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SUMMARY 

Effects of different local anesthetics on sodium permeability were studied in 
single nerve fibres of frog by the method of voltage clamp. Inhibition of sodium 
currents by externally applied tertiary anesthetics, procaine and trimecaine, was the 
sum of a potentially independent block (reduced PNR) and slow sodium inactivation 
with time constants ranging from tens to hundreds of m s  depending on membrane 
potential (at room temperature). Externally applied uncharged benzocaine produced 
a potentially independent block only. According to dose-response curves both 
processes are one-to-one reactions. In the case of trimecaine equilibrium constant 
the reaction responsible for reduction of PN~ is about 0.3 mM, while that for slow 
inactivation is more than ten times less (0.02 mM). Increasing pH from 5.6 to 8.5 
markedly accelerated the slow inactivation process at all potential values. Divalent 
cations Ca 2÷ and Ni 2+ shifted the steady-state slow inactivation curve along the 
potential axis and simultaneously reduced slow inactivation at the saturation level. 
Permanently charged quaternary trimecaine was ineffective when applied externally. 
Internally applied tertiary anesthetics and quaternary trimecaine as well as externally 
applied quaternary derivative of lidocaine QX-572 produced a progressively ir- 
reversible block enhanced by depolarization and inhibition reversibly increased by 
repetitive short-term depolarization (frequency-dependent inhibition). Inhibition of 
sodium currents by repetitive stimulation observed also in the case of externally 
applied tertiary anesthetics is due mainly to slow inactivation. The data suggests the 
existance of several types of receptor sites through which local anesthetics exert 
their blocking action on sodium permeability. 

INTRODUCTION 

Weidmann [1 ] was the first to suggest the involvement of sodium inactivation 
in the blocking action of local anesthetics on the excitable membrane. This idea was 
later developed by Khodorov and collaborators [2-5]. In experiments on the single 
Ranvier node the authors have systematically investigated the dependence of a 
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blocking effect of local anesthetics on the membrane potential, ionic composition 
and pH of the media. It has been shown that all agents which reduce resting sodium 
inactivation (hyperpolarizing current, divalent cations, low pH) weaken also the 
blocking potency of local anesthetics. However, this hypothesis met serious difficulty 
in explaining the fact that restoration of action potentials suppressed by anesthetics 
needs hyperpolarization over a period of hundreds of ms [3, 6], whereas the time 
constant of sodium inactivation % is about 2-3 ms. It was therefore necessary to 
assume that either local anesthetics considerably slow down the removal of sodium 
inactivation or that it is due to some other as yet unknown slow process. 

Studies of sodium currents by the method of voltage clamp in squid giant axons 
[7-9] and nerve fibres of the frog [10] revealed no essential changes in the time 
constant of sodium inactivation % and hoo--E relation under the action of local 
anesthetics. Therefore a conclusion was made that the inhibition of sodium current 
induced by these drugs may simply be described by reducing the sodium permea- 
bility constant, PNR. 

However, it turned out later that sodium inactivation is a multicomponent 
process along with classical "fast",  slow inactivation does exist [11 ] and contributes 
largely to the blocking action of procaine [12]. 

A comparative study of the mode of action of different local anesthetics-tertiary 
amines (procaine, trimecaine), benzocaine and quaternary amines (QT, QX-572) led 
us to the conclusion that several mechanisms underlying the blocking action of local 
anesthetics on the Ranvier node do exist: a decrease of PN,, slow sodium inactivation 
and "frequency-dependent" ("use-dependent") blockage of sodium channels, 
described by Strichartz [13]. 

The contribution of each mechanism to the total effect of a particular anesthetic 
depends on its structure, form (charged or neutral) mode of application to the mem- 
brane (external or intra-axonal) and membrane potential. Short reports on the data 
were published elsewhere [14, 15]. 

METHODS 

The experiments were performed on single nerve fibres of the frog Rana 
ridibunda by the voltage clamp method of Dodge and Frankenhaeuser [16]. The 
schematic representation of nerve fibre preparation and voltage clamp circuit are 
shown in Fig. 1. To study internal action of anesthetics the internode in pool C was 
cut in an isosmotic KCI solution containing the test drug. 

In several experiments, procaine and trimecaine (see ref. [17]) were ad- 
ministrated through the cut end in pool E, containing isosmotic KCI or CsF solutions. 
All experiments were done at room temperature (19-25 °C) with an external solution 
containing (in mM): NaC1 112, KC1 0, CaC12 2. Potassium-free Ringer solution was 
used in order to eliminate slow sodium inactivation depending on outside potassium 
[11, 18]. 10 mM of tetraethylammonium chloride were added to block potassium 
currents, pH was made 7.3 unless otherwise stated. A buffer system glycylglycine- 
piperazine was used. 

The structures of the local anesthetics used are shown in Fig. 2. 
Available sodium permeability (PN,) was measured in the usual way from 

peak sodium currents in response to short depolarizing test pulses to absolute mere- 
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Fig. 1. The myelinated fibre preparation and voltage clamp circuit. A single fibre is mounted in 
lucite chamber with four pools. The node under investigation is in pool A. Vaseline seals are applied 
over the fibre at the partitions. Ringer solution is in pool B. Ringer plus test drug in pool A, fibre 
is cut at the internodes in isotonic KC1 in pools C and E. Voltage clamp circuit is connected to fiber 
preparation through four calomel cells at the points C, B, A and E. Amplifier 1 operates to measure 
the membrane potential, amplifier 2 operates to clamp the membrane potential to a preselected value 
determined by pulse g~nerator. 

brane potentials between --20 and 0 mV. To eliminate initial sodium inactivation, 
both fast and slow, the membrane was held at high negative potentials through all 
the experiment (holding potential E h between --95 and -- 110 mV). Moreover, in the 
experiments studying the effect of drug o n  eNa a hyperpolarizing prepulse up to -- 125 
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Fig. 2. Chemical structure of local anesthetics used. 
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Fig. 3. Illustration of the procedure used to study slow sodium inactivation. Recovery of sodium 
currents inhibited by depolarizing conditioning prepulse (E~) made from high negative Eh was traced 
by test pulses delayed to different time intervals. Slow component of the recovery curve was extra- 
polated to the end of conditioning step to obtain a quantitative measure (led of the relative number 
of sodium channels free from slow inactivation at that moment. Peak sodium current (1~) during 
test pulse applied immediately at the end of Ec is a usual measure of sodium channels available for 
excitation (h). 

mV for 1 s was applied before each test pulse. By a depolarizing condit ioning prepulse 
of  various amplitude and duration, dosed slow inactivation was brought  about.  The 
recovery from inactivation was traced by test pulses made with varying delay after 
the end of  the prepulse. In some cases a series of  short test pulses (1 ms long, pulse 
rate 10 per s) was used in order to shorten the time required to obtain steady state 
values and kinetic curves of  the slow process for a number  of  membrane potential 
values. In such cases a correction was made on the interference of  the "frequency- 
dependent  inhibi t ion" [13]. By extrapolating the slow component  of  the recovery 
curve o f  peak sodium currents to the moment  at the end of  the condit ioning step 
we obtained a quantitative measure of  the slow inactivation state at this moment  
(Fig. 3). As such a parameter,  we used the r a t i o ( s )o f  the extrapolated value of  
sodium current (Iex) to the peak sodium current obtained without  condit ioning de- 
polarization (s :: lex/l o, Fig. 3). The variable h of  fast inactivation was measured 
simultaneously by applying a test pulse immediately at the end of  the condit ioning 
prepulse. By varying the amplitude and duration of  the conditioning step studies 
were made of  the voltage dependence of  variables s and h and the time course of  
the slow process. 

RESULTS 

1. Effect o f  external procaine and trimecaine on the permeability constant PNa 
In experiments on the Ranvier node, most  researchers (except [19]) set the 

holding potential E h at the level of  the resting potential (-- 70-75 mV) and before 
each test pulse apply a hyperpolarizing prepulse o f  40-50 ms duration. It is assumed 
that hyperpolarization o f  such a durat ion ensures complete elimination of  the initial 
sodium inactivation since the time constant  o f  the inactivation process z n at room 
temperature does not  exceed 2-4  ms. 

However  Hodgkin-Huxley  equations [20] do not  take into account  the fact 
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Fig. 4. Peak membrane currents (A)  and sodium permeabil ity, PN,, (B) plotted as a funct ion o f  
m e m b r a n e  p o t e n t i a l  be fore  (fil led c i rc les)  a n d  a f te r  e x t e r n a l  a p p l i c a t i o n  o f  t r i m e c a i n e  in concen t r a -  
t i ons  0.036 m M  (crosses)  a n d  1.8 m M  (open  circles) .  L e a k a g e  c u r r e n t  is  s h o w n  by  the  s t r a i g h t  line. 
H o l d i n g  p o t e n t i a l  Eh = - -95  mV,  e a c h  tes t  p o t e n t i a l  s tep was  p r e c e d e d  b y  a 1 s l o n g  p r e p u l s e  to  
- - 1 2 5  mV.  F i b r e  14.01.75. 

that along with fast there is also a slow sodium inactivation with a time constant of 
about hundreds of milliseconds and more. To eliminate this inactivation it is necessary 
to hyperpolarize the membrane over a period of seconds. As long as the node is in 
the normal Ringer solution, the fraction of sodium channels which is in the state of  
slow inactivation at a resting potential is relatively small and in a number of cases it 
may be ignored. However, in potassium-rich external solution or under the action 
of anesthetics [12, 15] this fraction increases to such an extent that ignoring it leads 
t o  serious errors in the evaluation of Pr~a. It is precisely for this reason that we s e t E  h 
at the level of --95 to -- 110 mV. 

Fig. 4A shows that the addition of trimecaine to the external solution led to 
a decrease in the peak sodium currents at a l l  E values. PNa values were calculated 
with the aid of the constant field equation [21 ] by the peak sodium currents Fig. 4B. 
The anesthetic substantially decreased saturation level ofPNa without affecting the 
position of  the PNa--E curve with respect to the voltage axis. The reversal potential 
of sodium current remained unchanged so the decrease of sodium currents can be 
attributed to the decrease of the sodium permeability constant, Pr~a. Similar data 
were also obtained in other experiments with procaine and trimecaine. A shift of the 
permeability curve in the direction of positive E values was observed only in two 
experiments with procaine. 

The measurements were plotted as a dose versus response curve in Fig. 5A. 
Here permeabilities are expressed as fractions of maximal peak PN, obtained in 
potassium-free Ringer solution without any anesthetic. If  it is assumed that one 
molecule of  the drug binds to the receptor site R t to block one channel: 

K1 
A-kRt ~ ARt 

K2 
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Fig. 5. Dependence of maximum value of peak sodium permeability on external concentration of 
trimecaine, [Tr]. Permeabilities are given in fractions of max peak PNa obtained in Ringer solution. 
Dissociation constant for inhibitory drug binding is determined from the slope of the lirte in the plot 
I/PNa (B). Same fibre as in Fig. 4. 

then l/PNa should be linearly related to the concentration of anesthetic [A]: 

lieN. = 1 + [A]/K 

where K -  Kz/K 1 is a dissociation constant. Fig. 5B shows that this is actually the 
case. According to this plot the equilibrium constant for trimecaine is about 0.3 mM. 

2. Slow sodium inactivation induced by procaine and trimecaine 
Earlier [11] it was shown that slow inactivation does not develop in a 

potassium-free Ringer solution. In this case sodium currents recover from inactivation 
in several tens of  milliseconds (with the time constant rh). I f  procaine or trimecaine 
is added to potassium-free outside solution then the restoration process following 
long enough depolarizing prepulse along with a fast component  with almost un- 
changed time constant (zh) shows the slow component. This slow component  of  the 
recovery process has an exponential time course. Time constant (z~) of  the slow 
recovery process at high negative E h is independent of  the amplitude of the 
conditioning prepulse as well as of the concentration of anesthetic but it is larger 
for procaine than for trimecaine (Table I and II).  The time constant of  the slow 
inactivation development under the depolarizing conditioning step is inversely related 
to the conditioning potential. As conditioned prepulse is made more positive r~ 
decreases to a certain limiting value for a given concentration of drug (Table 1 and 
II).  This limiting value decreases with increasing drug concentration (Table 1). 

The curve of the steady state slow inactivation s~,--E (Fig. 6B) is in its shape 
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T A B L E  I 

D E P E N D E N C E  O F  T H E  T I M E  C O N S T A N T  O F  S L O W  S O D I U M  I N A C T I V A T I O N  (r~) A N D  
O F  s~o ml" O N  C O N D I T I O N I N G  P O T E N T I A L  ( E )  A N D  C O N C E N T R A T I O N  O F  T R I M E C A I N E  

F i b r e  C o n c e n t r a t i o n  En ( m V )  E ( m V )  r~ (ms )  soo " i n  T e m p e r a -  

( m M )  t u r e  ( °C)  

8 .10 .74  0 . 0 3 6  - - 1 1 3  - - 1 1 3  380  0 .34  19 

2 5 . 0 9 . 7 4  0 . 0 3 6  - - 1 0 0  - - 1 0 0  4 0 0  0 .26  2 0  
15 .10 .74  0 . 0 3 6  - - 1 0 0  - - 1 0 0  2 2 0  0 .39  24  

- -  70 130 
- -  52 90  

2 3 . 0 9 . 7 4  0 . 0 3 6  - -  90  - -  9 0  4 0 0  0 .40  - -  

2 4 . 0 9 . 7 4  0 . 0 3 6  - -  80 - -  80 410  0 .23  - -  
3 .12 .73  0 . 0 7 2  - -  95 - -  9 5  320  0 .32  - -  

2 8 . 1 1 . 7 3  0 . 0 7 2  - - 1 1 0  - - 1 1 0  150 0 .29  - -  

17 .06 .74  0 .09  - -  95 - -  95 250  0 .20  23 
16 .10 .74  0 .09  - - l O 0  - - 1 0 0  200  0 .23  25 

- -  50 50 

9 . 0 7 . 7 4  0 .09  - -  95  - -  95 2 0 0  0 .16  25  

30 .01 .75  0 .09  - -  95  - -  95 290  0 .20  23 
- -  70 120 
- -  52 70 
- -  37  70 

14 .06 .74  0 .09  - - I 0 0  - - 1 0 0  180 0 .30  - -  
2 5 . 0 9 . 7 4  0 .18  - - 1 0 0  - - 1 0 0  370  0 .10  2 0  
15 .10 .74  0 .18  - - 1 0 0  - - 1 0 0  220  0 .25  24  

- -  78 110 

- -  70 50 
- -  52 40  

15 .09 .74  0 .18  - - 1 0 0  - - 1 0 0  330  0 .04  - -  

and position along the voltage axis quite similar to that of fast inactivation h~--E 
(Fig. 6A, C). A striking difference is that slow inactivation is incomplete, i.e. s~o 
decreases to some non-zero level soo rain. The important point is that soo reaches s~o mln 
level just in the same potential region where hoo become close to zero (Figs. 6, 9-11). 
It should be emphasized that precisely in this potential region the time constant of  
the slow process also becomes independent of potential. The soo mi" level decreases 
with increasing drug concentration. Fig. 7 shows s~o mi" values obtained for different 
trimecaine concentrations. As it can be seen the scattering of points is rather signi- 
ficant, so to obtain the best theoretical fit to experimental points the method of 
least squares was used. Curves 1 and 2 were calculated with the assumption that 
two (Curve 1) or one (Curve 2) molecule of anesthetic interact with the correspond- 
ing receptor (R2) to inactivate one sodium channel. As can be seen Curve 1 greatly 
deviates from the experimental points for the low concentrations. According to 
Curve 2 ,which gives the best fit the equilibrium constant K of the reaction A-? R 2 ~--- 
AR 2 is 0.015 mM, i.e. it is more than ten-fold lower than that of the reaction in- 
volved in the reduction of sodium permeability parameter PNa. 

Now let us look closer at the relations between the processes of inactivation 
described by the variables s and h. As we have mentioned above steady state slow 
inactivation reaches saturation in the region of potential values where steady state 
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TABLE 11 

D E P E N D E N C E  OF T H E  TI ME C O N S T A N T  OF SLOW SOD1U M I N A C T I V A T I O N  (rD A N D  
OF S~  ~ "  ON C O N D I T I O N I N G  P O T E N T I A L  (E) A N D  C O N C E N T R A T I O N  OF PROCAINE 

Fibre Concentration E, (mV) E (mV) r~ (ms) S~, min 
(mM) 

0.009 
0.054 
0.09 
0.09 

7.12.72 
26.12.72 
18.02.74 
5.07.74 

27.06.75 0.072 
5.03.74 0.09 

13.09.73 0.09 
28.01.75 0.09 

- 110 
- 90 

100 
90 
90 
90 
90 
90 
90 

20.09.72 0.18 90 
2.12.72 0.09 -120  
9.07.74 0.09 90 

11.12.72 0.09 100 
29.01.75 0.09 95 

26.01.75 0.09 100 

17.06.74 0.09 97 

- I10 600 0.34 
-- 90 700 0.37 

--100 400 0.28 
90 540 0.37 
42 130 
90 450 0.38 
90 520 0.25 
90 270 0.38 
90 370 0.24 
42 180 
90 770 0.02 

120 370 0.1 
90 450 0.14 

100 700 0.16 
95 400 0.23 
68 340 
52 250 
37 250 

100 640 0.42 
48 240 
97 300 0.19 

fast inactivation becomes complete. This holds true under various environmental 
conditions. The hypothesis therefore seems quite credible that slow inactivation is 
coupled to the fast one in such a way that only previously inactivated sodium channels 
can be transfered to the slow inactive state. 

The relations between the fast and slow inactivation processes may be 
presented in the terms of chemical kinetics as follows: 

~ IL 

H ~ - F ~ - S  
Oth ~s 

where: H := either active or resting states of the sodium channel; F =~ fast inactive 
state; _r = slow inactive state; a n, fib, ~,/3s are the rate constants of the correspond- 
ing transitions indicated by the arrows. 

Let h, f and 6 be the fractions of the total number of sodium channels being 
in the states H, F and _r respectively, and s be the fraction of the channels which are 
free from slow inactivation. Then we have the following relations: 

h-~-f+6~ l ' s  : 1 -O  (I) 

h .... ~hs--(~h+/~h)h (2) 

:~ [ 3 ~ h - ÷ ~ - ( ~ , + ~ ) s  (3) 

h .  ~h S~ ° (4)  
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Fig. 6. Steady-state fast (h~)  and slow (s~)  sodium inactivation related to membrane potential at 
normal and increased outside calcium concentration. A, B: node in Ringer solution with 10 mM 
KC1 (triangles) and 10 m M  KCI plus 20 m M  Ca 2+ (squares). Fibre 19.03.73. C, D: node in Ringer 
solution containing 0.054 m M  of  procaine (filled circles) and 0.054 mM of  procaine plus 20 mM 
Ca 2+ (open circles) Fibre 26.12.72. 
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Fig 7 Saturation level ofs lowmact lva t lon  s mln as a funct~o 
• " " " " ( ~ ) " n of  trimecaine concentration. Different 

figures refer to different fibres. Smooth lines are least squares curves computed according to the 
equation S~o m~" = (1 + [Tr]gK),  n = I for curve 2 and n = 2 for curve 1. 
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__ ~ /3, h~ soo ~s+/3~ ~ ~+ /~ ,  , 

For high depolarizing potentials (hoo = 0): 

Soe :~  Soy min --0(s 

Considering that c~ a and ]?a rate constants are much larger then ~ 
the time constant of slow process: 

rs = 1/(~sq-/3,(1--h*)) 

where 

(5) 

(5a) 

and J~ we get for 

(6) 

h* - -  ~h ( 7 )  
~h+#h 

Note that because of h*  in Eqn. 6 L, will depend on membrane potential even if ~s 
and fls are potentially independent. 

At high depolarizations h* ~ 0 and 

(8) 

For  the rate constants we have: 

s ta in /  + (9) 0C+ ~ oo ~Ts 

rain + ( 1 0 )  

On the contrary at high hyperpolarizing potentials, where h* ~ 1 

The data available allows us to make some physical interpretations of  the rate con- 
stants e~ and/3~. With an increase of  the concentration of anesthetic ~+  decreases 
while ~ -  does not change (Table I, fibre 15.10.74). It follows that according to Eqns. 8 
and 11, e~ does not change and/3~ increases with increasing drug concentration. In 
the absence of anesthetic in potassium-free Ringer solution slow inactivation does 
not develop, i.e. #~ = 0. 

So one can assume that the transition of sodium channels from the F to £ 
state is a direct result of the drug molecule binding to the receptor which become 
accessible during depolarization in the inactivated channels. Then /3~ is the rate 
constant of  the binding and ~ is the rate constant of unbinding reactions. According 
to the dose-response curve for s~ mi" (see above) one molecule of drug blocks one 
sodium channel, i.e. /3~ = 7 [A] 1. The data (Table 1, fibre 15.10.74) allows us to 
verify this proposition by using the kinetic parameter ~ and the Eqns. 6, 8 and 11. 
In this case an assumption is made about the independence of ~ and /3~ rate con- 
stants on the potential. The given experiment shows that the five-fold increase of 
the trimecaine concentration (from 0.036 to 0.18 raM) caused about 3.2-fold increase 
i n / ~  which corresponds to/~s = ~ [A]°L The calculation of s~ m~ on the assumption 
that one molecule of anesthetic binds two R2 receptors shows that Sm rnin -= 0 already 
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at 0.07 mM of  trimecaine which is not the case (Fig. 6). Thus we come to the con- 
clusion that one drug molecule is needed to block one channel. On the other hand 
this result may be interpreted (considering the independent verification of the one- 
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s ~  iii  005 
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C) 0.5 1 h ~  0 0.5 1 h ~  

Fig. 8. Steady-state slow inactivation (soo) as a function of  steady-state fast inactivation (hoo) in the 
nodes treated with trimecaine and procaine. A: numbers  1-10 refer to different fibres. Curves 1 and 
2 were obtained for 0.09 raM of  triraecaine, curves 3-10 for 0.09 raM of  procaine. Straight lines were 
drawn by eye. Numbers  at the left at each line indicate s oom in level. B: node in Ringer solution contain- 
ing 0.09 mM of  procaine (filled circles) and after addition of  20 m M  of  Ca z+ (triangles). Fibre 
7.12.72. C: filled circles; 0.09 raM of  trimecaine, pFI 7.3; triangles, trimecaine plus 20 raM of  Ca z+, 
p H  7.3; open circles, trimecaine, pI-[ 6. Fibre 9.07.74. 

TABLE I I I  

RATE C O N S T A N T S  OF T H E  SLOW 
POTENTIALS (E) 

I N A C T I V A T I O N  AT D I F F E R E N T  C O N D I T I O N E D  

Fibre Drug  (mM) pH En (mY) E ( r a V )  ~t-(10 -3 rns -1) E (mV) ~+(10 -3ms  -*)  

5.07.74 Procaine 0.09 7.3 -- 90 -- 90 1.8 --42 2.1 
26.01.75 Procaine 0.09 7.15 --100 --100 1.5 --48 1.7 

8.5 -- 100 -- 100 2.5 --48 4.5 
28.01.75 Procaine0.09 7.3 -- 90 - 90 2.7 --42 1.3 
29.01.75 Procaine 0.09 7.3 -- 95 -- 95 2.4 --37 1.15 

8.5 -- 95 -- 95 5.0 --37 7.6 
+ 4 0  raM Ca z+ 7.3 -- 95 -- 95 3.0 --32 3.1 

15.10.74 Trimecaine 0.036 7.3 --100 --100 4.4 --52 4.3 
Triraecaine 0.18 7.3 --100 --100 4.5 --52 6.0 
÷ 2 0  raM Ca 2+ 7.3 --100 --100 5.2 --48 11.0 

16.10.74 Trimecaine 0.09 7.3 --100 --100 5.0 --50 4.6 
30.01.75 Triraecaine 0.09 7.3 -- 95 -- 95 3.5 --37 5.0 

5.6 -- 95 -- 95 1.4 --37 0.35 
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to-one reaction assumption by the dose-response curve) as the evidence in favor of 
the assumption of potential independency of ~ and/3 s rate constants. 

A linear relation between ho~ and so~ would testify in favor of the proposed 
mechanism with voltage independent rate constants of the slow process. In fact 
nearly linear relation was found in most of the cases (Fig. 8) as yet collected. 

If, however such a dependence does exist it should be much less pronounced 
than that for a n and fin rate constants. The calculations of ~s according to Eqns. 9 
and 11 by the data of several experiments with procaine and trimecaine do not reveal 
systematic differences between ~ at high depolarizations (~s +) and at high hyper- 
polarizations ( ~ _ )  (Table IIl). 

3. Influence of  divalent eations on the effects of externally applied procaine and trime- 
eaine 

As follows from Figs. 6 and 9 and Table 1V an increase of external concentra- 
tion of Ca 2+ or the addition of Ni 2+ to the solution shifted PN,c-E, s~-- E and 
h~ -  E curves in the direction of positive E values and at the same time increased 
the s,~ ~i" level in both procaine and trimecaine treated nodes. These are exactly the 
same effects which divalent cations produce in the case of potassium-induced slow 
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Fig. 9. Effects of Ni 2+ on sodium currents in the node treated with procaine. A: records of  sodium 
currents obtained in solutions containing 0.09 mM of procaine (1) and 0.09 mM of procaine plus 
1 mM Ni 2+ (2). B: semilogarithmic plot of  the time course of  restoration of  sodium currents sup- 
pressed by a 1 s long depolarizing prepulse. C, D: steady-state fast (hov) and slow (s~,) sodium in- 
activation. Throughout  the figure triangles refer to the solution containing 0.09 mM of procaine; 
circles, same solution with 1 mM of Ni z+ added. Fibre 18.02.74. 
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TABLE IV 

EFFECT OF DIVALENT CATIONS ON THE SLOW SODIUM INACTIVATION CAUSED 
BY PROCAINE AND TRIMECAINE 

Fibre Drug (mM) Cation Eh (mY) E (mY) r s (ms) S~ mi" 

18.02.74 Procaine 0.09 -- --100 --100 400 0.28 
1 mMNi  2+ --100 -- 100 370 0.52 

26.12.71 Procaine 0.09 -- -- 90 -- 90 700 0.37 
20mMCa 2+ -- 90 -- 90 620 0.57 

7.12.72 Procaine 0.09 -- l l0 - - l l 0  600 0.34 
4 0 m M C a  2+ -- 110 --110 530 0.55 

29.01.75 Procaine 0.09 -- -- 95 -- 95 410 0.34 
-- 95 -- 33 200 0.34 

40mMCa 2+ -- 95 -- 95 350 0.56 
- -  9 5  - -  32 180 

17.06.74 Procaine 0.09 -- -- 95 -- 95 250 0.20 
20mMCa 2+ -- 95 -- 95 250 0.43 

15.01.74 Trimecaine 0.18 -- -- 100 --I00 220 0.25 
- -  - - 1 0 0  - -  52 40 
20mMCa 2+ --100 --100 190 0.44 

--100 -- 48 40 
9.07.74 Trimecaine 0.09 -- -- 95 -- 95 220 0.16 

20mMCa 2+ -- 95 -- 95 210 0.34 

inactivation (Fig. 6AB). Time constants zs + and zs-  o f  the slow process hardly changed 

under the influence o f  Ca 2+ (Table IV). Only a slight tendency toward a decrease 

in ~ -  may be noted.  It is well known that  Ni 2÷ sharply slow down the processes o f  

act ivat ion and fast sodium inact ivat ion [22]. It was also the case in the experiment  

o f  Fig. 8A. However  Ni 2+ failed to change the time course o f  the slow process 

(Fig. 9B). 

Sod ium permeabil i ty  constant  PNa was not  affected by Ca 2÷ [12]. This is in 

agreement  with findings of  A r h e m  and Frankenhaeuser  [19]. The reason for the 

discrepancy of  this result with the data  of  Blaustein and Go ldman  [23] who reported 

the enhancement  o f  blocking action o f  local anesthetics by reducing [Ca]0 may be 

due to the fact that  the holding potential  in these experiments was not  negative 

enough with the consequence that  they observed the influence o f  Ca 2+ on slow 
inactivation.  

The shift o f  the permeabil i ty curve and both slow and fast inactivation curves 

in the direct ion o f  posit ive E values can be easily explained by neutral izing fixed 

negative charges present on the membrane  surface by divalent cations [24]. The 

quali tat ive account  of  the increase in the so~ ~nln level does not  also cause any special 

difficulty. It is well known that  Ca ÷ can compete  with local anesthetics for certain 
chemical groups e.g. phosphate  groups of  phospholipids in the cell membrane  
[25-27]. The increase of  s® rain in a calcium-rich solution is therefore tempting to explain 

by the binding of  Ca 2+ to receptor  R2. 

5. Influence of pH on the effects of procaine and trimecaine 
As tert iary amines procaine and tr imecaine are present in the saline solution 

in pro tona ted  BH ÷ and neutral  B forms. The concentra t ion ratio o f  the charged 
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form to the uncharged  form can be calcula ted f rom the Henderson-Hasseba ich  
equa t ion :  

BH + 
log : -  --  p H + p K , ,  

B 

To answer  the quest ion of  which o f  these forms is active many  researchers studied 
the influence o f  p H  on the effects o f  anesthetics (see [28, 29]). 

In  our  exper iments  a decrease of  p H  f rom 7.3 to 6.0 did  not  not iceably  affected 
PN~ under  the ac t ion o f  both  proca ine  (pK a ~ 9 . 0 )  and  t r imecaine (pK a ~ 7 . 9 )  [17]. 
On ly  a shift in the permeabi l i ty  curve in the posit ive direct ion occured which is 
charac ter i s t ic  of  the decrease in p H  in the intact  fibres (Fig.  10). Curves h~-E and 
s~--E also shifted in the same direct ion.  In this respect  the effect o f  the decreas ing 
p H  was s imilar  to tha t  o f  the increase o f  [Ca] 0 and apparen t ly  was due to the same 
factor ,  namely  the neut ra l iz ing  o f  negat ive surface charges.  However ,  while s~ m~" 
a lways  significantly increased under  the influence o f  Ca + the decrease o f  p H  reduced 
s~  mi" or  d id  not  affect it  at  all (Fig. 10, Table  V). 
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Fig. 10, Effects of the decrease of pH of external solution on sodium permeability (A), time course 
of slow inactivation (B) and steady-state fast (C) and slow (D) inactivation in the membrane treated 
with trimecaine. Experimental points were taken in the following way: open circles, node in Ringer 
solution containing trimecaine (0.09 raM), pFI 7.3; triangles, pl-[ of the above solution changed 
from 7.3. to 6.0; filled circles, pl-t brought back to 7.3; squares, outside calcium concentration 
increased to 22 raM, pH 7.3. In B semilogarithmic plots of the recovery of sodium currents from 
slow inactivation are presented. Io is the peak of INa under the test potential step made before 
conditioning depolarization; It, the peak of INa under the same test pulse applied at the moment t 
after the cessation of conditioning depolarization. Fibre 9.07.74. 
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T A B L E  V 

E F F E C T S  O F  p H  C H A N G E S  O N  T H E  S L O W  S O D I U M  I N A C T I V A T I O N  C A U S E D  B Y  

P R O C A I N E  A N D  T R I M E C A I N E  

F i b r e  D r u g  ( m M )  p H  En ( m Y )  E ( m V )  T~ (ms )  soo mj" 

9 .07 .75  T r i m e c a i n e  0 .09  7.3 - -  95 
6 .0  - -  95 

2 9 . 0 1 . 7 5  P r o c a i n e  0 .09  7.3 - -  95 

8.5 - -  95 

2 6 . 0 1 . 7 5  P r o c a i n e  0 .09  7 .15 - -  100 

8.5 - - 1 0 0  

17 .06 .74  P r o c a i n e  0 .09  7.3 - -  97  
5.9 - -  97 

30 .01 .75  T r i m e c a i n e  0 .09  7.3 - -  95 

5.6 - -  95 

- -  9 5  

- -  9 5  

- -  9 5  

- -  68 
- -  52 

- -  37 

- -  9 5  

- -  6 9  

- -  5 3  

- -  3 7  

- -  1 0 0  

- -  48 
- -  100 
- -  48  
- -  9 7  

- -  97  

- -  95 

- -  70 

- -  53 
- -  37 

- -  95 

- -  70 
- -  53 
- -  37 

200  0 .16  
4 8 0  0 .08  

4 0 0  0 .23 

340  

250  
2 5 0  

2 0 0  0 .46  
85 

60 

60  
640  0 .42  

2 4 0  
400  0 .27  

60 

300 0 .19  
650  0.21 

2 9 0  0 .20  

140 

70 
70 

700  0 .14  

540  
400  

400  

The increase of  pH from 7.3 to 8.5 shifted the permeability curve in the direc- 
tion of  negative E values and magnified the effects of anesthetics on PNa (Fig. 11). 
Steady state fast and slow inactivation curves were also shifted in the same direction. 
However the soo mi" level in some cases considerably increased and in other decreased 
(Fig. 11, Table V). Whereas shifts in pH did not result in simple changes in soo mi" level 
the time constants of  slow process changed in a regular manner. Figs. 10 and 11 and 
Table V show that in all the experiments the decrease in pH caused a considerable 
increase in both ~s + and zs- while the increase in pH produced an opposite effect. In 
this respect the pH effects radically differ from those of Ca 2 +. 

One may suppose that hydrogen ions exert some specific inhibiting action on 
the reaction underlying the transition of sodium channels into the slow inactive 
state. However it was found that decreasing pH in potassium-rich solution (Fig. 12) 
produced no effect on the Ts ÷ and zs-. In this case pH effects did not differ from those 
of  outside calcium (Fig. 6). From these data it follows that the strong dependence of  
slow inactivation kinetics on pH in the case of local anesthetics is connected either 
with the pH influence on the [BH+]/[B] ratio or with some specific influence of  
hydrogen ions on the drug-to-receptor binding process or with both. We also examined 
a number of  models of pH effects, in particular: (1) the model in which form B can 
interact with protonated receptor only and (2) a model which assumes two simul- 
taneous reactions: 



424 

in P~ 

4 

3 

A 

i i i i i i i i 0 

-50 -30 -I0 +'tO E(mV) 
]0 - I t  s 

70 B 1.0 

2O 

10 

0.5 t(s) 

0.5 

0 5  

h ~  
c 

1.o 

i i i t 

- 80  -60  E(mV) 

0 

-80 -60 -40 E(mV) 

Fig. I I. Effects of the increase of pH on sodium permeability and inactivation in procaine treated 
node. External solution with pH 7.15 (circles) and 8.5 (triangles) contained 0.09 mM of procaine. 
A: logarithm of PNa related to membrane potential. B: semilogarithmic plot of the time course of 
the recovery of sodium currents after a 1 s long depolarizing prepulse. C, D: steady-state fast (h~) 
and slow (s~) sodium inactivation. Fibre 29.01.75. 

B - F H R  2 ~ BHR 2 

B H + R  2 ~ B H R  2 

However  nei ther  model  made  it possible  to fit the dependence  of  t ime constants  o f  
slow process  on pH.  F r o m  purely formal  cons idera t ions  it follows that  the rate 
cons tan ts  of  bo th  on (fls) and  off (~s) react ions  should increase upon  increasing p H  
(since bo th  z~ + and z~- are decreased).  Since s teady-state  slow inact ivat ion is a func- 
t ion of  fl~: ~s ra t io ,  s~  mln = ~/ot~+fl~ will increase, decrease or  remain  unchanged  
depend ing  on the relative change of  fl~ and ,~ rate constants ,  

6. Effects of  external application of benzoeaine and quaternary anesthetics QT and 
QX-572 

Unlike  proca ine  and t r imecaine,  benzocaine  does not  have ni t rogen in the 
alkyl  chain and therefore  hard ly  dissociates  in neutra l  saline solutions.  Nevertheless 
in a concent ra t ion  o f  0.3 m M  benzocaine  complete ly  b locks  the act ion potent ials  
in the Ranvier  node [30]. Our  exper iments  have shown that  this effect is due to the 
decrease in PNa (Fig.  13A, B). Slow sod ium inact ivat ion does not  develop under  the 
act ion o f  benzocaine  (Fig. 13C). Judging by the dose-response curve (Fig. 13A, B) 
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Fig. 12. The effects o f  pH on sodium inactivation in potassium rich external medium. External solu- 
tion contained 10 m M  KCI. Circles, pH  7.0; triangles, pH 6.0. A: time course of  sodium currents 
recovery after a 1 s long depolarizing step (semilogarithmic plot). B, C: steady-state fast (h~o) and 
slow (soo) inactivation. Fibre 30.07.74. 

binding of benzocaine to the receptor is a one-to-one reaction. The dissociation 
constant of this reaction K was estimated as 0.4 mM which is very close to that for 
trimecaine and also to that obtained recently for benzocaine [19] on the Xenopus 
laevis fibres (0.49:k0.24). 

Like QX-314 [13] quaternary derivative of trimecaine QT is ineffective when 
applied to the node from outside. In concentration 0.5 mM it caused no changes in 
the current voltage relation (Fig. 14A) and did not produce slow inactivation (Fig. 
14B). Ineffectiveness of QT and QX-314 is, apparently, connected with its inability to 
penetrate into the lipid layers of the membrane. In favor of such an assumption is 
the fact that the quaternary derivative of lidocaine QX-572, which has two aromatic 
rings that make it lipid soluble, is capable of decreasing sodium permeability not 
only on intra-axonal, but also on external application [29, 31]. The decrease of 
sodium currents upon application of QX-572 proceeds slowly and reaches equilibrium 
only in 2-5 mix. Depolarizing pulses cause a new steady decrease of sodium currents 
(Fig. 15). No signs of the restoration process which is characteristic of the slow 
inactivation was detected after a 1 s depolarizing step (Fig. 15B). Thus neither neutral 
benzocaine nor permanently charged QT and QX-572 applied from outside were 
capable of inducing slow sodium inactivation. The difference in the time course of 
development of the effect and the fact that only in the case of QX-572 depolarizing 
pulses enhance the action of drug on PN, apparently indicates the different modes of 
action of QX-572 and such drugs as benzocaine, procaine and trimecaine. 
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Fig. 13. The effects of benzocaine. A, B: sodium permeability and its reversed value related to external 
benzocaine concentration. C: sodium currents after a 1 s long conditioning prepulse. Fibre 24.03.75. 

7. Intra-axonal administration of local anesthetics 
The effects of intra-axonal application of QT were (Fig. 14C) very much 

similar to those observed under the externally applied QX-572. As anesthetic reached 
the node a decrease of sodium currents occured. In 30-40 rain, (i.e. after the inhibi- 
tion reached equilibrium), application of several prolonged (1 s) depolarizing pulses 
caused a further steady decrease of sodium currents. As in the case of QX-572 no 
recovery process indicative of slow inactivation was observed after a 1 s long de- 
polarizing prepulse (Fig. 14D). A very similar picture was also observed during the 
intra-axonal application of tertiary amines procaine and trimecaine. But to obtain 
a visible effect on sodium permeability fairly high concentrations of drugs (about 
4 mM) were needed to be applied to the out internode. Note that in the squid giant 
axon procaine is about equally effective on external and intra-axonal application 
[9]. The need in such high concentration for myelinated fibres may be due to high 
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Fig. 14. Effects of quaternary trimecaine, QT. A: current-voltage relations taken before (circles) and 
during (triangles) external application of QT (0.5 raM). B: sodium currents after a 1 s long de- 
polarizing step under the action of externally applied QT (0.5 raM). C: current-voltage relations 
taken 15 (circles) and 40 (triangles) min after cutting the internode in an isotonic KC1 solution 
containing QT (0.5 mM); cross indicates the amplitude of inward current after several 1 s long 
depolarizing pulses. D: sodium currents before (lo) and after a 1 s long depolarizing step (to --40 
mV). Test steps to --2 mV are indicated by points. Fibre 5.11.73. 

lipid-solubility of  tertiary amine anesthetics which might make the myelin sheath a 
reservoir "pumping"  the drug out of  axoplasm. 

And again, depolarizing pulses produced a considerable steady inhibition of  
sodium currents (Fig. 16A). Some recovery of sodium currents could be detected 
after the end of depolarization (Fig. 16B). However, the time course of  this recovery 
was much slower (time constant of  the order of  several s) compared with that of  the 
recovery from slow inactivation observed under the action of  externally applied 
tertiary anesthetics (hundreds of  ms). 

8. Inhibition by repetitive stimulation 
Strichartz [13] showed that the inhibition of sodium currents by internally 

applied quaternary derivatives of  lidocaine QX-314 and QX-222 occured as a sum 
of  a constant " tonic"  phase and a reversible "phasic" inhibition accompanying short 
depolarizing pulses. This latter "use-dependent" (or "frequency dependent") inhibi- 
tion of  sodium currents accumulates in the series of  impulses, inhibition depending 
on the pulse rate and accumulation taking place even at 1 s intervals between stimuli 
(temperature 6-7 °C). Steady, tonic inhibition was also enhanced by depolarization. 
On the basis of  his findings Strichartz [13] suggested the existence of  two kinds of  
receptors in the sodium channels. The first one (we shall call it Ra) responsible for 
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Fig. 15. Effects o f  qua te rna ry  derivative o f  l idocaine QX-572. A: current-vol tage relations before 
(open circles) and 12 rain after addit ion o f  QX-572 (0.136 raM) to the external solut ion;  cross 
indicates peak sod ium current  after several I s long depolarizing pulses. B: sod ium currents  after a 
l s long depolarizing step (to -40 mV).  Test  pulses to + 8  mV are indicated by dots. Leakage 
current  is no t  substracted.  Fibre 21.01.75. 

the tonic inhibition located at the internal opening of the channel, is easily accessible 
and has very high affinity for QX. The binding of QX to this receptor site has a 
requirement that m 3 gates be open. The second receptor site (R4) is located at some 
distance into the channel and becomes accessible from the axoplasmic side of the 
membrane when the channel is open. This binding site has a much lower affinity for 
QX. Eater Hille et al. [29] and Courtney [31] found that use-dependent inhibition is 
also observed upon the external application of lidocaine (0.5 mM), its tertiary deriva- 
tive GEA-968 (0,6 raM) and quaternary anesthetic QX-572 (0.5 mM). Hille et al. 
regard this fact as important evidence in favor of the hypothesis of the common 
mode of action of local anesthetics, both tertiary and quaternary amines. According 
to this hypothesis tertiary anesthetics in the form of neutral base diffuse across the 
membrane, become protonated in the axoplasm and in cationic form block the 
sodium channel binding to sites R3 and R4. 

However, since only tertiary amine anesthetics were capable of producing 
slow inactivation the statement about the common mode of action of local 
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Fig. 16. Effects of internally applied Irimecaine. A: current-voltage relations obtained 35 min after 
cutting the internode in isotonic KC1 containing trimecaine (3.6 mM) before (open circles) and after 
(triangles) application of several 1 s long depolarizing pulses. B: sodium currents after a 1 s long 
depolarizing step to --45 inV. Test pulses to 0 mV are indicated by dots. Fibre 1.11.73. 

anesthetics should be corrected. On the other hand a question arises whether slow 
inactivation contributes to frequency-dependent effects of externally applied tertiary 
anesthetics. It should be noted that in Strichartz's mechanism of use dependency a 
number of pulses is an important parameter while pulse duration appears to be 
more important in slow inactivation. With this in mind we carried out a study of 
sodium currents during repetitive stimulation under the action of externally applied 
procaine, trimecaine and QX-572 as well as under the internally applied procaine, 
trimecaine and QT (Figs. 16-18). The interval between the pulses in the series was 
100 ms/period, quite sufficient for complete removal of fast sodium inactivation. On 
the external application of procaine and trimecaine we observed a fall of peak sodium 
currents in the sequence of pulses (Fig. 17A) characterized by the following properties. 

(i) The relative value of the current drop increased with increasing duration of 
each pulse (Fig. 17B) and (ii) after the end of pulse sequence sodium currents were 
completely restored in the course of about 1 s, the restoration being of exponential 
time course with time constant equal to that of the restoration of currents inhibited 
by single prolonged depolarizing step (i.e. removal of slow inactivation) measured 
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Fig .  17. Inhibition of  sodium currents by repetitive stimulation in the node treated with externally 
applied trimecaine. A: original record showing the decrease of  peak sodium currents in the series of  
1 ms long test pulses to --  10 mV going at the rate of  10 per s. B: peak sodium currents as a function 
of  the number of  pulses in the series plotted from the experiment illustrated in A; pulse durations: 
I ms (open circles), 5 ms (triangles) and 10 ms (squares). C: semilogarithmic plots of  the time courses 
o f  recovery of  sodium currents inhibited by series of  short pulses shown in B (open circles, triangles, 
squares) and by single prolonged (1 s) depolarizing pulses (filled circles). D: same as in C but plotted 
in a linear current scale. Fibre 52.09.74. 

in the same experiment (Fig. 17CD). These features strongly suggest that inhibition 
of currents during repetitive stimulation in the case of externally applied tertiary 
amine anesthetics is largely due to the accumulation of slow inactivation caused 
by each pulse. This conclusion is favored by the fact that the frequency-dependent 
inhibition is observed in the case of potassium-induced slow inactivation as well 
(external potassium concentration 25-50 raM). To make a quantitative estimate of 
the contribution of slow inactivation to the frequency-dependent inhibition we carried 
out the calculations using the model of slow inactivation (Eqns. 1-11)with rate 
constants zs + and zs- measured in the same experiments. The experimental and cal- 
culated values of steady-state inhibition (attained by the tenth pulse in the series) are 
presented in Table VI. As one can see calculated values are very close to that observed 
in the experiments with variation of pulses duration (1-10 ms) and pH. According 
to the model the deepening of inhibition with the increase of pH is due to the influence 
of H + on slow inactivation kinetics (see Table V). So we conclude that under the 
experimental conditions used (high negative Eh) the inhibition of sodium currents 
during repetitive stimulation observed under the action of externally applied tertiary 
anesthetics was due mainly to slow inactivation. 

On the other hand, inhibition of currents which we observed in case of QX-572 
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Fig. 18. Inhibition of sodium currents by repetitive short-term stimulation in the nodes treated with 
QX-572 (external application) and procaine (internal application). A: QX-572, pulse frequency; 
10 per s, pulse duration; 1 (1), 5 (2) and 10 (3) ms. Fibre 25.01.75. B: peak sodium currents as a 
function of the number of pulses in the series. Circles plotted from the experiment shown in A. 
Triangles taken 35 min after cutting the internode in isotonic KC1 with 3.6 mM of procaine. Some 
points for 1 and 5 ms pulse duration. Fibre 25.09.74. 

TABLE VI 

EFFECT OF pH ON THE USE-DEPENDENT INHIBITION OF SODIUM CURRENT 

Fibre Drug (mM) pH Duration of the I , , / Ix  (n  = 10) 
pulse (ms) 

Observed Calculated 

30.01.75 Trimecaine 0.09 7.3 1 0.95 0.91 
5 0.87 0.83 

10 0.72 0.75 
5.6 1 0.99 0.98 

5 0.96 0.93 
10 0.92 0.86 

29.01.75 Procaine 0.09 7.3 1 0.99 0.98 
5 0.95 0.94 

I0 0.90 0.89 
8.5 1 0.99 0.94 

5 0.90 0.89 
10 0.82 0.84 

26.01.75 Procaine 0.09 7.15 1 0.97 0.96 
8.5 1 0.89 0.86 
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Fig. 19. Inhibition of sodium currents caused by repetitive stimulation of high amplitude. Ito 
E i 75 mV). A: Top pattern of applied voltages. A number, n, of conditioning pulses with the 
duration of 5 ms are applied to the membrane before current, I , ,  is measured during standard test 
pulse to - 5  inV. All pulses are spaced 100 ms apart. Bottom: squares-internode cut in solution 
with 3.6 mM of trimecaine, fibre 1,11.73; triangles, internode cut in solution with 3.6 mM of pro- 
caine, fibre 18,10.73; circles, internally applied QT (0.25 raM), fibre 10.01.74; small circles, externally 
applied QX-572 (0.14 raM), fibre 21.01.75. B: time course of the recovery of sodium currents after 
series of 14 depolarizing pulses in the experiment with QX-572 shown in A. Top-pattern of applied 
voltages. Bottom, peak current on the test pulse applied at the moment t after the end of conditioning 
pulse series. 

and  internal ly appl ied  ter t iary  anesthetics and  QT showed no dependence  on pulse 
dura t ion  (Fig. 18). This is exactly what  St r ichar tz ' s  model  predicts,  since according  
to it most  of  the b locking  takes place in 1-2 ms with the onset  of  pulse. The str iking 
feature of  f requency-dependent  inhibi t ion p roduced  by qua ternary  anesthetics was a 
very slow recovery of  currents.  In our  exper iments  with QT the recovery of  currents  
after  14 pulses to -5 75 mV took  several  minutes  and was incomplete  (Fig.  19). We 
cannot  exclude that  this mechanism contr ibutes  also to the use-dependent  inhibi t ion 
induced by external ly  appl ied  procaine  or  t r imecaine if the concentra t ions  o f  these 
drugs are high enough  ( > 0.5 m M )  and E h is near  the level of  normal  resting potent ial  
( ~  70 mV). Unde r  such condi t ion  slow inact ivat ion mechanism will be nearly 
sa tura ted  (soo --* s~ "~n) and can be only par t ia l ly  responsible  for use-dependent  b lockage 
of  sod ium channels.  I t  is necessary to emphasize  that  Hille et al. [29] and Cour tney  
[31] have employed  a relat ively high concent ra t ions  of  l idocaine and GEA-968 and 
tha t  they c lamped membrane  at  the level of  resting potent ial .  

DISCUSSION 

C o m m o n  to all local anesthet ics  is their  abil i ty to cause a b lock of  the sod ium 
permeabi l i ty  which canno t  be removed  by hyperpola r iza t ion .  In terms of  the Hodgk in -  
Huxley  model  this cor responds  to a decrease of  the sodium permeabi l i ty  pa ramete r  
PNa. Between the anesthetics,  however,  there are considerable  differences with respect  
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to the mechanism of this potential independent block and their ability in addition to 
the influence on P~,, to cause a potential dependent block of sodium permeability 
such as slow inactivation and use-dependent inhibition described by Strichartz [13]. 
The differences in the mechanism of the reduction of Ps,  is most clearly manifested 
by comparing the effects of benzocaine and quaternary derivatives, namely, QX-314, 
QX-572 and QT. Judging by findings [29, 31J and the results of the present study, 
permanently charged quaternary compounds exert a direct blocking action on 
sodium channels by binding to the receptor (R3) located at the internal opening of 
the channel. Neutral benzocaine which does not dissociate at pH 7 is evidently 
incapable of interacting with this receptor. As we have already mentioned many 
researchers assume that the decrease Of PN, caused by procaine, trimecaine and other 
tertiary amines is based on the same mechanism as the action of quaternary deriva- 
tives, i.e. the block of the internal openings of sodium channels by charged molecules 
of this drugs. However there are some data which indicate the resemblance of the 
mechanism Of PNa decrease caused by procaine and trimecaine upon external applica- 
tion to that of benzocaine: (i) the dose-effect curves for trimecaine and benzocaine 
are similar and are characterized by about the same value of dissociation constant, 
and (ii) neither short nor prolonged depolarization enhance the effect of externally 
applied procaine, trimecaine and benzocaine on PNa unlike that which takes place 
under the action of QT, QX-572 and QX-314. This is difficult to explain on the basis 
of the hypothesis of the direct block of internal openings of the sodium channels by 
protonated molecules of anesthetics. However additional studies are required for the 
final conclusion. A test of the effects of benzocaine on sodium currents in the node 
treated with batrachotoxin may prove to be useful. Earlier [32] we have found out 
that sodium channels modified by batrachotoxin are deprived of inactivation, both 
fast and slow, and are ten times less sensitive to the blocking action of procaine 
compared with normal sodium channels. Since in the absence of inactivation a drop 
in peak sodium currents means a decrease in PN,, there is every reason to regard the 
competitition between procaine and batrachotoxin as a competition for the receptor 
R~. If benzocaine acts on batrachotoxin-treated membrane like procaine, this may 
be regarded as an indication that the decrease in PNa caused by these anesthetics is 
effected through the very same receptor R1. 

Slow sodium inactivation, which we regard as a result of drug molecule 
binding to some receptor (R2) accessible in the inactivated channel, can be produced 
only by tertiary amine anesthetics applied from outside. Neither neutral benzocaine 
nor permanently charged quaternary derivatives of trimecaine QT and lidocaine 
QX-572 induce slow inactivation. Tertiary amine anesthetics applied from inside 
were also incapable of producing slow inactivation. From this it can be supposed 
that the receptor site R2 has a specific affinity for tertiary nitrogen and is accessible 
from the outer side or the membrane. To decide the question about the active form 
of anesthetics interacting with R2 the model is needed which would satisfactorily 
describe the effects of pH on slow inactivation kinetics and its steady state level. 

The question could arise whether what we define as the reduction of PN~ may 
be due to the operation of the same mechanism which underlies the slow sodium 
inactivation. This may be the case if a certain fraction of sodium channels is nor- 
mally inactivated in the untreated fibre even at high negative potentials (rate constant 
flh of the transition to the inactive state is not zero) where hoo is assumed to be I. Then 
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upon application of anesthetic a finite fraction of sodium channels will be transfered 
into the slow inactive state. However, according to quantitative estimates more than 
10 per cent of the total number of sodium channels are required to be normally in- 
activated at high negative E values for the slow inactivation to account for the reduc- 
tion of PNa after the treatment with procaine or trimecaine. Though not completely 
incredible this figure seems to be too high. 

The unremovable block in question cannot be attributed to the operation of 
frequency-dependent mechanism described by Strichartz since, as we have seen its 
contribution to the blocking action of externally applied tertiary anesthetics is im- 
measurably small even during repetitive stimulation. 

Hille et al. [29] and Courtney [31] consider that the mechanism of frequency- 
dependent inhibition can be useful in the design of antiarrhythmic agents which limit 
repetitive activity to chosen maximum frequency. We suggest that slow inactivation 
may prove to be still another important tool for this purpose. The long lasting 
plateau of the action potential of cardiac muscle fibre is the condition ensuring in- 
hibiting efficiency of slow inactivation mechanism and its effectiveness in prolongating 
the relative refractory period [33]. In summary we can draw the following con- 
clusions. The membrane of the Ranvier node has several types of sites through which 
local anesthetics exert their blocking action on sodium permeability. Receptor R 1 
seems to react with an uncharged molecule of tertiary amines local anesthetics and 
neutral benzocaine. Binding of R 1 leads to the fall of Pr~a. Receptor R2 is responsible 
for slow sodium inactivation and is accessible in the inactivated sodium channel 
presumably from the outer side of the membrane. R2 interacts only with tertiary 
amines, their active form being unknown. Binding of local anesthetics to R2 appears 
to be strongly affected by pH. Receptors R 3 and R4 responsible for the "tonic" and 
"'phasic" components of use-dependent inhibition, respectively, interact with 
permanently charged quaternary or protonated tertiary amines anesthetics and are 
located within the channel near its internal mouth. Little is know as yet about the 
chemical structure, stereoselectivity [29, 34] and other properties of these receptors. 
Still unclear are the causes of slow inactivation kinetics changes following shifts of 
pH of external solution. On the solution of this problem depends not only the 
determining of the active form of anesthetics but also the learning processes under- 
lying slow inactivation. Of importance is the study of reasons why tertiary anesthetics, 
procaine and trimecaine, do not produce slow inactivation on their internal applica- 
tion. It is not clear why lipid-soluble molecules of these anesthetics in the form of 
free base cannot diffuse from axoplasm and reach the receptor R2. Of great interest 
is a comparative analysis of the action of various local anesthetics on the sodium 
channels in the membrane treated with batrachotoxin, aconitine, veratridine and 
scorpion venom since, these drugs markedly change the gating function. Useful 
information may be obtained from the study of gating currents under the action of 
various local anesthetics. As yet it is known that procaine at relatively highconcentra- 
tion (1 ~)  reduces gating current in the squid giant axon [35]. 
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