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Myof ibr i l lar  A T P a s e  Act iv i t i e s  of Red and White  

Fish  m y o t o m a l  muscu la tu re  is made  up of two  main  
types  of muscle  f ibres which  in m a n y  species are a r ranged  
in separa te  and  d i s t inc t  ana tomica l  regions. The bulk  of 
the  muscu la tu re  of ten  consis ts  of anaerobic  whi te  fibres, 
while  the  red f ibres ( 5 % - 2 0 % )  are found in a t h in  s t r ip  
lying jus t  benea th  the  la tera l  line. These two types  of 
muscle  differ no t  only  in colour bu t  in innervat ion ,  blood 
supply,  myoglob in  conten t ,  f ibre size and  abundance  of 
m i tochondr i a l ,  ~. Al though  there  are b iochemica l  and  
morphologica l  differences be tween  these  two types  of 
muscle,  the i r  physiological  roles are controversial .  Some 
au thors  1,3 sugges ted  t h a t  the  red muscle  produces  the  
slow cont inuous  sw imming  m o v e m e n t s  for ma in ta in ing  
the  fish a t  a slow cruising speed and  t h e  whi te  muscle  is 
used for shor t  burs t s  of vigorous act iv i ty .  However ,  o the r  
au thors  4,5 have  reached  the  opposi te  conclusion, name ly  
t h a t  whi te  muscle  is used for slow ac t iv i ty  and  red for 
vigorous ac t iv i ty ,  t3RAEKKAN6, 7 has even  suggested t h a t  
the  p r i m a r y  func t ion  of the  red muscle  is to  act  as a supple-  
m e n t a r y  liver, supp ly ing  metabo l i t es  for the  whi te  mus-  
culature,  r a the r  t h a n  as a cont rac t i le  organ. In  an a t t e m p t  
to  clarify the  s i tua t ion  regard ing  the  physiological  roles of 
t he  two  types  of f ibres we have  measured  the  ATPase  ac- 
t i v i t y  of myofibr i l s  f rom red and  whi te  muscle of mar ine  
fish. 

Three species of mar ine  te leos t  were used in these  in- 
vest igat ions ,  Coalfish (Gadus virens), Nor th  Sea Cod (Ga- 
dus morhua) and Plaice (Pleuronectes platessa). The fish 
were s tunned  by  a blow to  the  head  and killed by  decapi-  
t a t ion .  Red  and  whi te  m y o t o m a l  muscles  were excised at  
0 ~ t ak ing  care to  minimise  c ross -con tamina t ion  of f ibre 
types .  W h i t e  muscle  was dissected f rom the  dorsal  muscle  
an te r ior  to t he  f i rs t  dorsal  fin and red muscle f rom the  
whole  leng th  of m y o t o m a l  muscle.  Myofibri ls  were pre-  
pa red  f rom the  muscle  immed ia t e ly  af ter  excision. 

The m e t h o d  of p repa ra t ion  of myofibr i l s  was based on 
t h a t  of PERRY and GREY s . Muscle was minced  wi th  scis- 
sors and  homogenized  at  0 ~ wi th  a Po ly t ron  b lender  
(Kine t i cs  G m b H  Luzern,  Switzer land)  in 0 . 1 M  KC1, 
5 m M  tris-HC1, p H  7.0, con ta in ing  5 m M  E D T A  9. The 
homogena t e  was  cent r i fuged a t  600 g for 15 min and  myo-  
fibrils p repared  f rom the  residue in 0.1 M KC1, 5 m M  tris- 
HC1. p H  7.0. The homogen iza t ions  were reduced to  25 sec 
each because of the d i f fe rent  t ex tu re  of fish muscle.  All 
s tages of the  p repa ra t ions  were moni to red  by  careful mi-  
croscopic examina t ion .  Wel l -washed  myofibri ls  in 0.1 M 
KC1, p H  7.0, were t h e n  t r ea t ed  wi th  an equal  vo lume of 
glycerol  overn igh t  a t  0 ~ and  t h e n  washed  free of glycerol 
by  repea ted  appl ica t ions  of 0 . 1 M  KC1, 5 m M  tris-HC1, 
p H  7.0, and  f inal ly suspended  in this  m e d i u m  a t  a con- 
cen t ra t ion  of a p p r o x i m a t e l y  5 mg/ml .  Glycerol t r e a t m e n t  
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dis rupts  m e m b r a n e  organizat ion,  consequen t ly  reducing 
con t amina t i on  by  m e m b r a n o u s  ATPases .  

The s t a n d a r d  assay for ATPase  ac t iv i ty  was pe r fo rmed  
at  25~ in a vo lume of 2 ml  of 50 m M  tris-HC1, p H  7,5, 
6 m M  ATP,  6 m M  Mg 2+, 0.2 m M  Ca 2+ at  an ionic s t r eng th  
of 0.124 (adjus ted  wi th  KC1) a t  a myofibr i l  concen t ra t ion  
of 1-5 mg/ml .  The reac t ion  was s t a r t ed  by  addi t ion  of 
A T P  and  t e r m i n a t e d  by  addi t ion  of 1.0 ml  of 15% (w/v) 
t r ichloroacet ic  acid. Inorganic  p h o s p h a t e  was measured  
by  the  m e t h o d  of ALLEN 10. All incuba t ions  were pe r fo rmed  
in duplicate,  and appropr i a t e  enzyme and  reagen t  b lanks  
were included in all exper iments .  Basal  Mg2+-activated 
ATPase  in the  absence of Ca 2+ (i.e. < 10-~M) was mea-  
sured in t he  presence  of 4 m M  ethylene  glycol bis(fl-ami- 
noethyle ther )  N N '  t e t r a  acet ic  acid (EGTA). P ro te in  
concen t ra t ions  were de t e rmined  by  the  b iure t  method21. 

The m e a s u r e m e n t s  of myofibr i l lar  ATPase  ac t iv i ty  of 
red and whi te  muscle  are summar ized  in t he  Table.  There  
was l i t t le va r ia t ion  be tween  the  same t y p e  of muscle for 
fish of the  same species. However ,  the re  was always a 
considerable  difference be tween  the  red and  whi te  muscle  
of all fish s tud ied  (P  < 0.01). There  was l i t t le species va- 
r ia t ion in the  ac t iv i ty  of whi te  muscle  myofibr i l s  measured  
under  s t a n d a r d  condi t ions  (0.2 m M  Ca2+). Also under  
s t an d a rd  condi t ions  t he  red muscle  had  abou t  a qua r t e r  of 
t he  ac t iv i ty  of the  whi te  for coalfish and cod. In  the  pre- 
sence of 4 m M / E G T A  (Ca 2+ < 10 -~ mM) the  ATPase  ac- 
t iv i ty  of the  myofibr i ls  was cons iderably  reduced.  In  the  
Table the  non-ca lc ium-ac t iva ted  ATPase  is expressed as 
a percen tage  of the  ca lc ium-ac t iva ted  ATPase .  However ,  
the  ac t iv i ty  of the  red muscle  was still  lower t h a n  the  white.  
The results  given in the  Table  were of t he  m e a s u r e m e n t s  
made  on fresh myof ibr i l  p repara t ions  because the  Ca 2+ 
sens i t iv i ty  was  found  to  decline qui te  rapidly.  BENDALL 12 
repor ted  cor responding  changes  in myofibr i l lar  p repara-  
t ions  of m a m m a l i a n  muscle.  However ,  the  ra te  of loss of 
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Myofibrillar ATPase activity of red and white myotomal trunk muscles of marine fish 

Species Muscle In the presence of Ca 2+ 
No. Activity 
of fish ~Moles Pi, mg -1, min -1 

Mean :~ S.E. 

In the presence of EGTA 
No. Activity 
of fish [zMoles Pi, mg -1, Inin -1 

Mean z S.E. 

non Ca ~+ ATPase 
(%) 

Coalfish (Cadus virens Red 
White 

North Sea Cod (Gadus morhua) Red 
White 

Plaice (Pleuroneetes platessa) White 

23 0.26 ~= 0.024 
22 0.94 :z 0.024 

8 0.23 :i: 0.01 
15 1.1 n= 0.04 
9 1.01 2= 0.05 

5 0.06 ~ 0.01 
5 0.15 I 0.03 
5 0.04 :~ 0.01 
5 0.13 ~- 0.03 
6 0.11 :~ 0.02 

21.2 
16.2 
17.5 
12.0 
11.3 
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calcium sens i t iv i ty  in th is  case was lower a t  20 ~ t h a n  for 
fish myofibr i ls  a t  0 ~ 

I t  is now clear t h a t  t he  speed of con t rac t ion  of a muscle 
is no t  necessar i ly  re la ted  to  redness  of the  fibres, t h o u g h  
there  does appear  to be a good corre la t ion be tween  the  
speed of con t rac t ion  and  myos in  ATPase  a6tivity13. Pre-  
pa ra t ions  of myos ins  f rom ei ther  red or whi te  muscles of 
d i f ferent  species of f ish have  given widely differing values 
for the  Ca2+-activated ATPase  1a-is. 

In  m a n y  cases low act ivi t ies  have  been a t t r i b u t e d  to the  
a p p a r e n t  ins tab i l i ty  of f ish myos ins  ~4, ~6, ~s - 30. Var ia t ion  
in the  s tab i l i ty  of myos in  p repara t ions  could obscure any  
intr insic  differences in enzymic  act ivi ty .  However ,  the  
resul ts  ob ta ined  in th is  s tudy  using myofibr i I  p repara t ions  
clearly show t h a t  the  ATPase  ac t iv i ty  under  these condi- 
t ions is s table  and  differs cons iderably  be tween  red and 
whi te  muscle  fibres. I t  the re fore  seems f rom th is  work  
t h a t  the  whi te  muscle  has  the  b iochemical  proper t ies  of 
fas t  muscle  whereas  t he  red muscle has the  biochemical  
p roper t ies  of slow muscle.  

I t  has  been shown t h a t  t he  slow tw i t ch  muscles  of mam-  
mals  are efficient  in ma in ta in ing  tension,  while the  fas t  
muscles  are efficient  when  con t rac t ing  isotonical ly and  
doing ex te rna l  work  2~-23. I t  is, however,  diff icult  to under-  
s t and  w h a t  a d v a n t a g e  it is to the  fish, f rom the  efficiency 
poin t  of view, to  have  slow muscles for swimming,  as 
swimming  requires  isotonic con t rac t ions  r a the r  t h a n  the  
m a i n t e n a n c e  of tension.  If  the  red muscle  is used for slow 
cruising it m a y  be t h a t  th is  is bes t  achieved by  a slow 
muscle, r a the r  t h a n  a heavi ly  loaded fas t  muscle  or an ta -  
gonistic fas t  muscles.  The division of labour  be tween  
these  d i f fe rent  t ypes  of muscle a t  d i f ferent  swimming  
speeds  requires  fu r the r  s tudy.  

Zusammen/assung. Die Ca ++- und  nicht-Ca++-abh~ngige 
ATPase-Akt iv i t / i t  yon isolierten Myofibri l len der ro ten  
und  weissen Muskeln yon  drei Meerf ischen wurde  gemes- 
sen und festgestel l t ,  dass die weissen Muskeln eine h6here  
Aktivi tAt  besi tzen.  
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His topa tho log ica l  changes  induced by  coxsackievirus  
in muscles of t he  newborn  mouse  are  charac te r ized  by  the  
so-called ' s egmenta l  i nvo lvemen t '  of ind iv idua l  muscle 
fibers 2,3. The t e r m  ' s egmenta l  i nvo lvemen t '  is used to  
describe the  obse rva t ion  t h a t  in coxsackievirus  infected 
muscles  one or several  d i s t inc t  pa r t s  of the  muscle ce l l  
seem to be a l tered and  o the r  pa r t s  remain  intact .  This  is 
due to  an asynchrone  cy topa th i c  effect  4 wi th in  one muscle 
cell. The  p resen t  pape r  deals w i th  th is  p h e n o m e n o n  of 
a synch rony  and  e lucidates  the  mechan i sms  by  which the  
infect ion spreads  in vivo f rom one cell to  another .  More- 
over, the  resul ts  r epo r t ed  earlier on mechan i sms  of virus  
release f rom an infected celI 5 and on the  local izat ion of 
viral  R N A  synthes is  6 are confirmed.  

Materials and methods. Newborn  mice be tween  12 and  
24 h af ter  b i r t h  received an in ject ion of 0.1 ml  (10 6 to 10 7 
LDs0 ) coxsackievirus  A 1 suspension in one foreleg. To 
d e m o n s t r a t e  viral  R N A  synthes i s  the  animals  were in- 
jec ted  wi th  2.5 y ac t inomyc in  D (Merck, Sharp  and  
Dohme)  to  s top  cellular R N A  synthes i s  before admin i s t ra -  
t ion  of 100 ~zCi uridine-3H (The Rad iochemica l  Centre,  
Amersham,  England) .  Uninfec ted  contro l  animals  were 
t r ea ted  in exac t ly  the  same manner .  Af te r  f ixat ion,  the  
muscles  were e m b e d d e d  in the  usual  w a y  in E p o n  812. 
L igh t  microscopic  (LM) and electron microscopic  (EM) 
au to rad iographs  were m a d e  f rom the  same blocks.  We  
used essent ia l ly  t he  au to rad iograph ic  t echn iques  given by  
STEVENS 7. For  technica l  detai ls  of our au torad iographic  
m e t h o d s  see e. 

Results and conclusions. Up to 8 to  10 h p . i ,  viral R N A  
is synthes ize  d to  a very  smal l  e x t e n t  wi th in  or in close 
p r o x i m i t y  to the  nuclei of infec ted  muscle  cells% As soon 
as typ ica l  small  bodies  s are formed,  ur idine is also in- 
co rpora ted  in these  regions. F igure  1 shows an EM auto-  
r ad iograph  of an ac t inomyc in  and  uridine-~H t rea ted ,  
coxsackievirus  infected muscle  abou t  5 h p.i .  The nucleus 
is lobed and  i ts  ch roma t in  is condensed.  These are the  first  
signs of a coxackievi rus  infect ion ~. In  the  zone around the  
nucleus, the  f i rs t  smal l  bodies are seen. As  indica ted  by  
t h e  si lver  grains,  viral  R N A  syn thes i s  t akes  place in the  
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