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Abstract: Exogenous administration of testosterone propionate to normal male rats
accelerated the process of skeletal muscle fibre's regeneration following orthotopic
transplantations of extensor digitorum longus muscles. At one-week postgrafting period
the hormone supplemented muscle grafts were found to attain significantly higher
average cross-sectional area of the regenerated muscle fibres than those in the control
transplants. The steroid exerted its pronounced anabolic effects during the early phase
of muscle regeneration and the experimental grafts looked also better in terms of less
deposition of connective tissue and earlier completion of degeneration-regeneration
course than the control regenerates. In the later stages of regeneration cross-sectional
areas of the regenerated muscle fibres were comparable in both categories of the grafts,
however, number of the regenerated muscle fibres appeared higher in the hormone
supplied transplants accompanied with little connective tissue deposition.
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INTRODUCTION

amaged skeletal muscles regenerate and regain structural and functional

characteristics of varying degrees depending on amount and nature of the

injury incurred (Carlson, 1935; Brooks and Faulkner, 1990; Islamov et al.,

1991; Zacharias and Anderson, 1991; Robertson et al., 1993; Sesodia et al.,
1994). Likewise, skeletal muscles also regenerate following various types of graftings
(Carlson and Gutmann, 1973; Mufti and Ali, 1977; Carlson et al., 1983; Martin et al.,
1990; Qazi and Mufti, 1990; Zamir and Oron, 1993; Chuang et al., 1994). Among the
different grafting procedures the model of free skeletal muscle transplantation has been
used widely in various experimental studies to understand the mechanism of the
regeneration (Grim et al., 1986; Phillips e al., 1987; Schultz et al., 1988; Gulati and
Swamy, 1991; Qazi and Mufti, 1997). Concerning clinical applications, free skeletal
muscle transplantations have successfully been attempted in a number of cases to cure
paralyses of different muscles (Thompson and Wynn-Parry, 1981), anal and urinary
incontinences (Gierup and Hakelius, 1978; Hakelius er al., 1978) and for upper limbs
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reconstructions (Grotting er al., 1990; Chuang er al., 1994) in addition to many
cosmetic surgeries.

At time of transplantation a freely grafted skeletal muscle is an avascular,
denervated and tenotomized mass, kept within a bed of surrounding tissues. These
conditions subject the graft to necrosis followed by appearance of regenerating muscle
fibres within the transplant accompanied by revascularization and reinnervation
processes (Carlson and Faulkner, 1983; Womble, 1983; Grim ez al., 1986; Carlson,
1989; Schultz, 1989). Ultimately, the regenerated skeletal muscle becomes integrated
with its surroundings and starts functioning, however, the structural and functional
recoveries of a mature regenerate are only about 50% of the original grafted tissue
(Carlson and Faulkner, 1983: Faulkner and Cote, 1986; Baker and Poindextor, 1991).

For its wider clinical applications many efforts have been made to improve the
quality of skeletal muscle regenerates. Such studies include ablation of muscles
synergistics to the graft (Coan and Tomanek, 1981; Mufti and McNemar, 1986),
addition of extra satellite cells or soluble factors from crushed muscle (Bischoff and
Heintz, 1994) and application of laser irradiation (Bulyakova, 1992; Weiss and Oron,
1992). One of the ways considered to obtain better skeletal muscle transplants is to study
the effects of anabolic hormones, especially androgens on the process of regeneration
(Carlson and Faulkner, 1989: Qazi and Mufti, 1989, 1997; Ullman and Oldfors, 1991).
Testosterone is a highly myotropic hormone (Allen et al., 1983; Kuhn and Max, 1985)
and its deficiency causes muscle atrophy (Miyamoto et al., 1989). Role of this hormone
in the process of skeletal muscle regeneration has been studied, in detail, for a
testosterone dependent muscle, the levator ani (Max et al., 1981; Mufti, 1985; Mufti
and Chaban, 1987; Mufti and Raouf, 1990). Regarding the effects of androgens on
regenerating skeletal muscles other than the levator ani, practically little information is
available. However, Qazi and Mufti (1989, 1997) have reported that the extensor
digitorum longus (EDL) muscle grafts regenerated poorly in orchidectomized rats and
the transplants responded positively to exogenous supply of the hormone. The present
study was undertaken to observe the effects of testosterone propionate on regenerating
EDL muscle grafts in normal (uncastrated) rats. The information reported here is useful
for improving the quality of skeletal muscle regeneration and adds further to the
understanding of the mechanisms underlying this process.

MATERIALS AND METHODS
Experimental animals

Twenty-seven adult, Rartus norvegicus, males were used in this research. The rats
weigh at start of the experiment was in the range of 121 to 210 g. They were kept in an
animal house with roughly 12 hours dark/light cycle and fed on Lab. prepared food
comprising of poultry feed, fish meal, wheat flour, molasses and water (see Ali and
Shakoori, 1990). The animals were provided a constant supply of water.
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Surgical procedure and hormone administration

The rats were anaesthetized with ether and othotopic transplantations of both EDL
muscles were performed under disinfected conditions. The operated animals were
supplied with 0.06% terramycin in drinking water for 3-4 days postoperative. Details of
the surgical protocol have been mentioned elsewhere (Qazi and Mufti, 1997). Following
the graftings of the muscles the rats were categorized into two groups. One set of the
animals (TP) was injected with a solution of testosterone propionate in corn oil in an
amount of 1.0 mg/100 g body weight (bw). Second group of the rats received 0.2 ml of
corn 0il/100 g bw and served as vehicle injected controls (cv). The drug and the vehicle
were administered intraperitoneally, each day starting from the day of muscle
transplantation.

Processing of grafts for various observations

The operdted animals were anaesthetized as mentioned above and the EDL muscle
grafts were recovered at each week within a period of one month postgrafting. The
regenerates were isolated from the surrounding tissues removed out by cutting the
tendinous connections and immediately immersed in 0.9% saline solution to protect
them from drying. They were soon weighed and calibrated as mg/100 g bw. Tendons of
both sides of the regenerates were then cut away, while mid portions were processed for
histological and morphometric analyses. The tissues were fixed in Bouin's fluid for at
least 4-6 hours and processed routinely for paraffin embedding and sectioning. Cross
and longitudinal sections were cut at 8 pm on a Cambridge rotary microtome. The
sections were subsequently stained with haematoxylin and eosin. Photomicrographs of
representative sections were taken on a camera fitted microscope.

Morphometric analysis of the regenerated muscle fibres was performed by
measuring average cross-sectional area of the fibres within graft. This procedure
involved projection of six areas from a cross-section of a given regenerate onto paper
with the help of camera lucida. While observing at 400X magnification through the
microscope, outlines of individual regenerating/ed muscle fibres falling within 17x14 cm
sample area on the paper were traced for each of the six areas. Magnification of the
microscopic image on the paper was determined by projecting and tracing the divisions
of a stage micrometer. Cross-sectional areas of outlines of the muscle fibres were then
measured by a K-E polar Planimeter. Readings of the planimeter (cm)? were calibrated
as (um)? by the following formula:

Planimeter reading x 108

Cross-sectional area (um)? =
(Magnification)?

Average cross-sectional area of regenerated muscle fibres was calculated for each
cross-section representing a given sample. Statistical difference of the experimental EDL
muscle grafts from the controls was then assessed by applying Student's 't' test.
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RESULTS
Weight of animals and EDL muscle grafts

A gradual increase in weights of the control rats was observed throughout the study
period and upto 2-week postgrafting there was no difference in the % body weight gain
in the CV and TP rats. However, at 3- and 4-week stages the increase in body weights
of the hormone supplemented animals was found significantly less than the respective
controls (Table 1).

Table I: Percent gain in the body weights (A) and percent recovery in weights of the
EDL muscle regenerates (B) during the postgrafting periods in the control
(CV) and testosterone propionate supplemented (TP) rats.

Experi- Time postgrafting (weeks)
mental 1 2 3 4
group A B A B A B A B

10478 65.77° 18.41 39.58 3307 40.91 49.99 32.53
€V 096 = +4 06 4339 4062  +483- L6390 . +590  +2:62

) 3) 4) “) ) 3) “) “4)

1171 53.05 18.76 3 s st oGS 593°  <5504"
TP - F387 1487 127 1985 w557 1506 L1090 551

C)) 4) “) 3) “) “4) “) (C)

a: body weights taken in grams; b: weights of EDL muscles regenerates calibrated as mg/100 g
b.w. Values are means + SEM; asterisks show significant difference. * = P<0.05; ** =
P<0.01. Number in parenthesis indicates sample size (Student's 't' test).

Weights of the muscle regenerates in the TP rats were significantly higher at 2- and
4-week stages, than the respective control transplants. Average weights of 2-week EDL
muscle regenerates in CV and TP rats turned out as 22.45+0.82 and 29.71+2.81
(mg/100 g bw), respectively, while the corresponding figures for one-month old
regenerates were 19.96+1.34 and 32.23 +3.64. When grafts were calibrated as % of
original mass, the 4-week TP transplants showed a significant increase as compared to
the controls (Table I).

Histological observations

One-week EDL muscle grafts in the TP rats, looked quite better than the respective
CV transplants (Fig.lA-F). One-week control graft contained a considerable number of
centrally located necrotic and peripheral original surviving muscle fibres. Fascicles of
regenerating muscle fibres in such grafts were seen well separated from each other with
elaborate amount of connective tissue in between them (Fig.1A,C). The hormone
supplemented transplants looked entirely different as there were no central necrotic
muscle fibres, thus the degeneration phase had already completed its course and the
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One-week control (CV) and testosterone propionate supplemented (TP) EDL
muscle grafts. A. CV graft showing regenerating (arrow), necrotic (curved
arrow) and original surviving muscle fibres (o.s.m.f.) (arrow head). C.S. 40X. B.
TP graft indicating regenerated muscle fibres (r.m.f.) (arrow) and tendon (arrow
head), C.S. 40X. C. CV graft, showing fascicles of regenerating myotubes
(arrow), (o.s.m.f.) (curved arrow) and connective tissue (arrow head), 100X.
Inset: A well developed r.m.f. (arrow) and fat deposition (arrow head), C.S.
400X. D. TP graft showing fascicles of r.m.f. with very little connective tissue,
100X, Inset: Compactly arranged regenerated (arrow) and regenerating (arrow
head) muscle fibres, C.S. 400X. E. CV graft, showing r.m.f. (arrow) and
connective tissue, L.S. 400X. F. TP graft illustrating closely packed mature r.m.f.
(arrow) with very little connective tissue, L.S. 400X. Note: All the sections were
stained with H&E.
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regeneration processes were operative well in advance as compared to the situation found
in the control regenerates (Fig.1B,D). The muscle grafts in the TP rats were filled with
compactly arranged regenerated muscle fibres, with scanty amount of connective tissue
in between the fascicles, while regenerated muscle fibres were very thinly distributed
and varied greatly in size in the control grafts which also contained extensive amount of
connective tissue. Notable amount of adipose tissue formation was also observed in the
CV transplants, but the situation was not encountered in the TP regenerates (Fig,1C,D).
Longitudinal sections of the grafts also presented the same picture. The CV regenerates
contained elaborate amount of connective tissue and the regenerating muscle fibres were
observed at an early stage of regeneration; with chain of centrally located nuclei
(Fig.1E). On the other hand, in TP grafts there was very little connective tissue and the
transplants contained well developed and mature muscle fibres, with peripherally located
nuclei (Fig.1F).

At 2-week stage the TP grafts contained. relatively lesser amount of connective
tissue and appeared to have many more regenerated muscle fibres (hyperplasia) than in
the respective controls. These fibres, however, appeared to have cross-sectional areas
comparable to the fibres in the control grafts (Fig.2A,B). At 3-week postgrafting the
regenerated muscle fibres within the control grafts had undergone further growth and
development and connective tissue had correspondingly decreased (Fig.2C). The
situation was more or less similar in the TP grafts and the overall quality of muscle
regeneration in such grafts did not differ much from the controls (Fig.2D). By the end
of 4th week, the control as well as the hormone supplemented grafts were observed to
contain developed, mature regenerated muscle fibres, compactly arranged into muscle
fascicles. The fibres in both categories of the muscle regenerates at this stage appeared
of about same dimensions. However, number of the muscle fibres in the TP grafts
looked more than in the controls and they were found compactly arranged with
polygonal morphologies in cross-sections. The two types of the grafts also differed in
having the amount of connective tissue which was more in the CV transplants
(Fig.2E,F). :

Morphometric observations

The morphometric data were found in fair agreement with the histological
observations. The average cross-sectional area (ACSA) of the regenerated muscle fibres
in 1-week TP grafts was about 55% larger than in the control grafts. Except for the
significant difference at this stage there were almost no differences between the ACSAs
of the regenerated muscle fibres of the CV and TP grafts, for the remaining study
periods (Table 2). It appeared that in the latter stages of regeneration the EDL muscle
grafts responded to the hormone supply via hyperplasia (Fig.2C,D), while hypertrophy
of the regenerated muscle fibres was observed in the earlier phase.



Fig. 2:

MUSCLE REGENERATION & EFFECT OF TESTOSTERONE 141

A. Two-week CV graft, showing newly r.m.f. (arrow), some developed ones
(curved arrow) and connective tissue, 400X. B. Two-week TP graft illustrating
r.m.f. with very little connective tissue, 400X, C. Three-week CV graft showing
r.m.f. (arrow) and a muscle spindle (arrow head), 400X. D. Three-week TP graft
illustrating r.m.f. (arrow), connective tissue (curved arrow) and a muscle spindle
(arrow head), 400X. E. Four-week CV graft showing mature r.m.f. fibres of
smaller sizes (arrow head) and a nerve (curved arrow), 100X, Inset: A fasicle of
developed r.m.f. (arrow) and some with centrally located nuclei (arrow head),
400X. F. A four-week TP graft, showing hyperplasia and polygonal shapes of
r.m.f., 100X. Inset: Peripheral position of nuclei in mature r.m.f. (arrow) with
very little connective tissue in between them, 400X. Note: All the photographs
represent cross-sections stained with H&E, :
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Table II: Average cross-sectional areas (;4m)2 of regenerated muscle fibres of the EDL
muscle grafts in the CV and TP rats.

Type of Stages of regeneration
graft 1 week 2 week 3 week 4 week
121.732 213.54 198.82 239.68
Ccv +1725% +9.00 +29.69 +9.71
bN =567 N =464 N=558 N =605
3) 3 3 “)
189.09* 196.87 182.59 215.37
TP +16.34 +22.01 +40.06 +35.56
N=379 N=658 N=467 N=770
3 () 3) (C)

a: Mean + SEM; b: total number of the regenerated muscle fibres of all samples taken into
account for measurement of cross-sectional areas. Asterisk shows significant difference

(P <0.05). Number in parenthesis indicates the sample size (Student's 't’ test).

DISCUSSION

Administration of testosterone propionate to normal rats did accelerate the earlier
phase of the process of regeneration following orthotopic transplantation of EDL
muscles. As at 1-week stage the muscle regenerates in the hormone supplemented
animals attained mature regenerated muscle fibres with significantly higher cross-
sectional areas than those found in the control grafts. Connective tissue element and fat
deposition were much less in the TP grafts and these regenerates did not contain central
mass of necrotic muscle fibres. However, the significant hypertrophy of the regenerated
muscle fibres in the TP rats at the first sampling period was not observed for the
remaining stages. Rather the hormone treated muscle transplants in the later stages
indicated hyperplasia and the one-month old regenerates showed significantly higher %
recovery in terms of the wet weight than the control grafts.

The results indicate synthesis of androgen receptors in the earlier phase of the
muscle fibres' regeneration. It is well known that response of target tissue to steroid
hormones is mediated and dependent on variations of cellular content of receptor
proteins (Saartok er al., 1984; Baulieu and Master, 1989). Formation of androgen
receptors has been reported to occur in regenerating levator ani muscles in rats within
few days following crush injuries (Max et al., 1981; Mufti, 1985). Another mode of
action of androgens on regeneration of skeletal muscle is mediated through the process
of reinnervation: Re-establishment of neural connection with a muscle graft is pre-
requisite for development, growth and final functional differentiation of the regenerated
muscle fibres (Carlson, 1988, 1989; Melone et al., 1990; Sesodia et al., 1994). In this
connection it is important to note that the regeneration of axotomized motorneurons has
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been shown to be influenced positively by androgens in various experimental animals
such as in rats (Kujawa er al., 1993) and in hamsters (Jones and Oblinger, 1994:
Kinderman and Jones, 1994).

Apart from the growth promoting effects of testosterone propionate on regenerating
muscle fibres, acting via better reinnervation of the muscle grafts the hormone also
appeared to enhance the process of revascularization. Breakdown and removal of
necrotic muscle fibres within a graft is accomplished by cell-mediated destruction. On
the invasion of ingrowing capillaries to the ischaemic zone of a muscle graft, large
number of macrophages phagocytize necrotic sarcoplasm of the dead original muscle
fibres (Hansen-Smith and Carlson, 1979: Carlson, 1982). And speed of regeneration of
muscle fibres in ischaemic EDL muscles in rats has been shown to be directly
proportional to the rate of revascularization (Jennische, 1985, 1986). Results of this
investigation indicated that the degeneration/ regeneration processes in the hormone
supplemented grafts coramenced quite earlier and by the end of first week such
transplants comprised of developed regenerated muscle fibres. On the other hand, one-
week control grafts contained a considerable number of central necrotic muscle fibres
still awaiting for the vascular approach for their destruction and subsequent
disappearance. To conclude it is stated that anabolic effects of the steroid on the
processes of regeneration can be visualized in terms of rapid revascularization and
reinnervation, well grown regenerated muscle fibres, and scarce development of adipose
and connective tissues within the muscle transplants.

Significant hypertrophy of regenerated muscle fibres in the experimental grafts
observed at the first but not for the remaining sample periods could be related to
alterations in the levels of ‘growth hormone. There is ample evidence that anabolic
effects of androgens are closely associated with the presence of adequate levels of
growth hormone (Kawai er al., 1982; Griffin and Wilson, 1987). And it is also well
known that circulating growth hormone concentrations are increased after various kinds
of injuries including surgical stress (Charters ez al., 1969; Carey er al., 1971; Wright
and Johnston, 1975). In the light of these findings it is tempting to speculate that
increase in the level of growth hormone might had occurred in the rats following the
muscle grafting surgery and elevated level of this hormome enhanced the growth
promoting effects of the steroid during the initial phase of the muscle fibres'
regeneration. It is, therefore, hypothesized that anabolic effects of androgen on
regenerating skeletal muscle fibres may be accentuated by enhancing availability of
growth hormone.
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