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A Regular  Actin F i lament  Lattice in a Vertebrate  S m o o t h  M u s c l e  

Prev ious  s tud ies  on  t he  loca l iza t ion  of con t rac t i l e  pro-  
t e ins  in  v e r t e b r a t e  s m o o t h  muscles  led to  c o n t r a d i c t o r y  
resul ts .  A n u m b e r  of i nves t i ga to r s  who  s tud ied  t i ssue  
sect ions  b y  e lec t ron  mic roscopy  obse rved  on ly  randolI f ly  
d i s t r i b u t e d  t h i n  f i l amen t s  t h a t  were i n t e r p r e t e d  as con- 
s i s t ing  of a c t i n  1-~. Recen t ly ,  some a u t h o r s  were  able  to  
d e m o n s t r a t e  2 t ypes  of f i l amen t s  ( comparab l e  to  t h a t  in  
c ross - s t r i a ted  muscles)  of wh ich  t h e  t h i c k  f i l amen t s  are 
be l i eved  to  r e p r e s e n t  t he  m y o s i n  c o m p o n e n t  7-0. t~LLIOTT 10, 
us ing  X - r a y  d i f f r ac t ion  me thods ,  f ound  ev idence  on ly  for 
a c t i n  f i l amen t s  b u t  n o t  for t h i c k  myos in  f i l aments .  F u r t h e r  
s tud ies  of ELLIOTT a n d  g o w Y  11 revea led  a n  equa to r i a l  
re f lex ion  w h i c h  was ass igned  to  a regu la r  l a t t i ce  of t h e  
ac t i n  f i l aments .  I n  e lec t ron  microscopy,  however ,  a 
regu la r  p a c k i n g  of a c t i n  f i l a m e n t s  was  n e v e r  de t ec t ed  in 
a n y  v e r t e b r a t g  s m o o t h  muscle.  Th i s  r e p o r t  d e m o n s t r a t e s  
t h a t  u n d e r  a p p r o p r i a t e  p r e p a r a t i v e  t e c h n i q u e s  regions 
w i t h  a t h r e e  d imens iona l  o rder  of t he  ac t i n  f i l amen t s  can  
be  obse rved  in t h e  i n t e s t i na l  muscle  of t he  mouse .  T h e  
p rev ious ly  p roposed  models  of t he  c o n t r a c t i o n  m e c h a n i s m  
of v e r t e b r a t e  s m o o t h  musc les  are discussed in t he  l igh t  
of these  f indings .  

Mater ia l  a~d methods. The  t i ssue  s tud ied  was t he  c i rcular  
muscle  of t h e  mouse  large in tes t ine .  To o b t a i n  re laxed  
muscles ,  pieces of t h e  in t e s t ine  were p laced  in a modi f ied  
K r e b s  solution12 c o n t a i n i n g  1 : t 0  a S u p r a r e n i n  (Hoechst) .  
The  t i ssue  was f ixed for 30 m i n  in 5% g l u t a r a l d e h y d e  in 
cacody la t e  buffer ,  pos t f ixed  w i t h  OsO 4, d e h y d r a t e d  in 
g raded  alcohols  a n d  e m b e d d e d  in  E p o n  812. Sect ions  were 
s t a i ned  w i t h  5% u r a n y l  a ce t a t e  in  m e t h a n o l  and  lead 
c i t r a t e  and  e x a m i n e d  w i t h  a S iemens  E l m i s k o p  I A  micro-  
scope. 

Resul ls  and  discussion. Figure  1 shows a cross-sec t ioned 
f iber  of t h e  c i rcu la r  muscle  of t he  mouse ' s  large i n t e s t i n e  
The  p r o m i n e n t  s t r u c t u r e s  in  t he  f iber  are  po in t s  of 70 
d iamete r ,  w h i c h  r e p r e s e n t  cross sect ions  t h r o u g h  t h i n  
f i l aments .  The  f i l amen t s  are n o t  r a n d o m l y  d i s t r i b u t ed  
a b o u t  t he  fiber,  b u t  c lear ly  o rde red  in to  bund l e s  of d i I -  

f e ren t  sizes l eav ing  areas  free of f i l aments .  Because  t he  
g roups  of f i l amen t s  are o t t en  in c o n t a c t  w i t h  one ano the r ,  
t i le  r e su l t ing  impress ion  is of a ne t l ike  f i l a m e n t  p a t t e r n ,  
which  charac te r i zes  t h e  cross-sec t ioned muscle  fiber. I n  
t h e  f i l amen t - f r ee  areas  d i t f e ren t  cell s t r u c t u r e s  are  seen:  
m i t o c h o n d r i a ,  cross sect ions  t h r o u g h  c i s t e rnae  of t he  
end0Plasmic  r e t i c u l u m  a n d  mic ro tubu les ,  g ranu les  w i t h  
an  ave rage  d i a m e t e r  of 120 A (which p r o b a b l y  r ep re sen t  
glycogen reserves),  an d  diffuse, some t imes  f i l amen t ous  
a p p e a r i n g  m a t e r i a l  of wh ich  t h e  n a t u r e  is obscure .  T h i c k  
f i l aments ,  co r re spond ing  to  m y o s i n  f i l amen t s  of cross- 
s t r i a t ed  muscle  were n o t  de tec ted .  

W h e n  a n a l y z i n g  t h e  f i l a m e n t  f ields in  detai l ,  i t  will be  
obv ious  t h a t  t h e  f i l amen t s  are o f t e n  a r r a n g e d  in a hexa-  
gonal  l a t t i ce  (Figure  2). T h e  f i l amen t s  are closely packed  
in these  regions,  an d  n e i g h b o u r i n g  f i l amen t s  (d iamete r  
70 A) are s epa ra t ed  b y  smal l  spaces  of 40-50  ~ .  Therefore ,  
t h e  cenere to  cen t re  d i s t ance  is 110-120 A. Occas iona l ly  
l a te ra l  i n t e r ac t i o n s  b e t w e e n  f i l a m e n t s  were observed ,  b u t  
l ack ing  a n y  regular i ty .  I t  is supposed  t h a t  t h e y  are  due  
to  t h e  p r ep a ra t i o n .  Besides  t h e  l a t t i ce l ike  a r r a n g e m e n t s  
descr ibed  above ,  o the r  a reas  call be  de tec ted ,  especial ly  
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Fig. 1. Transverse section of a smooth muscle 
cell of the mouse large intestine. Thin 
filaments were distributed in a~ typical pattern. 
Structures such as mitochondria (M), vesicles 
of ER (V), microtubules (MT), glycogen gra- 
nules (G) are easily identified. DB, dense 
body. 

Fig. 2. Detail of cross-sectioned filaments 
demonstrating their arrangement in a regular 
lattice. 
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a t  t he  b o r d e r  of t he  f i l amen t  groups,  where  t he  f i l amen t s  
are  more  i r regular ly  d i s t r i b u t e d  and  more  widely  sepa- 
ra ted .  

R a n d o m l y  dispersed in t he  cy top l a sme  d a r k - s t a i n e d  
areas  are found  in wh ich  f i l amen t s  can  wi th  d i f f icu l ty  be  
ident i f ied.  L o n g i t u d i n a l  sect ions  t h r o u g h  t he  muscle  cell 
show (Figure  3) t h a t  these  s t r u c t u r e s  are sp ind le - shaped  
bodies  (of ten refer red  to as 'dense  bodies ' )  a r r a n g e d  para l le l  
to  t he  long axis  of t he  cell. The  f i l amen t s  a p p e a r  to  con- 
verge  upon  and  en t e r  these  bodies.  The  s t r ik ing  resem- 
b lance  of t he  dense  bodies  to  Z-discs of c ross -s t r ia ted  
muscles  t e m p t s  one to  a s sume  t h a t  t he  func t i on  of b o t h  
s t r u c t u r e s  is t he  same.  

The  re su l t ing  d i s t r i b u t i o n  of ac t i n  f i l amen t s  in to  regu- 
l a r ly  packed  b u n d l e s  cor responds  to  resu l t s  ot ELLIOTT 
a n d  LowY 11 o b t a i n e d  b y  X - r a y  d i f f rac t ion  me thods .  I n  
t he  l iv ing  u n s t i m u l a t e d  t a e n i a  coli musc le  of t he  guinea-  
pig, t he  a u t h o r s  o b t a i n e d  an  equa to r i a l  ref lexion w i t h  a 
spac ing  of a b o u t  115 A, which  was, accord ing  to ELLIOTT 
a n d  LowY, t he  consequence  of an  o rder ly  side b y  side 
pack ing  of ac t i n  f i laments .  The  s t r ik ing  a g r e e m e n t  in 
t he  d imens ions  of t he  regu la r  la t t ice,  ident i f ied  in e lec t ron  
microscope  a n d  w i t h  X - r a y  d i f f rac t ion  m e t h o d s  led one 
to conclude  t h a t  iden t i ca l  s t r u c t u r e s  were involved .  A dif- 
f r ac t ion  d i a g r a m  s imi la r  to  t he  t a e n i a  coli muscle  of t h e  
gu inea-p ig  could so far  on ly  be  de tec ted  in an  inve r t e -  
b r a t e  s m o o t h  muscle,  t he  an t e r i o r  byssus  r e t r a c t o r  of Myli-  
lus (ABRM) ~a. I n  c ross - s t r i a ted  muscles,  however ,  where  
order ly  a r r a n g e d  i i l amen t s  were on ly  found  n e i g h b o u r i n g  
t he  Z-d isc l~  t he  ac t in  ref lexion p a t t e r n  was accord ing ly  
sparse ly  deve loped  15. 

The  new i n f o r m a t i o n  a b o u t  t he  o rgan iza t i on  of ac t in  
f i l amen t s  in  t he  s m o o t h  muscle  of t he  mouse  in t e s t ine  
yields some a r g u m e n t s  for a n d  aga ins t  t he  h i t h e r t o  
proposed  models  of v e r t e b r a t e  s m o o t h  muscle  con t rac -  
t ion.  Accord ing  to  PAN~ER and  HO?ClG 5, 6, all  l ong i t u d i n a l  

f i l amen t s  of g izzard s m o o t h  muscle  are composed  of ac t in  ; 
myos in  exists  in  r e l a t ive ly  u n a g g r e g a t e d  fo rm (dimers  or 
t e t r amers )  b e t w e e n  ac t in  f i l aments .  T h e  a u t h o r s  suggested  
t h a t  c o n t r a c t i o n  was i m p a r t e d  b y  n u m e r o u s  m y o s i n  
d imers  wh ich  fo rmed  l inkages  b e t w een  ac t in  f i laments .  
A r g u m e n t s  aga ins t  th i s  h y p o t h e s i s  are :  1. T h e  smal l  
myos in  un i t s  were n e v e r  seen in t i ssue  sect ions ;  2. The  
i n t e r a c t i n  d i s t ance  found  in t h e  p r e s e n t  work  seems too 
smal l  for func t iona l  myos in  aggregates .  KELLY an d  RICE 9 
found  in t h e  re laxed  t a e n i a  coli of t h e  gu inea-p ig  on ly  
t h i n  f i l aments ,  r a n d o m l y  d i s t r i b u t e d  wi th in  t h e  fiber. 
I n  con t ras t ,  i n t e rmi n g l ed  t h i c k  a n d  t h i n  f i l amen t s  were 
found  in c o n t r a c t e d  muscles.  These  resul t s  could be  p a r t l y  
conf i rmed,  since besides t h e  t y p e  of f iber  descr ibed above,  
o the r s  were found  in which  t h i c k  a n d  t h i n  f i l amen t s  were 
presen t .  Because  these  f ibers  are especial ly  n u m e r o u s  in 
muscles  c o n t r a c t e d  before  f ixa t ion,  i t  is p r o b a b l e  t h a t  t h e y  
r ep re sen t  f ibers  in  s t a t e  of con t rac t ion .  KELLY a n d  RICE 
conc lude  f rom t h e i r  resu l t s  t h a t  t i le m y o s i n  f i l amen t s  m a y  
aggrega te  in con t r ac t ion .  Yet ,  t h e  suppos i t ion  of al ter-  
n a t i n g  aggrega t ion  an d  d i saggrega t ion  of myos in  molecules  
d u r i n g  c o n t r a c t i o n  an d  r e l a x a t i o n  seems to be  con t r ad ic -  
t o r y  to t h e  speed of c o n t r a c t i o n  6. 

To u n d e r s t a n d  these  discrepancies ,  t h e  v e r y  fragile  
n a t u r e  of t h e  t h i c k  f i l amen t s  has  to  be  considered,  too. 
I f  t h e y  are  s tabi l ized  on ly  in  c o n t r a c t e d  fibers, where  
t h e y  fo rm l inkages  w i t h  a d j a c e n t  t h i n  f i laments ,  t h e n  
t h e y  m a y  su rv ive  e lec t ronmicroscopiea l  p r e p a r a t i o n  pro-  
cedures.  The  p re sen t  r e p o r t  p rov ides  some ind ica t ions  
for th i s  hypo thes i s .  W h e n  c o m p a r i n g  t h e  d i s t r i b u t i o n  of 
f i l amen t s  found  in t h e  in t e s t ine  muscle  of the  mouse  w i t h  
t h a t  of an  i n v e r t e b r a t e  s m o o t h  muscle,  for  i n s t ance  t he  
A B R M  of Mytilus 16, one  Call recognize  ce r t a in  s imilar i t ies .  
I n  b o t h  types  of muscles  one f inds  sets  of t h i n  f i l amen t s  
a r r a n g e d  in a regu la r  l a t t i ce  a n d  a t t a c h e d  to Z-e lement s  
( =  I -band) .  I n  t h e  areas  b e t w e e n  t h e  t h i n  f i laments ,  
t h i ck  f i l amen t s  (A-band)  are found  in t h e  ABRNf in in tes-  
t ine  muscle,  however ,  diffuse m a t e r i a l  wh ich  p e r h a p s  con- 
sists of d i s i n t e g r a t e d  m y o s i n  f i l aments .  I n  t h e  s t a t e  of con- 
t r ac t ion ,  b o t h  t ypes  of muscle  h a v e  a s imi la r  appea rance .  
W h e n  su i t ab le  p r e p a r a t i v e  p rocedures  h a v e  been  devel-  
oped, t h e  cor rec tness  of t h e  p roposed  hypo thes i s  m i g h t  
be  p r o v e d  17. 

Zusammen/assung. In  den  g l a t t e n  Muskel fasern  aus  d e m  
D i c k d a r m  der  Maus  wurde  eine cha rak t e r i s t i s che  Ver-  
t e i lung  der  A k t i n f i l a m e n t e  gefunden .  Die F i l a m e n t e  s ind 
zu Bi inde ln  zusammenge lage r t ,  die para l le l  zur  Faser -  
l i ingsachse ausge r i ch t e t  sind. I n n e r h a l b  der  Bi inde l  l iegen 
die F i l a m e n t e  in d i ch t e r  h e x a g o n a l e r  Packung .  Die Di- 
m e n s i o n e n  des g e f u n d e n e n  F i l a m e n t m u s t e r s  s t i m m e n  sehr  
gu t  m i t  den  d u t c h  R 6 n t g e n b e u g u n g s a n a l y s e n  e r m i t t e l t e n  
t iberein.  
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Fig. 3. Longitudinal sectioned muscle cells. Only thin filaments are 
present. 2 dense elongated bodies, which are traversed by filaments, 
are seen in upper left-hand corner. 
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