
15.9. 1972 Specialia 1031 

The Influence of Caffeine on the S o d i u m  Efflux in Barnacle  Musc le  Fibers  

We1, ~ r epor ted  t h a t  in jec t ion  of CaCI 2 in to  single bar-  
nacle muscle  f ibers s t imu la t ed  the  Na  eff lux in a lK-con- 
ta in ing  or K-free solution.  We  also r epo r t ed  t h a t  lowering 
the  ex te rna l  p H  or inj ect ing CaCI~ s t imula ted  the  ouabain-  
insensi t ive  c o m p o n e n t  of t he  Na  efflux. The provis ional  
conclusion d rawn  f rom these  observa t ions  was t h a t  t he  
magn i tude  of the  ouaba in- insens i t ive  Na  eff lux was go- 
ve rned  by  the  in te rna l  concen t ra t ion  of free Ca 2+. 

Because caffeine is known  to  raise t he  in te rna l  free Ca ~+ 
concen t ra t ion  in skeleta l  muscle  by  increasing the  inf lux 
of Ca ~+ and  by  releasing the  in te rna l ly  bound  or seques-  
t e red  Ca ~+ a, 4, and  because of the  impor t ance  of es tabl ish-  
ing the  sources of the  increased Ca ~+, e x p e r i m e n t s  w i t h  
barnacle  f ibers were u n d e r t a k e n  in t he  hope  t h a t  caffeine 
would  prove  to  be an effect ive probe.  

The expe r imen t s  ~vere done  using single f ibers isolated 
f rom the  depressor  muscle  bundles  of t he  barnacle  Balanus 
nubilus or B. aquila. The fibers were eannu la t ed  and  t h e n  
loaded wi th  ~ N a  by  microinject ion,  using the  t echn ique  
devised  by  HODGKIN and  I~EYNES ~ as modif ied  by  CALD- 
W~LL and  "VVALS~ERK The micro in jec tor  d i scharged  a 
vo lume of ca. 0.1 [~1 of f luid per  1 em excurs ion of the  
mie romanipu la to r .  The ba th ing  m e d i u m  used was artifi-  
cial sea wa te r  t he  compos i t ion  of which  was the  same as 
t h a t  employed  prev ious lyL Caffeine was  ob ta ined  f rom 
Sigma Chemical  Co. 

The m e t h o d s  of measur ing  ~ N a  in the  eff luent  and  the  
f iber  were bas ical ly  the  same as descr ibed by  ]~ITTAR s, 
and  BITTAR, CALDWELL, and  LowE ~. [~Na~C1 was sup- 
pl ied by  Amersham-Sea r l eCorp .  (SKS.-1).  A l l expe r imen t s  
were carr ied out  be tween  22 and  24~ 

In  the  f i rs t  group of exper iments ,  the  effect  of ex te rna l  
appl ica t ion  of 10mM caffeine on the  Na efflux was tes ted .  
In  every  case, t he  caf fe ine- t rea ted  f ibers were found  to  
p r o m p t l y  shor t en  to  hal f  the i r  original  l eng th  tor per iods  
of 2 to  3 rain, fol lowed by  par t ia l  re laxat ion.  Shown in 
Figure  1 is t h a t  t he  effect  on the  Na  eff lux p roduced  by  
10 m M  caffeine was diphasic,  t he  f i rs t  phase  being a 
p r o m p t  depression,  followed by  a ma rked  rise in t he  Na  
efflux. This mode  of behav ior  was not iced  in 5 out  of 7 
fibers. In  the  remain ing  2 fibers, an init ial  fall-off failed 
to  occur;  ins tead,  there  was a t r ans i en t  smal l  rise in t he  
Na  efflux. B o t h  of these  resul ts  are in s t r ik ing con t ras t  
to  t h a t  r epor ted  by  BITTAR, CALDWELL, and  LowE ~ who 

were unable  to  ob ta in  wi th  caffeine an effect  on the  Na  
eff lux in crab muscle  fibers. On average,  t he  t ime  requi red  
here  for t he  onset  of peak  act ion by  ex te rna l ly  appl ied 
caffeine was 35 min.  ]Estimates of t he  magn i tude  of th is  
effect  as calcula ted f rom the  change  in ra te  coefficient  for 
22Na loss gave an average value of 131%, wi th  a range of 
59 to 132%. This  seemed to  be an underes t ima te ,  since 
calculat ions based  on the  change  in slope of d/dt 
In d[Na*~i/dt led to  an average value of 180%. 

In  the  second group of e x p e # m e n t s ,  caffeine was ap- 
pl ied in te rna l ly  in a concen t ra t ion  of 100 m M .  Again, in 
every  case there  was some shor ten ing  of the  f iber  las t ing 
abou t  2 rain followed by  comple te  re laxat ion.  As shown in 
Figure  2, in jec t ion  of a 1.5 cm co lumn of the  caffeine 
solut ion caused a p r o m p t  bu t  small  rise in t he  Na  efflux. 
This rise, as ca lcula ted  on the  basis of t he  change  in 
1/Na* �9 dNa*/dt averaged  26% (n = 13). The significance 
of th is  resul t  wi th  in jec ted  caffeine was no t  only t h a t  the  
rise in Na efi lux was smaller  b u t  also t h a t  the  init ial  phase  
of the  d iphasic  effect  observed wi th  ex te rna l  appl ica t ion  
of caffeine was  absent .  The ques t ion  thus  posed was 
w h e t h e r  a ra ised in te rna l  Ca2+ resul t ing f rom increased 
Ca 2+ inf lux caused by  ex te rna l ly  appl ied  caffeine led to 
inhib i t ion  of t he  t r a n s p o r t  enzyme.  To see w h e t h e r  t he  
t r ans i en t  inh ib i to ry  act ion of caffeine d ep en d ed  on the  
presence  of ex te rna l  Ca 2+, expe r imen t s  were  done using 
a Ca2+-free solution.  Again, each of the  6 f ibers t e s t ed  
wi th  10 m M  caffeine shor t ened  to  abou t  half  the i r  init ial  
l eng th  for 3 min,  fol lowed by  par t i a l  re laxat ion.  As il- 
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Fig. I. The effects of external application of i0 mM caffeine on the Na 
efflux from a barnacle muscle fiber in artificaiI sea water, plotted 
semilogarithmieally. 
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Fig. 2. The behavior of the Na efflux from a barnacle fiber in artificial 
sea water before and after the injection of i00 mM caffeine. 
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lus t ra ted  in Figure 3, in t roduc t ion  of 10 m M  caffeine into 
the  ba th ing  solut ion caused a sudden  decline, w i thou t  any  
subsequen t  rise in the  Na  efflux. However ,  th is  was only  
t rue  oI 4 fibers, and  in t he  remain ing  2 the  ear ly  phase  
consis ted  of a t rans ien t ,  smal l  rise in the  Na  efflux. An 
addi t iona l  11 expe r imen t s  showed t h a t  res tora t ion  of Ca ~+ 
to t he  ba th ing  m ed ium b rough t  abou t  a rise in the  Na  
efflux, the  size of which  averaged  125%. This  result ,  which 
is i l lus t ra ted  in Figure 4, implies f i rs t ly  t h a t  the  th reshold  
concen t ra t ion  for ac t iva t ion  of the  in te rna l  Ca2+-sensitive 
c o m p o n e n t  of the  Na efflux is readi ly  achieved in the  
presence of 10 m M  externa l  Ca 2+ and secondly  t h a t  the  
th reshold  in ternal  concen t ra t ion  of Ca 2+ for inhib i t ing  the  
t r a n s p o r t  enzyme is achieved wi thou t  ex te rna l  Ca ~+ ions. 

Knowing  f rom previous exper imen t s  t h a t  the  Na  eif lux 
in barnacle  fibers is ve ry  sensi t ive to ex te rna l  acidifica- 
t ion,  the  nex t  logical s tep  was to see whe the r  the  size of 
the  effect  caused by  lowering the  ex te rna l  p H  is affected 
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Fig. 3. The effect of external application of 10 mM caffeine on the Na 
efflux in a barnacle muscle fiber in Ca-free artificial sea water. 

~-~ J---c~8~ 1000500 ~ a f f e i n e  

100 lb i0 i0 4'o 60 }0 d0 9'01d0 l'0 i0110m 0 
Time 

Fig. 4. The effects of external application of 10 mM caffeine on the Na 
efflux into a Ca-free solution and of restoring Ca 2+ to the bathing 
medium 40 rain after the addition of caffeine. 
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by pr ior  ex te rna l  appl ica t ion  of caffeine. A typica l  experi-  
m e n t  given in Figure  5 shows t h a t  following an increase 
in Na eff lux induced  by  caffeine, acidif icat ion b rough t  
abou t  a fu r ther  rise. The results  based on 10 expe r imen t s  
ind ica ted  t h a t  10 m M  caffeine caused an average rise of 
135% in the  ra te  coeff icient  for Na  efflux, as compared  to 
a 367% rise caused by  ex te rna l  acidification.  Since normal  
f ibers show a 450% rise in ra te  coefficient  fol lowing a 
reduc t ion  in ex te rna l  p H  f rom 7.8 to  5.8 (BITTAR, TONG, 
CHXN, and ~)ANIELSON, unpub l i shed  data),  it  m a y  be 
fair ly judged  t h a t  caffeine and  p ro tons  (or COs) have  
to some ex t en t  a co mmo n  act ion on the  Na efflux. 

The resul ts  of the  p resen t  expe r imen t s  wi th  ex te rna l ly  
appl ied caffeine clearly show t h a t  s t imula t ion  by  the  
alkaloid of the  Na efflux depends  on the  presence  of 
ex te rna l  Ca 2+. In  addi t ion,  t h e y  show t h a t  s t imula t ion  is 
�9 i tch  preceded  by  inhibi t ion,  which  canno t  be avoided by  
s imply  removing  Ca2+ from the  ba th ing  medium.  The 
cause of the  init ial  fall in t he  Na efflux m a y  no t  be dif- 
ficult  to  u n d e r s t a n d  in the  l ight  of our working hypo thes i s  
t h a t  the  sensi t ivi t ies  of the  two componen t s  of the  Na 
p u m p  to an increased in te rna l  Ca 2+ concen t ra t ion  differ in 
opposi te  ways.  T h a t  is, one componen t ,  the  Na+-K+ 
ATPase ,  is suppressed  by  a raised in ternal  Ca e+ concent ra-  
t ion, whereas  the  other,  t he  ouabain- insens i t ive  compo-  
nent ,  is s t imula ted  by  a ra ised in te rna l  Ca ~+ concent ra-  
t ion. Ev idence  favor ing the  idea of the  exis tence of a Na  
efflux c o m p o n e n t  which  is s t imula ted  by  the  in ject ion of 
CaC12 has a l ready  been  marsha l led  by  us 1~ W h y  then  
does one ob ta in  wi th  caffeine inhib i t ion  and no t  s t imula-  
t ion of the  Na eff lux in the  absence of ex te rna l  Ca 2+ ? 
P r e s u m a b l y  because caffeine mobil izes seques te red  or 
bound  calcium, t h e r e b y  leading to Ca 2+ levels suff icient  
to inh ib i t  the  t r a n s p o r t  enzyme b u t  no t  h igh enough  to  
s t imula te  the  second p u m p  componen t .  

I t  m a y  now be asked, w h y  is i t  t h a t  the  in ject ion of 
caffeine caused jus t  a small  rise in t he  Na  efflux ? The 
answer  to  this  m a y  lie in t he  idea t h a t  the  Ca 2+ level 
achieved by  in ject ing caffeine is only enough to  s l ight ly 
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Fig. 5. The effects of external application of l0 mM caffeine on the 
Na efflux and of acidification 45 min after the addition of caffeine to 
the bathing medium. 
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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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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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