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Phosphory lase-Akt iv i t / i t  wirkt ,  cAMP kann  aber  n icht  
der  einzige regul ierende Fak to r  sein, da bei der  hohen  
Reizf requenz  die Phosphory lase -Akt iv i t~ t  s inkt ,  obwohl  
die c A M P - I i o n z e n t r a t i o n  e rh6ht  ist. Da gleichzeit ig eine 
Erschlaf fung  der Muskeln e in t r i t t ,  also eine A b n a h m e  der 
Ca~+-Konzentrat ion im Sarcoplasma s t a t t ge funden  hat ,  
ist zu ve rmuten ,  dass  der  1Riickgang der  Phosphory lase -  
Ak t iv i tg t  ebenfalls  durch  die A b n a h m e  der  Konzen t r a t i on  
an freiem Ca 2+ ve ru r sach t  wird. Das en t sp r i ch t  den er- 
w~hnten  Un te r suchungen  von  HANSFORD und  ~.~CI<TOR 6. 

Welche  Rolle das zyklische AMP in den F lugmuske ln  
yon L. migmtoria spielt,  ist  Gegens tand  wei terer  Unte r -  
suchungen.  

Summary. In  ha l f - tho rax  of Locusts migratoria, tile 
ac t iv i ty  of phosphory lases  and  the  level of cAMP was 
s tudied  dur ing electrical s t imula t ion  of f l ight  muscles. 
Bo th  phosphory lase  ac t iv i ty  and cAMP level increased 
dur ing phasic  and  te tan ic  con t rac t ions  bu t  no exact  
corre la t ion could be found. 

C. BOCKBREDER 14 

15 Der benutzte Szintillationsz~ihler wurde aus Mitteln des Landes- 
amtes fiir Forsehung, Dtisseldorf angesehafft. 
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T r a n s p l a n t a t i o n  and  ' G r o s s - T r a n s p l a n t a t i o n '  of  

The free graf t ing of entire m a m m a l i a n  skeletal  muscles 
has se ldom been employed  in e i ther  exper imenta l  or 
clinical appl icat ions.  Free  grafts  of muscle weighing 
more  t h a n  1 or 2 g are normal ly  unsuccessful.  The 
t r a n s p l a n t e d  muscle necrot izes  and is largely replaced 
by  a band  of dense connect ive  tissue. In  contras t ,  smal l  
muscles 2 or larger muscles t h a t  have  been  d e n e r v a t e d  
beforehand a-~ can be freely graf ted  wi th  considerable  
success. 

This inves t iga t ion  was designed to  compare  the  reac- 
t ions to  free au togra f t ing  of normal  and previous ly  
dene rva ted  ex tensor  d ig i to rum longus (EDL) and soleus 
(SOL) muscles in young rats.  The graf t ing t echn ique  was 
t h e n  used to  s tudy  the  effects of c ross - t ransp lan t ing  a 
fast  muscle  into the  bed of a slow one and vice versa. 
Ear l ier  morphological  work~, s has  shown t h a t  the  basis 
for the  success of freely graf ted  muscles is the  ear ly  
degenera t ion  of mos t  of the  ma tu re  muscle fibres wi th in  
the  graf t  and the  subsequen t  regenera t ion  of a new 
popu la t ion  of muscle  fibres. Therefore  the  exper imen t s  
o n  cross t r a n s p l a n t a t i o n  of fast  and slow muscles  de- 
m o n s t r a t e  the  influence of the  nerve supply  upon func:  
t ional  proper t ies  of regenera t ing  muscle in con t ras t  to 
previous cross- innervat ion  s tudies  in which  the  muscle 
remains  ana tomica l ly  and histological ly stable,  and  

Free  M u s c l e  Graf t s  in  the  Rat  ~ 

only its nerve  supply  is changed.  The c ross - t r ansp lan ted  
muscles are no t  only inne rva ted  by  a foreign nerve,  b u t  
t h e y  are also located in the  func t iona l  e n v i r o n m e n t  of the  
t ype  of muscle  in whose place t h e y  are subs t i tu ted .  These 
differences be tween  cross- innerva t ion  and  cross- t rans-  
p l an t a t i on  models  could be advan tageous  in analysis  of 
long t e r m  nerve-muscle  in te rac t ions  7. 

Materials and methods. The expe r imen t s  were carried 
out  upon  1-month-o ld  male W'istar rats,  (60 g). Trans-  
p l an t a t i on  was  done by  removing  in tac t  the  E D L  or SOL 
muscle f rom one leg and t r an s p l an t i n g  it in place of the  

1 Work performed during an exchange between the Czechoslovak 
and US Academies of Sciences and supported in part by a grant 
from tile MDAA. 

2 R. P. ZHENEVSKAYA, O, N. RUMYANTSEVA, I. L. NOVOSELOVA and 
]~. V. PROSHLYAKOVA, Zh. obshch. Biol. 26, 569 (1965). 

3 A. N. STUDITSKY and N. N. BOSOVA, Arkh. Anat. Gistol. Embriol. 
39, 18 (1960). 
N. THOMPSON, Plastic reconstr. Surg. 48, 11 (1971). 

5 R. P. ZHEN~VSKAYA, Neurotrophic Regulation o[ the Plastic 
Activity of Muscular Tissue (Nauka, Moscow,) Russian. 
B. M. CARLSON and E. GUT~ANN, unpublished observations. 
A. J. BULLER, J. C. EccLEs and R. M. ECCLES, J. Physiol., Lond. 
150, 417 (1960). 

Fig. 1. 30-day extensor digitorum longus transplant stained for 
ATPase activity. The staining pattern of the muscle fibres is uniform 
throughout. 

Fig. 2. 60-day extensor digitorum longus transplant stained for 
ATPase activity. Dark fibres with high amounts of ATPase activity 
may now be clearly distinguished from light fibres with less activity. 
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Table I. Contraction times (in msec) of free grafts of normal and 14 day denervated EDL (fast) and SOL (siow) muscles 
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Age (days) (N) Normal EDL (N) Denervated EDL (N) Normal SOL (N) Denervated SOL 

2 -- (5) 20.54 • 0.33 -- (4) 32.65 ~ 1.31 
4 (3) 14.63 • 2.50 (4) 19.85 ~= 0.35 (5) 34.04 • 2.50 (6) 30.23 _~ 1.97 
7 (3) 13.83 ~ 0.88 (5) 24.00 i= 0.60 (3) 33.66 =t= 2.03 (5) 31.62 q- 1.04 
14 (3) 17.63 4- 1.17 (4) 21.28 • 0.92 (3) 27.33 j= 0.75 (7) 29.81 ! 0.68 
30 (5) 14.28 • 0.20 (5) 14.90 • 0.91 (4) 26.60 • 0.31 (3) 22.70-E 2.20 
60 (7) 11.29-t- 0.35 (4) 11.97 ~ 0.30. (4) 19.15 i 2.88 (3) 22.00 4- 1.00 
90 (4) 28.00 4- 1.80 (3) 28.83 • 3.24 

co r re spond ing  muscle  of t he  c o n t r a l a t e r a l  leg. The  
t r a n s p l a n t e d  muscle  was t h e n  su tu red  a t  e i the r  end  to  t he  
a p p r o p r i a t e  t e n d o n  s t u m p s  of or ig in  a n d  inser t ion .  
Th i s  t e c h n i q u e  does no t  cause  a n y  m e c h a n i c a l  d a m a g e  to  
t h e  muscle  f ibres  of t he  t r a n s p l a n t ,  b u t  the  f resh ly  
t r a n s p l a n t e d  muscle  ha s  no connec t ion  to a b lood  s u p p l y  
or to  nerves.  There  were 2 e x p e r i m e n t a l  groups  in th i s  
series. I n  one, n o r m a l  muscles  were t r a n s p l a n t e d  and  in 
t h e  o ther ,  t he  muscles  were d e n e r v a t e d  for 14 days  pr ior  
to  t r a n s p l a n t a t a t i o n .  

Fo r  t h e  c r o s s - t r a n s p l a n t a t i o n  e x p e r i m e n t s  all  muscles  
were d e n e r v a t e d  for 14 days  before  g ra f t i ng  in to  the  
c o n t r a l a t e r a l  n o r m a l  l imb.  P rev ious ly  d e n e r v a t e d  SOL 
musc les  were g ra f t ed  in place  of t he  c o n t r a l a t e r a l  EDL,  
and  E D L  muscles  were g ra f t ed  in place of t h e  SOL. 

A t  va r ious  per iods  up  to  90 days  a f t e r  t he  opera t ion ,  
g ra f t ed  muscles  were r e m o v e d  for his tological ,  h is to-  
chemica l  a n d  physio logica l  analysis .  Cont rac t i l e  responses  
were m e a s u r e d  fol lowing d i rec t  e lectr ical  s t i m u l a t i o n  in 
v i t ro  as descr ibed  ear l ier  s. Af te r  d e t e r m i n a t i o n  of 
con t r ac t i l e  p roper t i es ,  t he  graf t s  were e i the r  f ixed in 
Bou in ' s  or f rozen in  l i q u i d - n i t r o g e n  a n d  t e s t ed  h is to-  
chemica l ly  for phospho ry l a se  (Ph), succinic d e h y d r o g e n a s e  
(SDI t )  and  m y o s i n  adenos ine  t r i p h o s p h a t a s e  (ATPase) .  

Results. Gra/ts o /normal  or denervated muscles. A l t h o u g h  
b o t h  n o r m a l  a n d  d e n e r v a t e d  muscles  r e spond  to  free 
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Fig. 3. Representative contraction curves for cross-transplanted 
muscles at 60 and 90 days. Extensor digitorum Iongus in place of the 
soleus on the left side and soleus in plaee of the extensor digitorum 
longus on the right. The horizontal line beneath the lower left hand 
curve represents 10 msec. 

g ra f t ing  b y  degene ra t i on  of t he  or ig ina l  muscle  f ibres 
followed b y  t h e  r egene ra t i on  of new ones, t h e r e  are  some 
p r o n o u n c e d  differences  b e t w e e n  t he  2 t ypes  of graf t s  
du r ing  t he  f i rs t  10-14 days  a f te r  graf t ing.  The  overa l l  
h is to logical  r eac t ion  or g ra f ted  n o r m a l  muscles  is s imi la r  
to  t h a t  seen in a minced  muscle  9. The  p e r i p h e r a l  muscle  
f ibres  degene ra t e  f i rs t  a n d  are  rep laced  b y  r egene ra t i ng  
muscle  fibres. As t he  wave  of degene ra t i on  of old muscle,  
followed b y  ti le r egene ra t ion  of new musc le  fibres, sweeps 
t o w a r d  t he  cen te r  of t he  graf t ,  a r ad ia l  g r a d i e n t  of 
r egene ra t i on  is set  up,  w i t h  t he  mos t  m a t u r e  r egene ra t i ng  
muscle  f ibres  be ing  a t  t i le per iphery .  A t  t he  v e r y  per iphery ,  
occas ional  f ibres  of t he  or ig inal  muscle  r e m a i n  his tologi-  
cally i n t a c t  t h r o u g h o u t  the  p o s t - t r a n s p l a n t a t i o n  period.  

I n  d e n e r v a t e d  grafts ,  p a r t i c u l a r l y  t he  SOL, a c lear -cut  
rad ia l  g r ad i en t  of degene ra t i on  a n d  r egene ra t i on  is no t  
set  up.  Ins t ead ,  t he  graf t s  are cha rac t e r i zed  b y  t he  v e r y  
swif t  a p p e a r a n c e  of r egene ra t i ng  muscle  f ibres t h r o u g h o u t  
the  graf t ,  l ead ing  to  t he  e s t a b l i s h m e n t  of a fa i r ly  un i fo rm  
p o p u l a t i o n  of t h i n  c ross -s t r ia ted  muscle  f ibres as ear ly  
as 5 days  a f te r  t r a n s p l a n t a t i o n  in t he  SOL. I n  d e n e r v a t e d  
grafts ,  la rger  n u m b e r s  of th in ,  o r ig ina l  muscle  f ibres  
pers i s t  a t  t he  p e r i p h e r y  of t he  grafts .  Af te r  2-3  weeks 
the re  is l i t t le  h is to logica l  d i f ference be tween  graf t s  of 
n o r m a l  a n d  p rev ious ly  d e n e r v a t e d  muscle.  

The  p a t t e r n  of d e v e l o p m e n t  of con t rac t i l e  p roper t i e s  
was  complex.  In  graf t s  of n o r m a l  SOL and  EDL,  l i t t l e  
or no  con t rac t i l e  a c t i v i t y  was n o t e d  d u r i n g  t he  f i rs t  
2 -4  days  a f t e r  t r a n s p l a n t a t i o n .  A t  4 days  t he  muscles  
c o n t r a c t e d  weakly,  the  c o n t r a c t i o n  t i m e  ( t ime to  peak  ----- 
CT) be ing  s l igh t ly  p ro longed  aga ins t  t he  n o r m a l  E D L  
(CT of n o r m a l  E D L  - 11.60 ~ 0.60 msec) because  of t h e  
4 -day  d e n e r v a t i o n  pe r iod  a f te r  t r a n s p l a n t a t i o n .  I n  t he  
EDL,  t he  CT's  b e c a m e  slower d u r i n g  t he  2nd and  3rd 
weeks a n d  t h e n  progress ive ly  speeded  up  to  n o r m a l  
values  (Table  I). The  SOL graf t s  d e m o n s t r a t e d  a t em-  
p o r a r y  s h o r t e n i n g  of the  CT, fol lowed a t  90 days  b y  a 
p ro longa t ion .  This  is a p p a r e n t l y  a ref lec t ion of t he  n o r m a l  
t e n d e n c y  of t he  SOL to  become  fas te r  a n d  t h e n  slow down  
aga in  as t he  young  a n i m a l  m a t u r e s  10,11 

I n  c o n t r a s t  to  graf t s  of n o r m a l  muscle,  t he  c o n t r a c t i l i t y  
of 14-day d e n e r v a t e d  graf t s  pe r s i s t ed  d u r i n g  t he  ear ly  
p o s t o p e r a t i v e  days.  I n  the  E D L ,  t he  ea r ly  CT's  were slow, 
r e sembl ing  those  of 2-week d e n e r v a t e d  muscle.  The  CT's  

8 B. M. CARLSON and E. •UTMANN, Expl Neurol. 36, 239 (1972). 
B. M. CARLSON, The Regeneration o] Minced Muscles (S. Karger AG, 
Basel). 

10 A. J. BUTLER, J. C. ECCLES and R. M. ECCL~S, J. Physiol., Lond. 
150, 399 (1960). 

11 E. GIJTMANN and J. !V[~LlC~INA, Physiologia bohem. 21, 1 (1972). 
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Table II. Contraction times (in msec) of cross-transplanted EDL 
(fast) and SOL (slow) muscles 

Days (N) SOLinto EDL (N) EDLinto SOL 

17 (3) 24.13 -4- 0.76 (3) 23.30 4- 0.30 

30 (4) 20.43 4- 0.90 (5) 21.60 4- 0.82 

60 (5) 13.90 • 0.66 (4) 20.97 4- 0.92 

90 (6) 12.95 -4- 0.26 (4) 23.55 4- 1.20 

r e m a i n e d  slow dur ing  t he  f i rs t  2 weeks a f t e r  t r a n s p l a n t a -  
t ion,  a f te r  wh ich  t i m e  t h e y  g r adua l l y  began  to speed up  
to n o r m a l  c o n t r a c t i o n  t imes.  E x c e p t  for t h e  ab i l i t y  to  
c o n t r a c t  t h r o u g h o u t  t h e  ea r ly  p o s t o p e r a t i v e  days,  
d e n e r v a t e d  SOL t r a n s p l a n t s  d id  no t  differ  f rom n o r m a l  
g ra f t s  to  as g rea t  a n  e x t e n t  as t he  EDL.  

H i s tochemica l ly  d e m o n s t r a b l e  P h  a c t i v i t y  in 2-4 day  
graf t s  of n o r m a l  muscles  was a b s e n t  excep t  for a n a r r o w  
r im of s ca t t e r ed  f ibres a t  t he  per iphery .  E a r l y  d e n e r v a t e d  
g ra f t s  were also largely  i nac t ive  in t he  center ,  b u t  
cons i s t en t ly  d e m o n s t r a t e d  a b r o a d e r  r i m  of e n z y m a t i c a l l y  
ac t ive  fibres. As newly  r egene ra t i ng  muscle  f ibres ap-  
peared,  a n  inc reas ing  degree of overa l l  e n z y m a t i c  a c t i v i t y  
r e t u r n e d  to all grafts.  A t  30 days,  t he  muscle  f ibres  st i l l  
showed  a un i fo rm  p a t t e r n  w i t h  respec t  to  A T P a s e  
a c t i v i t y  (Figure 1), b u t  l a t e r  a mixed  p a t t e r n  of f ibre 
types  deve loped  (Figure 2). 

Cross-transplanted grafts. Cross - t r ansp l an t i ng  of b o t h  
t he  E D L  and  SOL muscles  p roduced  m a j o r  changes  in 
con t rac t i l e  a n d  h i s tochemica l  proper t ies .  SOL muscles  
g ra f ted  in to  the  bed  of t he  E D L  d e m o n s t r a t e d  a comple te  
convers ion  of con t rac t i l e  p rope r t i e s  f rom slow to  fas t  
muscles  (Figure 3 a nd  Tab le  II) .  C ros s - t r ansp l an t ed  E D L  
muscles  slowed down cons iderably ,  b u t  n e v e r  b e c a m e  as 
slow as t he  n o r m a l  SOL. 

The  h i s tochemica l  p roper t i e s  of the  c ros s - t r ansp l an t ed  
muscles  mi r ro r ed  the  changes  in con t rac t i l e  proper t ies .  
Af te r  c ros s - t r ansp lan ta t ion ,  the  f ibre  t y p e  p a t t e r n  
(ATPase)  of the  SOL is c o n v e r t e d  to t h a t  of t h e  E D L ,  
and  the  c ro s s - t r ansp l an t ed  E D L  resembles  t h e  n o r m a l  
SOL. 

Discussion. Free  graf t s  of b o t h  n o r m a l  and  p rev ious ly  
d e n e r v a t e d  SOL a nd  E D L  muscles  are successful  in  
young  ra ts .  I n  b o t h  cases, t he  reason  for  t he  success is the  
r e p l a c e m e n t  of or ig ina l  muscle  f ibres  in t he  graf t s  b y  
newly  r egene ra t i ng  muscle.  The  m a j o r  differences be tween  
the  2 types  of graf ts  are seen d u r i n g  t h e  f i rs t  week  a f te r  
t r a n s p l a n t a t i o n ,  and  t h e y  seem to  s t e m  f rom t he  v e r y  
r ap id  r a t e  a t  wh ich  new muscle  f ibres  a p p e a r  in  dener-  
v a t e d  grafts .  The  reasons  for th i s  are sti l l  obscure,  b u t  m a y  
be  re la ted  to  p rev ious  r epor t s  of increased  n u m b e r s  of 
m o n o n u c l e a r  cells a p p e a r i n g  b e n e a t h  t he  b a s e m e n t  
m e m b r a n e s  of d e n e r v a t e d  muscle  f ibres  l~,*a. These  cells 
(whe the r  t r ue  sa te l l i te  cells or  no t  c a n n o t  be  s t a t e d  a t  th i s  
t ime)  could be  myobtas t ic ,  and  t h e i r  presence  in dener-  
v a t e d  muscle  would  t h e n  give i t  a h e a d  s t a r t  in  t he  re- 
genera t ive  process  as c o m p a r e d  w i t h  n o r m a l  grafts .  Th i s  
p h e n o m e n o n  m i g h t  also account ,  a t  leas t  in  pa r t ,  for  t he  
success of graf ts  of d e n e r v a t e d  large muscle  as opposed  to 
t he  fai lures of large graf ts  of n o r m a l  muscles.  

The  n a t u r e  of t he  ear ly  c o n t r a c t i o n s  of freely g ra f ted  
muscles  appea r s  to  be  due  to two c o n t r i b u t i n g  p h e n o m e n a .  
One is t he  pers i s tence  of a sma l l  p o p u l a t i o n  of or ig ina l  

muscle  f ibres which  h a v e  been  d e n e r v a t e d  b y  t he  ac t  of 
t r a n s p l a n t a t i o n  itself. This  causes a s l ight  p ro longa t i on  
in t h e i r  CT. The  o the r  is t he  l a te r  supe r impos i t i on  of t he  
c o n t r a c t i o n s  of t h e  r egene ra t i ng  muscle  f ibres  o n t o  t he  
con t r ac t i ons  of the  r e m a i n i n g  m a t u r e  muscle  f ibres  in  t h e  
graft .  D u r i n g  t he  f i rs t  week in n o r m a l  muscle,  and  d u r i n g  
the  f i rs t  4 days  in d e n e r v a t e d  muscle,  a n y  c o n t r a c t i o n s  are 
due en t i re ly  to  t he  few pe r s i s t ing  or ig inal  muscle  f ibres  
a long the  p e r i p h e r y  of t he  graft .  T h e n  d u r i n g  the  n e x t  
2 weeks, newly  r egene ra t i ng  f ibres  beg in  to  m a k e  a 
con t r ibu t ion .  I n  fas t  muscles,  a t  least,  t h e y  c o n t r a c t  m u c h  
more  s lowly t h a n  n o r m a l  muscle  fibresS. A t  l a t e r  per iods  
t he  r egene ra t i ng  muscle  f ibres  h a v e  m a t u r e d  to t he  p o i n t  
where  t he re  is l i t t le  difference be tween  t h e i r  CT's  a n d  
those  of n o r m a l  muscle.  

The  absence  of con t rac t i l e  a c t i v i t y  in  ear ly  graf ts  of 
n o r m a l  muscle  con t r a s t s  sha rp ly  to  i ts  pers i s tence  in  
g ra f t s  of d e n e r v a t e d  muscle.  Th i s  is cor re la ted  w i t h  a 
p r o n o u n c e d  t e m p o r a r y  decrease  in t he  r e s t ing  m e m b r a n e  
p o t e n t i a l s  of superf ic ia l  musc le  f ibres  in graf t s  of t he  
n o r m a l  E D L  dur ing  t h e  f i rs t  days  a f t e r  t r a n s p l a n t a t i o n  1~. 
The re  is r e l a t ive ly  l i t t le  change  in ear ly  graf ts  of dener-  
v a t e d  muscle.  I n  addi t ion ,  t he  h i s tochemica l  o b s e r v a t i o n s  
revea l  far  fewer e n z y m a t i c a l l y  ac t ive  muscle  f ibres  in 
ear ly  graf t s  of n o r m a l  t h a n  in d e n e r v a t e d  muscles.  

The  c r o s s - t r a n s p l a n t a t i o n  s tud ies  in  free graf t s  de- 
m o n s t r a t e  t h a t  r egene ra t i ng  muscle  f ibres  are equa l ly  
sub jec t  to  t he  inf luence  of t h e i r  i n n e r v a t i o n  as cross- 
i n n e r v a t e d  muscles  which  r e m a i n  in t h e i r  n o r m a l  locat ion.  
Convers ion  of t he  c ro s s - t r ansp l an t ed  SOL is v i r t u a l l y  
comple te  whereas  the  t r a n s f o r m a t i o n  of con t rac t i l e  
p roper t i e s  is less m a r k e d  in t he  c ro s s - t r ansp l an t ed  EDL.  
The  incomple te  conve r s ion  of the  E D L  d u r i n g  the  experi-  
m e n t a l  per iod  m i g h t  be due to  t he  t e m p o r a r y  develop-  
m e n t a l  speed ing  t h a t  is seen in  n o r m a l  slow muscles  10,11. 
Longer  t e r m  o b s e r v a t i o n s  would  be needed  to t e s t  for a 
l a t e r  per iod  of s lowing down.  

The  m e t h o d  of free g ra f t ing  of en t i re  m a m m a l i a n  
muscles  has  p r o v e n  to  be  of cons iderab le  va lue  in s tud ies  
on the  func t iona l  p roper t i e s  of r egene ra t i ng  muscle.  W i t h  
t he  r ecen t  app l i c a t i on  of t he  free g ra f t ing  t e c h n i q u e  to  
h u m a n  muscles  ~, t h e  m e t h o d  appea r s  to  offer  f u r t h e r  
oppo r tun i t i e s  for app l i ca t i on  in cl inical  medicine .  

Zusammenfassung. Nachweis ,  dass  ein Irei  t r ans -  
p l a n t i e r t e r  R a t t e n m u s k e l  besser  regener ier t ,  w e n n  er 
14 Tage v o r  der  T r a n s p l a n t a t i o n  dene rv i e r t  wurde.  
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