kind of agent which brought about no change 
in the resting resistance. 

Some of our previous results, however, strongly suggest that  the ohmic resistance 
of an active plasma membrane would be practically zero compared with its resting 
resistance (TASAV:I, 194o; TASAKI AND TAKEUCHI, I942). Neither stimulating nor action 
current spreads beyond ~n active node of RANVIER. But, since the accuracy of this 
method of measuring the membrane resistance falls far below the direct impedance 
measurement,  it would probably be possible to find a way to reconcile these two sets 
of experimental results without introducing any complicated assumptions. 

We wish to express to Dr WASABAYASHI AND Dr KATSUK1 our appreciation of their 
kindness in lending us some experimental equipment;  and to Dr OCHIAI AND Dr MIYAGI 
our thanks for supplying us with alkaloids. 

SUMMARY 

I. High frequency a l te rna t ing  current  impedance measurements  have been made, during rest 
and act ivi ty,  on isolated single nerve fibres of the toad. 

2. During act ivi ty  there is a decrease in the impcdance of the plasma membrane  at the noocs 
of RANVIISR. The t ime course of the impedance loss is the same as tha t  of the "act ion elcctromotive 
force" set  up  at  the p lasma membrane .  

3. The impedance change and the act ion current  prcduct ion  are two different expressions ot 
one ann the same bioelectric process which occurs at  the p lasma membrane .  

4. Cocaine and m a n y  o ther  alkaloids rcauce the magni tude  and dura t ion  of the bioelectric 
response.  Sinomenine and several o ther  alkaloids prolong the dura t ion  of the response in a very 
characterist ic  manner .  Veratr ine re tards  complete recovery from a previous activity.  

5. Catelectrotonus depresses and anelcct rotonus  enhances  the bioele¢tric proces::. 

R~.SUM~ 

i. Des mesures d ' imp6dance ont  6t6 faites sur des fibres nerveuses isolhes, de crapaud, au cour~ 
du repos et de l 'activit4, A l'aide de courant  de haute  fr6quence. 

2. Au tours  de l'activit6, il y a une d iminut ion  de l ' imp6dance de la membrane  protoplasmiquc 
aux  noeuds de RANVIER. La diminut ion de l ' imp4dance en fonction du temps  est la m4me que celh 
de la "force d 'act ion 61ectromotrice" qui se manifeste  A la membrane  protoplasmique.  

3- Le changement  d ' imp6dance et la product ion du eourant  d 'act ion repr6sentent  deux  mani- 
festat ions diff6rentes d 'un  seul et m4me ph4nomane bio61ectrique qui a lieu A la membrane  proto- 
plasmique.  

4. La cocaine et de nombreux  aut res  alc~aloides r6duisent la g randeur  et la dur6e de la r6ponst 
bio6lectrique. La sinom6nine et plusieurs aut res  alcaloides prolongent  la dur6e de la r6ponse d 'unc 
fa~on trhs caract6ristique. La veratr ine ra lent i t  le re tour  A la normale aprhs activit6. 

5. Le cat61ectrotonus diminue et l 'an61ectrotonus augmente  le ph6nom~ne bio61ectrique. 
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ZUSAMM NFASSUNG 

i. Die Impedanz yon Hechfrequenz-Wechaelstr6men sowohl im Ruhe- als im Arbeitszustand, 
wurde an isolierten Nervenstrgngen der Kr6te gemessen. 

2. WAhrend der Arbeit findet eine Abnahme der Impedanz der Plasma-Membran bei den 
RANWER-Knoten start. Der Zeitverlauf dieses Impedanz-Verlustes ist der Gleiche Ms der der "elektro- 
motorischen Wirkungskraft" welche an der Plasma-Membran entsteht.  

3. Die Impedanz-Anderung und die Erzeugung des Wirkungsstromes sind zwei verschiedene 
Ausdrficke eines und desselben bioelektrischen Prozesses, welcher an der Plasma-Membran stattfindet. 

4- Cocain und viele andere Alkaloide verringem die Gr6sse und Dauer der bioelektxischen An- 
sprechung. Sinomenin und verschiedene weitere Alkaloide verlAngern die Dauer der Ansprechung 
in sehr charakteristischer Weise. Veratrin verz6gert die v611ige Erholung yon vorgikugiger Arbeit. 

5. Katelektrotonus senkt und Anelektrotonus erh6ht den bioelektrischen Prozess. 
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