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A modif icat ion of a ma thema t i ca l  model  of the node of Ranv ie r  based  on the postulated de-  
pendence of the ra te  of inactivation (h) on the ra te  of act ivat ion (m) is suggested.  The 
model  r ep roduces  sodium fluxes under  voltage and act ion potential  c lamp conditions and 
a lso  the exper imenta l ly  obtained delay in the development  of inactivation. The model  in- 
t e r p r e t s  the exper imen ta l ly  observed  initial decline in the peak values  of INa (INPa) a f t e r  
withdrawal  of a shor t  depolar iz ing s t imulus as a t rue  continuation of inact ivat ion (a de-  
cline in h) unlike the ~,Hodgkin-HuxleY model,  in which this decline is explained by the pow- 
er fu l  dependence of I~a  on the or iginal  m.  The model  p red ic t s  a d e c r e a s e  in h in response  
to a f ac to r  increas ing  m without changing the m e m b r a n e  potential .  An inc rease  in the 
level  of inact ivat ion at the res t ing  potential  was  found in expe r imen t s  on a node of Ranvier  
on the prolonged "tail" of inc reased  sodium conductance a r i s ing  a f t e r  withdrawal  of a 
depolar iz ing s t imulus  in an ex te rna l  medium containing ve ra t r ine .  

The w r i t e r s  have shown prev ious ly  that inact ivat ion of the sodium channels in the m e m b r a n e  of the 
Ranvie r  node develops a f t e r  an init ial  delay, the duration of which c o r r e l a t e s  with the s teepness  of r i se  of 
sodium conductance.  The exis tence  of this delay, which has a lso  been found with other  objects  [3], cas t s  
doubt upon the view e x p r e s s e d  in the Hodgk in -Hux ley  [4] equations concerning the i so la ted  c h a r a c t e r  of in- 
act ivat ion.  

In this pape r  a model  of the changes in sodium conductance which takes this fea ture  into account is 
examined,  and exper imen t s  c a r r i e d  out in connection with ce r t a in  predic t ions  of the model  a r e  d iscussed.  

E X P E R I M E N T A L  M E T H O D  

I solated ne rve  f ibe r s  f r o m  the f rog  Rana ridibunda were  used  in exper imen t s  by the voltage c lamp 
technique desc r ibed  p rev ious ly  [1]. 

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

T he design of the model  was based  on the views of Hodgkin and Huxley regard ing  the exis tence of the 
two p r o c e s s e s :  act ivat ion and inactivation: 

l Na = -gN~m3h (E - -  ENa), (1) 

where INa is the sodium current; gNa the maximal sodium conductance; m and h are variables describing 
the processes of sodium activation and inactivation, respectively; E is the membrane potential; and ENa 
the equilibrium sodium potential. 
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Fig. i. Basic characteristics of the model and its predic- 
tions: A) changes in gNa in time for various clamped vol- 
tages, calculated by the Hodgkin-Huxley equations in Hille's 
modification [8] for a node (continuous lines) and predic- 
tions of the new model for the same conditions (shown by 
dots); numbers denote values of membrane potential in mil- 
livolts; B) action potential calculated by Hodgkin-Huxley 
equations (broken line) and by Eqs. (i)-(3); C) development 
of inactivation in time with a shift of membrane potential 
from the resting potential (-75 my) toward depolarization. 
Continuous lines represent the course of changes in h for 
two values of the potential (-37 and -15 my), calculated by 
Eqs. (i)- (3) for 20~ Broken lines show changes in m for 
corresponding values of potentials. Experimental points 
were obtained by using the maximal value of the INa deriva- 
tive as a measure of h. Fiber 18.5.72. Intertrial interval 
250 #see. Temperature 20~ Experimental points given 
with a correction for the increase in h in the intertrial inter- 
val with a time constant Of 6 msec; D) graph of velocity con- 
stants of inactivation as a function of membrane potential. 

Since this paper is devoted to the study of inactivation, the description of activation suggested by 
Hodgkin and Huxley [4] was left unaltered: 

m = ~ . ( 1  - - m ) - - ~ m . m ,  (2) 

where u m and Bm are  velocity constants  of the process  m. 

The new description of the inactivation process  must sat isfy two requirements:  f i rs t ,  it must  give a 
delay in the development of inactivation and, second, it must  describe (just as well as  the Hodgkin--Huxley 
model) the kinetics of the decrease  in h at large values of t ime and the shape of the descending phase of 
gNa (t) respectively.  The equation is 

]'t--czh(1--h)-- ~ .re.h,  (3) 
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Fig. 2. Changes in peak values of INa(INPa ) developing in response 
to test stimuli applied with a varied delay t after the end of the short 
depolarizing stimulus: A) curve showing I~a as a function of t ob- 
tained experimentally. Scheme of experiment illustrated above. Dur- 
ation of conditioning stimulus 150 psec. Numbers denote values of 
membrane potential. Fiber 8.1.73. Temperature 20~ B) curve of 
INP a versus t calculated from Hodgkin-Huxley equations (thick line) 
for the same conditions as in A. Course of changes in h shown by 
broken line, course of changes in m in intertrial interval shown by 
thin line; C) the same as in B but calculated by Eqs.(1)-(3). 

Fig. 3. Expe r imen ta l  cu rves  of withdrawal  f r o m  inactivation a f t e r  
10 m s e c  of depolar iz ing st imulus obtained f r o m  peak values  Ii~ a in 
response  to t e s t  s t imuli .  In each par t  of this f igure scheme of ex-  
pe r imen t  shown above graph  (numbers denote values  of m e m b r a n e  
potential  in mil l ivol ts) ,  on left  of ordinate values  of INa developing 
during the act ion of conditioning s t imulus .  Broken line gives  value 
of peak INa in absence  of conditioning s t imulus .  F ibe r  14.11.72. 
T e m p e r a t u r e  22~ A) Node in R inge r ' s  solution; B) ex te rna l  so lu-  
tion contains veratrine (5 x i0 -5 mg/ml). Continuous line without 

points shows "tail" of sodium current after repolarization. 

w h e r e . o  h has the same  signif icance as in the Hodgkin-Huxley  model  and f l h - f l h / m ~  sa t i s f ies  both r eq u i r e -  
ments .  T It g ives  a delay in the development  os inact ivat ion (Fig. 1C), and at  t imes  when m reaches  its s t a -  
t ionary  value m the equation changes  into the cor responding  Hodgk in -Huxley  equation. Calculat ions c a r r i e d  
out with numer ica l  r e su l t s  for  a s tandard  node [7] showed that the model  r ep roduces  the sodium cu r r en t s  
under  voltage and act ion potential  c lamp conditions v e r y  well  (Fig. 1: A and B). 

The new veloci ty  constant fl~ is l e s s  highly dependent on potential  than flh (Fig. 1D) and is s t i l l  quite 
high at the res t ing  potential  or  even at high negat ive values  of E. Accordingly the model  p red ic t s  the p ro -  
longat ion 'of  inact ivat ion (under ce r t a in  conditions) even a f t e r  the cessa t ion  of depolar izat ion.  In fact,  if at 
the t ime  of r epo la r i za t ion  h is not too smal l  while m is saff ic ient ly  large ,  it is found that fl~- m "  h > a  ( l - h )  
and, consequently,  there  will be a fu r the r  decline in h (Fig. 2C). This  observa t ion  enables  a fundamental ly  

Here and subsequently Hodgkin--Huxley equations for the node of Ranvier are implied [5, 6]. For the cal- 

culations these equations were used in Hille's modification [7]. 
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different  in te rpre ta t ion  f r o m  that given by the Hodgk_in-Huxley equations to be suggested for  the c h a r a c t e r  
of the changes in the peaks  of the sodium cur ren t  (I~a) obse rved  exper imenta l ly  in r e sponse  to t e s t  s t imul i  
applied at va r ious  t ime  in terva ls  t a f t e r  withdrawal  of a shor t  depolar iz ing s t imulus .  The exper imenta l ly  
obtained curve  of IPa  as a function of t is shown in Fig. 2A. Clear ly  the i nc rea se  in IPa  connected with the 
withdrawal  of the sodium channels  f r o m  inactivat ion ( increase in h) is c l ea r ly  p receded  by a shor t  t ime in- 
t e rva l  in which IPa  fal ls .  Both models  reproduce  this phenomenon well  (Fig. 2: B and C), but for  comple te ly  
different  reasons:  in the Hodgk in -Hux ley  model  the initial  dec rease  in I~a  is the resu l t  of a d e c r e a s e  in m 
a f t e r  withdrawal  of the conditioning s t imulus ,  while in the modif ied model  it is the resu l t  of t rue  prolonga- 
t ion of inact ivat ion (a dec rea se  in h). This  is explained as  follows. In the Hodgkin-Huxley  model  the peak 
value gNPa and, consequently, INPa is s t rongly  dependent not only on the value of h at the t ime of applicat ion 
of the test stimulus (hE) , but also on the initial value of m (nat): 

l~a/( I ~ )  = ht(1 -- mt/rno~ ) -  ~ml~h . (4) 

F o r  this r e a son  the rapid d e c r e a s e  in m a f t e r  the end of the conditioning s t imulus  leads to a t e m p o r a r y  
drop in I~a  despi te  the continuous inc rease  in h (Fig. 2B). In the new model ,  however,  I~a depends to a 
m u c h  l e s s e r  degree  on mt: 

ILt( ~ Inn )max = ht[(1 -- tnt/moo) exp (mt/tn~) ] - ~rn/~h (5) 

and the d e c r e a s e  in IP  a r e f l ec t s  the changes in h quite well  (Fig. 2C). 

The fac t  that  INPa is only slightly dependent on m t (when m t < 2 / 3  moofor a pa r t i cu l a r  te st  potential) in 
this model  is explained by  the connection between h and m, which leads to initial delay in the decline of h 
a t  sma l l  va lues  of m. Evaluat ion of the re la t ive  dec rea se  in I~a  b y e  q. (5) shews that  only 2.5% of the 8% 
obtained exper imenta l ly  (Fig. 2A) can be at t r ibuted to d i f fe rences  in the initial  va lues  of mt.  The  exis tence  
of delay in the development  of inactivation, where  it is the resu l t  of a connection between h and m, thus 
n e c e s s a r i l y  impl ies  only a slight dependence of IP a on the initial value of rn t. In that case  the expe r imen t -  
al ly obse rved  initial dec rea se  in IP  a a f t e r  the end of depolar iza t ion  mus t  be a t t r ibuted chiefly to a t rue  p r o -  
longation of inactivation. ~ The prolongat ion of inactivation, however,  can take place only if the veloci ty  
constant  of t rans i t ion  into the inact ivated s ta te  a t  the res t ing  potential  is s ignif icantly g r e a t e r  than the ve-  
locity constants  of the r e v e r s e  change. In the new model  this condition, as  has a l r eady  been s tated above, 
is  sa t i s f ied  au tomat ica l ly  as  a r e su l t  of the introduction of a normal iz ing  fac to r  1/moo into Eq. (3) to give 
adequate descr ip t ion  of the descending l imb of ~Na(t) under  voltage c lamp conditions. 

In connection with the above r e m a r k s  it was  in te res t ing  to c r ea t e  a r t i f i c ia l  conditions such that the 
sodium conductants would be inc reased  without a shift  of m e m b r a n e  potential .  These  conditions could be 
obtained in the p re sence  of v e r a t r i n e  in the ~x te rna l  medium,  for  during i ts  act ion [7, 9] a prolonged (time 
constant  200-600 msec)  "tai l"  of i nc rea sed  gNa is observed  a f t e r  withdrawal of the depolar iz ing s t imulus .  
Expe r imen ta l  cu rves  of withdrawal  f r o m  inactivat ion a f t e r  10 m s e c  of the depolar iz ing s t imulus  a r e  shown 
in Fig. 3. In the p r e s ence  of v e r a t r i n e  inactivation was  quickly r emoved  (with the s ame  t ime  constant  as  in 
the Control R i n g e r ' s  solution), but the quas i s t eady-s t a t e  level  of inact ivat ion reached  was  found to be in- 
c reased ;  this inc reased  level  of inact ivat ion p e r s i s t e d  as  long as  the gNa " ta i l" .  To explain this r e su l t  
within the f r a m e w o r k  of the new model  it is  unneces sa ry  to make any additional assumpt ions  regard ing  the 
act ion of v e r a t r i n e  on the sodium pore  beyond that it main ta ins  the po res  with which it has succeeded in 
binding during the act ion of the depolar iz ing s t imulus in the ac t ivated s ta te  even a f t e r  repolar iza t ion .  Since 
/ ~  at  the init ial  potential  was  high enough, a ce r t a in  propor t ion  of ac t ivated po re s  will r e tu rn  into the in- 
ac t iva ted  state.  In the case  of a model  with independent values  of h and m, to explain this fact  it would be 
n e c e s s a r y  to a s s u m e  that  v e r a t r i n e  causes  much m o r e  profound changes  in the sodium pore .  

The fact  that  bes ides  the act ion potential,  ionic cur ren t s ,  and delay  in the development  of inactivation, 
the model  r ep roduces  the decline in h a f t e r  withdrawal  of the shor t  depolar iz ing s t imulus as  well  as  the in- 
c r e a s e d  level  of inact ivat ion on the " tai l  ~ of the inc reased  gNa'  jus t i f ies  the hope that a s  a f i r s t  app rox ima-  
tion it will  t ru ly  re f lec t  the c h a r a c t e r  of the connection between act ivat ion and inactivation. Assuming  that  
the constant  o~ h (just like/3~) does not become  ze ro  at any va lues  of the m e m b r a n e  potential,  inact ivat ion 
will  neve r  be  complete .  The absence  of a peak  of the inward cu r ren t  in r e sponse  to the t es t  s t imulus  is ev i -  
dence s imply  that  inact ivat ion has reached  saturat ion,  and the solution of the p rob lem of whether  the r e su l -  

% The prolongat ion of inactivation a f t e r  withdrawal  of the depolar iz ing s t imulus  has a lso  been found in the 
po tass ium s y s t e m  of mol lusk  giant neurons  [2, 8]. The r e su l t s  of the p resen t  invest igat ion suggest  that in- 
ac t ivat ion is dependent on act ivat ion in the po t a s s ium s y s t e m  also.  
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tant ionic current in this case contains or does not contain a component of the inward sodium current de- 
pends on the writers' assumption regarding the leakage current and the potassium current. No evidence 
conflicting with the hypothesis of incomplete activation could be found; indeed, the facts indicate that this 
correctly reflects the true state of affairs [i0]. 

It must be emphasized that the suggested model is still purely formal, and that very many different 
physical models reflecting the basic assumption regarding the character of the connection between activa- 
tion and inactivation could be devised. It is to be hoped that the attempt to explain all the l~own effects of 
veratrine and the future experiments with it will lead to fresh progress in physical modeling. 
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