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T r a n s p l a n t a t i o n  of an Ent ire  Musc l e  in Mice 

Skeletal  muscles have  been considered to be incapable  
of surv iv ing  af ter  t r ansp lan ta t ion  f rom one animal  to 
another~-~. There m a y  be several  factors responsible for 
the failure of muscle t ransplanta t ion .  Among  these are 
oxygen and nut r ien t  deficiency for the  t ransplant ,  
immunologica l  react ion be tween t ransplant  and host  
tissues, dis turbances of t rophic  effect of nerve  on muscle 
and deleterious effects by infection *-~a. Taking  these 
factors into consideration, we a t t emp ted  to re inves t iga te  
t ransp lan ta t ion  of a whole muscle be tween mice. 

Material and method. Under  e ther  anesthesia  an entire 
extensor  d ig i to rum longus (EDL) muscle was excised, 
wi th  its complete  a t t a chmen t  of tendons,  in each of 
paired normal  mice (strain C57 BL/6J )  which were 
l i t t e rmates  of the  same sex 25-40 days after  birth.  The 
excised muscles were exchanged between the  paired 
animals  and t ransp lan ted  into the  area vaca ted  by  
remova l  of the  corresponding muscle. The tendons were 
sutured to neighboring tissues, main ta in ing  approxi-  
ma te ly  the resting length of the  muscle. This operat ion 
was 'pe r fo rmed  under  a dissecting microscope, and care 
was t aken  to min imize  in jury  of the  E D L  muscle and 
surrounding muscles. The E D L  muscle excised was 
t ransferred as quickly  as possible. The cut  ends of nerve  
fibres and bIood vessels were pu t  back in place af ter  
t ransplanta t ion,  and the  skin was closed. The operat ion 
was performed under  aseptic condition, and ant ibiot ics  
(penicillin) was given for a few days afterwards.  

Results and discussion. On the  3rd day after  the  oper- 
ation, some t ransp lan t  still re ta ined contract i le  abi l i ty  
when s t imula ted  direct ly  (Figure 1B). Nerve  s t imulat ion 
could not  induce any muscle contract ion.  The earliest 
sign oI contract ion induced by  nerve  s t imulat ion was 
observed on the  5th pos topera t ive  day in 4 out  of 6 cases. 
On the  l l t h  to 12th day, nerve  s t imulat ion invar iab ly  
produced muscle contract ion.  The a m o u n t  of muscle 

tension produced by  nerve s t imula t ion  was comparable  
to tha t  by muscle s t imulat ion.  Thus funct ional  reinner- 
r a t i o n  appears to be a lmost  comple te  wi th in  2 weeks after  
t ransp lan ta t ion  (see ref. *). The abor t ive  nuclear  migrat ion,  
demons t ra ted  on 143-day t ransp lan t  in Figure  21 (arrows, 
also see ref. ~a, *~ on a complete  migra t ion  toward  the  
per iphery  in the  minced muscle), was not  due to lack of 
innerva t ion  of the muscle fibres ~ (Figure 2 J). 

The t ransp lan t  a t ta ined  a normal  range of cont rac t ion  
t ime quickly  after  t r ansp lan ta t ion  (Figure 1C). Hal f  
re laxat ion t ime  became ra ther  slower short ly  after  the  
t ransp lan ta t ion  and was restored gradual ly  to the  normal  
range in 3 weeks (Figure 1D). Recove ry  of t ime  course of 
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Fig. 1. Changes in muscle weight  
(A), peak  twi tch  tension (13), con- 
t rac t ion  t ime  (C), and  half  relaxa- 
t ion t ime (D) of E D L  muscles a t  
in te rva ls  of 3 to 226 days  after  
t r ansp lan ta t ion .  Under  pentobar -  
b i ta l  sodimn anesthesia  (70 mg/kg,  
i.p.), the  E D L  muscles were ex- 
posed and dissected free dis ta l ly .  
Recording and s t imu la t i ng  condi- 
t ions were all  the same wi th  those 
repor ted elsewhere 2~. I sometr ic  
twi tch contrac t ion  was induced by  
di rect ly  s t imu la t i ng  the muscle 
(B, C, D) or ind i rec t ly  by  s t imula t -  
ing  the cut  sciat ic  nerve  (text).  
Larger  filled circles for A, C and D 
show mean  values  and  s t anda rd  
deviat ions  (n = 11) ob ta ined  from 
control  mice of s imi lar  ages. 
Muscle weight  was measured  as wet  
weight  after  recording contrac t i le  
properties.  Cross-sectional area 
of muscles for B was ca lcula ted  
from ra t io  of muscle wet  weight  to 
length  of superficial  muscle fibres, 
assuming dens i ty  of muscle  to be 
unity.  
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tw i t ch  con t rac t ion  appears  to be too fas t  if the  t r a n s p l a n t s  
follow the  same processes in regenera t ion  as t h a t  in 
pos tna t a l  d e v e l o p m e n t  1~ is. I t  seems l ikely t h a t  some 
surv iv ing  muscle  f ibres pa r t i c ipa t ed  in th i s  quick con- 
t r ac t ion  wi th in  2 weeks af ter  t r a n s p l a n t a t i o n  19. The 
quick con t rac t ion  a f te r  3 weeks, however ,  m i g h t  be 
a t t r i bu t ed  to t he  m a t u r e  charac ter i s t ics  of i nne rva t ing  
nerve  f ibres 10-12, 19. 

Despi te  increasing res to ra t ion  of cont rac t i le  abi l i ty  in 
the  t r ansp lan t s ,  the i r  we igh t  decreased pos topera t ive ly  
unt i l  abou t  the  21st day  (Figure 1A, B). Three  days  af ter  
operat ion,  some muscle  fibres began  to b reak  into Irag- 

ments .  The sareoplasm became  amorphous  and  less eosino- 
phil ic (Figure 2A-E).  The degenera t ive  processes were 
more  p ronounced  a t  t he  inner  zone a t  f i rs t  (Figure 2 A-E) .  
P rese rved  muscle  f ibres con t inue  to  an ini t ia l  m y o t u b e  
(Figure 2D, arrow), while  the  long s lender  m y o t u b e  is 
lying be tween  the  p rese rved  f ibres t h a t  stil l  re ta ined  
the i r  own nuclei a t  t he  pe r iphe ry  and had  clear cross- 
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Fig. 2. Transplanted EDL muscle and its histological and histochernieat features. H and E staining performed on longitudinal sections at 
5 ~zm (A-H). A) Inner zone of 3-day transplant. Note, some nuclear pycnosis. B) Near inner zone of 4-day transplant. C) Intermediate zone of 5- 
day transplant. At bottom is inner zone (also for D, E and F). Arrows show continuity of a preserved muscle fibre with a newly formed poly- 
nucleated cell. D) Magnification of rectangular portion of inset (d) which was viewed through intermediate zone of a 6-day transplant. E) 
Intermediate zone of another 0-day transplant. F) Outer zone of 12-day transplant. Almost all muscle fibres have been replaced by myotubes 
with cross-striations. V, vacuole. G) Inner zone of 21-day transplant. Note slender and more basophille muscle fibres compared with those 
of H with clear cross-striations. H) Nonoperated EDL muscle of contralateral side of 61-day-old mouse. Calibration bar, 30[Lm for A-H. 
I) Transverse section of the 143-day transplant, stained with H. and E., sectioned at 10 [~m. Inset, longitudinal section of another 
muscle by same procedure. Note a relatively large number of nuclei and their central localization (arrows). J) Acetylcholine esterase activity 
on muscle fibres of ll5-day transplant (arrows) with central and peripheral nuclei (N). Transverse section was stained after IKOELLE 26, 
and then with H. and E. Calibration bar, 30 [zln. I() Transplanted EI)L muscle (arrows) exposed in situ after 143 days under anesthesia. 
Blood supply and distal tendon of muscle may be seen. 
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s t r i a t ions  (Figure 2 E, arrows).  These  fea tures  m a y  ref lect  
2 d i f fe rent  modes  of regenera t ion ,  wh ich  m a y  concomi-  
t a n t l y  occur  u n d e r  our  e x p e r i m e n t a l  cond i t ions  "~ (for 
rev iew of muscle  regenera t ion ,  see 21-2a). 

The re  r e m a i n e d  r e l a t ive ly  i n t a c t  muscle  f ibres  in  t h e  
ou te r  zone of t he  mass  3 to  12 days  a f t e r  t r a n s p l a n t a t i o n  
(Figure 2 B - F ) .  These  a p p a r e n t l y  i n t a c t  muscle  f ibres  
seemed to  be  sub jec t ed  to degene ra t i ve  and  r egene ra t i ve  
processes 3 weeks a f te r  ope ra t i on  (Figure 2G). I n  some 
o the r  t r a n s p l a n t s  a t  t h i s  t ime,  a l t h o u g h  t he  or ig inal  
muscle  f ibres  were st i l l  def in i te ly  preserved,  m y o b l a s t s  or 
in i t ia l  m y o t u b e s  were scarcely  found.  F r o m  these  f ind ings  
i t  is l ikely t h a t  such  s lender  fibres,  especial ly  those  a t  t h e  
ou te r  zone, m a y  r ep resen t  e i the r  less ded i f f e ren t i a t ed  f ibres 
or s imp ly  a t r o p h i e d  f ibres  assoc ia ted  w i t h  t e m p o r a r y  
d e n e r v a t i o n  ~6. Tissue r e c o n s t i t u t i o n  was p rac t i ca l ly  
comple t e  3 weeks a f te r  t r a n s p l a n t a t i o n  (Figure 2G). 
I n f i l t r a t i o n  of l y m p h o c y t e s  was no t  m a r k e d  a t  a n y  s tage 
a f te r  t r a n s p l a n t a t i o n .  

B e t w e e n  120 and  150 days  a f te r  opera t ion ,  t he  muscle  
suffered a 15% loss in  n u m b e r  of f ibres  c o m p a r e d  w i t h  t h e  
n o r m a l  E D L  muscle  of c o n t r a l a t e r a l  side. Our  t r a n s p l a n t  
seems to be  a fa i r ly  comple te  s t r u c t u r a l  repl ica  of t h e  
muscle  r e m o v e d  (Figure 2 K). I n  contras~c w i t h  t he  resu l t s  
b y  o the r  i nves t iga to r s  la,*~, t he  t i ssue  r e c o n s t i t u t i o n  of 
our  t r a n s p l a n t  took  place, keep ing  i ts  i n t e rna l  a r ch i t e c t u r e  
a p p a r e n t l y  in tac t .  Th i s  m a y  p rov ide  f avorab le  cond i t ions  
for s t u d y i n g  t h e  m e c h a n i s m s  of muscle  r egene ra t i on  or 
r econs t i t u t i on  24. 

Zusammen/assung. Bei  Mgusegeschwis te rn  f i ihr te  h o m o -  
p las t i sche  T r a n s p l a n t a t i o n  k le iner  Muske ln  in t o to  zur  
W i e d e r e r l a n g u n g  ih re r  vol len  F u n k t i o n  u n t e r  ne rv6se r  
Kontro l le .  
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Viewing Stereopair Micrographs: Facilitated Alignment through Use of Color Filter 

Ste reopa i r  mic rog raphs  are read i ly  o b t a i n e d  w i t h  t h e  
s cann ing  e lec t ron  microscope.  T h e y  are pa r t i cu l a r ly  
useful  a t  h igh  magni f ica t ions ,  where  smal l  surface  fea tures  
are  no t  a lways  easi ly i n t e r p r e t e d  f rom single mic rographs .  
Ful ler  a d v a n t a g e  can  be t a k e n  of t he  h igh  reso lu t ion  
o b t a i n e d  w i t h  th i s  i n s t r u m e n t  if some f u r t h e r  op t ica l  
magn i f i ca t ion  is used while  v iewing  t h e  pr in t s .  A com- 
merc ia l ly  ava i l ab le  v iewer  (Wild H e e r b r u g g  ST 4 mi r ro r  
s tereoscope) in  fact,  af fords  a choice of 3 • a n d  8 • 
oculars  as a d j u n c t s  to  t he  basic  n o n m a g n i f y i n g  uni t .  
W i t h  some images,  p a r t i c u l a r l y  where  a n e a r l y r r e p e a t i n g  
p a t t e r n  is present ,  p rope r  a l i g n m e n t  of t he  images  w i t h  

respec t  to  each  o the r  becomes  progress ive ly  more  dif- 
f icul t  as g rea te r  magn i f i ca t i on  is used because  reference  
fea tu res  are easi ly lost. E y e  s t r a in  r ap id ly  develops,  
p e r h a p s  because  of i n v o l u n t a r y  effor ts  a t  focus ing  t h e  
images  b y  eye. 

I t  has  been  found  t h a t  i n se r t ion  of a l igh t ly  colored 
f i l ter  on  one side of t h e  opt ics  g rea t ly  fac i l i ta tes  p r o p e r  
a l i g n m e n t  b y  reduc ing  t h e  confus ion  b e t w e e n  t h e  two  
images  a n d  b y  emp h as i z i n g  t h e  i n d i v i d u a l i t y  of t h e  two  
m e m b e r s  in  pa i red  reference  fea tu res  w i t h o u t  i n t e r f e r ing  
w i th  pe rcep t ion  of t h e  t h r e e - d i m e n s i o n a l  effect. T h e  
f i l ter  can  be  r e m o v e d  a f t e r  a l ignmen t .  

Rat peritoneal fluid mast cell air-dried 
from 95 % ethanol after fixationin mixed 
aldehydes and post-fixation in OsO 4. 
Cambridge Stereoscan $4-10 SEM, se- 
condary electron mode, 5,000 • direct 
magnification. (These are eontaet 
prints.) Tilt angles: A = 42~ B = 28 ~ 
Marker = 1 b~m. 


