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comple t e  absence  of c o n t a m i n a t i n g  m i t o c h o n d r i a  a n d  
microsomes .  As seen w i th  e lec t ron  p h o t o m i c r o g r a p h s  
(RCA Model  EMV-3G e lec t ron  microscope  us ing  a 1% 
buf fe red  o s m i u m  t e t r o x i d e  f ixa t ive) ,  t he  m i t o c h o n d r i a l  
a n d  mic rosomal  f rac t ions  were found  to  be h o m o g e n e o u s  
e n o u g h  so t h a t  e x p e r i m e n t s  could  be pe r fo rmed .  

I t  is felt, therefore ,  t h a t  h e p a r i n  can  serve  as a useful  
tool  d u r i n g  u l t r a c e n t r i f u g a t i o n  e x p e r i m e n t s  for t he  sepa-  
r a t i on  and  isola t ion  of subce l lu la r  par t ic les .  

Rdsumd. Nous  a v o n s  p r6sen t6  une  m 6 t h o d e  de frac- 
t i o n n e m e n t  et  d ' i s o l e m e n t  des pa r t i cu le s  subcel lu la i res  de 
la m u q u e u s e  i n t e s t i na l e  du ra t .  L ' h 4 p a r i n e  p e r m i t  l ' isole- 
m e n t  de f r ac t ions  r e l a t i v e m e n t  homog6nes .  
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S T U D I A  N O V A  

Spontaneous  Contractions and Bioelectric 
Activity after Differentiation in Culture of 

Presumptive  Neuromuscular  Tissues  of the 
Early Frog Embryo 

Tissue  cu l tu re  ha s  r ecen t l y  b e e n  used to  s t u d y  t h e  
capac i t i es  of i so la ted  regions  of t he  a m p h i b i a n  neu ra l  
p l a t e  for  phys io logica l  d e v e l o p m e n t  L Th i s  e x p e r i m e n t a l  
m e t h o d  has  also been  successful ly  app l i ed  to s tud ies  of 
the  b ioelec t r ic  a c t i v i t y  of f r a g m e n t s  of sp ina l  cord  2"a a n d  
ce rebra l  co r t ex  4,5 i so la ted  f rom la t e r  s tages  of m a m -  
m a l i a n  (and  av ian)  e m b r y o s  a n d  neona tes .  T he  p r e s en t  
r e p o r t  descr ibes  e lec t rophys io log ic  e x p e r i m e n t s  on cul- 
tu res  of f log n e u r u l a  t issue,  e x p l a n t e d  t o g e t h e r  w i t h  pre-  
s u m p t i v e  ax ia l  muscle,  a f t e r  d e v e l o p m e n t  in  v i t ro  of 
s p o n t a n e o u s  tw i t ch ing .  The  d a t a  i nd i ca t e  t h a t  t he  cha rac -  
ter is t ic ,  s p o n t a n e o u s  b u r s t s  of muscle  c o n t r a c t i o n s  in  
these  e x p l a n t s  m a y  be t r igge red  b y  endogenous ,  r h y t h m i c  
neu ra l  ac t iv i ty .  

The  t i ssues  were o b t a i n e d  f rom n e u r u l a e  of Rana pipiens 
(stages 13-17,  S h u m w a y ) .  T he  des i red  reg ion  of t he  neu ra l  
p la te ,  usua l ly  t he  p rospec t ive  u p p e r  sp ina l  cord  b u t  oc- 
cas ional ly  also t he  p ro sp ec t i ve  h i n d b r a i n ,  was  excised 
t o g e t h e r  w i t h  t h e  u n d e r l y i n g  c h o r d a - m e s o d e r m .  The  ex- 
p l a n t s  ( abou t  0.5 m m  a) were cu l t u r ed  on  a glass, or  colla- 
gen, surface  in a sma l l  pe t r i  d i sh  c o n t a i n i n g  severa l  ml  of 
a b a l a n c e d  sa l t  so lu t ion  ( B a r t h ' s  ' X ' )  w i t h  a d d e d  g lobu-  
lin% The  cu l tu res  were e x a m i n e d  regu la r ly  for m u s c u l a r  
a c t i v i t y ,  w h i c h  was t h e n  carefu l ly  obse rved  a n d  de-  
scr ibed.  F o r  b ioelec t r ic  recordings ,  t he  cu l t u r e  coverg lass  
was  i n v e r t e d  so as  to  fo rm t he  roof of a sma l l  m o i s t  
c h a m b e r .  T h e  c h a m b e r  was  m o u n t e d  on  a mic roscope  
s tage  a n d  m i c r o m a n i p u l a t o r s  were used to pos i t ion  
microe lec t rodes  a t  va r ious  s i tes  in  t he  t issue3,L A g iven  
cu l tu re  was s t ud i ed  e lec t r ica l ly  on ly  once,  a n d  b o t h  the  
s p o n t a n e o u s  a c t i v i t y  a n d  t h a t  evoked  b y  e lect r ic  shocks  
were r eco rded  over  a pe r iod  of severa l  h o u r s  (wi th  dif- 
f e r e n t i a l - i n p u t  p reampl i f i e r s  a n d  a n  oscil loscope).  

U n d i s t u r b e d  cu l tu res  s u r v i v e d  a n d  showed  m u s c u l a r  
t w i t c h i n g  for u p  to  two  weeks  w i t h o u t  a d d e d  n u t r i e n t s  or 
c h a n g e  of m e d i u m .  I t  shou ld  be  e m p h a s i z e d  t h a t  t he  
exogenous  n u t r i t i o n a l  r e q u i r e m e n t s  of ea r ly  e m b r y o n i c  
a m p h i b i a n  t i ssues  are m u c h  s impler  t h a n  those  of m a m -  
m a l i a n  e x p l a n t s  since t h e  i n d i v i d u a l  cells still  c o n t a i n  
a b u n d a n t  e n d o g e n o u s  yo lk  reserves .  T he  e x p l a n t e d  frag-  
m e n t s  r e m a i n e d  as a t h i c k  mass  of cells, b u t  ex tens ive  
o u t g r o w t h  of muscle  a n d  c o n n e c t i v e  t i ssue  cells, a n d  of 
ne rve  fibers, o f ten  occurred.  N u m e r o u s  i so la ted  ceils also 
grew nea r  t he  m a i n  mass  a n d  were o f t en  a t t a c h e d  to  
ne rve  fibers,  wh ich  genera l ly  b r a n c h e d  ex t ens i ve l y  f rom 

t h a t  po in t .  I n  five i n s t ances  a n  o u t l y i n g  single cell or 
smal l  c luster ,  v i s ib ly  c o n n e c t e d  w i t h  n e r v e  fibers,  was  
seen to twi t ch .  I n  two  of these ,  t h e  t w i t c h e s  were syn-  
c h r o n o u s  w i t h  b u r s t s  of musc le  c o n t r a c t i o n s  in  t h e  m a i n  
mass ,  whi le  on ly  i n t e r m i t t e n t  single tw i t ches  were  seen in 
t h e  o t h e r  th ree .  

S p o n t a n e o u s  t w i t c h i n g  of t he  e x p l a n t  deve loped  in  
more  t h a n  ha l f  of t h e  cu l tu re s  p r e p a r e d  w i t h  neu ra l  p l a t e  
a n d  t he  u n d e r l y i n g  layer .  This  was n e v e r  seen in n u m e r o u s  
cu l tu res  of c h o r d a - m e s o d e r m  a lone  desp i te  the  deve lop-  
meri t  of n u m e r o u s  muscle  f ibers,  w h i c h  could  be m a d e  to 
t w i t c h  b y  electr ic  shocks.  S p o n t a n e o u s  a c t i v i t y  was 
t yp i ca l l y  in  t he  fo rm of s y n c h r o n o u s  c o n t r a c t i o n s  of 
some or all of t he  musc le  of t he  exp l an t ,  u sua l ly  w i t h  
t e m p o r a r y  d e s y n c h r o n i z a t i o n  of s ingle  f ibers  here  a n d  
the re  d u r i n g  a b u r s t  of twi tches .  T h e  ear l ies t  a c t i v i t y  
seen  in e x p l a n t s  of p rospec t ive  sp ina l  cord  was,  cha rac -  
ter is t ica l ly ,  a single t w i t c h  a t  i n t e rva l s  of 1/2 min  or more .  
Th i s  occu r red  b e t w e e n  t he  4 th  a n d  7 th  days  in v i t ro  
w h e n  t he  t issue was i so la ted  ear ly  in n e n r u l a t i o n  (s tages 
13, 14), b u t  as ear ly  as t h e  2nd a n d  3rd days  if i so la ted  
s o m e w h a t  l a t e r  (s tages 15-17).  P ro spec t i ve  h i n d b r a i n  
deve loped  r e l a t ive ly  rap id ly ,  for al l  of those  cu l tu res  
( isolated a t  s tage  14) showed  f r e q u e n t  a c t i v i t y  on  t he  6 th  
day ,  w h e n  ha l f  of t he  cord  e x p l a n t s  showed  no a c t i v i t y  
or on ly  an  occas ional  twi t ch .  In  e v e r y  case b u t  one  where  
s ingle tw i t ches  h a d  been  obse rved  to occur,  bursts of 
c o n t r a c t i o n s  were seen on  t he  fol lowing day .  (The single 
e x c e p t i o n  showed  on ly  occas ional  s ingle tw i t ches  for  
seve ra l  days ,  a n d  t h e n  s topped  al l  m u s c u l a r  a c t i v i t y ;  a 
few p r e p a r a t i o n s  were  also seen to r e v e r t  to  t h i s  p a t t e r n  
s h o r t l y  before  cessa t ion  of all  ac t iv i ty . )  T h r e e  of the  36 
ac t ive  p r e p a r a t i o n s  s tud ied  deve loped  a p a t t e r n  of a l m o s t  
c o n t i n u a l  tw i t ch ing ,  a t  t h e  same  ave rage  f r e q u e n c y  as 
t h a t  w h i c h  occur red  in t he  s h o r t  bu r s t s .  

B u r s t  a c t i v i t y  in  all of these  e x p l a n t s  c an  be  cha rac -  
te r ized  as follows : (a) tw i t ches  occur red  a t  a r a t e  of a b o u t  
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5-8 per  sec, w i th  sl ight  i r regulari t ies  in the in te rva l s  be- 
tween  successive twi t ches ;  (b) t he  ini t ial  con t r ac t ion  was 
a lmos t  a lways  re la t ive ly  large and  the  s t r eng th  of succes- 
sive tw i t ches  var ied grea t ly ;  (c) the  dura t ions  r anged  
f rom a b o u t  0.5 to  5 sec - burs t s  longer  t h a n  3 sec occurred 
only  in five cord exp lan t s ,  appea r ing  dur ing  the  first  days  
of ac t iv i ty  in tour  of t h e m  and  decreas ing  the rea f t e r  to 
1-3 see ; in some p repa ra t ions  the  burs t  du ra t ion  r ema ined  
at  a charac te r i s t ic  value for several  days ;  (d) m a n y  cul- 
tu res  showed  regular  in te rva ls  be tween  burs ts ,  r ang ing  
t rom 1 to  20 ( ~  0.5) sec, w i th  cer ta in  values  occurr ing  
more  f r equen t ly  (Figure  1); in t he  ear ly  days  of ac t iv i ty  
t h e  i n t e r -bu r s t  in te rva ls  were usual ly  longer and  more  
variable.  These repe t i t ive  per iods  of muscle burs t  ac t iv i ty  
were usual ly i n t e r r u p t e d  every  few minu tes  by  si lent 
per iods  of t he  order  of 1 min,  The general  cha rac te r  and  
the range  of du ra t i ons  of endogenous  burs t s  of muscle  
con t r ac t ions  are  thus  s imilar  in Rana to  w h a t  was  found 
in ana logous  e x p e r i m e n t s  wi th  Xenopus, sugges t ing  the  
exis tence  of essent ia l ly  the  same endogenous  neural  
r h y t h m  in b o t h  of these  anu ran  larvae x. 

E lec t rophys io logic  s tudies  of the  neural  regions in these  
explan ts ,  a f te r  1-2 weeks in vi t ro ,  d e m o n s t r a t e  t h a t  com-  
plex bioelectr ic  responses  can be evoked  b y  electr ic  
s t imuli .  These  long-las t ing spike barrages ,  appea r ing  a t  
cri t ical  th resho lds  and  showing fac i l i ta t ion wi th  pai red 
s t imuli  a t  long t es t  in te rva l s  (Figure 2A), are r e m a r k a b l y  
similar  to  the  response  p a t t e r n s  charac te r i s t ic  of more  
ma tu re  cul tures  of m a m m a l i a n  spinal  cord "°.a. A l though  
the  a m p h i b i a n  t i ssue  was e x p l a n t e d  a t  a m u c h  earl ier  
s tage  t h a n  has  been a t t e m p t e d  in t he  m a m m a l i a n  exper i -  
ments ,  the  s t r ik ing resemblance  in func t iona l  pe r fo rmance  
d e m o n s t r a t e s  the  high degree of se l f -d i f ferent ia t ion  which  
can occur  in these  t i ny  f r a g m e n t s  of frog neuru la  t issue 
ma in t a ined  in a s imple  cu l ture  med ium.  I t  is likely, there-  
fore, t h a t  t he  frog exp l an t s  m a y  develop  complex  synap -  
tic ne tworks  wi th in  1-2 weeks in vi t ro ,  as has been  shown 
to occur in the  m a m m a l i a n  cord cul tures  3,8,9. 

In  a few favorable  cul tures  it has  been possible to  
evoke burs t s  of muscle  con t rac t ions  (in groups  of syn-  
chronous ly  ac t ive  fibers) wi th  single electric s t imuli  ap-  
plied locally to  a re la t ive ly  d i s t a n t  neura l  region of the  

exp lan t .  These neural ly  ew~ked muscle t w i t ch  resfxmses 
were more  complex  t h a n  those el ici ted by d i rec t  electric 
s t imula t ion  of the  muscle  t issue, and  t h e y  occurred at  
m u c h  lower thresholds .  In some cases, t h e y  could be 
evoked  by  faci l i ta t ion of pa i red  st imuli  a t  re la t ive ly  long 
t e s t  in te rva ls  (as in Figure  2A~,3). Their  du ra t ion  was  
of ten  shor te r  than  t h a t  of the  charac te r i s t ic ,  s p o n t a n e o u s  
burs t s  of muscle  con t rac t ions  in these  explan ts .  Barrages  
of spike po ten t ia l s  (of vary ing  ampl i tude  and  dura t ion)  
could be recorded f rom regions in which  these  muscle  
b u r s t s  were evoked,  w i t h  la tencies  as long as 100 msec 
a f te r  t he  s t imulus  to  a neural  a rea  (Figure 2B1.~). Simul-  
t aneous  recordings  near  the  s t imulus  s i te  in t he  neural  
region indica te  t h a t  the  neural  ac t iv i ty  g radua l ly  sp reads  
to  t he  muscle  zone at  a slow ra te  sugges t ing  circuitous,  
mu l t i synap t i c  t r ansmiss ion  r a the r  t h a n  d i rec t  p ropaga-  
t ion  akmg conduct i le  fibers 3. Similar  sequent ia l  appea r -  
ance  of a c t i v i t y  a t  the  two  si tes  occurs dur ing  spon-  
t aneous  burs t s  (Figure 2B3). 

Al though  elect rophysiologic  analysis  of these  frog ex- 
p lan ts  is still a t  a p re l iminary  stage,  the  bioelectr ic  d a t a  
suggest  t h a t  the  regular  endogenous  burs t s  of muscle  
con t rac t ions  may,  indeed,  be t r iggered by  per iodic  b u r s t s  
of neura l  ac t iv i ty .  This  i n t e r p r e t a t i o n  agrees w i th  micro-  
scopic obse rva t ions  dur ing  on togene t i c  d e v e l o p m e n t  of 

OSeG 

A 

Z ~a 7 lh ll t~ 15 lh I~lBt'~al 

Fig. 1. A, Duration of intervals between bursts of twitching in cul- 
tured frog embryo spinal cord with somites (8-9 days in vitro). 
Composite of 35 measurements on 5 cultures. B, The same in 5-6 day 
old cultures. 50 measurements on 6 cultures, two of them also used 
later for the measurements in A. C, Distribution of the intervals be- 
tween 20 successive bursts in a single @day-old culture. D, The 
intervals shown in C plotted successively in time. The intervals 
irmnediately preceding and following this sequence were longer than 

1 min. 

Fig. 2. Bioelectrie potentials recorded with extraeellular micro- 
electrodes (tip diameters: 5-25 t,) ill cultured frog embryo spinal 
cord with somites (1-2 weeks in vitro). A,, Brief responses ill a neural 
region following each of two electric stimuli, applied 400 /~ from 
recording site, about 40 msee apart (through saline-filled pipettes 
with 10 /* tips). Lower sweep shows stimulus signals. A,~, Long- 
lasting, complex barrage evoked after stimulus test-interval was 
reduced to 20 msee. At slower sweep rate (A,), entire barrage 
response evoked by paired stimulus is recorded. Only a brief potential 
occurs after single stimulus (A4). B1, Simultaneous records from a 
neural region (upper sweep) and a neuromuscular region (lower 
sweep), about 400/* apart, following a stimulus applied near former 
site. Note much longer latency before appearance of bioeleetric 
response at neuromuscular region [concomitant with burst of muscle 
contractions in this vicinity of explant). B2, Similar evoked responses, 
at slower sweep rate; note larger amplitude of response in neuro- 
muscular region. B3, Spontaneous potentials recorded at same sites 
as in ]31 ~. Note that here, too, the activity appears earlier in the 
neural region (upper sweep). Time and amplitude Calibrations apply 
to all succeeding records, unless otherwise noted; upward deflection 

indicates negativity at active recording electrode. 
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a m p h i b i a n  n e u r o m u s c u l a r  s y s t em s  in  s i tu  a n d  in v i t ro  (as 
n o t e d  above)1,~0 I t  also s u p p o r t s  SZEPSENWOL'S conclu-  
s ions  r ega rd ing  the  neu ra l  bas is  of s p o n t a n e o u s  musc le  
t w i t c h i n g  in  cu l tu red  ch ick  e m b r y o  m y o t o m e s  ~,~2 Spon-  
t aneous ,  b u t  less regular ,  musc le  c o n t r a c t i o n s  h a v e  also 
been  seen in r ecen t  s tud ies  of c o r d - i n n e r v a t e d  ske le ta l  
musc le  t issue e x p l a n t e d  f rom 12-day m o u s e  e m b r y o  
m y o t o m e s  ~s. E lec t rophys io log ic  e x p e r i m e n t s  w i th  these  
mouse  m y o t o m e  e x p l a n t s  h a v e  p e r m i t t e d ,  moreover ,  
ex t ens ive  ana lys i s  of n e u r o m u s c u l a r  t r a n s m i s s i o n  d u r i n g  
s p o n t a n e o u s  as well  as evoked  ac t iv i ty ,  i nc lud ing  se lec t ive  
b lock  of c o r d - i n n e r v a t e d  musc le  r e sponses  w i t h  d - tubo-  
cu ra r ine  14. I t  shou ld  also b e  n o t e d  t h a t  a sequence  of  
r epe t i t i ve  p o t e n t i a l s  occurs  spo rad i ca l l y  ( and  m a y  o f t e n  
be  e v o k e d  b y  s ingle  s t imul i )  in  cu l tu re s  of va r ious  m a m -  
m a l i a n  CNS t issues,  i n v o l v i n g  a p a t t e r n  w h i c h  is re-  
m a r k a b l y  s imi la r  to  t h a t  c h a r a c t e r i s t i c  of t he  e n d o g e n o u s  
muscle  b u r s t s  in  t he  frog exp l an t s .  Th i s  cons is t s  of a series 
of d iphas ic ,  osc i l la tory  p o t e n t i a l s  occur r ing  a t  a r a t e  of 
5-15 pe r  sec, a n d  l a s t ing  a b o u t  0.5-3 sec 2-~. I t  is of 
i n t e r e s t  t h a t  a s imi la r  p a t t e r n  of r e p e t i t i v e  d ischarge ,  in  
response  to a s ingle  s t imulus ,  deve lops  in n e u r o n a l l y  
i so la ted  s labs  of n e o n a t a l  e a t  ce reb ra l  cor tex ,  in  s i tu  1~. I n  
some  mouse  ce rebra l  cu l tu res ,  t h i s  osc i l l a to ry  d i scharge  
occurs  spon t aneous ly ,  especia l ly  a f t e r  va r ious  n e u r o -  
p h a r m a c o l o g i c  agents ,  w i t h  a n  i n t e r v a l  b e t w e e n  b u r s t s  of 
1-5  sec ~s. D e v e l o p m e n t  of these  s t e r eo t yped ,  r e p e t i t i v e  
d i scharges  in  s u c h  d iverse  CN S tissues,  u n d e r  such  widely  
d i f f e ren t  e n v i r o n m e n t a l  cond i t ions ,  sugges t s  t h a t  a bas ic  
t y p e  of n e u r a l  n e t w o r k  under l i e s  th i s  c o m m o n  p a t t e r n  of 
a c t i v i t y  x,4,~e. 

Zusammen/assung. G e w e b e k u t t u r e n  yon  Froschneurula 
m i t  zugeh6 r igen  M u s k e l p r i m o r d i e n  d i f fe renz ie ren  in v i t r o  
u n d  zeigen c h a r a k t e r i s t i s c h e  Ser ien  yon  M u s k e t k o n t r a k -  
t ionen .  E l ek t rophys io log i s ch  wurde  naehgewiesen ,  dass  
die M u s k e l z u c k u n g e n  d u r c h  endogene ,  komplexe ,  r h y t h -  
mische  Nervenak t iv i t~ i t  h e r v o r g e r u f e n  w e r d e n  k6nnen .  
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