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Capillarity of Red, White and Intermediate Muscle 

Prev ious  s tudies  h a v e  shown  t h a t  q u a n t i t a t i v e  changes  
in skele ta l  musc le  cap i l l a r i ty  occur  in  response  to exercise 
(CARROW et  al.1), cross i n n e r v a t i o n  and  thy ro tox icos i s  
(ROMANUL a n d  POLLOCK'). Muscle f iber  cap i l l a r i ty  is 
d i rec t ly  r e l a t ed  to t he  level  of o x i d a t i v e  m e t a b o l i s m  
(RO~ANUL a), a n d  b o t h  of these  p a r a m e t e r s  are respons ive  
to chron ic  exercise p r o g r a m s  (CARROW, HOLLOSZY, BAR- 
NARD et  al. ~,~, ~). Since red f ibers  (high ox ida t i ve  m e t a b -  
olism) a p p e a r  to  be  p re fe ren t i a l ly  used in t r e a d m i l l  
r u n n i n g  a n d  s w i m m i n g  (EDGERTON et  al.6), changes  in 
cap i l l a r i ty  as i t  re la tes  to  t he  level of ox ida t i ve  e n z y m e  
a c t i v i t y  was s tud ied  in t r a i n e d  guinea-pigs.  

Mater ia l s  and  methods. 12 a d u l t  ma le  guinea-p igs  were 
used in t h e  expe r imen t .  6 con t ro l  a n d  6 e x p e r i m e n t a l  
an ima l s  were used to s t u d y  t he  soleus muscles,  whi le  
t he  med ia l  ga s t rocnemius  (MG) muscles  were s tud ied  
f rom 4 cont ro l s  and  4 expe r imen ta l s .  The  e x p e r i m e n t a l  
an ima l s  were exercized on  a m o t o r - d r i v e n  t r e a d m i l l  5 
days  pe r  week  for 18 weeks. The  m a x i m u m  work  load 
las ted  50 m i n / d a y  a n d  inc luded  20 min  of sp r in t s  in  
a d d i t i o n  to  e n d u r a n c e  r u n n i n g  a t  40 m / m i n ,  2% grade.  
The  an ima l s  were ki l led a t  t he  end  of t he  18 th  week  b y  
a s h a r p  b low to t h e  head .  

The  be l ly  of t h e  soleus a n d  MG was r e m o v e d  and  f rozen 
w i t h  l iquid  n i t rogen .  Sect ions  8 ~ t h i c k  were cu t  an d  
s t a ined  for reduced  n i c o t i n a m i d e  aden ine  d inuc leo t ide  
d i aphora se  (NADH-D)  ac t iv i ty ,  as descr ibed  b y  NOVIKOFF 
e t  al. 7, to  d e t e r m i n e  f iber  t y p e  and  t h e  Gomor i  p rocedure  
for d e m o n s t r a t i n g  a lka l ine  p h o s p h a t a s e  (GOMORI s) in  
capil laries.  P h o t o g r a p h s  of ser ial  sect ions  of t he  soleus 
and  of t h e  wh i t e  region of t he  MG were e x a m i n e d  w i t h  
respec t  to  f iber  t y p e  (see F igure  1, A) and  cap i l l a ry  
q u a n t i t y  (Figure 1, B). The  n u m b e r  of vessels in  c o n t a c t  
w i t h  each  f iber  a long  w i t h  t h e  c lass i f ica t ion of f iber  t y p e  
was recorded.  

N A D H - D  p r e s u m a b l y  ref lects  t he  a m o u n t  of ox ida t ive  
m e t a b o l i s m  in f ibers ;  those  f ibers  w i t h  t he  g rea te r  
N A D H - D  a c t i v i t y  be ing  red a n d  those  lowest  in  N A D H - D  
a c t i v i t y  be ing  white .  Red  f ibers  are f u r t h e r  ident i f ied  
b y  t he i r  large s u b s a r c o l e m m a l  aggrega t ions  of mi to-  
chondr ia .  The  usua l ly  larger  whi t e  f ibers  s t a in  l igh t ly  
t h r o u g h o u t  t h e i r  d iamete r .  F ibers  w i t h  a m o d e r a t e  
a m o u n t  of s t a in ing  local ized in t he  per iphery ,  b u t  n o t  
c lear ly  red  or white ,  are classified as mode ra t e s  (EDGER- 
TON et  al.9). I n t e r m e d i a t e  f ibers  h a v e  m i n i m a l  subsarco-  
l e m m a l  aggrega tes  of N A D H - D  a c t i v i t y  and  smal le r  
d i f o r m a z a n  granules  t h a n  are usua l ly  seen in t he  red, 
m o d e r a t e  or wh i t e  fibers. The  i n t e r m e d i a t e  f iber  has  
been  p o s t u l a t e d  as be ing  t he  s low- twi tch  f iber  of ske le ta l  

Fibers in Trained and Untrained Guinea-Pigs  

muscle  whi le  the  o the r  ' t ypes '  are f a s t - tw i t ch  (EDGERTON 
a n d  SIMPSON 10). 

Resul ts  and  discussion.  The  cap i l l a r i ty  associa ted w i t h  
white ,  m o d e r a t e  an d  soleus i n t e r m e d i a t e  f ibers  in  t he  
con t ro l  an i ma l s  d id  n o t  differ  s ign i f i can t ly  f rom the  
cap i l l a r i ty  of  those  same f iber  types  in  t h e  e x p e r i m e n t a l  
an imals .  A s igni f ican t  di f ference in t h e  cap i l l a r i ty  of t he  
red  f ibers  b e t w een  t h e  con t ro l  a n d  t r a i n e d  (4.50 to  5.84 
capi l lar ies / f iber)  an ima l s  was  d e m o n s t r a t e d  (Table).  These  
f igures do n o t  r ep re sen t  an  abso lu te  m e a n  capi l la ry :  f iber  
ra t io  as would  be  if s imp ly  t h e  t o t a l  n u m b e r  of capi l lar ies  
in  a g iven  a rea  were d iv ided  b y  t h e  t o t a l  n u m b e r  of 
muscle  f ibers  because  in m a n y  cases capi l lar ies  were 
co u n t ed  more  t h a n  once if t h e y  were assoc ia ted  w i t h  
more  t h a n  one fiber. Fo r  a s imi la r  reason,  s t a t i s t i ca l ly  
va l id  compar i sons  (lack of i n d ep en d en ce  of d a t a  for each  
f iber  type)  b e t w een  e i the r  con t ro l  or e x p e r i m e n t a l  va lues  
for i nd iv idua l  f iber  types  c a n n o t  be  made.  

I n a s m u c h  as an  increase  in red  f ibers  occurs  wi th ,  
exercise (EDGERTON et  al.9), i t  m i g h t  be  a rgued  t h a t  in  
th i s  s t u d y  whi t e  f ibers  did n o t  show increased  cap i l l a r i ty  
because  b y  t a k i n g  on  t h e  charac te r i s t i c s  of red  fibers, 
t h e y  were no longer  cons idered  whi t e  b u t  red  a n d  would 
be  co u n t ed  as red  fibers. However ,  if t h i s  a lone was  
w h a t  occurred,  t he re  would h a v e  been  no increase  in the  
n u m b e r  of capi l lar ies  associa ted  w i t h  red  fibers. 

In  t r e a d m i l l  r u n n i n g  t h e  red  f ibers  h a v e  been  shown 
to be  used p re fe ren t i a l ly  (EDGERTON et  al.6). T h e  increase  
in cap i l l a r i ty  assoc ia ted  w i t h  t h e  red  f ibers  a f te r  r epea t ed  
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e n d u r a n c e - t y p e  d e m a n d s  of t r e a d m i l l  r u n n i n g  is com- 
pa t i b l e  w i t h  t he  a p p a r e n t  se lect ive  use of red  f ibers  as 
s h o w n  w i t h  g lycogen deple t ion .  

CARROW et  al. ~ r epo r t ed  g rea t e r  cap i l l a r i ty  increases  
in  w h i t e  regions  of t h e  ga s t rocnemius  t h a n  in  t h e  red  
regions  of t h e  s ame  muscle .  His  m e t h o d  did  no t  inc lude  
e s t ab l i sh ing  t h e  t y p e  of each  f iber  such  as was  done  w i t h  
N A D H - D  in th i s  s t u d y ;  r a the r ,  zones were selected for 
e x a m i n a t i o n .  W e  found  in our  sect ions  t h a t  even  in 
w h i t e  a reas  s ign i f i can t  q u a n t i t i e s  of red f ibers  were 
p resen t .  T h u s  a n  increase  in cap i l l a r i ty  in  t he  wh i t e  

Mean number of capillaries in contact with muscle fibers of various 
histoehemieal classifications 

zone could h a v e  b e e n  due  s imp ly  to  an  increase  in capil-  
l a r i ty  of t he  red fibers. 

No s tudies  he re to fo re  cons idered  no r  showed  a n y  
change  in cap i l l a r i ty  w i t h  respec t  to  f iber  t y p e  fol lowing 
~n exercise t r a i n i n g  p rog ram.  Th i s  s t u d y  shows a se lect ive  
effect  on  red f ibers  a n d  is c o m p a t i b l e  w i t h  p rev ious  d a t a  
showing  a g rea te r  a c t i v i t y  of red  t h a n  wh i t e  f ibers  in  
e n d u r a n c e  t y p e  exercise 11. 

Rdsumd. Le dressage des cochons  d ' I n d e  sur  u n  m o u l i n  
de discipl ine  a u g m e n t e  la capi l lar i t6  des f ibres  muscu-  
laires  rouges,  t a n d i s  que  les f ibres b l anches  et  in te r -  
m6dia i res  ne  c h a n g e n t  pas.  Ces r6su l t a t s  son t  compa t i b l e s  
avec  les donn6es  p r6c6den tes  qu i  conse i l len t  d ' e m p l o y e r  
de pr6f6rence les f ibres  rouges dans  les exercices de 
r6sis tance.  

White Moderate Red Inter- 
mediate b 

Control(4) 3 .9•  4 .6 •  4.54-0.2 5.34-0.3 
n ~ 74 26 22 265 

Exper.(4) 3.84-0.4 4.94-0.4 5.84-0.3 ~ 5 .2~0.1  
n 69 42 50 275 

Significant difference between control and experimental (P  < 0.05). 
b Intermediate fibers taken from 6 soleus muscles, o n, number of 
fibers. 
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D i v e r g e n c e  of the  in v i tro  and in v ivo  E x t r a c e l l u l a r  Space  M e a s u r e m e n t s  in Hear t  M u s c l e  

As has  a l r eady  been  pub l i shed ,  t he  ex t race l lu la r  space 
i nd i ca to r  inu l in -ca rboxy l -C  14 d id  no t  d i s t r i b u t e  u n i f o r m l y  
in t h e  h e a r t  musc le  in  v i t ro ,  whi le  in  v ivo  a nea r ly  h o m o -  
genous  d i s t r i b u t i o n  could be  d e m o n s t r a t e d  1. I n  a suc- 
ceeding  e x p e r i m e n t a l  series, however ,  we fai led also to  
f ind  a fa i r ly  u n i f o r m  i n d i c a t o r  d i s t r i b u t i o n  in t he  myo-  
c a r d i u m  in v ivo  (Table).  The  e x p e r i m e n t s  were pe r fo rmed  
in t he  same  t issue,  n a m e l y  t h e  left  v e n t r i c u l a r  wal l  of 
t he  h e a r t s  of female  Sy r i an  golden h a m s t e r s  (London  
School  of Hyg iene- s t r a in ) ,  a n d  u n d e r  r a t h e r  iden t i ca l  
cond i t ions  as p rev ious ly  descr ibed  ~. As t he  r eason  of th i s  
a p p a r e n t  d i sc repancy ,  we c la im t h e  dev i a t i on  in t h e  t i ssue  
sl icing t echn ique .  Former ly ,  t he  m y o c a r d i a l  piece was 
sec t ioned  in to  a nea r ly  cube- l ike  cen t r a l  p a r t  and  in to  a 
t o t a l  of 6 p e r i p h e r a l  p a r t s  (one for each  face of t he  cube),  
whi le  now we pre fe r red  to  get  a r e c t a n g u l a r  cen t r a l  pa r t ,  
p a y i n g  more  a t t e n t i o n  to  t he  midd le  l ayer  of t he  ven-  
t r i cu l a r  wal l  (Figure  1). Never the less ,  we refer red  to  t he  
p rev ious  we igh t  p r o p o r t i o n  of a b o u t  1 to  3 be tween  
cen t r a l  a n d  pe r iphe ra l  pa r t s .  

S ta t i s t i ca l ly  exac t  e v a l u a t i o n  of t h e  in  v ivo  resu l t s  
showed  s ign i f i can t ly  less i n d i c a t o r  in  t h e  cen te r  of t he  
m y o c a r d i a l  wal l  t h a n  in i ts  p e r i p h e r y  s imi la r  to  t he  in  
v i t ro  resu l t s  ga ined  b y  a n  iden t ica l  s l icing t e c h n i q u e  
(p < 0.01, s ign- tes t )  (Table).  Y e t  a compar i son  of b o t h  
m e t h o d s  d e m o n s t r a t e d  in t he  cen te r  a s ign i f i can t ly  
h ighe r  (p < 0.05, Wi lcoxon- te s t )  a n d  in t h e  p e r i p h e r y  a 
s ign i f i can t ly  lower (p < 0.01, Wi lcoxon- tes t )  c o n t e n t  of 
i n d i c a t o r  in  v ivo  t h a n  in v i t ro .  

F r o m  t h e  resu l t s  descr ibed  a b o v e  i t  is conc luded  t h a t  
t he  ex t race l lu la r  space in t he  v e n t r i c u l a r  wal l  is va r iab le .  
This  r eason ing  m a y  be  exp la ined  b y  morpho logy .  I n  
m a m m a l i a n  h e a r t s  co rona ry  ar ter ies  a n d  ve ins  are loca ted  

in t i le ep ica rd ium,  whi le  in  t h e  i nne r  l ayer  t h e r e  are  
i n t e r t r a b e c u l a r  s inusoids.  I n  add i t i on  t he re  are  also 2 
n e t w o r k s  of l y m p h a t i c s  in  t h e  hea r t ,  one in t h e  epicar-  
d i u m  a n d  t he  o the r  in  t h e  e n d o c a r d i u m  ~. These  ex t ra -  
cel lular  c o m p a r t m e n t s  are miss ing  in t h e  midd le  l ayer  
of t he  v e n t r i c u l a r  wall. I n  add i t ion ,  t h e  inne r  and  ou t e r  
l ayer  does no t  on ly  cons is t  of m y o c a r d i u m  b u t  also of 
f a t t y  and  connec t ive  t issue, wh ich  m i g h t  h a v e  qu i t e  
a n o t h e r  i n t e r s t i t i a l  space t h a n  t he  pu re  m y o c a r d i u m  of 
t he  midd le  layer.  I n  order  to  ref lect  those  morpho log ica l  
charac ter i s t ics ,  t he  in v ivo  a n d  in v i t ro  m e t h o d s  seem 
to  be  equ iva len t ,  a n d  i t  m a y  solely depend  on  t h e  way  
ti le t i s sue  is sect ioned.  B u t  i t  is wor thwh i l e  to  p o i n t  o u t  
t h a t  in  our  p rev ious  in v i t ro  e x p e r i m e n t s  a s imi la r  
i nd i ca to r  d i s t r i b u t i o n  p a t t e r n  could be  discovered,  t h o u g h  
c u t t i n g  ou t  a cube- l ike  cen t r a l  pa r t ,  whi le  u n d e r  in  v ivo  
cond i t ions  th i s  could no t  be revea led  1. Hence  i t  is v e r y  
doub t fu l  w h e t h e r  t he  in v i t r o  d a t a  do rea l ly  r ep re sen t  
morpholog ica l  cha rac te r i s t i c s  of t h e  v e n t r i c u l a r  wal l  or 
w h e t h e r  t h e y  are  on ly  all i n d i c a t o r  of pecular i t i es  due  to  
t h e  in  v i t r o  t echn ique .  T h a t  t h e  l a t t e r  is more  l ike ly  
m a y  be  infer red  f rom a compar i son  of t he  in  v i t ro  a n d  
in v ivo  resul t s  (Table).  The  s t r i k ing  d i s c r epancy  of t h e  
i nd i ca to r  d i s t r i b u t i o n  be tween  b o t h  m e t h o d s  seems to  
be  a consequence  of t i s sue  d a m a g e  p a r t l y  b y  c u t t i n g  t h e  
m y o c a r d i u m  pr io r  to  i n c u b a t i o n  a n d  also b y  swelling, 
vacuo l i s a t ion  and  myolys i s  d u r i n g  ti le i ncuba t i on .  These  
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