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SUMMARY 

Gastrocnemius muscles in mice were minced and orthotopically implanted. At 
the same time all nervous supply to this muscle was completely removed. It was ob- 
served that initially the pattern of  muscle regeneration was similar to what was ob- 
served in a normally innervated implant. But by day 6, distinct degeneration of regener- 
ated muscle fibres sets in, which continues unabated so that by about 3 weeks there 
usually remains only a thin band of connective tissue in place of  the implant. 

Histochemically, there is a gradual loss of  SDH, myofibrillar ATPase and cho- 
linesterase activities within the degenerating muscle fibres and a corresponding ap- 
pearance of  these enzymes in the regenerating fibres. In the denervated implants, with 
the onset of  degeneration of  the regenerating fibres, the enzymatic activities were also 

lost. Histochemical fibre typing was not achieved within the regenerating fibres. 
The regeneration and degeneration pattern of  the denervated muscle observed 

in the present study is compared with the one observed in other animals. 

INTRODUCTION 

It has now been established that nerves intimately control the structure and 
function of muscle. Through many experimental studies, it has been shown that nerves 
influence the structural integrity of  the muscle (Gutmann and Zelena 1962), its histo- 
chemical characteristics (Guth, Samaha and Albers 1970; Burke, Levine, Fajac, 
Tsairis and Engel 1971) and its physiological properties such as speed of  contraction 
(Buller, Eccles and Eccles 1960; Close 1964). The best example of  a nerve influence is 
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provided by cross-innervation experiments (Buller et al. 1960; Guth et al. 1970 
Samaha, Guth and Albers 1970) in which enzyme profile and speed of muscle are 
reversed or modified according to the type of innervation. 

Although nerves play an important role in the ontogenetic development of 
muscle, especially in terms of its growth and maturation, there is a known intrinsic 
developmental capacity of muscle which does not depend on nerves (Harrison 1904; 
Hamburger 1939; Hughes 1968). Recently the regenerating muscle system has been 
extensively used for the study of the nerve-muscle relationship. In this system, the 
muscle, after being thoroughly traumatized by mincing, undergoes a regenerative 
process which in many respects is similar to its embryonic development (Carlson 1973). 

The influence of the nerves during early phases of muscle regeneration has re- 
cently been studied in several species such as rat (Mong 1975), frog (Hsu 1974) and 
mouse (Yeasting 1969). In these studies there is considerable variation reported in 
terms of both the length of time a muscle can continue regenerating without a nerve 
supply and the degree of its differentiation ~n the absence of the nerves. For example, 
according to Studitsky (1963), muscle regeneration does not occur to any appreciable 
extent without a nerve supply. Zhenevskaya (1962) reported early muscle regeneration 
up to myotube formation whereas Hsu (1974) reported formation of almost mature 
muscle fibres in the absence of nerves, followed by their degeneration and finally 
elimination by day 30. Mong (1975) made similar observations in rats, although time 
for the onset of muscle breakdown varied. Yeasting (1969), while working on mice, 
described no histological differences in the regenerative processes in normally inner- 
vated and denervated gastrocnemius muscle during the 5-week period of  investigation. 
In most of these studies only gross morphological and histological observations were 
made and there was no correlation made in terms of histochemical differentiation of 
muscle. 

The present investigation was initiated to study the effects of denervation on 
muscle regeneration, especially of the degree of muscle development achieved and the 
time course for the breakdown of regenerated muscle as compared to other species 
studied. Histochemical maturation of  the regenerating fibres was also considered as 
well as the time of innervation and formation of motor end-plates. 

MATERIAL AND METHODS 

Commercially obtained mate Swiss Webster mice (20-35 g) were used in this 
series of  experiments. They were anaesthetized with ether. The mincing and ortho- 
transplantation of the gastrocnemius muscle was performed in the manner described 
by Carlson (1968) for rats. In the experimental series, the three branches of the sciatic 
nerve supplying the gastrocnemius muscle, namely peroneal, sural and anterior tibial, 
were transected proximally and removed all the way to the distal end: The transected 
end of the sciatic nerve, which lay underneath the biceps femoris muscle, was turned 
proximal and sutured to the underlying tissue so as to eliminate nerve fibre growth 
distally towards the implant. In the control series, these nerves were retained intact, 
although their connections with the muscle are obviously broken at the time of re- 
moval of  the muscle. 
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After the operation the animals were kept singly in a cage and fed ad libitum. 
At certain prescribed regular intervals the animals were anaesthetized again. The 
implants were removed, stretched on to a piece of filter paper and fixed in Bouin's 
fixative. These were then processed, sectioned and stained with haematoxylin and eosin. 

For histochemical analysis, the belly portion of the implant was frozen in iso- 
pentane which was cooled to --40 °C with dry ice. These were then sectioned at 
--20 °C in a Cryostat. The sections were air-dried for 1/2-1 hr and stained for succinic 
dehydrogenase (SDH), myofibrillar ATPase and cholinesterase by the methods de- 
scribed by Nachlas, Tsou, deSouza, Cheng and Seligman (1957), Padykula and Her- 
man (195 5) and Henderson's modification of Gomori's method (Pearse 1972) respect- 
ively. 

RESULTS 

Histology 

Control series 
The degeneration of the minced implanted muscle fibres starts from the peri- 

phery and proceeds towards the center. After 2 days there is a distinct rim of degener- 
ating fibres towards the periphery. The morphology of the degenerating fibres is 
typical. The sarcoplasm becomes deeply eosinophilic and vacuolated while the nuclei 
become pyknotic and undergo fragmentation. By the 4th day, within this mass of 
degenerating fibres, a few myogenic cells arise, which are seen aligning themselves in 
longitudinal rows or at some other places they even fuse to form myotubes (Fig. 1). 
By the 6th day, about 50 ~ of the total area, towards the periphery, is occupied by 

Fig. 1. A 4-day control implant. Note early myotube formation towards the periphery (arrow). 
H-E, x 100. 
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Fig. 2. Peripheral regenerating muscle fibres in a 6-day control implant. H-E, >," 100. 

many regenerating myotubes (Fig. 2). These myotubes have become well differentiated 
and many of them develop striations. The nuclei are still centrally located in these 
myotubes. The tendinous connections of  the regenerating muscle, especially towards 
the distal end, become well developed. The vascularization is also conspicuous in 
relation to the regenerating myotubes. The ischaemic, degenerating original muscle 
fibres persist in the central regions of  the implant until about 15-18 days. By this time, 
most of  the regenerated muscle fibres have differentiated into mature-looking muscle 
fibres with distinct striations, but characteristically, in most of  these, the nuclei still lie 

Fig. 3. Higher magnification of a few of the muscle fibres in a 15-day control regenerate; Note that 
myonuclei still lie centrally in most of the cases (arrow). H-E, Y. 250. 
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Fig. 4. Mature-looking regenerated muscle fibres in a 30-day control implant. H-E, x 100. 

centrally (Fig. 3). Their orientation has also become quite regular and they lie parallel 
to the longitudinal axis. The tendons have also grown tremendously, and most of the 
distal part of the regenerate is nothing but the huge calcaneal tendon. By 30 days, 
the muscle fibres grow further and look quite mature in their morphological character- 
istics. Many of the fibres have peripheral nuclei. From this stage onwards (Fig. 4), 
until day 70, there is further growth and development on this basic pattern. The muscle 
fibres continue to develop both structurally and functionally but the overall size of the 
regenerate remains small and strap-like and does not reach even half the mass of the 
original muscle. 

Fig. 5. A portion of a 4-day denervated implant. The myotube formation has initiated towards the 
peripheral region (arrow). H-E, x 100. 
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Fig. 6. A higher magnification of the degenerating myotubes seen in a 6-day denervated implant. Note 
the clumping of the myonuclei. H-E, 250. 

Denervated series 

During the first 2-4 days, the general picture is similar to that of the controls. 
There is the beginning of myoblast differentiation and myotube formation by the 4th 
day (Fig. 5); but very soon, that is by 6 days, quite distinct degeneration of the regener- 
ated myotubes sets in (Fig. 6). By this day, many myotubes can be seen to be affected. 
Their sarcoplasm undergoes partial dissolution or becomes shriveled up in many 
cases. The nuclei become pyknotic and clump together. By 7-10 days almost all of  the 

Fig. 7. Degenerating myotubes in a 7-day denervated implant. H-E, x 100. 
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Fig. 8. A few of the degenerating muscle fibres in a 10-day denervated implant. Note the packing to- 
gether of disc-shaped, highly pyknotic nuclei, a condition typical of denervation-induced atroph) and 
ultimate degeneration of muscle fibres. H-E, x 250. 

regenerated myotubes show typical degenerative changes (Figs. 7 and 8), in the form 

of sarcoplasm dissolution and nuclear clumping and disintegration. Connective tissue 

and adipose tissue are much more than in the control series. This disintegration and 

consequent elimination of  the regenerating fibres continues until about days 15-18 

(Fig. 9). By day 20 there is usually hardly any trace of the regenerating muscle left. 

Fig. 9. A higher magnification of the degenerating muscle fibres in a 15-day denervated implant. Note 
that the fibres are at the brink of complete elimination. H-E, x 250. 
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Fig. 10. SDH activity in a few fibres (arrow) in a 4-day control implant. , 100. 

The whole mass may be resorbed to a great extent, leaving only a band of connective 
and adipose tissue. 

Histochemical observations 

Control series 
SDH. Histochemical evidence of SDH activity persists in few of the fibres to 

the 4th day although the majority of them have already lost it (Fig. 10). By 8-10 days 

Fig. 11, SDH-positive myotubes in an 8-day control. × 100. 
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Fig. 12. SDH activity pattern in a 30-day control implant. Note that fibre typing has become quite 
conspicuous, x 100. 

the original surviving fibres have lost all the enzyme activity, whereas the regenerating 
myotubes show intense SDH activity (Fig. 11). By 25-30 days, these regenerating 
muscle fibres have recovered an almost mature looking histochemical profile for SDH 
activity (Figs. 12 and 13). 

ATPase. ATPase activity also follows a similar developmental course; that is, 
it is reduced or lost completely in degenerating fibres by 8-10 days while the regenerat- 
ing fibres stain intensely for this enzyme (Fig. 14). However, as are the fibres in the 

Fig. 13. SDH activity pattern in a control gastrocnemius muscle, x 100. 
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Fig. 14. Strong ATPase reaction in almost all of the regenerating myotubes in a 10-day control im- 
plant, w 100. 

control muscles, all regenerating fibres remain positively stained until the 50-day stage 
studied (Fig. 15 and 16). 

Cholinesterase. The cholinesterase activity in relation to motor end-plates in the 
implanted, minced muscle fibres persists for 6-8 days, but it is completely lost by 12 
days. In the meantime it appears in relation to the regenerating myotubes. It is diffused 
at the beginning, but by 25-30 days the motor end-plates become quite well defined 
with almost normal looking cholinesterase activity (Figs. 17 and 18). 

Fig. 15. All ATPase-positive muscle fibres in a 50-day control implant, x 100. 
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Fig. 16. ATPase activity in a control gastrocnemius muscle. Note that all fibres are ATPase-positive. 
× 100. 

Denervated series 

SDH. By 6-8 days, the implanted degenerating fibres gradually lose their activity 

whereas by 6-10 days the regenerating myotubes show rather intense SDH activity 
(Fig. 19). By 13-15 days, there is a gradual loss of  enzymatic activity as well as a 
haphazard distribution of this enzyme. By 16-18 days there are left only a few regener- 

ating fibres which show a faint and abnormal staining reaction for SDH (Fig. 20). 

Fig. 17. Well defined cholinestetase activity (arrow) in relation to regenerating muscle fibres in a 35- 
day control implant, x 100. 
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Fig. 18. Cholinesterase activity in a control gastrocnemius muscle. ~ 100. 

,4TPase. ATPase activity also shows a pattern similar to SDH. The original 
fibres lose this enzyme by 6-10 days. The regenerating fibres show it initially (Fig. 21), 
but gradually degenerate with a corresponding loss of enzymatic activity. 

Cholinesterase. The degenerating original fibres lose cholinesterase activity by 
6-8 days, but the regenerating fibres do not develop any cholinesterase activity until 
18-20 days, by which time there are few fibres remaining. 

Fig. 19. Regenerating myotubes showing rather intense SDH activity in a 6-day denervated implant. 
× 100. 
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Fig, 20. Degenerating muscle fibres in a 16-day denervated implant. Some of these still show SDH 
activity, x 100. 

Fig. 21. Most of the regenerating muscle fibres showing ATPase activity in a 10-day denervated im- 
plant. × 100. 

DISCUSSION 

The present investigation supports earlier observations (Hsu 1974; Mong 1975) 
that muscle regeneration can proceed to a considerable extent without innervation. 
However, the degree of  muscle differentiation achieved before the onset of  degenera- 
tion varies in various cases and is of considerable interest. For example Mong (1975), 
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while working on triceps surae ot rats, described a rather similar pattern of muscle 
regeneration in normal and denervated rats until day 30. In both cases well-different- 
iated muscle fibres with distinct striations and peripheral nuclei were observed before 
regressive changes started in the denervated implant. In frogs, H su (1974) saw only early 
regeneration taking place in the denervated implants. Regenerated muscle fibres 
developed only faint striations and had mostly central nuclei when the degeneration 
of these fibres set in by the end of the 2nd week. In the present series of experiments, 
the onset of degeneration of regenerating muscle fibres was much more rapid. It 
started by day 4 and was quite conspicuous by day 6. The regenerating fibres never 
developed distinct cross-striations, and they had chains of central nuclei when de- 
generation set in. Why such closely related animals as rats and mice differ so much in 
terms of degree of muscle regeneration in the denervated condition is difficult to ex- 
plain. It could be due to species differences, the metabolic pattern of  the muscle in- 
volved or the life span of various animals (Hnik and Skorpie 1962). In this regard it 
is even more interesting to note that some workers have found quite different results 
working with the same animals. For example, Studitsky (1963) described very little 
or no muscle regeneration in the denervated condition in rats while Zhenevskaya 
(1962) described muscle regeneration up to the myotube stage in the denervated con- 
dition, followed by degeneration. Yeasting (1969) saw no difference whatsoever be- 
tween denervated or normally innervated minced gastrocnemius muscle implants in 
mice during the 5 weeks of study. It is difficult to interpret such variation in results. 
These differences could be a result of local differences in the strains of rats and mice 
used or, more probably, due to the operational procedures adopted. Partial or incom- 
plete denervation and/or secondary infection of the regenerate may cause these varia- 
tions in results. From the description of denervation reported by Yeasting (1969), it 
seems he did not achieve a complete denervation. 

The morphological picture of muscle degeneration following initial regeneration 
was similar to that described by Hsu (1974) and Mong (t 975). The sarcoplasm became 
vacuolated, the striations disappeared and the nuclei became pyknotic, disc-shaped 
and packed together. The degeneration proceeded quickly, and practically all fibres 
had undergone complete degeneration by 3 weeks. At this time there remained only 
a bundle of connective and adipose tissue and in some cases only a thread-like band 
of connective tissue. This is quite different from what was observed in iats, where al- 
though there was a gradual increase in connective and adipose tissues, some atrophying 
muscle fibres remained viable for a long time (until about day 150) (Mong 1975). 

Due to practically complete denervation, it is obvious that the animal 
could not use its denervated leg, i.e. it remained permanently flexed. It has been seen 
in many cases that disuse may result in atrophy of the muscle (Riley and Allin 1973: 
Tomanek and Lund 1974). However, Hsu (1971) observed that immobilization (by 
femurectomy) did not affect the minced muscle regeneration in frogs. More control 
experiments have to be performed to resolve the effect of disuse in cases of denervated 
minced muscle regeneration. 

Histochemically, the present observations were similar to the ones made by 
Mong (1975). In his studies on rats, both normal and denervated implants showed 
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SDH and myofibrillar ATPase activities during the early phases of regeneration. This 
was also the case in mice, except  tha t  in denerva ted  implants ,  due to an ear ly  degenera-  

t ion  o f  the regenera t ing  fibres, the  his tochemical  different iat ion o f  the muscle fibres 

did  not  p roceed  any further .  However ,  most  o f  the degenera t ing  muscle fibres tended 

to re ta in  posi t ive  h is tochemical  react ions  until  the end. 

Posi t ive S D H  and  myofibr i l lar  A T P a s e  react ions were also observed in denerv-  

a ted muscle  fibres in many  ear l ier  studies,  bo th  in vi t ro and in vivo (Engel and  K a r p a t i  

1968; Askanas ,  Shafiq and  Mi lho ra t  1972). There  was, however,  observed a lack  o f  

h is tochemical  different ia t ion o f  fibre types in these studies as well as in the denerva ted  

regenera t ing  muscle fibres in rats  ( M o n g  1975; Car l son  and G u t m a n n  1976). Because 

o f  an ear ly degenera t ion  o f  the regenerated muscle  fibres, cau t ion  must  be exercised 

in using the mouse  as a mode l  for  studies on myogenic  proper t ies  o f  denerva ted  re- 

generat ing or  t r ansp lan ted  muscle. 

F r o m  the present  s tudy,  therefore,  it seems clear tha t  nerves are not  required 

dur ing  the ear ly stages o f  muscle  regenera t ion  in mice, but  they are  needed for  fur ther  

d i f ferent ia t ion and  m a t u r a t i o n  o f  these fibres and  in the rea l iza t ion  o f  normal  physio-  

logical  activities.  I t  seems tha t  the degree o f  muscle different iat ion achieved in the 

denervated  condi t ion  and  the t ime o f  onset  of  muscle degenera t ion  is var iable  in va r ious  

species o f  animals  and  should  be considered dur ing  fur ther  exper imenta l  studies. 
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