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Sodium inactivation (SI) is the process postulated by 
Hodgkin and Huxley [ 11 to describe the decay of so- 
dium permeability during a long-lasting membrane 
depolarization. 

SI underlies many physiological events, being par 
tially responsible for the falling phase of action poten- 
tial, absolute and relative refractory states, accommo- 
dation, cathodal depression etc. (see [ l-31 for reviews). 
Therefore many studies were devoted to the physico- 
chemical nature of SI and its pharmacological proper- 
ties. Some drugs used in these investigations proved to 
be very valuable as tools to study the molecular struc- 
ture of Na channels. 

The objective of the present paper is to discuss some 
aspects of the pharmacology of SI in nerve membrane. 

1. PHARMACOLOGICAL SEPARATION OF ACTTVATION 
AND INACTIVATION IN SODIUM CHANNELS 

There exist several chemicals which affect separately 
the activation and inactivation in sodium channels. 
Among them are different proteases, anemone and 
scorpion venoms (toxins), some ions and photodyn- 
amic sensitizers (dyes). 

1.1. Chemical removal of the fast sodium inactiva- 
tion. The external application of different proteases to 
the nerve membrane does not affect the properties of Na 
channels 141. By contrast, the internal perfusion of the 
squid axon by pronase [51 or by its component- 
alkaline proteinase b 161, eliminates the fast SI (h- 
process, in Hodgkin-Huxley [ 11 formulation) without 
appreciable changes of Na activation. The h-process 
can be effectively destroyed also by the intraaxonal 
application of some other endopeptidases trypsin, 
chymotrypsin. papain 17. 81. 

Unlike endopeptidase, the exopeptidases-carboxy- 
peptidases A and B produce only the moderate suppres- 
sion of Na’ and K’ conductances [ 71 with little or no 
change of SI [6-81. 

From the analysis of all these data it was concluded 
that h-gate is proteinic in nature and that the polypep- 
tide chain cleaved by proteases has to contain in its 
structure arginine (or lysine) as an important functional 
residue. 

Developing this line of investigation, Eaton et al. [ 91 
have shown that arginine-specific reagents-glyoxal and 
a condensed 2,3-butanedione-being applied internally 
are able to remove SI in squid giant axon. To test the 
possibility that positively charged arginine might ac- 

tually be the blocking residue of h-gate these authors 
have compared the effects of internal application of 
various amino acids on ZNa in squid axon after a com- 
plete destruction of SI by pronase. Of nine amino acids 
tested only arginine showed a significant blocking abil- 
ity. It was shown further that polypeptide polyglycyl- 
N-acylarginine induces the time-dependent inactiva- 
tion-like inhibition of ZNa [ 9 1. 

Recently Oxford et al. [9al have found that along 
with arginine, a tyrosine residue appears to be involved 
in the inactivation gating structure of the sodium chan- 
nel. Authors have compared the intraaxonal action of 
N-bromacetamide, destroying SI irreversibly, with the 
effects of several other group-specific protein reagents 
exhibiting overlapping reactivity spectra. N-Acetylami- 
dozole, a tyrosine-specific reagent, proved to be the 
only other compound examined capable of partially 
mimicking N-bromacetamide. 

Among the other chemicals producing a separate 
removal of SI by internal application to the squid giant 
axon membrane are NaF [ 101 and some common 
dyes [ 111. The latter, e.g. Bengal Rose, sensitize the 
destruction of h-gate by a visible light illumination. 

With the commonly used technique the internal side 
of the myelinated nerve fibre membrane is inaccessible 
to the proteolytic enzymes. It is possible, however, to 
destroy separately the h-gate in the Ranvier node with 
application of iodate (-10;) to the axoplasmic side of 
the nodal membrane (by letting it diffuse along the axis 
cylinder from the cut internode) [ 12, 13 1. 

There exist, however, some chemicals which affect 
SI only upon external application to the nerve fibre. 

The mini-protein toxin II (ATX-II) of the sea ane- 
mone (Anemoniu sulcata) being applied to the frog 
Ranvier node [ 13, 141 or to crayfish giant axon [ 151 
makes SI very slow and incomplete, while the activa- 
tion kinetics remained unchanged. The intraaxonal ap- 
plication of these toxins is not followed by appreciable 
changes of sodium current. 

The modification of sodium inactivation produced 
by some scorpion venoms or purified scorpion toxins 
are in many respects similar to those caused by ane- 
mone toxin ATX-II. 

The drastic slowing down of the fast SI was observed 
under the external application of the crude venoms of 
Leiurus quinquestriatus (on amphibian myelinated 
fibres) [ 161, or Buthus thamulus (on squid giant 
axon) [ 171. The same effects have been obtained in 
experiments with the purified scorpion toxins from 
Androctonus australis Hector (on crustacean giant 

BP 28.'9-,, 1451 



1452 B. KHODORO~ 

axon) 1 181 and But& eupeus (on frog node of Ran- 
vier) I19. 201. 

In addition to the deceleration of SI. scorpion venom 
(toxins) also induce very peculiar changes in the steady- 
state SI: the h curve (h , -fraction of channels free from 
SI at given potential) rises from a flat minimum to 
larger and larger values as the potential (E) become 
more positive 1 16, 201. Very similar changes of the 
h,-E curve have been observed by Chandler and 
Meves 1 10 1 in NaF perfused squid axon and recently by 
Gillespie and Meves [ 20a I in squid axon treated exter- 
nally by Leiurus venom. The explanation proposed is 
that in the modified channels the h-gate, which is closed 
by small depolarization, is forced open again by strong 
depolarization (the ‘second activated state’) 1 10. 20al. 

Gillispie and Meves [20al assume that the increase of 
the time constant of SI under the action of Leiurus 
venom is only an apparent one and is, in reality. due to 
the appearance of the ‘second activated state’. It is 
necessary, however, to remind that the increase of 
external Ca*+ eliminates the paradoxal rise of h, at high 
E but does not affect the deceleration of SI in the node 
of Ranvier treated with Leiurus venom I21 I. This 
means that scorpion toxins exert a dual effect on SI. The 
nature of these effects requires a further study. In our 
opinion in the scorpion venom-treated membrane two 
populations of modified Na channels do exist: (I) Na 
channels with slow and incomplete inactivation; and 
(2) Na channels with the inversed inactivation; their h- 
gate is closed at resting potential and becomes open 
during membrane depolarization. 

According to the current views [ 22al the ionic chan- 
nels are composed of integral proteins. i.e. of amphi- 
pathic molecules with hydrophobic segments deeply 
buried in the lipid interior of the membrane. and hydro- 
philic segments protruding out of membrane plane into 
the water phase. Judging by the date discussed above, 
the ‘inactivation mechanism resides in a large protein 
subunit which spans the membrane’ [ 131. The internal 
hydrophylic segment of this subunit seems to act as h- 
gate itself while the outer edge of the subunit bears the 
receptor groups for anemone and scorpion toxins. 
Some of these groups are Ca*’ sensitive [2 1, 221. The 
destruction of h-gate by proteases [ 81, bromacetam- 
ide [9al or iodate [ 131 does not remove the slow (‘ultra- 
slow’ [ 23 1) SI which is characterized by time constants 
of order of tens of seconds and even minutes [ 2 3-25 I. 

Therefore it is reasonable to propose that the hydro- 
phobic part of the inactivation subunit, disposed in the 
lipid matrix of the membrane, is involved in the process 
of slow SI. 

1.2. Selective modljication of sodium activation. Un- 
like Leiurus and other above-mentioned scorpions tox- 
ins the Centruroides sculpturatus scorpion venom in- 
duces a selective modification of sodium activation 
[ 26 1. This modification is manifested after the end of 
depolarizing pulse as a temporary shift of the voltage 
dependence of sodium activation by 4&50 mV to more 
negative potentials (Fig. 1). As a result of such a shift 
the inward sodium current continues to flow through 
the activated Na channels during hundreds of milli- 
seconds upon membrane repolarization. The kinetics of 
sodium activation and inactivation are not changed 
under the action of this drug. Figure 1 shows the 
calculated behaviour of sodium current and underlying 
changes of activation (m3) and inactivation (h) factors 

Fig. I. The calculated time course of Na activation (m’) and 
inactivation (h) underlying Nacurrents in the node of Ranvier 
before (Ringer) and after application of Centruroides sculp- 
ruratus scorpion venom. For simulation of venom currents 
the m, --E curve was shifted by 50 mV to more negative 

voltages I26 I. 

in normal and venom treated model membrane. One 
can see that in the poisoned node after the end of a 
depolarizing pulse the activation parameter m3 remains 
increased for about 200 msec allowing INa to rise as 
recovery from inactivation occurs. From the voltage- 
and time-dependence of channels modification it was 
concluded that the drug interacts only with the open Na 
channel. However the fraction of modified channels 
continues to rise for depolarization larger than that at 
which all the channel become open. This means that the 
drug-receptor reaction depends directly upon the field 
across the membrane. 

All the data discussed above show that both activa- 
tion and inactivation processes are chemically separa- 
ble, and thus can be thought of as being associated with 
different structural identities of the channel. 

2. INTERACTION OF ACTIVATION AND INACTIVATION 
PROCESSES 

Chemical separability of activation and inactivation 
in sodium channels does not mean yet that these proc- 
esses are completely independent. as was postulated for 
the sake of mathematical simplicity by Hodgkin and 
Huxley [ 11. During the last few years data have been 
obtained favoring the assumption 127, 281 of coupling 
of sodium activation and inactivation processes [29- 
3 11. Here we would like to discuss some pharmacologi- 
cal aspects of this problem. 

2.1. Simultaneous modiJication of activation and 
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deactivation induced by batrac~otoxi~ and aco~~fi~e. 
Ba~achotoxin @TX) and aconitine (AC) belong to the 
chemicals inducing a steady depo~~ization of nerve 
membrane due to the increase of its resting sodium 
permeability (PNa) [ 321. The voltage-clamp experi- 
ments carried out on frog Ranvier nodes showed that 
both BTX ! 33-371 and AC [ 38-401 cause a dramatic 
alteration of the gating machinery [ 33-351 and of se- 
lectivity 136, 37, 39,401 of Na channels. The latter 
lose the ability to inactivate, and simultaneously drastic 
changes of activation process occur. The voltage- 
dependence of activation is shifted by about 50 mV to 
more negative voltages, so that a considerable sodium 
current flows at the resting potential (-70 mV). The 
activation kinetics becomes purely exponential (instead 
of being sigmoid) (Fig. 2) and the time constant of 
activation is increased 5-lo-fold under the action of 
BTX and about two-fold in the case of AC action. The 
ionic selectivity of AC-modified 139,401 and BTX- 
modified [34,36,37] Na channels is greatly decreased. 
So under the action of BTX Na channels become 
measureably permeant to Rb’, Cs‘, Ca” and even to 
methylammonium. The relative permeability of these 
channels to all the permeant cations is increased, 
especially to NH+ and Ti’. 

The process of membrane modification (Na channels 
recruitment) under the action of BTX ( 10e5 M) or AC 
( 10e5 M) is relatively slow (min) but it can be greatly 
accelerated using strong repetitive depolarizing 
pulses [36, 40,4 11. A detailed study of this effect in 
BTX-poisoned Ranvier mode led to the conclusion that 
BTX interacts with Nachannels, only (or mainly) when 
both activation and inactivation gates are in the open 
position C 4 11. 

The use of the repetitive membrane depolarization 
allowed to study the dose-response relation and to infer 
that each channel receptor interacts only with one 
molecule of BTX (421. This conclusion is of great 
importance since it indicates that all the changes of 
sodium activation, inactivation and ionic selectivity 
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caused by BTX result from its interaction with a single 
channel receptor. 

It is very tempting to assume that this receptor is 
linked allosterically to all the principal subunits of 
sodium channel, gates, sensors, selectivity filter, and 
plays therefore a key role in their normal functional 
interaction [ 361. Binding of BTX or AC to the receptor 
alters this normal subunits interaction and causes the 
above-mentioned modification of channels properties. 

According to Catterall [43, 441 alkaloid varatri- 
dine-another modificator of Na channels-interacts 
with the same receptor as BTX and AC. Yohim- 
bine 1451 and some tertiary (procaine, trimecaine) and 
quaternary (QX-572) local anesthetics [ 34, 361 seem 
to compete with BTX for a common receptor (or 
common sites of this receptor). 

Some indirect data show that BTX-receptor is pro- 
tein in nature 1321 and suggest its localization in the 
hydrophobic part of the channel 145al. 

The poor reversibility of the effects of BTX and AC 
should make it possible to extract and identify the Na 
channel structure by means of labelled drugs. 

2.2 Inactivation of sodium gating current. It is 
established at present that the activation of sodium 
channels is closely associated with the intramembrane 
charge movement revealing, in the form of the so-called 
gating current, 1, (see (461 for a review). Many at- 
tempts were made to detect the independent charge 
movement related to the inactivation of Na channels. 
However, quite unexpectedly for the prediction of 
Hodgkin-Huxley model [ 11, it was found that sodium 
permeability inactivation is associated with “immobili- 
zation” (or neutralization) of the gating particles re- 
sponsible for the opening (activation) of Na chan- 
nels [471. 

In the experiments on the squid giant axons 1471 and 
myelinated nerve fibres [48j it has been shown that a 
depolarizing conditioning prepulse which inactivates 
INa, diminishes iB as well. Judging from recent data (481 
the net fK includes at least two different components, 

-96 -93 
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Fig. 2. Effect of batrachotoxin on Na activation kinetics. A: (aE(f), Na currents associated with depolarizing steps from holding 
potential - 103 mV to various potentials (indicated at each trace), (g) Na current on return after 5 msec depolarizing pulse to 
- 103 mV. B: semilogarithmic plot of the time course ofl,,. Numbers above each curve are the time constants (5,) of activation 

in msec. Leakage current is not subtracted; 20° [361. 
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Fig. 3. Effect of the enzymatic removal ot’ Na inactivation on 

the off-response in the giant axon of the squid. (a) The voltage 
sequence: -70 --L + 10 --t - 150 mV. The depolarizing pulse 
duration 0.7 and IO msec. (b) Another axon after pronase had 
destroyed 70 per cent of inactivation. The voltage sequence: 
-80 -+ +20 --) - 150 mV. External solution (mM): 90 Na. 50 
Ca. 40 Mg + TTX. Internal solution: 190 TEA. 10 Na. 

8” 1471. 

one ofwhich can be completely inactivated with a short 
(5- 10 msec) depolarizing prepulse (“fast inactivating 
components”‘). Only the long-lasting (mm) membrane 
depolarization is followed by complete inactivation of 
the net Z, 1251. 

The other aspect of the fast I, inactivation is a 
diminishing of the reverse gating charge movement 
(“off-response”) at the end of the depolarizing pulse 
with a duration long enough to induce the inactivation 
ofsodium permeability i 19,47,49. 501. Figure 3 (top) 
demonstrates this phenomenon. One can see that the 
amount of charges (Q,,) transferred at the end of 
10 msec depolarizing pulse is clearly less than at the 

end of the 0.7 msec pulse. We also see the splitting of 
the I,-tail into two fast-and slow components. The 

CHS \ 
‘CH, CH, 

+ I / 

/ -: -cH2 
CH, R 

interpretation of these changes of the “off-response”. 
proposed by Armstrong and Bezanilla 1471 is that 
about two-third of charges “is immobilized by inactiva- 
tion and moves back to rest too slowly to produce a 
measurable current” (p. 302). 

Pronase in the squid axon (Fig. 3) and Buthz~s 
eupeus scorpion toxin in the frog node of Ranvier [ I9 1 
remove all these changes of the off-response. Therefore 
it is reasonable to assume that the inactivation of I,: 
results from interaction (possibly electrostatic in na- 
ture) of the activating gating particles with an “inactiva- 
tion subunit” of Na channel. The following kinetic 
scheme may be proposed to describe these events 
quantitatively: 

Here A, B and C are the resting, activated and fast 
inactivated states of the hypothetical gating particles. 
respectively; r and ~-voltage-dependent rate con- 
stants of activation process: 7 and d-the association 
and dissociation (respectively) rate constants of the 
reaction between gating particles and F-receptor (h- 
gate) responsible for the fast inactivation. ;‘ and 6 ” x 
and /I. 

We have mentioned above that proteases do not 
remove the ultra slow SI [ 81. Therefore it is very rempt- 
ing to propose that along with the F-receptor. associ- 
ated with the fast inactivation off,, another receptor (S) 
exists which is localized in the hydrophobic part of the 
channel and is able to interact with some (or with 
certain) gating particles and “immobilize” them for a 
long time. This question is discussed in a more detailed 
form elsewhere j47al. 

3. SODIUM ~ACTIVATION AND THE INTERNAL BLOCK- 
ADE OF SODIUM CHANNELS WITH QUATERNARY 

AMINE COMPOUNDS 

In the experiments on the internally perfused squid 
giant axons it was discovered that the enzymatic de- 
struction of the h-gate renders the Na channel sensitive 
to the blocking action of internally applied tetraethyl- 
ammonium (TEA) or some of its derivatives shown in 
Fig. 4. These compounds are specific blockers of potas- 

- c,ti,, : c, -C”,- v : Qc, 

- Cl,“,,: c12 -CH,-CH,- ,--/ : OC, 0 - 
0 \ /I@ - CH2- CH,- CH,- ,--, : @ C, 0 

Fig. 4. TEA and its derivatives inducing a time-dependent blockade of K channels. The R groups are shown 
with abbreviations used to denote them 15 I I. 
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Pancuronium Bromide 

(Arr&trong,1971~ ~-M~thyistrych~ine 

Fig. 5. Chemical structure of pancuronium (PC) and of 
quaternary analog of strychnine (NMS). The latter is com- 
pared with K channels blocker compound #6& Common 

structure is drawn in more heavily in NMS [54. 551. 

88 

10 

Fig. 6. Effects of TEA derivative C, (see Fig. 4) on outward 
IN,, in a squid giant axon after destruction of h gate. Pulse 
duration 1.5 msec. In A, maximum outward current for 
E .= 88 mV was 5.4 mA/cm’, and 2.3 mA/cm’ in B. Fibre 
treated internaiiy with proteases contained in pronase. A, 
internal solution: 300 mM NaF + 400 mM sucrose; external 
solution was K‘- and Nd-free saline. 9.5“. 3, after internat 
application of Cg at 0.15 mM. Potentials (in mV) are indi- 

cated at each current trace. [61. 

sium currents but do not affect intact sodium chan- 
nels I5 1.521. 

The simplest way to explain this effect is to suppose 
that h-gate in the intact sodium channel hinders the 
entrance of TEA’ in the internal channel mouth purely 
sterically. 

It is known, however, that sodium currents in the 

normal axons can be effectively inhibited by intra- 
axonal application of quaternary amine-focal anes- 
thetics i 531, quaternary derivative of strychnine 
(NMS) 1541, bis-quaternary myorelaxant pancuron- 
ium 1551 and some other quaternary compounds 1561 
which also may be considered as derivatives of TEA 
(Fig. 5). 

Therefore it seems to us very probable that “h-gate” 
bearing the positive charge 169,471, hinders the stabili- 
zation of TEA cation in the internal channel mouth on 
account of the electrostatic charge repulsion. Removal 
of the inactivation gate converts TEA into an Na 
channel blocker. 

Of special interest is the time course of INa inhibition 
caused by different quaternary ammonium compounds. 
As has been mentioned above, the compounds shown in 
Fig. 4 (from now on referred to collectively as QA-I) 
become effective only after destruction of the inactiva- 
tion gate. Then ~hibition is time- and voltage-depend- 
ent and qualitatively simiiar to the inhibition of potas- 
sium currents produced by these compounds (Fig. 6). 

The model proposed by Armstrong [ 5 1, 571 for the 
potassium channels blockade is: 

Resting Ho~~kin-H~~xi~y Open ,“re k_ Rlocked 
channels kinetics channels ( channels’ 

The drug molecule enters the internal channel mouth 
after the opening of the activation gate and binds to the 
corresponding receptor sites with the association and 
dissociation rate constants k and I, respectively. One of 
these sites (A) seems to be anionic (interaction with the 
cationic head of QA) and the other (H), hydrophobic in 
nature. 

The hydrophobic interaction of the hydrocarbon 
and/or aromatic “tail” of the QA molecule with H-site 
stabilizes QA in the channel mouth (on account of the 
decreasing of I-rate constant). During a strong depolar- 
izing pulse, the fraction of blocked channels (B) in- 
creases to some equilibrium value B ;=: l/G + /)_ 

Unlike the QA-I which are able to plug only the Na 
channels devoid of h-gate. the quaternary amine local 
anesthetics (QX-3 14, QX-572, QT), quaternary ana- 
log of strychine (NMS), and pancuronium (from now 
on referred to collectively as QA-II) block effectively 
both intact and devoid of SI Na channels [ 53- 
56, 58, 591. 

We cannot discuss here the specific changes of the 
time course of INa induced by QA-II in the intact 
membrane 154. 551. It is necessary only to emphasize 
that all these changes are predicted by a model similar 
to that presented above, if one assumes that QA enters 
the channel only when both activation and ~activation 
gates are open, and that the activation gate cannot be 
closed upon the membrane repolarization until a big 
QA molecule leaves the channel [ 54. 551. 

For what reason can QA-II block both the intact and 
the deprived of inactivation Na channels while QA-I are 
able to plug only the latter? 

The drugs belonging to QA-II group differ greatly in 
their chemical structure (see Figs. 5 and 7); however 
they have some common features: in contrast to the 
QA-I provided with purely hydrophobic “tails”, the 
QA-II molecules have -CO and -NH groups in- 
cluded in the tails. 
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Since -CO and -NH groups can form hydrogen 
bonds, it is logical to assume that the hydrogen bonds 
formation between QA-II ‘tail’ and hydrophilic seg- 
ment of the inactivation subunit (h-gate) in the intact 
sodium channel is prerequisite for stabilization of QA 
in the normal channel mouth. Only after enzymatic 
destruction of the h-gate does the purely hydrophobic 
interaction become sufficient for such a stabilization of 
the QA-channel complex. 

Thus we can conclude that the chemoreceptor exist- 
ing in the axoplasmic end of the intact sodium channel 
includes along with the anionic (A) and hydrophobic 
(H) sites also the sites which are able to form hydrogen 
bonds with -CO and -NH groups. This makes the 
functional structure of the receptor in question in some 
respects similar to the structure of cholinoreceptors of 
different excitable membranes: it is well known that 
cholinoreceptor also includes anionic. hydrophobic 
and “esterophilic groups” [ 60 1, 

Block of the intact Na channels by quaternary amine 
compounds in myelinated nerve fibre 153, 541 and in 
the squid giant axon 156, 58, 591 is voltage and fre- 
quency dependent. Many short { 1-5 msec) depolariz- 
ing pulses produce much more inhibition than a single 
long ( 1 set) depolarizing step. 

Destruction of the inactivation gate in squid giant 
axon by proteases abolishes the use-dependent block 
caused by QX-3 14, QX-2229.amino-acridine. and N- 
methylstrichnine [59. 59a, 59bj. The same effect was 
obtained in the Ranvier node treated with QX-572 after 
removal of SI by BTX [361. 

These results suggest that the h-gate hinders the exist 
of QX from the blocking site in the channel mouth. The 
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Fig. 7. Chemical structure of locat anesthetics. QT-quater- 
nary derivative of trimecaine; QX-572~-quaternary deriva- 

tive of lidocaine. 

use-dependent inhibition disappears very slowly tsev 
era1 minutes) however. in many cases the restorative 
process can be greatly accelerated using the train of low 
amplitude depol~izing pulses preceded by strong hy- 
perpolarizing prep&es [ 531. These data suggest that a 
QA-II molecule entering the internal channel mouth 
“retains” the h-gate in the closed position in spite of 
membrane repolarization. Strong hyperpolarizing pre- 
pulses are necessary to open these closed h-gates. 

It is noteworthy that some of QA-II compounds. e.g. 
quinidine methiodide 1561 are able to block Na 
channels in the use-dependent manner even after enzy- 
matic (pronase treatment) destruction of h-gate. This 
apparently means that such drugs are able to bind to &he 
anionic and hydrophobic sites of the compound 
receptor in the internal channel mouth so firmly that 
after the end of a depolarizing pulse they remain in the 
blocking position even “without the help” of the inacti- 
vation gate. 

In conclusion of this section it is necessary to men- 
tion that not only the permanently charged quaternary 
amine com~unds but also their tertiary analogs in 
protonated form are able to plug the open axoplasmic 
end of the sodium channel and cause the use-depend- 
ence inhibition of I,, both in myelinated fibre {63-651 
and in squid giant axon l59bl. Destruction of h-gate by 
pronase abolishes the use-dependent block caused by 
tetracaine and etidocaine only partially [59bl. 

4. MODIFICATION OF SODIUM XNACTIVATION UNDER 
THE ACTION OF LOCAL ANESTHETICS 

Tertiary amine local aesthetics (LA~procaine. 
trimecaine, lidocaine (Fig. 7t_commonly used in 
clinical practice. exert a dual inhibitory effect on so- 
dium conducting system: they reduce the maximum of 
sodium permeability, pMar and modify the properties of 
sodium inactivation. 

The decrease of _Fi,, is due to a voltage-independent 
blockage of Na channels. It cannot be removed by 
membrane hy~erpol~ization, or by changes of external 
Ca’+ concentration 161.-631. but is very sensitive to 
external pfi: its increasing over the range 6- 10 greatly 
enhances 16 1,63 J and accelerates 164, 65 1 the LA-in- 
duced reduction of rj,,. From these data it was inferred 
that the neutral form of LA must diffuse in the lipid 
membrane matrix to reach the site of action i 651. The 
latter can be considered as a receptor (R,) with a certain 
stereospeci~city, since it can discriminate between ter- 
tiary enantiomers RAC 109 I and II applied from 
outside of the Ranvier node 1641. Judging from the 
dose-response curve. one molecule of LA must bind 
the receptor to block one channel i 6 I. 63 1. 

Some data obtained on myelinated nerve suggest that 
R, is localized in the internal channel mouth, and that it 
is common for both tertiary and quaternary amines 
compounds 1651: (I). The difference in the blocking 
potency of the quaternary RAC 42 1 I and II applied 
inside (through the cut internode of the m~elinated 
fibre) is similar to that of the tertiary RAC 109 I and II 
applied from outside. This means that the correspond- 
ing receptors have similar sterospecifieity i 641; (2). 
BTX causes about IO-fold reduction of the blocking 
action (decrease of Fi.J of both tertiary (procaine, 
trimecaine) and quaternary (QX--572) local anes- 
thetics 134. 36 1, It is necessary to emphasize that not 
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only tertiary and quaternary LA anesthetics, but also 
neutral benzocaine is able to decrease pnNB’ The equilib- 
rium dissociation constant of the henzocaine-channel 
reaction (0.4 mM) 16 1,691 is close to those for pro- 
caine (0.2 mM) 16 11 and trimecaine (0.3 mM) (63 1. 
However BTX does not antagonize the blocking action 
of benzocaine [ 34,361. 

To explain these data in frame of the notion of a 
common receptor responsible for the decrease of IjNa it 
is necessary to assume that benzocaine binds to the 
hydrophobic site (H) of the compound chemoreceptor 
in the internal channel mouth, and that this site is not 
involved in the BTX-channel interaction. 

The changes of SI caused by tertiary LA are mani- 
fested as follows: (I) the voltage dependence of the 
steady state fast inactivation (h,-E curve, where h, is 
a fraction of Na chmnels free from inactivation at 
potential E) is shifted to more negative voltages 1651; 
(2). The time constant of sodium reactivation (opening 
of the previously closed h-gate) is increased a hundred 
times [ 62, 63,651. 

The detailed study of these effects on myelinat~ 
nerve 162, 63,651 and skeletal muscle 1671 allowed us 
to assume that the changes of SI caused by LA are due 
to their interaction with the inactivated Na chan- 
nels [631. 

This interaction hinders in some way the opening of 
h-gates until the drug-channel complex becomes 
dissociated. 

The kinetic scheme to describe this model is 

oL*. 
-60 -60 -40 EtmV) -90 -70 -50 -30 -x)ffmv) 

Fig. 8. Steady-state fast (h,) and slow (s,) sodium inactiva- 
tion related to membrane potential at normal and increased 
external Car’ concentration. A, B: node in Ringer soiution 
containing 10mM KC1 (triangles) and 10 mM 
KC1 + 20 mM Ca*’ (squares). C. D: node in Ringer solution 
with 0.054 mM procaine (filled circies) and 0.054 mM pro- 

Hille 1651 does not differentiate R, and R, receptors. 
According to his “modulated-receptor hypo~es~s” 
there exists a single receptor in the internal mouth of Na 
channel for the dirErent drug types. “Any drug in 
channel increases the probability of closing the inacti- 
vation gate” (p. 49 7), i.e. the probability of state C * 
(Fig. 9). The model predicts a strong dependence of 
blocking potency of LA on the state of the inactivation 
gate: “When h-gate is open, binding to the receptor is 
not very firm, but when the gate is closed the receptor is 
modified and the binding is stronger” (p. 5 10). How- 
ever, the experiments have shown that the elimination 
of SI by BTX does not decrease the blocking action of 
benzocaine 134,361. 

Hille’s model also does not explain a lo-fold differ- 
ence of the equilibrium dissociation constants obtained 
in studying the effects of trimecaine on pNB and on slow 
inactivation (SF) 1631. 

caine + 20 mM Ca’- (open circles) [ 631. Slow inactivation induced by LA phenomenologi- 

Here 0, C and C* are the state6 of h-gate: open 
(resting channel), closed (inactivated channel) and 
closed-modified, respectively. (xh and p,, are the voltage- 
dependent Hodgkin-Huxley rate constants of the fast 
inactivation process. k is the forward rate constant of 
the drug-inactivated channel reaction; its value in- 
creases with increasing of LA concentration. f is the 
backward rate constant which is independent of 
concentration of LA, amplitude or duration ofdepoiar- 
izing pulse. Both k and 1 are 100 times smaller than Pi, 
and xhr therefore the C -+ C* transition is slow. This 
process can be labelled tentatively as slow drotg-induced 
SI. Its time constants are of the order of several 
hundreds of milliseconds. 

The kinetics of C .-- C * transition is very sensitive 
to the external pH: its increasing from 5.6 to 8 is 
followed by increase both of k and I, (i.e. accelerates the 
development and removal of slow inactivation). 

The model under consideration describes well all the 
voltage-, time- and frequency-dependent effects of pro- 
caine, trimecaine 162,631 and lidocaine [ 661. Of great 
interest is the discovery of Schwarz et al. 1671 that in 
contrast to external pH, internal pH changes (6.5-8.4) 
do not affect the time constants of C --L C * transition. 

Fig. 8 C and D compares the steady-state depend- 
ence of the fractions of Na channels free from fast (h,) 
and slow (s,_J inactivation on the membrane potential 
in the procaine-treated Ranvier node. The s,-E curve 
has a shape quite similar to h,-E curve, however the 
slow modification of sodium inactivation is not 100 per 
cent; s, decreases to some non-zero level s, . The 
important point is the s, reaches this s,~ level just in 
the same potential region where h, becomes close to 
zero. The s, level decreases with increasing drug 
concentration. The dose-response relation of these 
effects of LA could be fitted by assuming one-to-one 
reaction between LA molecule and receptor (li,) of Na 
channel with equilibrium constant of order of 
0.02 mM. Added divalent cations (Ca*+ or Ni’ ) shift 
the steady-state slow ST curve (s,--E) to less negative 
potentials and simultaneously reduce SI at the satura- 
tion level (Fig. 8C, D). 

Unlike tertiary LA, benzocaine and quatern~y anes- 
thetics (QT. QX-572) are not able to induce a slow 
SI 163, 66, 671. 

The localization of the receptor responsible for the 
drug-induced SI is a point of controversy. 
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membrane phase membrone phase 

h-gate open h-gate closed 

Fig. 9. Diagram of a local anesthetic molecule binding in the pore of an Na channel in a manner that promotes 
Na inactivation. The molecule can reach its binding site from the intracellular solution if activation and 
inactivation gates are both open. It can also reach the site from the membrane phase even if one or both ofthe 
gates are closed. The binding site has an important hydrophobic component (shading) and closure of the 

inactivation gate enhances the hydrophobic interaction I66 I. 
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Fig. IO. Probable relationship between the ordinary (fast). 
drug-induced (slow) and ultraslow sodium inactivation in 

nerve and muscle membrane. Explanation in text. 

tally resembles that caused by high external 
K’ 163, 681 (compare Fig. 8A-D). In both cases (high 
K’ and procaine) an increase of external concentration 
of Cal+ shifts Iz,,-E and s,-E curves in the direction of 
more positive E values and at the same time increases 
the level of s’;‘“. These data could be easily explained if 
one assumes that the hypothetical R? receptor associ- 
ated with slow inactivation is localized externally, and 
that Cal’ ions compete with LA and K’ for this recep- 
tor. It is worth to remind here that Cal+ does not affect 
the decrease of .F’,, caused by LA 162, 63 1. 

For the problem in question, of special interest is the 
fact that in myelinated nerve procaine and trimecaine 
when applied internally decrease PNa but do not induce 
a slow SI 1631. 

It is quite clear that some new experiments are 
required to elucidate the problem of a number and 
localization of the receptor for different LA in sodium 
channels. 

In conclusion we would like to present in Fig. 10 the 
general kinetic scheme which describes the probable 
relationship between the ordinary (fast), drug-induced 
(slow) and ultra-slow SI in nerve and muscle 
membrane. 

R, E. F, US and S* are the states of Na channels: 
resting, activated. fast inactivated. slow inactivated 
(ultra-slow). drug-induced slow inactivated, respec- 
tively. x,,. p,,, (~,b-‘, 7. i’- ‘. k, I are the forward (dominat- 
ing during depolarization) and backward (dominating 
during repolarization) rate constants of the correspond- 
ing reactions. 

The left part of the scheme concerned with the ultra- 
slow inactivation has been proposed recently by 

Rudy 18, 691 and the right part ~drug-induced SI’) was 
discussed above. 
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