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AssTRACT.—Regeneration of gastrocnem ius muscle following transplantation was
studied in mice. It was discovered that there was an initial phase of degeneration of almost
all of the original muscle fibres followed by a regeneration of a new population of myotubes
within the graft. By about the second week post-grafting, a distinct atrophy and degenera-
tion of regenerated muscle fibres had set in. This process continued unabated so that by
about the end of the fourth week there remained only a few regenerating muscle fibres within
the graft, while the rest of the area was occupied by connective and adipose tissue elements.
These results indicate that mouse gastrocnemius muscle does not possess good regenrative
ability following transplantation. Possible reasons for this inability are discussed.

INTRODUCTION

Despite an increasing interest in tissue and organ transplantation, the tran-
splantation of skeletal muscle has received relatively little attention. For a
long time all attempts to graft entire mammalian skeletal muscle were unsuccess-
ful (Zhenevskaya et al., 1965; Roy, 1966; Thompson, 1971). Such grafts were
cither resorbed or underwent a more or less complete fibrosis and degeneration.

During the last two decades, however, successful free autografting of entire
mammalian muscles has been achieved in a number of cases (Bosova, 1962;
Thompson, 1974; Hakelius, 1974; Carlson and Gutmann, 1975; Mufti et al.,
1977). Tt has been observed that during this process there is an initial phase
of degeneration of almost all of the original muscle fibres which is then followed
by extensive regeneration of new muscle fibres. One other important obser-
vation made in such studies is that the size of the muscle is somehow related to
its ability to survive and regenerate in transplanted condition. It has been
claimed by Zhenevskaya et al. (1965) and Carlson and Gutmann (1974), that
free grafting of muscles weighing more than 2 g in the rat is usually unsuccess
ful. However, recently, cat Extensor Digitorum Longus (EDL) muscle, which
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weighed more then 3 g, has been successfully transplanted (Faulkner et al.
1976; Mufti et al., 1977; Maxwell et al., 1978). This indicates that relative
weight of the muscle with respect to the total bcdy weight of the animal rather
than the absolute weight of the muscle is cf cchsiderable importance. Such a
maximum threshold of w ight and size of the muscle in relation to different
animals has thus far not been worked out.

It was with this background information that the present investigaticn
was initiated. The gastrocnemius muscle in mice, which is relatively a heavy
and large muscle in relation to the total bedy weight of the animal, was tried for
its ability to survive and regemerate in transplanted condition. This ‘nfor-
mation, along with similar observaticns to be made i other animals and on
some other muscles, should given us a fairly good idea about the maximum

size and weight of the muscle which could be safely and successfully transpla-
nted in an individual, including humasns.

MATERIALS AND METHODS
In this series of experiments, 75 male mice belonging to the species Muis
musculus were used. The average weight of the mice was 32 g.

The surgeries were performed in semi-sterile conditions. The ifistruments
and glassware were boiled and washed with 709 alcohol.

The transplantation of the Gastrocnemius muscle was performed in a manner
described for many skeletal muscles (Carlson and Gutmann, 1975; Mufti et al,
1977). Briefly described, this process involves isolation of the muscle by
snipping all its neural, vascular and tendincus ccnnections. The muscle is
then taken out, weighed and grafted back in its original bed in proper orienta-
tion. Both proximal and distal tendons are sutured back but there is o attempt
to reattach neural and vascular elements. After grafting of the muscle, the
overlying fascia and the skin are sutured with 5-0 silk. The operated leg was
then wiped with 5% solution of Acriflavin to avoid infection. The operated
antimals were then kept singly in clean cages and were administered Tetracycline,
in their dridking water for about 3-4 days post-operative.

After various prescribed iatervals, the operated animals were again anacsthe-
tized. The muscle grafts were exposed,isclated and removed. These were
weighed and fixed in Bouin’s fixative for 6-12 hours. These were then processed

for histology. Thin paraffin sections (8:10 um) were cut and stained with
Heamatoxylin and Eosin.
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RESULTS

Gross Morphological Observations

Morphologically, the graft appeared quite pale and pufly during the first
couple of days. By the end of the first week, it had established lccse
connecticns w th the surrcunding tissues as wellas with its prcximal and
distal tendon stumps. It also became moderately vascularized as a result of
which its colour turned pinkish red. Another important morpholcgical
observation made at this stage was that its overall size had also beccme
reduced. During the second week post-transplantaticn, the graft had beceme
strap-like but was well vascularized. Its prox‘mal and distal tendincus
connections had also become quite firm. However, during the 3rd and 4th
week post-grafting, the overall size of the graft became quite reduced. It
had taken the form of a thin strap of fibrous tissue with obviously little muscle
tissue in it.

Histological Observations

Histologically, it was observed that degeraticn of the muscle fibres
within the graft had set in quite early (Fig. 1). The destructicn of the
original muscle fibres was especially proncurced in the peripheral arcas
of the graft as is typical in such systems. Intense macrophage activity was
quite apparent in such areas. By the 5th day post-grafting, cpe cculd easily
identify few highly basophilic, spindle-shaped mycblasts wthn the peripheral
zone of muscle degeneraticn (Fig. 2). Such mycblasts were mcstly lecated
within the endomysial tubes. By the end of the first week, mcst of the original
muscle fibres had undergcne complete degeneration and elimipaticn acd their
place had been taken up by meny differentiating myotubes. At this stage, a
gradi:nt cf muscle degeneration and regeneration could be made cut frem the
peripheral to the central zone of the graft.

During the second week pcst-transplentation, the regcnerating muscle fibres
had developed to a considerable extent (F'gs. 3 and 4). They had acquired
distinct crcss. and leng'tudinal striations. There were, however, two other
features within the greft which were nfcresting to note at this stege.  Firstly,
there was a gradual increase in the emcunt of conbective 2nd adipcse tissue
within the graft. These features signified the beg'nn'ng of the precesses of
degeneration and atrophy of the graft. (Fig. 5). Secondly, thcre were also
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F1G. 1. A portion of 3-day regenerate. Most of the muscle fibres in the peripheral arca
have undergone degeneration (arrow).  x 80.

Fig. 2. Portion of a 5-day implant, showing many myoblasts and myotubes towards
distal and peripheral side (arrow). X 80.

FiG. 3. A portion of 10 day regenerate showing the myotubes (arrow).  x 80.

FiG. Higher magnification of previous photograph. Note well developed myotubes
(arrow). x320.

Fic. 5. Longitudinal section of a 15 day implant showing extensive fibrosis. Note also
extensive adipose tissue (arrow). x20.

&
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indications of degeneration within the regenerated muscle fibres as well,

These indications were in the form of greater eosinophilia and disscluticn of
sarcoplasm within these fibres as well as pycnosis of their nuclei (Fig. 6).

By the end of the third week fcllowing transplantation, the mcst important
observation was an obvious degeneraticn and atrcphy cf the muscle fibres
within the graft. Almost all of the regenerated muscle fibres were seen affcetcd
and showed typical degenerative chinges toth in the form of sarcoplasmic
dissolution and vacuolation and mycnuclear clumprg ¢nd pycnosis (Figs.7
and 8). The nuclear configuration (disc-shaped) and their stacking tcgetker
is quite typical of a denervation-induced atrcphy cf the muscle fibres (V.ufti,
1977). There were indications that some of the muscle fibres may have cven
undergone a complete degeneration and their place havicg been taken by the
spreading connective and adipose tissue (Fig. 9). This conclusion could be
drawn by virtue of the fact that both these tissues had now spread quite widly
within the graft. There were, however, still present a few original muscle
fibres which had not yet undergone complete degeneration. These were present
mostly towards the distal side of the graft. Some of the regenerating myotubes
also survived, especially towards the periphery of the graft.

By the end of the fourth week following transplantation, most of the regenc-
rated muscle fibres had been eliminated (Fig. 10). Their place had been
occupied by dense connective and adipose tissue, as observed previcusly.
There had also been a tremendous increase in the tendon formaticn within the
graft. A few of the regenerated muscle fibres still survived, present mestly
towards the peripheral region of the graft. The graft as a whole presented
poor picture of muscle regeneraticn. It is obvious from these observaticns
that muscle atrcphy and necrosis would continuc till the whole graft may take
the form ofa band of nothing but dense fibrous tissue with only a few regenerated
muscle fibres within it.

DISCUSSION

The results obtained in the present study indicate that mouse gestrcene-
mius muscle docs not undergo successful long term transplantaticn.
Although there is definitely observed an initial phase of muscle regencraticn
within the transplant, there cccurs extensive fibresis within the muscle result-
ing into a practically non-viable graft. Studitsky and Bcsova (1960) and
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A higher magnification of a portion of a 15-day implant. Note myctubular
degeneration in the form of sarcolysis (arrow) and nuclear clumping (double
arrow). %320

A portion of an 18 dayimplant. Note atrophy and degeneration of many of the
regenerating fibres in the form of nuclea: pycnosis and stacking (arrow). x80.
Higher magnification of degenerating and atroph /ing muscle fibres present within
a I8-dayimplant. Note nuclear clumping (arrow).  x 320.

A portion of 18-day regenerate. Note that almost all of the myotubes are affected
withir the implant, Note also the elaboration of extensive connective and
adipose tissue (arrow). x80.

A portion of a 30-day regenerate. Note that most of the muscle fibres have
undergone atrophy and degeneration and most of the space has been occupied by
collagenous and adipose tissue (arrow). x 320

~
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Bosova (1962) had also reported unsuccessful transplantation of rat gastro-
coemius muscle, when this muscle was transplanted without the pre-dener-
vation treatment. These authors studies long term transplants and repcrted
a more or less complete fibrosis of the muscle resulting into the formation of
a thin band-like structure full cf ccnnective and adipose tissue. Carlscn
(1972) also observed that in the free autcgrafts cf the ncrmal gastrocnemius
muscle in rat, there was an almost ccmplete destructicn of the implected
muscle fibres so that the whole space was occupied by a dense mass of conncctive
and collzgenous tissue. He further pointed ocut that there was “seldom any
evidence cf muscle regeneration seen”. In the present study, however, there
is an initial phase of sound muscle regeneraticn within the transplant, wh'ch
lasts for almost two weeks, before degenerative phase sets in. This initial phase
of muscle regeneration, in the form of myoblast formetion and myotube difi-
erentiation, is quite similar in many respects to what has been described in
many other recent intact muscle transplantation studies, such as the ones
involving rat soleus and EDL muscle (Carlson and Gutmann, 1975) and cat EDL
muscle (Mufti etal., 1977). Similarly, mouse EDL also showed good regenera-
tion following transplantation (Hironaka and Miyata, 1975) The cccurrence,
in the present study, of considerable muscle regeneration within the gastrccoe-
mius muscle is quite interesting.

One of the foremost reasons given for the lack of muscle regeneration
following transplantation of the rat gastrccncmius muscle was cited to be the
large size of the muscle. It was generally observed that muscle weigh'ng mcre
than 2g did not undergo successful transplantation and regenecration (Carlscn
and Gutmann, 1974). Due to the large size of the muscle, the rate and
amount of the reinnervation and revascularization was considcred to be
too slow to facilitate regencration. However, in a recent study, cat EDL
muscles, which weighed more than 3-4g, were successfully transplanted
with or without pre-denervation treatmcnt (Faulkner et al., 1976; Mufti et al.,
1977). This observation threw doubts over the notion held previously
that an absolute weight of more than 2 g of the muscle renders it incapable of
undergoing successful transplantation. It seemed that the relative weight
of the muscle in relation to the total body weight of the animal rather than
an absolute weight may be pertinent to its survivaland regeneration following
transplantation. The results obtained in the present study tend to support this
contention. Mouse gastrocnemius muscle, which hed and averzage weight of
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0.715 g, although showed an initial phase of muscle regeneraticn, cculd not
undergo a successful trdnsplantaticn, and eventually underwent exte. sive fibrosis
and degeneration.

The presence of the initial phase of muscle regeneraticn, as found in the
prcsent smdy, had apparently not been recorded in the case of rat gastrocnemius
muscle. Unfortunate]y in both cases where it was tried (Bosova, 1962; Carlson
and Gutmann, 1974) only long term observations were made. It may be possible
that even in rat gastrocnemius muscle there may have been present an
unma] phase of muscle regeneration following transplantation with an evén-
tual necrosis as seen in the present study. A more careful study of the initial
stages of rat gastrccnemius muscle regeneration fcllcwing transplagtation
are in order to further comment on the presence of an early muscle regenerative
response ii'_l the mouse gastrocnemius muscle. It may, however, be pointed
out here that muscle regeneration in the form of myotubes differentiation,
has been reported even in a completely denervated cenditicn (Mufti, 1977;
Mocng, 1977). It is thus quite possible that in a situation like the present series
of cxpenments a cons1derable degree of muscle regeneration can take place
duting the initial pericd following transplantation, inspite of complete
dénervation and avascularity. After going through such an initial phase of
muscle regeneration, proper innervation and vascularization have been seen to
be vital for firther growth and maturation of the dlﬁ'erentlatmg muscle fibres
(Hsu 1974: Mufti, 1577 Mot’lg, 1977). Id & denervaited cond1{10n regenera-
ted myotubes ubﬂéréo dtrophy and dre eventually eliminated. fnterestxﬁg!y
enough, the pattérn of atrophy 4nd d'égeneratlon of the regenerated myotubes
éntotintered i the pres’ent stu*dy, is very similar io the one seen m muscle
regenerdtion studies in a denervated condition. The mycnuc]ear cIumpmg
their disc-shdped dppearence and pycnosis as well as sarcoplasm eosmcphxha
and dissolution are all indications of myotubular degeneratlcn as seen in a
transplanted niisclé in a denérvated condition (Mufti, 1977 Mong, 1977)

Although in the resent study there wds fo direct dttémipt (6 élifnindite the
nerve supply, it seems that adequate idhervatiofi could not dévélop in reﬁilfdn
to the muscle transplant, especially towdrds its more interiof régions. THéte
was sufvival of quite a few of the regenetated muscle fibres towdrds the peti-
phery showing thereby that perhaps there was adequiate innervdtion develeped
at this site to ensure growth and maturation of thé muscle fibres. Apparestly,
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