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Skeletal muscle specimens from ten amputated atherosclerosis- and/or
diabetes mellitus- damaged limbs and five similar biopsies from acute
trauma patients (controls) were subjected to histological and immuno-
histochemical analysis.

A widespread skeletal muscle fiber atrophy, dystrophy and fibrolysis in
parallel to satellite cell proliferation and myogenic tube formation were
found in the same area or in adjacent ischemia-damaged areas. Differ-
ent phases of muscle degradation and regeneration in the same area
were observed. As a rule, the regeneration process was not finalised and
resulted in smaller or larger fields of fibrosis. No histological signs of
inflammation in the zones of intensive formation of myotubes were reg-
istered.

Since in amputated ischemic human limbs signs of the continuous muscle
regeneration process seen always have been, we conclude that the bio-
logical indications for surgical limb revascularization still existed. Limb
amputation probably should be practiced more rarely than it is done

nowadays.
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INTRODUCTION

Peripheral arterial ischemia is an increasingly impor-
tant problem in rapidly aging population. Ischemia-
induced ulcer or gangrene in the lower extremity is
not uncommon in the aging people. Claudication
and muscle pain at rest are common symptoms of
limb arterial occlusions. Major amputation is no
longer an easily acceptable treatment without prior
assessment for a limb salvage procedure, often sur-
gical revascularization. The final results of revascu-
larization depend also on the functional and struc-
tural state of chronically ischemia-damaged muscles.
The choice of treatment is a challenging problem in
traumatology and orthopaedic surgery. No real gui-
delines for treatment of muscle ischemia exist.
Skeletal muscles of adult mammals after injury
and ischemia (1), are capable of regeneration al-
though very slow and not always with complete
functional recovery. If a muscle does not receive
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blood supply, necrosis occurs. Nevertheless, even in
some necrotic zones the regeneration capacity of a
muscle can persist. Usually the damage-regenera-
tion process consists of three phases: necrosis, reva-
scularization, and remodeling (2). The injured muscle
undergoes a rapid process of skeletal muscle regene-
ration, which is hindered by the development of scar
tissue. Injury- and ischemia-induced regeneration in
a skeletal muscle is due to satellite cell functions in
vivo (3). Quiescent myogenic stem cells (satellite
cells) are ischemia/hypoxia activated to reenter the
cell cycle and to differentiate for repair of damaged
myofibers, thereby recapitulating the features of
myogenesis during embryonic development (4). The
capacity for tissue repair is crucially conferred by
satellite cells located between the basal lamina and
sarcolemma of mature myofibers (5, 6).

Limb preservation should be the main goal in
most patients with chronic critical limb ischemia.
The feasibility of revascularization is determined by
arteriographic findings as well as the availability of
a bypass conduit. The state of skeletal muscle vi-
ability is very important.
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The objective of the study was to analyze the
state of skeletal muscle regeneration in conditions
of extreme limb ischemia/hypoxia in patients to
whom an ischemic limb was amputated.

PATIENTS AND METHODS

Muscle specimens were taken from amputated athe-
rosclerosis- and/or diabetes mellitus-damaged limbs
of 10 patients in Vilnius University Hospital. Biop-
sies from five fresh acute trauma patients served as
control. All specimens were fixed in 10% neutral
formalin, embedded in paraffin and processed for
staining with hematoxilyn-eosin (H&E), safranin, and
for immunohistochemical analysis.

Immunohistochemistry. The primary antibodies
used were serum protein absorbed rabbit anti-hu-
man vWF IgG (1:400, Dakopats A/S, Glostrup, Den-
mark); anti-human CD68 monoclonal mouse anti-
body (1:100, DAKO A/S, Glostrup, Denmark); anti-
human T cells, CD8 monoclonal mouse antibody
(1:100, DAKO A/S, Glostrup, Denmark).

Paraffin sections 5 um thick were mounted on
DAKO Capillary slides (TechMate™, DAKO, Glo-
strup, Denmark), deparaffinized in xylene and re-
hydrated in graded ethanol series and 10 Mm phos-
phate-buffered, 0.9 saline, pH 7.4 (PBS). For antigen
retrieval, the slides were placed into the Buffer for
Antigen Retrieval for the use with TechMate™ In-
struments (Dako A/S, Denmark) and microwaved for
10 min at 600 W, then kept at room temperature for
30 min, washed in PBS and stained automatically
according to the following protocol: 1) the primary
antibody, diluted with DAKO ChemMate™ antibody
diluent, for 1 h; 2) secondary antibody containing both
biotinylated goat anti-rabbit IgG and biotinylated goat
anti-mouse IgG antibodies for 30 min; 3) peroxidase
block for 30 min; 4) peroxidase-conjugated streptavidin
3 times for 3 minutes; 5) HRP Substrate Buffer and
finally 6) substrate working solution containing 3,3-
diaminobenzidine tetrachloride (ChemMate™ Detec-
tion Kit) for 5 min. Between each step, the sections
were washed with DAKO ChemMate™ washing buff-
ers three times and dried in absorbent pads. Replace-
ment of the primary antibodies with normal rabbit
IgG or monoclonal mouse IgG of the same isotype
and concentration as the specific primary antibodies
but with irrelevant specificities, diluted with DAKO
ChemMate™ antibody diluent, were used as negative
controls. All incubations were performed at +22 °C.
After immunostaining the sections were removed from
machine, counterstained with hematoxylin or left with-
out counterstaining, washed, dehydrated in ethanol
series, cleared in xylene and mounted in synthetic
mounting medium (Diatex, Beckers Industrifag AB,
Marsta, Sweden).
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RESULTS

Individual myofiber cut in a cross-section in the
control group were polygonal (often hexagonal), had
peripheral nuclei and relatively uniform diameters
of 30 to 80 microns in different areas. On routine
histologic sections stained with H&E or safranin,
myofibers appeared to lie immediately adjacent to
each other. A thin network of collagen fibers that
surrounds the myofibers, the endomysium, was not
readily seen. Small arteries usually were damaged
(Fig. 1), their lumina narrowed.

Fig. 1. Calcium deposits (arrow) and multinucleated giant
cells in the tunica media of occluded small artery. H &
E. x400

Rapid degeneration of ischemia-damaged myofi-
bers spared the satellite cells or stimulates their
proliferation in the same area (Fig. 2). The key for
rapid and successful regeneration seemed to be the
preservation of reasonable intact basal laminae sur-
rounding the infused muscle fibers. Fragmentation

Fig. 2. Proliferating satellite cells (arrow) in the area of atro-
phic muscle fibers (arrowheads). Safranin staining. x400
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of muscle fibers indicated an early process of in-
jury, usually no older than 6 h. The areas with
dominating phagocytosis showed the deterioration
process that had lasted at least 10 days. After 13
days of the ischemic injury the areas with regenera-
tion of myotubes were present (Fig. 3), showing the
process to be no less than two weeks old. Histo-
logical examination of serial sections revealed large
numbers of differentiating muscle fibers. Regenerat-
ing myofibers were identified by their basophilic
cytoplasm and nuclei containing prominent nucleoli.
In proximity to them cross-striated muscle fibers
appeared; this phenomenon appears after 18 days
of the onset of muscle regeneration. The data
showed that activation of the myogenic response did
not depend directly on the surrounding cell death
and degeneration process. Occasionally it was at
some distance from atrophic or dystrophic muscle
fibers. The regenerative process frequently was not
finalized, resulting in development of abnormal
muscle fibers that branched or formed small au-
tonomous-looking clusters. In some areas larger or
smaller amounts of scar tissue was formed.
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Fig. 3. Clusters of regenerating myotubes (arrows) among
degenerating muscle fibers (arrowheads). Safranin stain-
ing. x400

Usually the picture showed simultaneous muscle
degradation and regeneration that followed chronic
ischemic injury, nevertheless almost always with in-
complete structural recovery. Degenerating myofibers
were engulfed by CD68+ macrophages in the pro-
cess of myofiber phagocytosis (Fig. 4). Inflamma-
tory cells in the phase of necrosis usually were lym-
phocytes, CD8+ cells, histiocytes, and plasma cells,
surrounding blood vessels and infiltrating the widen-
ed interstitium between the myofibers. Polymorpho-
nuclear phagocytes were seen only occasionally. No
mitosis figures in fibers or myotubes were found.
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Fig. 4. Phagocytosis of degenerating muscle fibers (arrow-
heads). Immunohistochemical staining for CD68 (arrows).
Conterstained with H & E. x200

No dividing cells were in close proximity with a
regenerating muscle fibers. No inflammatory cells
in the proximity to myotubes were seen. There were
no inflammatory giant cells among necrotising muscle
fibers. No inflammation signs were present in the
spots of regenerating myotubes. Proliferative satel-
lite cells were often detected on a large cleft in
degenerating myofiber beneath a single basal lamina.
There was no evidence for migration of satellite cells
through the basal lamina. Myotubes with central
nuclei and filaments of nascent sarcomeres were seen
as well. Adjacent to the myotubes there were many
small mononuclear cells with condensed heterochro-
matin and little cytoplasm. These cells were univer-
sally in contact with both the basal lamina and the
cell membrane of the growing myofiber and were
likely to represent the myogenic precursor cells that
have reverted to a quiescent state.

Numerous, closely packed and centrally posi-
tioned nuclei in newly-formed muscle fibers were
noticed in regeneration spots. When the nuclei
migration to the periphery of fiber as the sign of
further differentiation progresses were seen, an aug-
mentation of the diameter of fiber was simulta-
neously registered. The more distinctly fibrils form-
ing contractile apparatus exhibiting the cross-stria-
tion appeared, the more mature newly regenerated
fibers were. Some hypercontracted (opaque) fibers
were scattered among other newly-formed skeletal
muscle fibers. A heterogeneity in the levels and
amount of atrophic, degenerative and regenerative
muscle fibers was usually found.

DISCUSSION

Patients with critical limb ischemia require a multi-dis-
ciplinary approach to effective management (7-9).
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Chronic critical limb ischemia is manifested by
pain at rest, non-healing wounds and gangrene.
Chronic critical limb ischemia is the end result of
arterial occlusive disease, most commonly athero-
sclerosis. Narrowed vessels cannot supply a suffi-
cient blood flow to exercising leg muscles. Critical
limb ischemia can develop when the blood flow does
not meet the metabolic demands of tissues at rest.
Patients with diabetes are more likely than other
patients to have distal disease (10). Compared with
amputation, revascularization is more cost-effective
and is associated with better perioperative morbidi-
ty and mortality.

Skeletal muscle are damaged and repaired re-
peatedly throughout life. Skeletal muscle is one of
the regenerative tissues in mammals. This process
is dependent on highly coordinated gene regulation
(11). The primary events are essentially the same as
those in the differentiating muscle in the embryo.
Both cell proliferation and differentiation programs
are essential for myogenesis. Upon injury satellite
cells reenter the cell cycle, proliferate and then exit
the cell cycle either to renew the quiescent satellite
cell pool or to differentiate into mature myofibers.
Regeneration starts when satellite cells located bet-
ween the sarcolemma and basement lamina of the
muscle fibers are activated by growth factors re-
leased by infiltrating mononuclear cells and plate-
lets associated with early hematoma. Neutrophils
appear within hours becoming a source of pro-in-
flammatory cytokines. Macrophages remain for seve-
ral weeks. Lymphocytes debride the necrotic tissue
and secrete a variety of growth factors that pro-
mote regeneration. Greater understanding of the
molecular mechanisms by which satellite cell acti-
vity is regulated could promote the development of
novel countermeasures to enhance muscle perfor-
mance compromised by disease or aging. Mamma-
lian cell proliferation involves the retinoblastoma
protein (Rb)/E2F signaling pathway (12, 13), activa-
tion of which leads to increased activities of E2F
transcription factors (14, 15) and upregulation of
E2F-responsive genes encoding proteins directly in-
volved in DNA replication and cell cycle progres-
sion (16, 17). Myogenic differentiation is controlled
by interactions of transcription factors (18). Paired-
box proteins (Pax 3 and Pax 7) are involved in
myogenic cell lineage determination and specifica-
tion (19). The protein dystrophin is essential for
the functioning muscles.

However, the functional roles of many regula-
tory proteins and the molecular mechanisms that
coordinate the proliferation and differentiation pro-
grams in adult skeletal muscle are not well defined.

Some cells move into a wasted muscle — and prompt
it to regrew. Coming cells start to become muscle cells
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and start to produce all muscle-specific proteins. How
is this hormonally regulated and which genes switch
this on? Transient, intermittent ischemia stimulates
muscle reserves of regeneration. Prolonged ischemia
results in cell death. These events suggest that genes
involved in cell survival have an enhanced expression.

Typhoid can cause a particular, Zenker’s waxy
degeneration. Pathologist and anatomist Heinrich
von Waldeyer found myotubes in microscopic sec-
tions of muscle that exhibited waxy degeneration.
Cardinal signs of the regenerative process are baso-
philic multinucleated myotubes described by Wal-
deyer in 1865 (20).

Regenerative myotubes closely resemble those
of newly differentiating embryonic muscles (20).
The first wave of myotube formation is highly syn-
chronized and takes only hours and days after
injury (20). One also sees myotubes in muscular
dystrophy.

Enhanced regeneration in dystrophic as well as
injured muscle was described (21, 22). The molecu-
lar signals resulting in myoblast recognition and the
fusion appear to be calcium-regulated (23).

The capacity of muscle to regenerate is limited.
The injured muscle initiates the regeneration of
myofibers, but the process is almost always accom-
panied by an overgrowth of fibroblast cells located
within the connective tissue network.

When considering any muscular disease, it is
important to remember that intact central and pe-
ripheral nervous system is critical for normal muscle
function (24).

Intermittent exposure to hyperbaric hyperoxia
serves to interrupt the injury cycle of edema, is-
chemia and tissue necrosis. Edema is reduced sec-
ondary to hyperoxia-induced arteriolar vasoconstric-
tion. Muscle heals by combination of regeneration
and scar formation. Although fibrous scar tissue
provides tensile strength and plays a role in normal
muscle healing, excessive scar tissue impedes muscle
fiber regeneration and interferes with muscle con-
traction.

The results of our study show that even in the
cases considered as strong indication for limb am-
putation there still existed foci of muscle regenera-
tion. This suggests that indications for surgical
revascularization instead of limb amputation could
be wider than actual practice suggests.
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SKELETO RAUMENU REGENERACIJA ESANT
CHRONINEI KRITINEI ISCHEMIJAI

Santrauka

HistologiSkai iStyréme deSimties ischemijos pakenkty am-
putuoty kojy raumenis: taikytas standartinis hematoksili-
no-eozino metodas, histocheminiai ir imunohistocheminiai
dazymai. Raumeny ischemijos prieZastis buvo ateroskleroze
ir/ar cukrinis diabetas. Kontrolei pasirinktos penkiy ligoniy
atitinkamy raumeny biopsijos po galiinés traumy.

Nustatéme, kad kartu su raumeniniy skaiduly atrofija,
distrofija ir degeneracija rasta ir raumeny regeneracijos
Zidiniy. Regeneruojanciy miogeniniy tubuliy zonose nebuvo
uzdegimo poZzymiy. Regeneracija dazniausiai likdavo ne-
uzbaigta. Didesni ir mazesni fibrozés Zidiniai pakeisdavo
neuzbaigtos regeneracijos procesa.

Tyrimo rezultatai parode, kad net tais atvejais, kai yra
grieztos indikacijos kojos amputacijai, ischemijos pakenk-
tuose raumenyse iSlikdavo biologiskai aktyviy raumeny
regeneracijos zidiniy. Tai leidzia daryti prielaida, kad chi-
rurginei revaskuliarizacijai galéty biiti nustatomos platesnés
indikacijos.

RaktaZzodzai: skeleto raumenys, ischemia, regeneracija
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