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Intracellular Recording of Electrical Response of 
M u s c l e  F ibre  to  T r a n s v e r s e l y  A p p l i e d  M i d d l e -  

F r e q u e n c y  P u l s e  S t i m u l a t i o n  

Middle - f requency  a l t e r n a t i n g  c u r r e n t  was  i n v e s t i g a t e d  
w i t h  r ega rd  to t h e  m e c h a n i s m  of i ts  e x c i t a t o r y  ac t ion  
b y  GILDEMEISTER 1, SCHWARZ 2'3, and  WYss  4-6. I t  was 
sugges ted  t h a t  depo l a r i za t i on  occurs  in  t he  same  w ay  a t  
b o t h  poles (KATZ 7, GILDEMEISTER1), a n d  i t  was  s h o w n  
t h a t  impulses  of midd le - f r equency  c u r r e n t  appl ied  to ne rve  
t h r o u g h  b ipo la r  e lec t rodes  c o n s e q u e n t l y  s t i m u l a t e  s imul-  
t a n e o u s l y  a t  b o t h  poles ( ' a m b i p o l a r '  s t imu la t i on ,  WYSSS). 
Midd le - f requency  s t i m u l a t i o n  the re fore  c a n n o t  be  based  
on  the  po l a r i t y  pr inciple ,  t he  on ly  pr inc ip le  of e lec t r ica l  
s t i m u l a t i o n  so fa r  known,  b u t  shou ld  be  ascr ibed  to 
a ' n o n p o l a r i t y '  m e c h a n i s m  ( ' s t imu la t i on  apo la r i t a i re ' ,  
Wgss~,~). Thus,  t rue  t r a n s v e r s e  s t i m u l a t i o n  of ne rve  can  
be  pe r fo rmed  w h e n  t he  two e lect rodes  are appl ied  oppos i te  
each  other ,  hence  p roduc ing  a un i fo rm ac t ion  in one a n d  
t he  same s t i m u l a t i o n  a rea  (WYss4,*,l~ 

I n  order  to  t h r o w  f u r t h e r  l igh t  on t he  n a t u r e  of t h e  
depo la r i za t ion  p roduced  b y  midd le - f r equency  s ine-wave  
cur ren t ,  t r a n s v e r s e  s t i m u l a t i o n  was appl ied  to s t r i a t ed  
muscle,  and  t he  changes  of t he  t r a n s m e m b r a n e  p o t e n t i a l  
of a single muscle  f ibre  were s tud ied  a t  t he  si te  of s t imu-  
la t ion,  us ing t he  i n t r ace l lu l a r  microe lec t rode  record ing  
t echn ique .  

The  sa r to r ius  muscle  of t he  frog was p r e p a r e d  w i t h  a 
sma l l  piece of bone  a t  i ts  pe lvic  end, a n d  k e p t  o v e r n i g h t  
in  R inge r ' s  so lu t ion  a t  n e a r l y  0 ~ The  so lu t ion  c o n t a i n e d  
in m2VI/l: NaC1 115; KC1 2.5; CaCI~ 1.08; N a H C O  a 2,38; 
a n d  N a H 2 P O  4 0.08. 

I n  some expe r imen t s ,  chol ine  chlor ide  was s u b s t i t u t e d  
for NaC1. Before  use, 5 mg/1 of d - t u b o c u r a r i n e  chlor ide  
and  11.10 m M / 1  of glucose were added  to t he  solut ion,  
wh ich  was s a t u r a t e d  w i th  oxygen.  The  e x p e r i m e n t s  were 
car r ied  ou t  a t  r oom t e m p e r a t u r e .  R e c t a n g u l a r  pulses  of 
s ine-wave  c u r r e n t  of 20 kc/sec, o b t a i n e d  f rom a middle-  
f r equency  osci l la tor  ope ra t ed  b y  a ' s q u a r e - w a v e '  genera-  
t o r  (General  Rad io  Company ,  Type  No. 1217-C) were used 
for s t i m u l a t i o n  (WYss ~). The  s t i m u l a t i o n  c u r r e n t  was fed 
to the  p r e p a r a t i o n  t r a n s v e r s e l y  t h r o u g h  two square  
p la te-e lec t rodes ,  1 .5 .  1.5 m m  surface area,  wh ich  were 
p laced  on  the  muscle  oppos i te  each  o ther .  The  in te r -  
e lect rode d i s tance  was w i t h i n  3-5 mm,  d e p e n d i n g  on  t h e  
size of the  muscle.  The  KCl-fil led glass microe lec t rode  was 
inse r ted  in to  a muscle  f ibre  w i t h i n  the  a rea  b e t w e e n  t h e  
two s t i m u l a t i n g  electrodes.  The  p la te -e lec t rodes  as wel l  as 
t he  axia l  wire of t he  microe lec t rode  cons is ted  e i the r  of 
p la t in ized  p l a t i n u m  or, in  some expe r imen t s ,  of s i lver  
coa ted  w i t h  s i lver  chloride.  S t i m u l a t i o n  a r t i f ac t s  were 
c o m p e n s a t e d  b y  a r e s i s t ance -capac i ty  b r idge  ('vVYSSg,~0). 
Changes  of t he  m e m b r a n e  p o t e n t i a l  fed t h r o u g h  a nega-  
t ive  capac i t ance  e l ec t rome te r  (Argonau t  L R A  043) were 
recorded  on  t he  lower b e a m  of a dua l  b e a m  oscil loscope 
(Tek t ron ix  502) a long w i t h  t he  s t i m u l a t i o n  vo l tage  re- 
corded  on  the  u p p e r  beam.  

The  t h r e sho ld  responses  of a single f ibre  to  pulses  of 
midd le - f r equency  c u r r e n t  of 30, 20, 10, 7, 5, 3, 2, 1 an d  
0.5 msec d u r a t i o n  are s h o w n  in F igure  1. App l i c a t i o n  of 
t he  s t imulus  causes a p rogress ive ly  inc reas ing  depolar iza-  
t ion,  t he  g r a d i e n t  of which  increased  w i t h  t he  s t i m u l a t i o n  
vol tage.  As soon as depo la r i za t ion  r eached  a g iven  level,  
a n  ac t ion  p o t e n t i a l  was evoked,  as ho lds  for  c o n v e n t i o n a l  
s t imula t ion .  A l ine jo in ing  t he  end -po in t s  of t he  lower 
l imi ts  of the  s t i m u l a t i o n  vo l t age  records  (upper  a n d  
lef t  p a r t  of F igure  1) t h u s  r ep resen t s  p a r t  of a s t r e n g t h -  
d u r a t i o n  curve.  I t  was also found  t h a t  r eve r sa l  of t h e  
poles of s t i m u l a t i o n  ill no way  affected t he  a p p e a r a n c e  of 

t h e  ac t ion  po ten t i a l ,  Record ings  were m a d e  f rom musc le  
f ibres  s i t u a t e d  a t  va r ious  d i s t ances  f rom the  two  s t imu-  
l a t i ng  electrodes.  These  t r ac ings  showed  t h a t  i n t r ace l lu l a r  
ac t ion  p o t e n t i a l s  of muscle  f ibres  could be  evoked  f rom 
a n y  p o i n t  explored,  an d  t h a t  no cons i s t en t  d i f ference 
could be e s t ab l i shed  b e t w e e n  t h e  s t i m u l a t i o n  effects  ob-  
t a i n e d  f rom f ibres  s i t u a t e d  in the  i m m e d i a t e  v i c in i ty  of 
e i t he r  e lectrode.  A ce r t a i n  degree of di f ference could,  
however ,  be  e n c o u n t e r e d  in  r ega rd  to t h e  t h r e s h o l d  of 
response,  d e p e n d i n g  on  t h e  spac ing  of t h e  muscle  f ibres  
a n d  the  d i s t ances  b e t w een  t h e  record ing  mic roe lec t rode  
a n d  t h e  s t i m u l a t i n g  p la te-e lec t rodes .  

F igure  2 shows t h e  cha rac t e r i s t i c  b e h a v i o u r  of t h e  
m e m b r a n e  p o t e n t i a l  u n d e r  t h e  inf luence  of a s t i m u l a t i n g  
midd le - f r equency  pulse  p ro longed  b e y o n d  i ts  u t i l i za t ion  
t ime,  t h u s  o u t l a s t i n g  spike an d  nega t ive  a f t e r -po ten t i a l .  
I t  can  be seen t h a t  m e m b r a n e  depo la r i za t ion  p roduced  
b y  t h e  s t e a d y  s t a t e  of m i d d l e - f r eq u en cy  c u r r e n t  f low is 

Fig. 1. Threshold responses of single muscle fibre to middle-frequency 
pulse stimulation. Peak-to-peak voltages as related to pulse duration 
('voltage-duration relationship'). 9 successive exposures correspond- 
ing to 30, 20, 10, 7, 5, 3, 2, 1 and 0.5 msee duration. Upper beam: 
downward amplitude of the stimulating middle-frequency pulses as 
recorded with regard to scale of peak-to-peak values on the left. 
Lower beam: transmenlbrane potentials with regard to scale on the 
right. Note correlation between voltage of stimulation and gradient 

of local depolarization. 
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maintained during the after-potential and outlasts the 
after-potential at the same depolarizing level if the pulse 
duration is prolonged beyond the end of the after-poten- 
tial. The spike of the action potential is not modified by 

the middle-frequency current flow, but deformation of the 
late failing phase appears. The negative after-potential 
cannot appear because of the formation of a plateau, and 
final repolarization is postponed to the end of the middle- 
frequency pulse. 

Further  experiments demonstrated the local nature of 
the initial depolarization which occurs during the utiliza- 
tion time of middle-frequency pulses (see Figure 1). This 
was shown by comparing the shape of the action potential 
recorded at the site of stimulation with tha t  obtained on 
the same fibre stimulated at a distance of 25 mm from 
the site of recording. In experiments to be reported in 
detail in a later paper, it was also shown that  application 
of middle-frequency pulses to muscle immersed in sodium- 
free Ringer's solution, no longer produced local depolari- 
zation, and hence no action potential. This may suggest 
that  middle-frequency stimulation causes primarily an 
increase of the sodium permeabili ty of the membrane 
that  consequently leads to an increase in sodium influx 
across the cell membrane. 

Fig. 2. Effect  of pro longat ion  of middIe-f requency pulses beyond 
ut i l iza t ion  t ime on the shape of the t r ansmembrane  po ten t ia l  change.  
Three responses of the same fibre to pulse dura t ions  of 1, 10 and 30 
msee at  same vol tage  (upper b e a m  wi th  scale on the left) recorded as 
t r ansmembrane  po ten t ia l  (lower b e a m  wi th  scale on the left). Note  
t h a t  compared  wi th  1 msee response (ut i l izat ion time) the pulses of 
10 and  30 msee dura t ion  cause a ma in t a ined  depolar iza t ion af ter  the 
spike, w i thou t  deforming the l a t t e r  and  postpone the final repolariza-  

t ion to the end of the middle-f requency pulse. 

Zusammen/assung. Der Froschsartorius wird mit Mitten 
frequenz(20 kHz)-StromstSssen quer gereizt. Die Reiz- 
antwort wird mit  intracellulXrer Mikroelektrode am 
Reizort abgeleitet. Die lokale Depolarisierung und die 
daraus sich ergebende AuslOsung des Aktionspotentials 
werden auf ihre Abh~ngigkeit yon St~rke und Dauer der 
l~eizimpulse untersucht. 

T .  KUMAZAWA 

Physiologisches Institut der Universitdt Ziirich 
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Effects  of  A n g i o t e n s i n  on the  S u p e r i o r  Cervica l  
G a n g l i o n  of the  Cat  

HAEFELY et al. 1 have recently reported that  very low 
doses of bradykinin and angiotensin produce an inhibition 
of synaptic transmission in the superior cervical ganglion 
of the cat. 

In this paper, we wish to report a dose-effect relation- 
ship obtained with minute quantities of angiotensin on 
the same preparation. 

Material and methods. The effects of preganglionic cer- 
vical sympathetic nerve stimulation were estimated 
either by recording nicti tating membrane contraction 
with an isotonic myograph transducer or by the oscillo- 
scopic measurement of the amplified postganglionic nerve 
action potentials. Close retrograde intra-arterial injections 
were made towards the superior cervical ganglion through 
a polyethylene cannula inserted into the ipsilateral lingual 
artery. 

Results and discussion. When angiotensin was injected 
towards the ganglion in amounts too small to contract 
directly the nictitating membrane (0.5-10 ng), contrac- 
tion of the ipsilateral membrane was nevertheless elicited. 
Section of the postganglionic trunk or extirpation of the 
ganglion abolished this contraction, whereas it was not 
prevented by bilateral adrenalectomy. Hexamethonium 

(0.1-1 mg) as well as atropine (100-200 /~g) effectively 
blocked membrane contraction induced by angiotensin 
(0.5-10 ng) or by preganglionic stimulation. However, 
hexamethonium, in similar amounts, failed to abolish the 
contractions obtained when higher doses of the hormone 
were applied to the ganglion (0.1-1 #g), as previously 
observed by LEwis and REIT 2. 

In addition to stimulating the postganglionic fibres, 
angiotensin may alter ganglionic transmission when in- 
jected towards the ganglion at a concentration insufficient 
to elicit membrane contraction. In the course of stimu- 
lating the preganglionic nerve with submaximal shocks 
(0.1 sec square waves at a frequency of 15-25 c/sec during 
5 sec every 2 min), a retrograde injection of angiotensin 
(0.01-0.1 ng) resulted in a one- to fourfold enhancement 
of the response to subsequent stimulations. The response 
was evaluated by measuring nicti tating membrane con- 
tractions or by recording postganglionic action potentials. 
In some preparations, this potentiation of synaptic trans- 
mission lasted for 3 h or more (lower tracing, Figure). 
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