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spun  in o rder  to  o b t a i n  pellicles less t h a n  500 ~ m  th ick .  
Af te r  p o s t f i x a t i o n  in s i tu  w i t h  1% buf fe red  OsO 4, 
pellicles were e m b e d d e d  in a E p o n - A r a l d i t e  mix tu re .  
Sect ions  were cu t  a t  r i g h t  angles  to  t he  surface  of pellicles 
t h r o u g h  t he  whole  pellet .  T h e n  t h e y  were s t a ined  a n d  
obse rved  on a S iemens  E l m i s k o p  I A e lec t ron  micro-  
scope. P r o t e i n s  were m e a s u r e d  accord ing  to L o w r y  
e t  al. ~. 
Results. A t  16th  d a y  of i n c u b a t i o n ,  t he  f r ac t ion  o b t a i n e d  
w i t h  osmot ic  shock  f rom s y n a p t o s o m a l  f r ac t ion  a p p e a r e d  
r e l a t ive ly  poor  in m e m b r a n e s ,  wh ich  were to  some e x t e n t  
d i s r u p t e d  a n d  a l m o s t  devo id  of s y n a p t i c  t h i cken ings  
(see f igure  1). Microsomes,  free m i t o c h o n d r i a  and  a few 
m e m b r a n e  profi les  c o n t a i n i n g  res idua l  s y n a p t i c  vesicles 
a d h e r i n g  ins ide  could be  also observed .  
A t  18 th  d a y  of i n c u b a t i o n ,  t h e  f r ac t ion  a p p e a r e d  en- 
r i ched  in m e m b r a n e  profi les  a b o u t  the  size of s y n a p t o -  
somes,  m a n y  of wh ich  h a v e  a t t a c h e d  s y n a p t i c  t h i c k e n -  
ings. F ree  m i t o c h o n d r i a  a n d  mic rosomes  c o n t e n t  was  
lower t h a n  in y o u n g e r  e m b r y o s  (see f igure 2). I n  chicks,  
t h e  f r ac t ion  a p p e a r e d  full  of w e l l - m a i n t a i n e d  m e m b r a n e s  
w i t h  v e r y  recognisable  s y m m e t r i c a l  and  a s y m m e t r i c a l  
s y n a p t i c  th i cken ings ,  whereas  c o n t a m i n a t i n g  s t r u c t u r e s  
a p p e a r e d  sha rp ly  d i m i n i s h e d  (see f igure 3). 
Re l a t i ve  p ro t e in  c o n t e n t  of m e m b r a n e  f r ac t ion  of 16 days  
old chicks  was a b o u t  30% of 18 days  old e m b r y o s  va lue  
a n d  a b o u t  25% of ch icks  value .  I n  con t ras t ,  t h e  d i f ference 
in r e l a t ive  as well  as in  abso lu t e  c o n t e n t  of p ro t e in s  
b e t w e e n  s y n a p t o s o m a l  f r ac t ion  before  a n d  a f t e r  osmot ic  
shock  a p p e a r e d  to  decrease  d u r i n g  m a t u r a t i o n .  
Discussion. Our morpho log ica l  o b s e r v a t i o n s  on these  
f r ac t ions  en r i ched  in m e m b r a n e s  seem to be  pe r fec t ly  in 
a g r e e m e n t  w i t h  d a t a  we o b t a i n e d  on s y n a p t o s o m e s  

i so la ted  f rom ch i ck  e m b r y o n i c  opt ic  r e c t u m  (see pre-  
ced ing  paper )  4. W e  obse rved  a progress ive  increase  in 
m a t u r a t i o n  of s y n a p t o s o m e s  w i t h  a u g m e n t a t i o n  of syn-  
ap t i c  t h i cken ings  a n d  a decrease  of c o n t a m i n a t i o n  of t h e  
s y n a p t o s o m a l  f r ac t i on  para l le l  to  t he  p rogress ive  deve lop-  
m e n t  of t ec t a l  synap togenes i s .  S y n a p t o s o m a l  m e m b r a n e s  
i so la ted  in older  s tages  a p p e a r e d  also qu i t e  s imi lar  to  t h a t  
i so la ted  f rom a d u l t  r a t  b r a i n  5, a n d  f rom 6-8  days  old 
chicks  7. Consequen t ly ,  i t  is h i g h l y  p r o b a b l e  t h a t  m e m -  
b r a n e s  o b t a i n e d  a f t e r  osmot ic  shock  of s y n a p t o s o m a l  
f r ac t ions  are  la rge ly  s y n a p t o s o m a l  a n d  synap t i c  m e m -  
b r a n e s  wh ich  show a progress ive  m a t u r a t i o n .  However ,  
no  d a t a  are  so for ava i l ab le  a b o u t  m o r p h o l o g y  of e m b r y -  
onic s y n a p t o s o m a l  m e m b r a n e s .  In  add i t ion ,  f rom a 
morpho log ica l  p o i n t  of view, i t  is n o t  possible  q u a n t i t a -  
t i v e l y  to  measu re  c o n t a m i n a t i o n  b y  mic rosoma l  m e m -  
b r a n e s  and  o the r  subce l lu la r  e l emen t s  w h i c h  m a y  a p p e a r  
d u r i n g  p r e p a r a t i o n  of m e m b r a n e  f r ac t ion  b y  cen t r i fuga-  
t ion ,  even  if a r e l a t ive  low speed ha s  been  used. Con- 
sequen t ly ,  f u r t h e r  b iochemica l  and  e n z y m a t i c  s tudies  are 
necessa ry  for  c h a r a c t e r i z a t i o n  of these  m e m b r a n e  frac-  
t ions .  W i t h  th i s  r e se rva t ion ,  never the less ,  we t h i n k  t h a t  
th i s  m e t h o d  can  be  used  as a f i r s t  s tep  to o b t a i n  s y n a p t o -  
somal  a n d  s y n a p t i c  m e m b r a n e s  a t  r e l a t ive ly  precocious  
s tages  of d e v e l o p m e n t ,  and  i t  m i g h t  p rov ide  a n  i m p r o v e d  
t e c h n i q u e  to  p r e p a r e  e m b r y o n i c  s y n a p t o s o m a l  m e m b r a n e s  
f rom shocked  m i t o c h o n d r i a l  f rac t ion.  

6 O.H. Lowry, N. H. Rosenbrough, A. L. Farr and R. J. Randall, 
J. biol. Chem. 193, 265 (1951). 

7 J .A.  Babitch, T. B. Breithaupt, T. C. Chiu, R. Garadi and D. L. 
Helseth, Biochim. biophys. Acta, 433, 75 (1976). 
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S. Akselrod,  J.  R ich te r ,  E.  M. L a n d a u  a n d  Y. Lass  

Department o/Physiology and Pharmacology, Tel Aviv University Sackler Medical School, Tel Aviv (Israel), 
22 December 1976 

Summary. S t e a d y  m e m b r a n e  vo l t age  f l uc tua t ions  h a v e  been  obse rved  in a t r i a l  musc le  f ibres  of t he  carp.  These  vo l tage  
f l uc tua t ions  p roduce  m i n u t e  m e c h a n i c a l  osci l lat ions,  as revea led  b y  an  in te r fe rence  c o n t r a s t  microscope.  The  s t e a d y  
vo l t age  f l u c t u a t i o n s  m a y  be r e l a t ed  to  a b n o r m a l  a u t o m a t i c i t y  in  t he  hea r t .  

F l u c t u a t i o n  p h e n o m e n a  h a v e  revea led  useful  i n f o r m a t i o n  
on  molecu la r  m e c h a n i s m s  o p e r a t i n g  in exc i t ab le  m e m -  
b r a n e s  2-6. W e  now r e p o r t  t he  f ind ing  of s t e a d y  m e m b r a n e  
vo l t age  f l uc tua t i ons  wh ich  p roduce  m i n u t e  m e c h a n i c a l  
osci l la t ions  in  a t r i a l  musc le  f ibres  of t he  carp,  The  vo l t age  
f l uc tua t i ons  can  grow a n d  lead to  r epea t ed  spike ac t iv i ty ,  
a n d  m a y  t h u s  be  l inked  to a b n o r m a l  a u t o m a t i c i t y  in  t h e  
h e a r t .  
Materials and methods. E x p e r i m e n t s  were p e r f o r m e d  on 
i so la ted  ca rp  (Cypr inus  carpio)  a t r ia ,  f r om wh ich  t h e  
p a c e m a k e r  regions  h a v e  been  r emoved .  Muscle f ibres  in  
t he  ca rp  a t r i u m  are  r e l a t ive ly  large (up to  25 tzm in dia-  
meter )  a n d  s tab le  i n t r ace l l u l a r  r ecord ing  can  be  ach ieved  
for  a t  leas t  a few minu tes .  T he  a t r i a  were c o n t i n u o u s l y  
per fused  w i t h  ca rp  R i n g e r  of t h e  fol lowing com pos i t i on  ~ : 
(mM) NaC1 120, KC1 2.7, CaCI~ 2.9, MgC1, 1.0, NaHCO3 
10, p H  (7.8-8.0).  The  in t race l lu la~  p o t e n t i a l  was  r ecorded  
w i t h  glass m i c r o p i p e t t e s  h a v i n g  a res i s t ance  of 15-25 MQ 
w h e n  filled w i t h  3 M K - c i t r a t e  or KC1. Signals  were 
r ecorded  on  p a p e r  c h a r t  (Grass Model  79) or on  m a g n e t i c  
t a p e  (Hewle t t  P a c k a r d  3955 System} a n d  ana lysed  b y  a 
d ig i ta l  c o m p u t e r  (Var i an  620L-100).  

Results and discussion. Figure  1 shows a t yp i ca l  record ing  
of vo l tage  f l u c t u a t i o n s  in  a t r i a l  muscle  cells. I m m e d i a t e l y  
a f t e r  p e n e t r a t i o n ,  a DC p o t e n t i a l  of - 79  m V  was recorded,  
a n d  t h e r e  was a large  increase  in t h e  vo l t age  f luc tua t ions .  
The  ave rage  R M S  v a l u e - •  1 SEM of t he  vo l tage  
f l uc tua t ions  was 66 • 11 ~V (n = 14). Spec t ra l  ana lys i s  
of t he  noise showed  m o s t  of t he  power  to be  c o n c e n t r a t e d  
a t  f requencies  be low 3 Hz  w i t h  t he  add i t i on  of a h u m p  a t  
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1 H z  w h i c h  m a y  i n d i c a t e  s o m e  i n t r i n s i c  t i m e  c o n s t a n t  of  
t h e  a t r i a l  f ib re  s, 9. A t  f r e q u e n c i e s  a b o v e  3 Hz ,  t h e  p o w e r  
w a s  p r o p o r t i o n a l  t o  1/f 2 w h e r e  f is t h e  f r e q u e n c y .  T h e  
t a b l e  s u m m a r i z e s  t h e  e f f e c t s  of  s e v e r a l  p h a r m a c o l o g i c a l  
a g e n t s  a n d  i o n s  o n  t h e  v o l t a g e  f l u c t u a t i o n s .  T h e s e  e x -  
p e r i m e n t s  r u l e  o n t  a p o s s i b l e  q u a n t a l  r e l ea se  o f  t r a n s -  
m i t t e r  f r o m  a u t o n o m i c  n e r v e s  1~ a n d  s u g g e s t  t h a t  N a  + 
a n d  Ca  ++ i o n s  a r e  d i r e c t l y  i n v o l v e d  in  g e n e r a t i n g  t h e  
no i se .  T h e  ion ic  c h a n n e l  m a y  a lso  be  p e r m e a b l e  to  K +  
a n d  CI- ,  b u t  as  t h e s e  i o n s  a r e  k n o w n  to  a f f e c t  t h e  p a s s i v e  
m e m b r a n e  r e s i s t a n c e  11,12, t h e y  m a y  i n f l u e n c e  t h e  a m p l i -  
t u d e  of  t h e  n o i s e  i n d i r e c t l y .  W h e n  a t r i a l  m u s c l e  f i b r e s  
w e r e  o b s e r v e d  w i t h  i n t e r f e r e n c e  c o n t r a s t  m i c r o s c o p e  (Zeiss,  
x 500) a n d  t h e  n o i s e  w a s  m a x i m i z e d  (in low K +  or  S O 4 - -  

R i n g e r ) ,  e x t r e m e l y  s m a l l  m e c h a n i c a l  o s c i l l a t i o n s  c o u l d  be  
s een .  T h e  m e c h a n i c a l  o s c i l l a t i o n s  we re  a b o l i s h e d  b y  c h o l i n e  
R i n g e r  ([Na+]0 = 0, + a t r o p i n e  5 • 10 - s  M), o r  a c e t y l -  
c h o l i n e  (5 x 10 -6 M),  o r  E G T A  (2 raM).  T o  s h o w  t h a t  t h e  
m e c h a n i c a l  f l u c t u a t i o n s  a r e  p r o d u c e d  b y  t h e  m e m b r a n e  
v o l t a g e  f l u c t u a t i o n s ,  a s e c o n d  m i c r o e l e c t r o d e  w a s  u s e d  
t o  c h a n g e  t h e  m e m b r a n e  p o t e n t i a l  ( e l ec t rode  s e p a r a t i o n :  
5 - 2 0  ~z). S m a l l  d e p o l a r i z a t i o n  of  l ess  t h a n  1 m V  w a s  su f -  
f i c i e n t  t o  c a u s e  loca l  c o n t r a c t i o n  a n d  s m a l l  h y p e r p o l a r i -  
z a t i o n  c a u s e d  loca l  r e l a x a t i o n  is (see f i g u r e  2). N o  m e c h a n -  
ica l  a r t e f a c t s  w e r e  o b s e r v e d  in  t h e  v o l t a g e  t r a c e  d u r i n g  
c o n t r a c t i o n  o r  r e l a x a t i o n  (see f i g u r e  3). W e  t h u s  c o n c l u d e d  
t h a t  t h e  m e c h a n i c a l  f l u c t u a t i o n s  a r e  i n d u c e d  b y  t h e  m e m -  
b r a n e  v o l t a g e  f l u c t u a t i o n s ,  p o s s i b l y  b y  a f ine  r e g u l a t i o n  
o f  t h e  Ca++ i n f l u x  a n d  t h e  r e l e a s e  of  c a l c i u m  f r o m  i n t r a -  
c e l l u l a r  s t o r e s  la. W e  o f t e n  o b s e r v e d  a t r a n s i t i o n  f r o m  
s m a l l  s t e a d y  n o i s e  ( s i m i l a r  t o  f i g u r e  1) t o  l a rge  o s c i l l a t i o n s  
a n d  f i n a l l y  to  s p i k e  a c t i v i t y .  A t y p i c a l  t r a c e  is s h o w n  in 
f i g u r e  4. H e r e  t h e  t r a n s i t i o n  o c c u r r e d  s p o n t a n e o u s l y ,  b u t  
i t  c o u l d  a l so  be  o b t a i n e d  b y  r e d u c i n g  t h e  K +  c o n c e n t r a t i o n  
o r  b y  o u a b a i n  (5 x 10 .6 M). T h i s  p h e n o m e n o n  r e s e m b l e s  
t h e  t r a n s i e n t  l a r g e  a m p l i t u d e  o s c i l l a t i o n s  l e a d i n g  to  
a c t i o n  p o t e n t i a l  w h i c h  h a v e  b e e n  o b s e r v e d  in  P u r k i n j e  
f i b r e s  14. 
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Fig. 1. Membrane voltage fluctuations in an atrial fibre ('intra- 
cellular') as compared to the background noise of the mieroeleetrode 
in the bathing solution ('extracellular'), before and after recording 
from inside the cell. The membrane potential is recorded at a low 
gain in the upper trace (DC) and at a higher gain in the bot tom 
trace (AC, --3 db at 0.07 Hz). When the mieroeleetrode impales 
the cell, a membrane potential of - -79 mV is recorded, together with 
prominent  voltage fluctuations (Polygraph Record). 

Fig. 2. Photograph of a bundle of atrial fibres in normal Ringer 
solution. The arrow at the right indicates a fibre impaled by a micro- 
electrode for current injection. The arrowheads measure the distance 
between 2 landmarks on the fibres, a) Control: no current was in- 
jected through the current mieroelectrode, b) The same bundle of 
fibres while passing a hyperpolarizing pulse. The relaxation of the 
injected fibre and its neighbours is clearly seen. The separation 
between the 2 landmarks increased from 115 ~zm to 175 ~zm. In order 
to document this phenomenon, a particularly strong (~0 .5  ~xA) and 
long ( ~ 2  see) pulse was applied but  relaxation or contraction could 
be observed with much shorter and smaller currents. The fact that 
polarizations smaller than 1 mV have a mechanical effect in cells 
with resting potential from --70 to --90 mV, confirms the results of 
Vassort et al. 1~ (no mechanical threshold) rather than those of 
Einw/iehter et al. TM (existence of a mechanical threshold). Strong 
relaxation of the fibres could be obtained after pressure injection of 
3 M aeetylcholine through a micropipette; a similar injection of 3 M 
NaC1 did not affect the preparation. 

8 H . M .  Fishman, D. J. M. Poussart and L. E. Moore, J. Memb. 
Biol. 2d, 281 (1975). 

9 W . H .  Moolenaar, J. de Goede and A. H. Verveen, Nature 260, 
344 (1976). 

10 J .C .  Thaemert ,  Anat. Rec. 163, 575 (1969). 

11 D. Noble, Physiol. Rev. 46, 1 (1966). 
12 B. Katz, Arch. Sci. physiol. 3, 285 (1949). 

13 G. Vassort and O. Rougier, Pfliigers Arch. 331, 191 (1972}. 

14 M. Vassalle, Am. J. Physiol. 208, 770 (1965); 
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Noise intensity Membrane potential 

Acetylcholine 5 X 10 -6 M - 5 • 10 8 M Strongly decreased 

Acetylcholine 5 x 10 -v M + atropine 5 • 10 8 M 
Atropine 5 • 10 -8 M 
Propranolol 10 -~ M 
EGTA 2 mM 
Verapamil 2 • 10 .6 M 
Ouabain 5 • 10 ~6 M 
Choline-Ringer [Na+]o = 0 raM, 3- atropine 5 • 10 .8 M 
Sulphate-Ringer [C1 ]o = 0 mM 
High K + Ringer [K+]o = 16.2 mM 
Low K + Ringer EK+]o = 0 mM 

No change 
No change 
No change 
Decreased 
Slightly decreased 
Increased* 
Decreased 
Increased * 
Decreased (to 25 [zV RMS) 
Increased * 

Hyperpolarization 
of up to ~ 2 0  mV - no desensitization 
No change 
No change 
No change 
Depolarization ~-~20 mV 
No change 
Small depolarization < 5 mV 
Small hyperpolarization ~< 5 mV 
Small hyperpolarization < 10 mV 
Depolarization ~ 2 5  mV 
Hyperpolarization ~< 10 mV 

Changes in noise intensity and membrane potential as compared to normal Ringer (average RMS -t- 1 SEM = 66 i 11 ~xV). 
* Up to 1.5 mV RMS; was then accompanied by mechanical oscillations and, especially with ouabain, could lead to spike activity. 

T h e  no ise  in t h e  a t r i a l  f ib res  w a s  p r o b a b l y  d i s t i n c t  f r o m  
t h e  n o r m a l  p a c e m a k e r  p o t e n t i a l ,  b e c a u s e  b o t h  t h e  l o w  
a n d  t h e  h igh  a m p l i t u d e  noise  (cf. f igure  1 a n d  f igure  3) 
cou ld  be  o b s e r v e d  in cells w i t h  a r e s t i n g  p o t e n t i a l  of 
- 8 0  m V  or  less, w h e r e a s  t h e  p a c e m a k e r  m e c h a n i s m  is 
a c t i v a t e d  a t  r e s t i n g  p o t e n t i a l s  m o r e  pos i t i ve  t h a n  
- 6 0  m V  15. T h e  noise  m a y  be  s im i l a r  to  t h a t  o b s e r v e d  in 
P u r k i n j e  f ib res  a f t e r  t r e a t m e n t  w i t h  s t r o p h a n t i d i n e  16. I n  
add i t i on ,  t h e  m e c h a n i c a l  osc i l l a t ions  o b s e r v e d  t o g e t h e r  
w i t h  t h e  la rge  a m p l i t u d e  noise  m a y  be p a r t  o f  t h e  feed- 
b a c k  m e c h a n i s m  17 r e s p o n s i b l e  for  t h e  noise .  W e  t h u s  
r e p o r t  a n e w  t y p e  of m e m b r a n e  noise  w h i c h  m a y  u n d e r l y  
t h e  a p p e a r a n c e  of ec top ic  c en t e r s  a n d  t h u s  p a r t i c i p a t e  in 
t h e  g e n e r a t i o n  of a r r h y t h m i a s  is. I t  will  be  of g r e a t  in te r -  
es t  t o  s t u d y  t h e  m e c h a n i s m  of t h e  no ise  g r o w t h ,  a n d  i t s  
r e l a t i o n s h i p  to  t h e  g e n e r a t i o n  of a c t i o n  p o t e n t i a l s  in t h e  
hea r t .  

12~  ,NQ R 

Fig. 4. An intracellular recording showing a change in the pattern 
of the noise leading to an action potential. The membrane potential 
is measured at a low gain (DC) in the upper trace and the fluctuations 
are shown at a higher amplification in the lower trace (AC, --3 db 
at 0.07 Hz). A cell was penetrated with a microelectrode and had a 
resting potential of --68 mV (upper trace). The broken horizontal 
line above the upper trace denotes zero potential. Initially, voltage 
fluctuations were of the usual type (lower trace, of. figure 1). After 
some time, slower and larger oscillations appeared which grew until 
a spike was triggered (see overshoot of transient at the arrow) and a 
twitch was observed under the microscope. The same phenomenon 
has been observed in many cells, with resting potential as negative 
as --90 mV and is different from the normal pacemaker activity 
which develops in depolarized atrial cell xs (Polygraph Record). 

Fig. 3. Voltage recording from a cell with --70 mV resting potential. 
The lower trace shows a depolarization of about 2 mV, causing a 
local contraction. The upper trace shows a hyperpolarization which 
had no mechanical effect. It  should be noted that, although the 
depolarizing putse had a mechanical effect, whereas the hyper- 
polarizing pulse had not, the shape of both transients was similar 
and there was no evidence of a mechanical artefact. Time base: 
5 msec/div. Voltage: 2 mV/div. 
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