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Summary. The ability of myogenic cells to migrate per-
pendicular to the long axis of freely autografted muscles
was examined. Rat extensor digitorum longus muscles
were divided, and one half was devitalized by repeated
freezing in liquid nitrogen while the other half was kept
viable in physiologic saline. The halves were reunited
with sutures and grafted back into the original muscle
bed. At intervals between 5 and 25 days the grafts were
removed and examined histologically for the presence
of myotubes within the devitalized region. Myotubes
were first seen in the devitalized half 10 days postgraft-
ing with the maximum number of myotubes observed
after 12 to 15 days. These results indicate that myogenic
cells are capable of migration perpendicular to the long
axis of the muscle fibers in an autograft.
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Three distinct zones are established in a freely au-
tografted muscle as it regenerates: a peripheral zone of
surviving muscle fibers, a middle zone of regenerating
muscle, and a central zone of necrotic muscle fibers.
With time, the middle zone increases in size at the ex-
pense of the central zone until the graft is filled with
regenerated muscle (Carlson et al. 1979). The myogenic
cells in the central zones of freely grafted muscles die
after 4h in an ischemic environment (Phillips et al.
1987). Although the central zones persist in excess of
4 h (for days or even wecks), the grafts are eventually
filled with regenerated muscle. Therefore, the precursor
cells for the new fibers must originate outside of the
central ischemic core and migrate in.
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The peripheral zone of surviving muscle fibers could
serve as the origin of these precursor cells, if myogenic
cells are capable of migrating perpendicular to the mus-
cle’s long axis. Migration of myogenic cells has been
studied by several investigators. Electron-microscopic
observations of rat tibialis anterior and mouse lumbrical
muscles led Schultz (1978) to conclude that myogenic
cells migrate out of the basal lamina into the interstitial
space in response to denervation. The studies of Jones
(1979) and Lipton and Schultz (1979), based on electron-
microscopic and autoradiographic examination, demon-
strated that 95% of labeled myogenic cells injected into
rat and Japanese quail muscles migrated away from the
site of injection and eventually fused to pre-existing
myofibers, whereas 5% fused with one another to form
myotubes in the interstitium. Bischoff (1979) noted that
in vitro, myogenic cells migrated away from single mus-
cle fibers through tears in the basal laminae. In more
recent experiments, Schultz et al. (1985, 1986) froze or
crushed one portion of the rat extensor digitorum longus
muscle and monitored regeneration and mitotic activity
of myogenic cells in both the damaged and undamaged
regions using histologic and autoradiographic methods.
Their results demonstrated the ability of myogenic cells
to migrate parallel to the long axis of a muscle from
uninjured areas to injured regions. Furthermore, Schultz
et al. (1986) showed the ability of myogenic cells to mi-
grate transversely from adjacent muscles when the epi-
mysiums of the opposed muscles were disrupted.

A split autograft model was employed in the present
study to determine if intrinsic myogenic cells possess
the capacity to migrate perpendicular to the long axis
of a muscle graft toward the ischemic central core. The
rat extensor digitorum longus (EDL) muscle was split
longitudinally. One half was devitalized and the other
half kept viable. The two halves were sutured together
and grafted back into the rat. Subsequent presence of
myotubes in the devitalized half of the graft would sug-
gest that myogenic cells are indeed capable of migration
perpendicular to the long axis of a muscle.
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Materials and methods

Devitalized|viable grafts. Adult rats (250-300 gm) were obtained
from the F-455 strain maintained at the University of Michigan.
Rats were anesthetized with ether. An incision was made along
the lateral aspect of one rat hindlimb from the knee to the ankle.
The subcutaneous fascia was split, and the EDL muscle was re-
moved from its bed by severing its tendons of origin and insertion,
and the neurovascular supply. The muscle was then sectioned longi-
tudinally with a cut paralleling the muscle fibers to minimize the
number of damaged fibers. One half of the muscle was placed
in 0.9% NaCl. The other half was devitalized by freezing it in
liquid nitrogen for 30 sec followed by thawing in 0.9% NaCl (Ghins
et al. 1984, 1985; Schultz et al. 1986). The freeze and thaw proce-
dure was repeated 3 times. The tendon-stumps in the animal were
devitalized by pinching them with forceps cooled in liquid nitrogen.
The two halves of the muscle were rejoined with silk sutures and

grafted into the original EDL muscle-bed. No attempts were made
to anastomose the transected artery or to rejoin the nerve. The
overlying fascia and the skin were closed with sutures. The grafting
periods were 5-9 (n=8), 10-15 (n=25), and 16-25 (n=_8) days,
after which times the EDL muscles were fixed in Bouin’s solution
and embedded in paraffin. For histological examination, 7 um-
thick, serial longitudinal sections and mid-graft cross-sections were
cut and stained with hematoxylin and eosin. The presence of myo-
tubes within the devitalized region was considered as evidence for
the migration of myogenic cells.

Control grafts. The controls grafts were of 3 varieties: 1) a non-
frozen, freely autografted EDL muscle (n=12); 2) a devitalized
freely autografted EDL muscle (n=24); and 3) an autograft in
which the EDL muscle was split and both pieces were frozen and
sutured together (devitalized/devitalized) (n=8).

Postoperatively, all rats were provided with tetracycline water
(15 mg/ml) and rat chow ad libitum.

Fig. 1A, B. 20-day devitalized
EDL muscle graft. A Low
magnification photograph
demonstrating that majority of
graft is composed of tendon (i),
and connective tissue (cf). H& E
% 70. B High magnification
photograph of boxed region in
1A showing loose connective
tissue (cz), adipose tissue (a), and
absence of muscle regeneration.
H & E x 140



Results

Control grafts. The freely autografted EDL muscles re-
generated typically (Carlson et al. 1979). After grafting,
all but the most peripheral fibers underwent ischemic
necrosis. Two or 3 days postgrafting, small capillaries
had reached the surface of the graft, penetrated the pe-
riphery of the graft by days 4 and 5, and began revascu-
larization of the ischemic central core. These vessels were
accompanied by macrophages and the formation of
myotubes. The capillaries and the regenerative process
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proceeded centripetally, so that by 7 to 10 days after
grafting all of the necrotic muscle had been replaced
by regenerating fibers with central nuclei. Between 10
and 235 days postgrafting, many of the central nuclei had
migrated to the periphery of the maturing muscle fibers.
The devitalized EDL muscles showed no sign of muscle
regeneration, with the exception of an occasional myo-
tube near the proximal end of the graft. The early grafts
were composed of necrotic muscle fibers, which were
replaced by granulation tissue and adipose tissue with
increasing age of the graft (Fig. 1). The devitalized/devi-

Fig. 2A, B. 15-day devitalized/
devitalized EDL muscle graft. A
Low-magnification photograph
showing border between

2 devitalized halves of graft
(arrows). H & E x60. B High-
magnification photograph of
boxed region in A. Graft is
composed of granulation tissue
(gt) and connective tissue (cf). No
myotubes are present. H & E

x 170
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talized grafts were composed primarily of tendon, adi-
pose tissue, and collagen. Isolated myotubes were rarely
observed in these grafts (Fig. 2).

5 to 9-day experimenial grafts. Gross observation re-
vealed 2 distinct halves in each of the early grafts. The
frozen halves were pale and appeared avascular. In con-
trast, the viable halves were red-yellow and exhibited
numerous small blood vessels on their surfaces. The fro-
zen sides were shorter than the viable portions due to
shrinkage during devitalization. Serial longitudinal sec-
tions demonstrated more dramatic differences between

Fig. 3A, B. 7-day devitalized/
viable EDL muscle graft. A Low
magnification photograph
demonstrating that muscle
regeneration has progressed to
interface (wrrows) between viable
(V) and devitalized (D) portions
of graft. H & E x50. B High-
magnification photograph of
boxed region in A. Myotubes (m)
occupy viable half, whereas
devitalized half contains loose
connective tissue (cf) and necrotic
muscle fibers (). When 2 halves
of muscle are sutured together
and returned to muscle bed, they
are not necessarily under the
same amount of tension. Because
architecture of regenerating
muscle is dependent on tension,
divergent fiber orientation can
occur. Result is presence of
obliquely sectioned fibers in
devitalized region and
longitudinally sectioned myotubes
in viable portion, as seen in this
figure. H& E, x 150

the halves of the muscle. The frozen regions contained
necrotic muscle and a few invading macrophages, which
appeared in greater numbers as the grafting periods in-
creased. In contrast, the viable sides exhibited typical
muscle regeneration with numerous macrophages, sinus-
like blood vessels, and myotubes occupying the periph-
ery (Carison et al. 1979). As the age of the grafts in-
creased, this regenerative process progressed, reaching
the interface of the devitalized and viable regions be-
tween 7 and 9 days postgrafting (Fig. 3). Cross-sectional
analysis confirmed these observations, and in addition,
revealed that muscle regeneration progressed more rap-
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idly at the periphery than at the center of the grafts
(Fig. 4).

10 to 15-day experimental grafts. Gross distinction be-
tween the 2 halves of each graft was difficult without
the aid of the sutures. Histological examination showed
the first evidence of myogenic cell migration 10 days
postgrafting. The viable halves exhibited parallel rows
of regenerated muscle fibers with eosinophilic cytoplasm
and centrally located nuclei. The devitalized halves con-
tained degenerating muscle fibers, macrophages, fibro-
blasts, and a small number of myotubes apparently spill-
ing over from the viable portion (Fig. 5). Maximum mi-
gration of myogenic cells was seen 12 to 15 days after
grafting. All of these grafts exhibited myotubes in the
devitalized half, and in 69%, myotubes were observed
as far away from the viable region as the periphery of

Fig. 4A, B. Cross-section of 7-day
devitalized/viable EDL muscle
graft made at mid-belly. A
Regenerative process has reached
interface (arrows) between
devitalized (D) and viable (¥)
portions at periphery of graft.
One suture (s) is visible in this
section. H & E x30. B High-
magnification photograph of
boxed region in A showing cross-
sectioned myotubes () in
regenerating part of graft. H & E,
x 100

the frozen portion of the graft. In addition, the number
of myotubes within the devitalized region increased dra-
matically over that seen in 10-day grafts (Fig. 6).

16 to 25-day experimental grafts. Unexpectedly, the re-
generative process in the older grafts did not appear
to progress any further in the devitalized regions. In
fact, degenerating myotubes were replaced with loose
connective tissue and adipose tissue, a series of changes
characteristic of regenerating muscle that fails to become
reinnervated (Carlson 1981).

Discussion

A split autograft model was used to determine if myo-
genic cells are able to migrate perpendicular to the long
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axis of a freely autografted muscle. Myotubes in the
devitalized half indicated migration of myogenic cells
from the viable half. By 12-15 days after grafting, myo-
tubes were observed as far as the periphery of the devita-
lized half of the muscle. In addition, the number of myo-
tubes in the devitalized region reached its peak. There-
fore, we conclude that myogenic cells do indeed have
the capacity to migrate perpendicular to the long axis
of a muscle graft.

The control grafts were executed to show that freez-
ing in liquid nitrogen followed by thawing eliminated
all viable cells from the graft and to be certain that
the viable portion of the split autograft was the only

Fig. 5A, B. 10-day devitalized/
viable EDL muscle graft. A Low-
magnification photograph
showing junction (arrows)
between devitalized (D) and
viable (V) portions of graft and a
suture (s). H & E x50. B High-
magnification photograph of
boxed region in A showing a few
myotubes () spilling over from
the viable half of the graft into
the devitalized half. H & E,

x 100

major source of myogenic cells. The intact devitalized
rat EDL muscles failed to exhibit any sign of regenera-
tion. The split devitalized grafts were also devoid of
myotubes, suggesting that the freeze and thaw technique
killed the intrinsic myogenic cells and that the contribu-
tion of myogenic cells from exogenous sources, such as
macrophages (Yarom et al. 1976), the thymus (Wekerle
et al. 1975), the pineal gland (Freschi et al. 1979), glia
{Lennon and Peterson’1979), fibroblasts (Constantinides
et al. 1977), pericytes (Freund-Molbert and Ketelsen
1973), adjacent muscle via the circulation (Bateson et al.
1967), or other means was negligible. These results con-
firm the data reported by Ghins et al. (1984, 1985), and



Schultz et al. (1986). On the other hand, our results are
in conflict with a number of other investigators. Par-
tridge et al. (1978), Grounds et al. (1980), Grounds and
Partridge (1983), Watt et al. (1987), and Morgan et al.
(1987) allografted either intact or minced muscles be-
tween strains of mice with different genetic variants of
glucose-6-phosphate isomerase (GPI). Electrophoretic
analysis detected donor and host isomerases, and occa-
sionally host-donor hybrid isomerase in the grafts. The
influx of any host cells could be responsible for the pres-
ence of host GPI, but host-donor hybrid GPI could only
result from the fusion of host and donor myogenic cells.
Therefore, the authors concluded that myogenic cells
from an exogenous source, namely adjacent muscles,
contributed to the regeneration of these grafts.
Although different laboratory techniques could be
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Fig. 6 A, B. 13-day devitalized/
viable EDL muscle graft. A Low-
magnification photograph
showing interface (arrows)
between devitalized (D) and
viable (V) halves of graft. H& E,
% 50. B High-magnification
photograph of boxed area in A
exhibiting large number of
myotubes (m) as far as periphery
of devitalized portion of graft.
H& E, x130

responsible for the divergent data from these 2 groups,
a more likely explanation is the difference in experimen-
tal animals used. In our laboratory and those of Ghins
and Schultz rats were used, whereas Partridge, Grounds,
Watt, and Morgan used mice. The epimysium of rat
muscle is thicker than that of mice and may act as an
effective barrier to myogenic cell migration. In fact,
Schultz et al. (1986) showed that myogenic cells from
rat muscle could migrate to an adjacent devitalized mus-
cle only if the epimysium of both muscles was disrupted.
The greater absolute distances that myogenic cells would
have to migrate in the rat versus the mouse would also
be prohibitive.

Our results and the data of Phillips et al. (1987) lend
support to the hypothesis that myogenic cells survive
in the periphery of a muscle graft and migrate perpendic-
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ular to the muscle’s long axis to give rise to regenerating
muscle in the ischemic central core of the graft. The
stimulus for this migration is speculative at this point.
Venkatasubramanian and Solursh (1984) demonstrated
that chick embryonic myoblasts migrate toward a gra-
dient of platelet-derived growth factor (PDGF) and
PDGPF-like factors in a modified Boyden chamber assay,
and suggested that the vasculature is the source of these
factors. Bischoff (1986) prepared an extract from
crushed skeletal muscle which showed mitogenic activity
for embryonic myoblasts and satellite cells of single mus-
cle fibers in vitro. The same extract injected into the
flexor digitorum brevis muscle of 1-week-old rat pups
for 4 to 5 days stimulated an increase in the DNA con-
tent and the number of myonuclei per muscle fiber.
Bischoft speculated that this factor may be chemotactic
as well. The findings of Schultz et al. (1985, 1986), dem-
onstrating the migration of myogenic cells, within a mus-
cle and between adjacent muscles, from undamaged ar-
eas to regions injured by freeze-thaw, and the results
from Maltin et al. (1983) and Klein-Ogus and Harris
(1983) showing migration of myogenic cells from non-
necrotic muscle to the site of trauma following the injec-
tion of myotoxic snake venom also suggest a chemotac-
tic mechanism,

Using the split autograft model described in this re-
port, we were able to demonstrate that myogenic cells
surviving in a viable portion of a muscle graft are capa-
ble of migrating perpendicular to the long axis of the
muscle into a devitalized region. These results confirm
the notion that myogenic cells can migrate great dis-
tances to the site of trauma within a muscle, without
being constrained by the endomysium or perimysium.
Furthermore, we showed that myogenic cells from exog-
enous sources do not make a significant contribution
to the regeneration of devitalized muscle grafts in the
rat. Once we understand the migratory capacity of myo-
genic cells and their source, we can focus our attention
on determining the stimulus for the initiation and direc-
tion of their movement, with the ultimate goal of con-
trolling their motility to improve the regeneration of
skeletal muscle.
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