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Summary 

Voltage-clamp experiments were performed on single myelinated nerve fibres 
of Rana esculenta at 20~C in Ringer's solution and in solutions containing 
phenobarbital-sodium ([PB] ~< 5 mM). The reduction of the sodium current 
under phenobarbital could be explained by an increase in the resting sodium 
inactivation; hoo(E) was shifted towards more negative membrane potentials. 
The recovery from sodium inactivation proceeded with two time constants. 
The fast process could be described with the same time constant as in Ringer's 
solution, whereas the slow process had a t ime constant approx. 40 times larger. 
The slow process was also potential<lependent and could be described by 
1/(0.025~h + fih), where ah and fih denoted the rate constants in Ringer's solu- 
tion. With the measured blockage of sodium channels by phenobarbital, both 
the shift of  hoo(E) and the slow recovery from sodium inactivation could be 
explained. 

Introduction 

At the peripheral nerve fibre, a reduction of the Na current and an inhibi- 
t ion of the K current under various barbiturates were observed [1--3]. Previ- 
ously [4], the effect of  phenobarbital on the Na permeability has been 
explained by an increase of  the resting Na inactivation. The reduction of the Na 
current could be completely removed under large negative membrane poten- 
tials, yielding a shift of hoo (E) to more negative membrane potentials. The main 
course of  the recovery process proceeded at E -- --140 mV with a time constant 
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of  approx.  7 ms. A comparable shift of  hoo(E) was also found in the presence of  
local anaesthetics as well as slow processes described as 'slow inactivation' [ 5] 
and 'use<tependent inhibition' [6--9].  The present experiments were per- 
formed in order to investigate the potential dependence of the t ime course of  
the removal from Na inactivation under phenobarbital .  It will be demon- 
strated that  the measured potential dependence of  the slow recovery and the 
shift of  boo(E) could be related to each other. 

Methods 

Voltage~lamp experiments were performed on single myelinated nerve 
fibres of  Rana esculenta using the method of  Dodge and Frankenhaeuser [10] 
in a modification described by  Nonner [11].  The temperature of  the solutions 
superfusing the node was adjusted to 20°C. The neighbouring nodes were cut  in 
isotonic KC1. Membrane potentials, E, were given as inside potential minus 
outside potential; outward currents were consequently positive. The resting 
potential was assumed to be E = - -70  mV at hoo(E)= 0.7. Current densities 
were calculated from the measured potential drops across the internal resis- 
tance of  the cut  internode with a value of  ZED = 14 ~2 " cm 2 [12].  

The solutions used had the following composit ions:  Ringer's solution, 
110 mM NaC1, 2.5 mM KC1, 1.8 mM CaC12 and 5 mM Tris(hydroxymethyl)-  
aminomethane-HC1 buffered at pH 7.3. Isotonic KC1, 117 mM KC1. The solu- 
tions containing phenobarbital~sodium (Merck-Schuchardt) were prepared 
before each experiment.  

Results 

The recovery from Na inactivation was investigated using the double-pulse 
procedure illustrated in Fig. 1. Conditioning prepulses, Ec, of  variable duration, 
t, were followed by 2 ms test pulses to E = - -10  mV. In both  experiments 
under phenobarbital ,  the inward current for t = 0 was reduced and the recovery 
process was markedly slowed down.  After a prepulse duration of  500 ms, the 
same peak current ampli tude was attained as in Ringer's solution. The first part 
of  both registrations is stretched in time scale, indicating the fast recovery 
process, whereas the latter part shows the further slow removal from Na 
inactivation. 

The evaluation of  the two time constants is illustrated in Fig. 2 for the con- 
ditioning prepulses Ec = - -130  and --100 mV in Ringer's solution and using 
2.5 mM phenobarbital .  In Ringer's solution, a single exponential slope was 
observed in the semilogarithmic plot with the time constants 0.52 and 1.12 
ms, respectively. The deviation of the first points of  measurement for Ec = 
--100 mV from the straight line indicated the delay in recovery from inactivation 
reported by  Chiu [13].  Under phenobarbital ,  two recovery processes could be 
separated as shown in the lower graphs of  Fig. 2. The late phase of  recovery 
was approximated by  a straight line, yielding a large time constant,  rh2; the 
subtraction of  this line from the data points for short prepulse durations 
revealed a small t ime constant,  rhl. 

The time constants for recovery from Na inactivation in Ringer's solution 
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Fig. 1. R e c o v e r y  f r o m  Na inac t iva t ion  using 2.5 m M  phe no b a rb i t a l  at  d i f f e ren t  cond i t ion ing  poten t ia l s .  
I n w a r d  cu r ren t s  dur ing  tes t  pulses to - -10  m V  are r e c o r d e d  a f te r  cond i t ion ing  pulses,  Ee,  of  var ious  
du ra t i on ,  f, and  s u p e r i m p o s e d  pho tog ra ph i c a l l y .  
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Fig. 2. T ime  cons t an t s  of  the r ecove ry  f r o m  inac t iva t ion  in Ringer ' s  so lu t ion  and  using 2.5 m M  p h e n o -  
barbi ta l  (PB) a t  t w o  cond i t ion ing  poten t ia l s .  In  Ringer ' s  so lu t ion  (uppe r  graphs)  the  cond l t ion ing  pulses 
were  p r e c e d e d  b y  a po ten t i a l  s tep to  - -50  m V  to ful ly inac t iva te  the  Na pe rmeab i l i t y .  Using 2.5 m M  
phenoba rb i t a l  ( lower  graphs)  pulse p r o g r a m  as s h o w n  in Fig. 1. The  d i f fe rence  b e t w e e n  the  s t a t i ona ry  and  
the ac tua l  c u r r e n t  amp l i t ude ,  Aim,  is s h o w n  in semi loga r i thmic  p lo ts  vs. d u r a t i o n  of  cond i t ion ing  pulse, t. 
Ringer  values (o) can  be  a p p r o x i m a t e d  by  one  s t ra ight  line. U n d e r  p h e n o b a r b i t a l  the  late decay  of  Ai m 
yields I"h2 , the  d i f fe rences  (A) b e t w e e n  the  e x t r a p o l a t e d  late decay  an d  the  m e a s u r e d  poin ts  are descr ibed  
by 7 h l .  E x p e r i m e n t  of  Fig. 1. 
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Fig. 3. Potential-dependence of time constants for recovery from Na inactivation in Ringer's solution and 
using 2.5 mM phenobarbital (PB). Different symbols refer to six different fibres: (a) The given exponen- 
tial functions for c~ h and flh describe the potential-dependent v b in Ringer's solution (continuous curve), 
(b) The same a h and flh describe Thl under phenobarbital (note the different ordinate scales). The con- 
tinuous curve for 7h2 is calculated with 0,025~ h. 

and under phenobarbital  were evaluated on six fibres in the potential  range, 
--130 mV < E < --50 mV, and were plot ted vs. membrane potential  in Fig. 3. 
In these fibres, hoo(E) was measured as well, using 500 ms prepulses. In Ringer's 
solution (Fig. 3a), rh attained maximum values of  4 ms near the resting poten- 
tial. From the measured time constants,  rb, and the boo(E) values, the rate 
constants,  ah and fib, were calculated by  using: 

{v h = hoo /T  h and flh = (1 - -  h o o ) / r  h 

The ~h and flh values were approximated by  exponential functions as given in 
Fig. 3a. The curve through the measuring points o f  rb was then calculated by  
using: 

Th(E) = 1/(~h + f l h )  

To describe the results with phenobarbital  (Fig. 3b), the ordinate units 
were enlarged 10-fold regarding the larger Th2 values. The small t ime constant,  
rhl, was in fact the same as in Ringer's solution (Fig. 3a). Th2 was also poten- 
tial<lependent and could be fi t ted by:  

Th2 = 1/(0.025~h + flh) 

with the same values for ~b and flh as in Ringer's solution. Both time constants 
did not  depend upon the concentrat ion of  the drug (1--5 raM) within the 
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accuracy of  the measurements, while the shift of  h:c(E) obviously did. 
Both effects of  phenobarbital, the shift of h a ( E )  and the induction of a slow 

recovery from inactivation, could be referred to the assumption that  the rate 
constant, ~h, was reduced. It was suggested that  only a fraction of the Na 
channels, h2, exhibited slow inactivation, while the remaining part, h l ,  behaved 
as in Ringer's solution. Since the inactivation curve represents the fraction of 
resting, not  inactivated pores, the measured hc~(E)under  phenobarbital should 
be the sum of  the two contributions: 

h~  = h l ~  • (1 - - y ~ )  + h2~ . y ~  

y ~  denotes the fraction of pores occupied by phenobarbital. With y ~  = 1 and 
0.025~h, h a  = h 2 ~  = 0.025~h/(0.025~a+~h). This equation yielded a shift 
of h2~ by 26 mV towards more negative potentials compared to h l ~ ( E ) .  
However, in the experiments using 2.5 mM phenobarbital a shift of 15.8 +- 1.7 
mV (S.D., N = 6) was measured at h~ = 0.5. This discrepancy could be 
explained if only that  fraction of pores occcupied by phenobarbital con- 
tr ibuted to the shift of h:c(E), whereas the fraction of  unoccupied channels 
(1 - - y ~  ) did not  and behaved as in Ringer's solution. 

The fraction of Na channels affected by phenobarbital could be determined 
from the reduction of  the peak Na current under different drug concentrations 
in relation to the controls in Ringer's solution, since there is a 1 : 1 reaction 
between phenobarbital molecules and receptor sites near the Na channel [4]. 
Under 2.5 mM phenobarbital,  approx. 60% of the Na channels were occupied 
(y¢¢ = 0.6). Only this fraction reacted with a 40-times smaller rate constant,  
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F i g .  4 .  The e f f e c t  o f  2 . 5  m M  p h e n o b a r b i t a l  ( P B )  o n  the  s teady-s ta te  Na inact ivat ion ,  boo(E) in Ringer's  
so lu t ion  (A),  u n d e r  p h e n o b a r b i t a l  (A),  and af ter  wash o u t  (~7), m e a s u r e d  b y  iNa/(iNa)max(ordinate). 
C u r v e  through o p e n  s y m b o l s  ca lculated  by  boo = ~h/(C~h + ~h) -  h l o 0  and h2oo ca lculated  f rom the  equa-  
t ions  g i v e n  i n  t h e  i n s e t ,  w i t h  Yoo = 0 . 6 .  C u r v e  through the  f i l l ed  s y m b o l s  represents  the  s u m  o f  h l ~  and 
h2oo. o Mot or  nerve  fibre; 2 0  C.  



389 

ah, and shifted h2cc(E) to more negative potentials. This is demonstrated in 
Fig. 4 by the curves labelled h l ~  and h2~ .  The sum of  both  portions yielded 
the curve which approximates well the measured points of  h,,o(E). This proce- 
dure was also applicable for experimental results under other phenobarbital  
concentrations.  Using 1 and 5 mM phenobarbital ,  the measured shift was 
8.5 and 21 mV, respectively, the calculated shifts amounted to 9.0 and 22.0 
mV taking into account  the measured respective reduction of  the Na currents 
to 60% (y~ = 0.4) and 20% (y~ = 0.8). 

Discussion 

The experiments showed that the recovery from Na inactivation under 
phenobarbital  could be described with two time constants. The fast process 
had the same time constant  as in Ringer's solution; the slow process had an 
approx. 40-times larger time constant,  and was potential<lependent as well. 
From the fraction of  occupied Na channels (y~¢), the amount  of  the concentra- 
t ion<lependent shift under different phenobarbital  concentrations could be 
predicted in agreement with the measurements.  To illustrate these findings, 
the following model  may be proposed.  Consider h to be the relative port ion 
of  open (not inactivated) channels, (1 - - h l )  the port ion of  the inactivated bu t  
unoccupied channels and (1 -- h2) the port ion of  closed (inactivated) channels 
occupied by  phenobarbital .  Thus, the following relations hold: 

( 1 - - y ~ ) .  ( 1 - - h l }  ~h (1 - - y ~ ) .  h l  

y = .  (1 - h 2 )  y : -  h 2  

with h = h l  + h2. The transitions from open to inactivated states are described 
by the relatively fast (Ringer-)process with the rate constants ah and ~h; the 
slowed transition observed under phenobarbital  takes place with a~ = 0.025a h 
and with/3h; ~h is assumed to be equal for both transitions. 

In experiments on lobster axons [5],  squid axons [6] and frog myelinated 
nerve fibre [71, a reduction of  the Na current and to a minor degree of  the K 
current under barbiturates was observed. Our experiments showed that  the 
increase in Na inactivation under phenobarbital  reduced the Na current and 
could be completely removed. The slow recovery process and the shift of  
ho~(E) could be interpreted as a decrease of  ah(E) by  a factor of  approx. 40 
in the framework of  the Hodgkin-Huxley formalism. These results have to 
be distinguished from other recent findings concerning Na inactivation. A slow 
inactivation component  with time constants between 100 ms and 10 s was 
discovered by changing the holding potential under normal Ringer's solution 
[ 14,15].  Similar slow inactivation processes were found by  altering the K + and 
Ca ~÷ concentrations [5,161. Furthermore,  slow recovery processes were found 
after application of  local anaesthetics [8,9].  Depending on the degree of  
dissociation, these drugs are known to exhibit  f requency~lependent  reduction 
of  the Na current. Very effective agents are the quarternary and tertiary 
amines which are positively-charged. Phenobarbital  (pK = 7.3) is an anion: 



390 

it showed no use-dependence, like undissociated molecules, e.g., benzocaine 
at pH 7.3.  
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