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This investigation, conducted on skeletal muscle  f ibers by means of in t racel lular  mic roe lec t rodes ,  
showed that hyperpolar izat ion of the membrane  with a constant cur rent  r e s t o r e s  generat ion of the action 
potentials when disturbed by Novocain. This effect is the m o r e  marked,  the s t ronger  the hyperpolar iz ing 
current  and the longer the duration of its action. Analysis  of the resul ts  obtained, and compar ison  be-  
tween them and the effects of action of the hyperpolar iz ing current  on the novocainized nodes of Ranvier  
of nerve f ibers [1, 2, 4] show that Novocain inactivates the sodium permeabil i ty  of the membrane .  Some 
differences in the mechanism of action of Novocain on muscle  and nerve fibers are  examined. 

EXPERIMENTAL METHOD 

The test objects were the sartorins muscles of the grass frog. Under a binocular loop, two glass 
microelectrodes, filled with 3 M KCI solution, were Introduced separately into a muscle fiber so that the 
distance between their points was about 50 #. One of the electrodes was used for recording the membrane 
potential and the other for transmitting the polarizing and stimulating currents. 

The resistance of the microelectrodes varied from i0 to 40 m~. A two-channel electrometric dc 
amplifier with input capacitance compensation was used. One channel was used for recording the changes 
in the membrane potential, the other for recording the rate of these changes (dV/dt). For this purpose, 
the signal f rom the output of the f i rs t  amplif ier  was fed into a differential circuit  with a t ime constant of 
20 # / s e c  (P = 100 k~2, C = 200 pF). Novocain hydrochloride,  in concentrat ions of 3 �9 10-4-5 �9 10 -4 g / m l  
was dissolved in Ringer ' s  solution. The experiments  began with measurement  of the res t ing  potential 
(RP), the c r i t ica l  potential (Clp), and the action potential (AP) of the muscle  f ibers in Ringer ' s  solution, 
af ter  which this solution was replaced by Novocain solution. The changes in the CP, RP, and Alp produced 
by Novocain usually began to be investigated 30 rain af ter  exposure to the drug.  The s t rength of the d i rec t  
cur rent  used for producing hyperpolar izat ion of the membrane  varied f rom 10 -8 to 10 -7 A. The duration 
of action of the cur ren t  varied f rom 5 msec  to 1 sec.  The experiments  were ca r r i ed  out between January  
and May, 1966. 

EXPERIMENTAL RESULTS AND DISCUSSION 

In Ringer's solution of normal composition, the RP of the muscle fibers was 83.2 :~ 4.5 mV (50).* 
The overshoot of the AP was 36,7 ~: 16.7 mV, and of the CP it was 40.6 + 15.5 mV. The maximal rate of 
increase of the AP was 245 • 12 V/sec (i0) and the maximal rate of its decrease II0 • 4.41 V/sec. 

Novocain in a concentration of 3 �9 10 -4 depressed the RP to 73.3 J: 14.5 mV (25), and in a concentra- 
tion of 5 �9 10 -4 g/ml to 68.3 * 8.6 mV (25). In these circumstances the AP fell considerably or disap- 
peared completely, changing into a local response. Hyperpolarization of the membrane by a constant cur- 
rent restored AlP generation. Its amplitude and the steepness of both the ascending and descending limbs 
increased more, the greater the increase produced in the membrane potential by the current applied. The 
CP was displaced toward the RP by the action of hyperpolarization (Fig. i). 

During hyperpolarization of the membrane to i00-ii0 mY, the overshoot and the steepness of its 
ascending and descending phases, although they came close to the mean values of these parameters in 
normal fibers, did not quite reach them. For instance, during the action of Novocain in a concentration of 

�9 The nu~nber of fibers investigated is given in parentheses. 
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Fig. 1. Restorat ion of AP generation in a novo- 
cainized skeletal  muscle  f iber in relat ion to de-  
gree  of hyperpolar izat ion of the membrane  by a 
constant cur ren t .  A) Muscles in Novocain solu- 
tion in a concentrat ion of 3 �9 10 -4 g / m l ;  B, C) 
the same f iber  during the action of a hyperpo-  
larizing current  of var ied strength; test  stimuli 
were  applied 1 sec af ter  the beginning of hyper -  
polarizat ion.  0) Zero line; 1) HP; 2) ra te  of 
change of membrane  potential dV/dt ;  D) graph 
showing relat ionship between maximal  steepness 
of ascending limb of the AP (1), the overshoot 
(2), the maximal  s teepness of descending limb 
(3), and the CP (4) and the magnitude of the RP 
(5) of the novocainized muscle  fiber.  

Fig. 2. Effect of duration of action of hyperpola-  
r iz ing current  on effect of res tora t ion  of AP of a 
muscle  fiber in Novocain solution in a concent ra-  
t ion of 3 �9 10 -4 g / m l .  A) Muscle in Novocain solu- 
tion before switching on hyperpolar iz ing current ;  
B) the same,  13 msec  after beginning of hyperpo-  
larization; C) the same, 1 sec af ter  hyperpolar i -  
zation. 0) Zero line and resul t  of differentiation 
of potential changes in t ime; 1) 1eve1 of RP; D) 
dynamics of changes in the peak of the AP (1), CP 
(2), and RP (3) during the action of the hyperpola-  
r iz ing current .  The moment of switching on the 
cur rent  cor responds  to the point 0 on the abscissa .  

3 �9 10 -4 g /ml ,  the maximal  s teepness of the ascending phase of the response  was 25.5 • 7.3 V / s e c ,  while 
the maximal  s teepness of the descending phase of the response was 19;5 • 6.9 V / s e c  (10). Under the in- 
fluence of hyperpolar izat ion of the membrane ,  the maximal  s teepness of the depolarization phase rose  to 
208 • 6.8 V / s e c ,  and that of the repolar izat ion phase to 81.2 • 2 V / s e c .  The overshoot  of the AP of these 
f ibers  was 35.4 • 5.5 mV (30), and the CP also remained low by compar ison with the original  value, name-  
ly 32.7 �9 10.3 mV. 

A se r ies  of experiments  was car r ied  out to investigate the relat ionship between the effects of r e s t o r a -  
tion of the AP and the duration of action of the hyperpolar iz ing current .  The resul ts  of these experiments 
showed that when hyperpolar izat ion of the membrane  lasted 5 and 10 msec ,  a small  increase  in the ampli-  
tude and steepness of the responses  took place, but with a fur ther  increase  in the duration of action of the 
constant cur ren t  the AP increased  and reached a more  or less constant value toward the end of the f i rs t  
second of hyperpolar izat ion.  

The relat ionship between the effects of res tora t ion  of AP  generation in the novocainized muscle  
f ibers  and the duration of hyperpolar izat ion is ~llustrated in Fig.  2. 

In the previous investigation [3] it was shown that the depressant  action of Novoeain on skeletal 
musc le  f ibers may be considerably diminished by increas ing the calc ium ion concentrat ion in the medium. 
The resul t s  of the present  investigation showed that hyperpolar izat ion of the membrane  by a constant c u r -  
ren t  had an even s t ronger  res tora t ive  action on the novocainized muscle  f ibers .  In this respect ,  the ef-  
fects of hyperpolar izat ion and of an excess of calcium ions in the medium were very  s imi lar  to those ol0- 
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tained e a r l i e r  [2, 4, 51 in expe r imen t s  in which these  agents  were  applied to novocainized nodes of Ranvier  
of the f rog ' s  ne rve  f ibe r s .  The suggest ion m a y  natura l ly  be made  that the mechan i sm of action of Novo- 
cain on ne rve  and m us c l e  t i s sue  is the s ame  in pr inciple .  

A number  of facts  have been desc r ibed  in the recent  l i t e ra tu re  indicating that  Novocain, a f t e r  pene-  
t ra t ing  into the m e m b r a n e  of ne rve  and m usc l e  f ibers ,  p revents  the i nc rea se  in i ts  sodium pe rmeab i l i t y  in 
r e sponse  to depolar iza t ion  [2, 7, 8, 9]. The r e su l t s  of the p resen t  invest igat ion support  th is  hypothes is .  
We have seen that under the influence of Novocain the s teepness  of i nc r ea se  of the AP (which is known to 
be  d i rec t ly  dependent on the s t rength  of the incoming sodium flow) was cons iderab ly  reduced  and the a m p -  
litude of the AP  and CP was lowered.  

According to the HodgkinzHuxley  theory ,  changes of this  type m a y  be due e i ther  to a d e c r e a s e  in the 
sodium pe rmeab i l i t y  constant  (PNa) or  to an i nc r ea se  in the inactivation of the sodium c a r r i e r s .  The a c -  
t ion of the hyperpo la r iz ing  cu r r en t  on the m e m b r a n e  a s s i s t s  with the different ia t ion of these  phenomena.  
The sodium pe rmeab i l i t y  constant  is independent of the m e m b r a n e  potential .  F o r  th is  reason,  a d e c r e a s e  
in the constant  cannot be  abolished by hyperpo la r iza t ion  of the m e m b r a n e .  Converse ly ,  inact ivat ion of 
the sodium " c a r r i e r s "  is  comple te ly  abolished by s t rong hyperpolar iza t ion .  In the p re sen t  expe r imen t s ,  
hyperpo la r i za t ion  of the m e m b r a n e  to -100 (-115) mV led to r e s to ra t ion  of AP genera t ion  supp re s sed  by 
Novoeain. The fact that the s teepness  of the ascending phase  of the AP and its  overshoot  inc reased  to 
values  c lose  to the initial  levels  sugges ts  that  inact ivat ion of the sodium " c a r r i e r s "  plays  the leading ro le  
in the mechan i sm of act ion of Novocain on skele ta l  musc le  f ibe r s .  

Although s t r e s s i n g  the s i m i l a r i t y  between the changes in the p rope r t i e s  of the exci table m e m b r a n e  
of musc le  and ne rve  f ibers  during exposure  to Novocain, ce r ta in  d i f fe rences  between them must  also be 
mentioned,  main ly  concerned with the effect  of Novocain on the m e m b r a n e  R P. 

In ne rve  f ibers ,  Novocain shif ts  the RP  toward hyperpola r iza t ion  (by 3-5 mV), while in musc l e  f i be r s  
it produces  some  degree  of depolar iza t ion  [6]. The question na tura l ly  a r i s e s ,  to what extent this  d e p o l a r i -  
zat ion is  r e spons ib le  for  inact ivat ion of the sodium pe rmeab i l i t y  of the m e m b r a n e  of musc le  f ibe r s  under  
the influence of Novocain. As pointed out above,  Novocain in concent ra t ions  of 3 - 10-4-5 �9 10 -4 g / m l  
lowered the absolute value of the m e m b r a n e  RP  by 10-15 inV. To r e s t o r e  the AP in novocainized mu sc l e  
f ibe r s  by a d i rec t  cu r ren t ,  however ,  it was not sufficient to r a i s e  the RP to i ts  initial  level  but, as  a ru le ,  
it was n e c e s s a r y  to exceed this  level  by approx ima te ly  20 mV.  It m a y  evidently be concluded f rom this  
that  the inact ivat ion produced by  Novocain is  complex  in na ture ,  fo r  it is  due both to the d i rec t  act ion of 
the drug  on this  p roce s s  and a lso  to its indi rec t  effect  through the change in the m e m b r a n e  potential .  The 
s ignif icance of each of these  f ac to r s  is  evidently not the s ame  in different  musc le  f ibe r s .  In some  f ibe r s ,  
depolar iza t ion  of the m e m b r a n e  under the influence of Novocain is  ve ry  weak or  absent  a l together ,  but 
neve r the l e s s  the depress ion  of the AP is  ve ry  cons iderable ,  while in other f ibe r s  dep res s ion  of the AP 
takes  place against  the background of apprec iab le  depolar iza t ion  of the m e m b r a n e .  

i. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

LITERATURE CITED 

V. I. Belyaev,  Byull.  ~ksp. Biol. ,  No. 8, 24 (1963). 
V. I. Belyaev,  Byull.  ~ksp. Biol. ,  No. 5, 3 (1964). 
E. G. Vornovi tski i ,  Byull.  ~ksp. Biol. ,  No. 10, 11 (1966). 
B. I. Khodorov and V. I. Belyaev,  Biofizika,  No. 4, 625 (1965). 
B. I. Khodorov and V. I. Belyaev,  Biofizika,  No. 2, 288 (1966). 
G. Falk,  Biophysics  of Physiological  and Pharmaco log ica l  Actions,  Washington (1961), p. 259. 
F. Inoue and G. B. Frank ,  P h a r m a c o l .  exp. Ther . ,  136, 190 (1962). 
A. M. Shanes, W. H. Freygang ,  H. Grundfest  et al. ,  J .  gen Physiol . ,  41, 793 (1959). 
R. Taylor ,  Am.  J .  Physiol . ,  196, 1071 (1959). 

919 


