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s t i m u l a t e  t he  second p u m p  c o m p o n e n t .  O t h e r  reasons,  
however ,  m a y  be cons idered  such  as d i lu t ion  of t he  caf- 
feine b y  t h e  myop la sm,  a n d  d i lu t ion  of t he  specific a c t i v i t y  
of t h e  i n t e r n a l  r a d i o s o d i u m  as t h e  r e su l t  of t he  release of 
seques te red  N a n .  
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Zusammen[assung. Nachweis ,  dass  Coffein zun/ ichs t  den  
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n a k e l m u s k e l n  ve r r inger t ,  i hn  h e r n a c h  abe r  zu s te igern  
ve rmag .  
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Synapt ic  Frequency  D e m o d u l a t i o n  

I t  is wide ly  accep ted  t h a t  i n f o r m a t i o n  is t r a n s m i t t e d  
t h r o u g h  ne rvous  channe l s  e m p l o y i n g  as a code the  fre- 
q u e n c y  o5 ne rve  impulses  1-3. Th i s  code is d e m o d u l a t e d  a t  
synapses  in to  a quas i - ana logue  change  of t h e  pos t - s ynap -  
t ic  m e m b r a n e  po ten t i a l .  This  f r equency - to - ana logue  con-  
vers ion  depends  u p o n  a g rea t  n u m b e r  of factors.  A m o n g  
these  one can  c o u n t  p r e - s y n a p t i c  fac tors  inc lud ing  pre-  
synapfiic fac t i l i t a t ion ,  p o t e n t i a t i o n  a n d  depress ion  and  also 
t he  s t a t i s t i c a l  n a t u r e  of t h e  q u a n t a l  release of t r a n s m i t t e r .  
P o s t - s y n a p t i c  fac tors  inc lude  t h e  d u r a t i o n  o5 t r a n s m i t t e r  
ac t ion ,  t he  m e m b r a n e  t i m e  cons t an t ,  t h e  m e m b r a n e  cable  
charac te r i s t ics ,  a n d  t he  non - l i nea r  s u m m a t i o n  ot t r a n s -  
m i t t e r  ac t iv i ty .  A l t h o u g h  a g rea t  deal  is k n o w n  a b o u t  
these  va r ious  factors,  i t  is no t  ye t  c lear  how  all  o5 t h e m  ac t  
in  concer t  to  p roduce  s y n a p t i c  f r e q u e n c y  d e m o d u l a t i o n .  

The  n e u r o m u s c u l a r  j u n c t i o n  is a we l l -known  p repa ra -  
t i on  where  all  t he  :release p a r a m e t e r s  h a v e  been  ex tens i -  
ve ly  i nves t i ga t ed  *. W e  here  r e p o r t  p r e l i m i n a r y  resu l t s  
descr ib ing  t he  d y n a m i c  cha rac te r i s t i c s  of t h i s  synapse .  W e  
are c u r r e n t l y  engaged  in def in ing  t h e  role of t he  va r ious  
release p a r a m e t e r s  in d e t e r m i n i n g  s y n a p t i c  f r equency  
demodu la t i on .  

I n  t h e  p r e sen t  s t u d y  we e m p l o y e d  t he  f rog 's  (Rana 
ridibunda) sciat ic  ne rve - sa r to r iu s  p r e p a r a t i o n  in vi t ro .  
S y n a p t i c  p o t e n t i a l s  were recorded  in t r ace l lu l a r ly  w i t h  
c o n v e n t i o n a l  glass mic rop ipe t t es ,  f i l led w i t h  3 M  KC1, 
wh ich  were connec t ed  t h r o u g h  a c a t h o d e  fol lower (Bio- 
electr ic  I n s t r u m e n t s )  to  t he  DC ampl i f i e r  of a T e k t r o n i x  
502A oscilloscope, a n d  f ina l ly  recorded  on  tape ,  us ing  a 
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Fig. 1. Synaptic frequency to analogue conversion. The frequency of 
stimulation is shown as a continuous line, f luctuating between 41 and 
9 isec. B) The post-synaptic membrane potential changes. Each 
impulse is a separate end-plate potential. Resting potential: 81 mV. 

H e w l e t t  P a c k a r d  FM t a p e  recorder .  The  p r e p a r a t i o n s  
were equ i l i b r a t ed  in a m e d i a m  c o n t a i n i n g  a r educed  cal- 
c ium a n d  increased  m a g n e s i u m  ion concen t r a t i on .  I n  th i s  
m e d i u m  the  m e a n  q u a n t a l  c o n t e n t  of t he  end  p la t e  po ten -  
t ia ls  was  low 5-~. Th i s  served  to  p r e v e n t  musc le  con t rac -  
t ions  a n d  also m a d e  t he  n e u r o m u s c u l a r  synapse  r e semble  
cen t r a l  synapses  where  s y n a p t i c  p o t e n t i a l s  a p p e a r  to  h a v e  
low q u a n t a l  c o n t e n t  s, 9. Fo r  s t imu la t i on ,  a W a v e t e k  wave-  
fo rm gene ra to r  was connec t ed  to  a f r e q u e n c y - m o d u l a t i o n  
s y s t e m  wh ich  was emp loyed  to  de l iver  s u p r a - m a x i m a l  
s t imul i  to  t he  sciat ic  nerve .  

As can  be  seen in F igure  1, t he  f r e q u e n c y  of s t i m u l a t i o n  
of t he  sciat ic  ne rve  va r i ed  in a s inusoida l  m a n n e r ,  each  
s t imu lus  p r o d u c i n g  a d i s t i nc t  end-p la t e  po ten t i a l .  I n  th i s  
p a r t i c u l a r  expe r imen t ,  t he  bas ic  f r e q u e n c y  of s t i m u l a t i o n  
was 25 impulses /sec  (isec) a n d  was m o d u l a t e d  in t he  r ange  
b e t w e e n  41 a n d  9 isec. The  a m p l i t u d e  of t he  f r equency  
m o d u I a t i o n  was t h u s  25 -k 16 isec (Figure  1A). I t  can  be  
seen t h a t  b o t h  t he  base  l ine o5 t he  p o s t - s y n a p t i c  p o t e n t i a l  
and  t h e  peak  a m p l i t u d e s  of t he  end-p la t e  p o t e n t i a l s  va r i ed  
in a s inusoida l  m a n n e r ,  t he  m e m b r a n e  depo la r i za t ion  in- 
c reas ing  w i t h  t h e  r a t e  of s t i m u l a t i o n  (Figure 1B).  The  
p a t t e r n  of f r equency  of s t i m u l a t i o n  of t he  n e r v e  was t h u s  
t r a n s l a t e d  in to  a n  ana logue  c h a n g e  in pos t - synap~ic  m e m -  
b r a n e  po ten t i a l .  However ,  t he  p o s t - s y n a p t i c  changes  show 
a smal l  phase  lag in respec t  to  changes  in t he  p r e s y n a p t i c  
r a t e  of s t i m u l a t i o n  (see t he  dashed  l ine  d e n o t i n g  t he  p e a k  
f r equency  of s t imula t ion) .  

I t  was  n e x t  oi in t e res t  to  examine  t he  a m p l i t u d e  re- 
sponse  a n d  t h e  f r equency  response  of t h e  synapse .  The  re- 
su i t s  for a m p l i t u d e  response  are  shown  in F igure  2. Here  
t he  a m p l i t u d e  of t he  f r equency  m o d u l a t i o n  was increased  
f rom 25 ~= 0 isec (Figure 2A) t h r o u g h  25 _+ 1.5 isec 
(Figure  2B),  25 4- 3 isec (Figure  2C), 25 • 9 isec (Figure 
2D) and  25 ~= 16 isec (Figure  2E) .  I t  can  be  seen t h a t ,  
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9 M. K~NO and J. I. MIYXHARA, J. Physiol., Loud. 201,465 (1969). 
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Fig. 2. Synaptie amplitude responses. 
The upper trace in each figure denotes 
the frequency of stimulation. The 
lower trace: post-synaptie membrane 
potential changes. Resting potential: 
83 mV. A) Zero frequency modulation. 
13) 25 =L 1.5 isec. C) 25 • 3 isec. D) 
25 • 9 isee. E) 25 :h 16 isec. 
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Fig. 3. Synaptic frequency response. 
Only post-synaptic membrane poten- 

"' tim changes are shown. In this experi- 
ment, the amplitude of the frequency 
modulation was constant: 25 =L 9.5 
isec. The foIlowing are the respective 
values for the frequency of modula- 
tion: A) 0 Hz. B) 4 Hz. C) 2 Hz. 
D) 1 tIz. E) 0,2 Hz. F) 0.1Hz. Rest- 
ing potential 80 inV. 
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Fig. 4. The response to abrupt frequency changes. The upper trace 
designates frequency of stimulation. The lower trace: The post- 
synaptic membrane potential changes. Resting potentiaI 80 inV. 

qual i ta t ively ,  pos t - synap t i c  po ten t i a l  changes  grow pro-  
por t iona l ly  wi th  increasing p resynap t i c  f requency  varia-  
t ion.  A quan t i t a t i ve  analysis  (LAss and  LANDAU, un- 
publ ished)  shows t h a t  for a considerable  range,  t he  pos t -  
synap t ic  po ten t i a l  changes  grow l inear ly  w i th  increasing 
ampl i tude  of f requency  modula t ion .  One m u s t  also t ake  
in to  account  t he  gradual  g rowth  of t he  responses  w i t h  
t ime,  p robab ly  due to the  accumula ted  effect  of p resynap-  

t ic facilitation1~ n.  In  order  to minimize  these  prolonged 
effects, the  p repa ra t ion  was a lways given a res t  of 10-15 
rain be tween  successive t ra ins  of st imuli .  

Finally,  t he  f requency  response  of th is  synapse  was 
examined  by  employ ing  s inusoidal ly  vary ing  ra tes  of sti- 
mula t ion  wi th  a cons t an t  ampl i tude  of f requency  modu-  
la t ion (25 • 9.5 isec) bu t  wi th  d i f fe rent  s inusoidal  cycle 
lengths .  I t  can  be seen in F igure  3 t h a t  t h e  pos t - synap t i c  
vol tage  changes  are larger t he  grea te r  the  length  of the  
sinusoidal  cycle. Thus  the  largest  pos t - synap t i c  po ten t i a l  
var ia t ions  were observed  w h e n  a comple te  cycle of s t imu-  
la t ion las ted 10 sec (Figure 3 F). Smal ler  cycles lengths  of 
5 and  1 sec p roduced  smal ler  pos t - synap t i c  changes  (Fi- 
gure 3D and  E). The smal les t  m e m b r a n e  po ten t i a l  mo- 
du la t ion  was found wi th  the  shor tes t  cycle l eng th  of 
0.25 sec ( f requency:  4/sec) (Figure 3 t3). The synapse  thus  
ac ted  like a low pass filter, t r a n s m i t t i n g  bes t  slow changes  
in p re synap t i c  f requency.  This can also be seen in Figure  
4 where  we d e m o n s t r a t e  the  pos t - synap t i c  changes  which  

10 A. MALLART and A. R. 1VfARTIN, J. Physiol., Lond. 796, 593 (1968). 
11 R. RAHAMIMOFF, J. Physiol., Lond. 795,471 (1958). 
12 C. A. TERZUOLO and E. J. BAYLV, Kybernetik 5, 83 (1968). 
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were found  in response  to  a square  change  in p r e synap t i c  
impulse  t requency .  The pos t - synap t i c  po ten t i a l  change  is 
seen to  grow and  to  decay slowly, in a m a n n e r  r emin i scen t  
of t he  charging  and  of t he  d ischarg ing  of a capaci tor .  

Our resul ts  conf i rm the  low pass  charac te r i s t ics  of 
synap t i c  t r ansmiss ion  found  by  T~RZUELO and  ]3AYLY ~ 
f rom indirect  evidence.  Work  is in progress  to evalua te  the  
role of var ious  synap t ic  processes  in de t e rmin ing  synap t i c  
ampl i tude  and  f requency  response  a~. 

Zusammen/assung. Die synap t i sche  l~ber t ragung yon 
R e i z m u s t e r n  wurde  an der neuromusku la ren  Synapse  bei  
Rana ridibunda geprfii t .  Der  Nerv  wurde  mi t  einer  si- 
nusoidal  modu l i e r t en  F requenz  gereizt  und  die pos t -  
s y n a p t i s c h e n  Po ten t i a l e  intrazetlul~Lr abgeIeitet .  Daraus  
wird  geschlossen, dass  die Synapse  Ver~nderungen  in der 
E insa t z f r equenz  iibe{tr/igt, die e inem <~Low-pass,-Filter 
g le ichkommt .  
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Crayfish Neuromuscular  Junction: Facilitation with Constant Nerve Terminal  Potential  

At m a n y  exci ta tory ,  chemical  synapses  t he  average 
amp l i t ude  of t he  p o s t s y n a p t i c  po ten t i a l  increases as the  
f r equency  of nerve  s t imula t ion  is raised 1 5. This  increase 
has been shown to  be a p re synap t i c  p h e n o m e n o n  resul t ing 
f rom a grea te r  n u m b e r  of t r a n s m i t t e r  q u a n t a  released per  
nerve  impulse  6. This process  of enhanced  t r a n s m i t t e r  
release dur ing  repe t i t ive  s t imula t ion ,  t e rmed  facil i tat ion,  
has  been expla ined  in two  ways.  
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A) Averaged extracellular junctional potentials (EJP) at synaptic 
region of a superficial crayfish muscle fiber. Average of 100 consecutive 
stimuli at 1 sec i (top) and 10 see i (bottom). Calibration pulse 
equals 100 ~LV and 2 msec for both traces. B) High gain photographs 
of monophasic nerve terminal potential portion of A) Note: positive 
(upward) deflection following nerve terminal potential in lower 
(10 see -I) trace probably resulting from outward current from 
adjacent active postsynaptic spots. Temperature 9~ All recording 
A.C. Graph. Averaged extraeellular EJP amplitude (filled circles, 
solid line) and nerve terminal potential amplitude (open circles, bro- 
ken line) vs. stimulus frequency. 

First ,  t h a t  repe t i t ive  s t imula t ion  leads to  a progressive 
increase in ' ac t ive '  calcium at  t r a n s m i t t e r  release sites in 
t h e  nerve  t e rmina l  7 and second, t h a t  t he  amp l i t ude  and /o r  
dura t ion  of the  p r e s y n a p t i c  t e rmina l  depolar iza t ion  
leading to t r a n s m i t t e r  release increases w i th  successive 
nerve  ac t ion  po ten t i a l s  4, 8. I t  is known  t h a t  an increase in 
ex te rna l  calcium and /o r  t e rmina l  depolar iza t ion  resul ts  
in increased t r a n s m i t t e r  o u t p u t  9. 

At  b o t h  the  chick cil iary ganglion 2 and  frog neuro-  
muscular  junc t ion  * faci l i ta t ion occurs w i t h o u t  concomi-  
t a n t  changes  in nerve  act ion po ten t i a l s  recorded f rom 
p re synap t i c  nerve  terminals .  I n  cont ras t ,  a t  the  squid  
g ian t  synapse  ~~ m a m m a l i a n  neuromuscu la r  junc t ion  3, 
and  the  crayf ish  neuromuscu la r  junc t ion  4 an increase in 
p r e synap t i c  depolar iza t ion  appears  to a c c o m p a n y  facilita- 
t ion.  In  par t icular ,  a t  the  crayf ish  neuromuscu la r  j unc t ion  
i t  is r epor ted  t h a t  t r a n s m i t t e r  release va rys  l inearly wi th  
nerve  t e rmina l  depolar iza t ion  which  is in t u r n  a l inear 
func t ion  of s t imulus  f requency  4. I t  is possible,  however ,  
t h a t  these  ext racel lu lar  records of p r e synap t i c  nerve  
t e rmina l  po ten t i a l s  are c o n t a m i n a t e d  by  p o s t s y n a p t i c  
cur ren t s  ar is ing f rom ne ighbor ing  s y n ap t i c  regions x~,x~. 
The p resen t  expe r imen t s  r e -examine  the  re la t ion  be tween  
the  ext racel lu lar ly  recorded nerve  t e rmina l  po ten t i a l  and  
the  exc i t a to ry  junc t iona l  po ten t i a l  (EJP) ,  a t  t he  crayf ish  
neuromuscu la r  junc t ion  under  condi t ions  of reduced  t em-  
pera ture .  This  p rocedure  increases t he  synap t i c  de lay  ~S 
and  allows t empora l l y  well d i f fe ren t ia ted  recording  of 
pre-  and  p o s t s y n a p t i c  electrical events .  

Materials and methods. The prepara t ion ,  dissect ion and  
recording procedures  were essent ia l ly  the  same as de- 
scr ibed by  DUI)EL and  IZUFFLER 1~. Signal averag ing  was 
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