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Cell Death in Denervated Skeletal
Muscle Is Distinct From
Classical Apoptosis
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ABSTRACT

Denervation of skeletal muscle is followed by the progressive loss of tissue mass and impairment of its functional
properties. The purpose of the present study was to investigate the occurrence of cell death and its mechanism in rat skeletal
muscle undergoing post-denervation atrophy. We studied the expression of specific markers of apoptosis and necrosis in
experimentally denervated tibialis anterior, extensor digitorum longus and soleus muscles of adult rats. Fluorescent staining
of nuclear DNA with propidium iodide revealed the presence of nuclei with hypercondensed chromatin and fragmented
nuclei typical of apoptotic cells in the muscle tissue 2, 4 and to a lesser extent 7 months after denervation. This finding was
supported by electron microscopy of the denervated muscle. We found clear morphological manifestations of muscle cell
death, with ultrastructural characteristics very similar if not identical to those considered as nuclear and cytoplasmic
markers of apoptosis. With increasing time of denervation, progressive destabilization of the differentiated phenotype of
muscle cells was observed. It included disalignment and spatial disorganization of myofibrils as well as their resorption and
formation of myofibril-free zones. These changes initially appeared in subsarcolemmal areas around myonuclei, and by 4
months following nerve transection they were spread throughout the sarcoplasm. Despite an increased number of residual
bodies and secondary lysosomes in denervated muscle, we did not find any evidence of involvement of autophagocytosis in
the resorption of the contractile system. Dead muscle fibers were usually surrounded by a folded intact basal lamina; they
had an intact sarcolemma and highly condensed chromatin and sarcoplasm. Folds of the basal lamina around the dead cells
resulted from significant shrinkage of cell volume. Macrophages were occasionally found in close proximity to dead myocytes.
We detected no manifestations of inflammation in the denervated tissue. Single myocytes expressing traits of the necrotic
phenotype were very rare. A search for another marker of apoptosis, nuclear DNA fragmentation, using terminal deoxyri-
bonucleotidyl transferase mediated dUTP nick end labeling (the TUNEL method) in situ, revealed the presence of multiple
DNA fragments in cell nuclei in only a very small number of cell nuclei in 2 and 4 month denervated muscle and to less extent
in 7 month denervated muscle. Virtually no TUNEL reactivity was found in normal muscle. Double labeling of tissue
denervated for 2 and 4 months for genome fragmentation with the TUNEL method and for total nuclear DNA with
propidium iodide demonstrated co-localization of the TUNEL-positive fragmented DNA in some of the nuclei containing
condensed chromatin and in fragmented nuclei. However, the numbers of nuclei of abnormal morphology containing
condensed and/or irregular patterns of chromatin distribution, as revealed by DNA staining and electron microscopy,
exceeded by 33—-38 times the numbers of nuclei positive for the TUNEL reaction. Thus, we found a discrepancy between the
frequences of expression of morphological markers of apoptosis and DNA fragmentation in denervated muscle. This provides
evidence that fragmentation of the genomic DNA is not an obligatory event during atrophy and death of muscle cells, or,
alternatively, it may occur only for a short period of time during this process. Unlike classical apoptosis described in
mammalian thymocytes and lymphoid cells, non-inflammatory death of muscle fibers in denervated muscle occurs a long
time after the removal of myotrophic influence of the nerve and is preceded by the progressive imbalance of the state of
terminal differentiation. Our results indicate that apoptosis appears to be represented by a number of distinct isotypes in
animals belonging to different taxonomic groups and in different cell lineages of the same organism. Anat Rec 258:305-318,
2000. © 2000 Wiley-Liss, Inc.
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Innervation is one of the important factors controlling
the process of terminal differentiation of skeletal muscle
cells (for reviews see Pette and Vrbova, 1985; Grinnell,
1994; Vrbova et al., 1995). Denervation of adult muscle is
followed by impairment of its functional capacity. For
several months after denervation, muscle tissue under-
goes atrophy, losing up to 80% of its mass (Gutmann and
Zelena, 1962; Hnik, 1962). Early and recent morphological
studies have shown that the structure of denervated mus-
cle undergoes significant changes, the most dramatic of
which is a progressive atrophy of muscle fibers (Tower,
1935; Sunderland and Ray, 1950; Gutmann and Zelena,
1962; Pellegrino and Franzini, 1963; Miledi and Slater,
1969; Gauthier and Dunn, 1973; Stonnington and Engel,
1973; Mussini et al., 1987; Anzil and Wernig, 1989;
Schmalbruch et al., 1991; Schmalbruch and Lewis, 1994;
de Castro Rodrigues and Schmalbruch, 1995). However,
despite a large number of descriptive publications con-
cerning the gross and microscopical morphology of dener-
vated muscle, the cellular mechanisms and molecular ba-
sis of post-denervation muscle atrophy still remain un-
known.

For this reason it is important to study the involvement
of cell death in the pathogenesis of post-denervation mus-
cle atrophy. Understanding the mechanism of cell loss in
denervated muscle requires differential recognition of ap-
optotic and necrotic types of cell death. Apoptosis is a
fundamental component of normal histogenesis and cell
turnover in developing and terminally differentiated tis-
sues and organs (review Steller, 1995). This process has
been described in different cell types of a number of inver-
tebrate and vertebrate species, which indicates its early
appearance during the course of evolution (Vaux et al.,
1994). Necrosis is widely observed in different kinds of
pathology, but, unlike apoptosis, it is underlined by irre-
versible cell injury, rather than by a specific pattern of
differential gene expression (for comprehensive bibliogra-
phy see reviews Wyllie, 1987; Walker et al., 1988). Apo-
ptosis can be activated under a number of experimental
and pathological conditions such as changes of hormonal
background or deprivation of growth and trophic factors
(review Williams and Smith, 1993; Thompson, 1995). The
major criteria for identification of apoptotic cells are the
following: 1) aggregation and condensation of chromatin
with subsequent lobulation and fragmentation of nuclei;
2) increase in density and shrinkage of cytoplasm and
frequently observed blebbing of the cell surface; 3) inter-
nucleosomal cleavage of DNA by specific endonuclease
into multiple fragments with free 3’-OH ends. To this end,
the combined use of several independent markers of this
process is especially important for its reliable identifica-
tion.

Condensation of chromatin and nuclear fragmentation
can be detected cytochemically after staining of cell nuclei
with fluorescent DNA-binding dyes (for literature see La-
zebnik et al., 1993; Arends and Harrison, 1994). A signif-
icant reduction in cell volume and a dramatic increase of
cell density was already observed in early ultrastructural
studies of apoptosis; that is why this type of cell death was
initially referred to as “shrinkage necrosis” (Kerr, 1971;
Kerr et al., 1972; Arends and Wyllie, 1991). Electron mi-
croscopy still remains the most reliable method for iden-
tification of the structural hallmarks of apoptotic cell
death and is instrumental in the differential diagnosis of
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apoptotic vs. necrotic types of cell death. This is especially
important when different types of cell death occur in tis-
sue simultaneously. Ultrastructural study also provides
information concerning the differentiated characteristics
of cells and fine details of cell structure, thus allowing one
to identify the histotype of apoptotic cells in heteroge-
neous cell populations. In muscle, it ensures reliable iden-
tification of muscle fibers, perimysial and endomysial con-
nective tissue and cells comprising the blood vessels.

Another distinctive feature of apoptosis is fragmenta-
tion of the genomic DNA into short sequences consisting of
180-200 base pairs with free 3’-OH ends. These frag-
ments accumulate in the nuclei of apoptotic cells, and
their presence can be revealed by DNA electrophoresis in
agarose gels as a characteristic “ladder” pattern (reviewed
by Arends and Harrison, 1994) or by the TUNEL (or
Terminal deoxynucleotydil transferase-mediated dUTP
Nick End Labeling) reaction in situ (Gavrieli et al., 1992;
Wijsman et al., 1993; Gold et al., 1994).

The booming interest in apoptotic cell death that devel-
oped in recent years resulted in quick and wide applica-
tion of these techniques into research practice and a mass
outburst of publications claiming the presence of apoptosis
in very different tissues under different experimental con-
ditions based only on the use of DNA electrophoresis or
free-end DNA labeling in situ. However, a number of
recent reports raise doubts about the validity of using
DNA fragmentation as the sole criterion to detect apopto-
sis and, therefore, reliably classify the type of cell death.
From one hand, even in well-characterized models of ap-
optosis, including primary culture of lymphocytes, DNA
fragmentation can occur non-specifically during necrosis
and without the expression of any structural markers of
the apoptotic phenotype (Collins et al., 1992; Ansari et al.,
1993; Garcia-Martinez et al., 1993) or even as an artifact
(Enright et al., 1994). Internucleosomal DNA cleavage
and typical ladder pattern were also reported to occur
during necrotic death of several cell types that included
hepatocytes, thymocytes and kidney cells (Dong et al.,
1997). It was suggested that endonuclease activity itself is
not required for activation of the cell death program and
that it functions only to degrade DNA in dead cells during
cell resorption (Ellis et al., 1991). This finding was further
supported by the data from studies of cell death in inter-
digital tissue of developing rodent limb and insect meta-
morphosis. In these cases of programmed cell death a
ladder of fragmented DNA was generated only after much
of cytoplasm had already been destroyed (Zakeri et al.,
1993; Woo et al., 1994). On the other hand, there are
observations indicating that DNA fragmentation may oc-
cur as an early event during apoptosis (for discussion see
Arends and Harrison, 1994; Sanders and Wride, 1995).
The failure to detect genome fragmentation in cases of cell
death whose circumstances and morphological character-
istics clearly indicate its apoptotic nature, shows that
DNA cleavage appears to be a dispensable feature in at
least some cases of programmed cell death (Cohen et al.,
1992; Ucker et al., 1992, Falcieri et al., 1993; Oberhammer
et al., 1993a,b; Tomei et al., 1993; Zakeri et al., 1993;
Schulze-Osthoff et al., 1994). Thus, the role of DNA frag-
mentation in cell death and its causal and temporal inter-
relations with the expression of morphological markers of
apoptosis are currently unclear.

The purpose of the present study was to investigate the
presence of specific markers of cell death in experimen-
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tally denervated skeletal muscle tissue. For this purpose,
we used the combination of the criteria discussed above to
search for the expression of major markers of apoptotic
and necrotic types of cell death in rat fast and slow mus-
cles during the course of muscle atrophy induced by de-
nervation.

MATERIALS AND METHODS
Muscle Denervation

The experiments were conducted on adult (4-month-old)
male WI/Hicks Car rats maintained at the animal facility
at the Department of Biology, University of Michigan. In
all experiments the animals were anesthetized with ether.
The right legs of the rats were first denervated by section-
ing of the sciatic nerve high in the thigh, suturing the
proximal and distal stumps, and implanting the proximal
stump into a hip muscle and the distal stump into the
popliteal space. This procedure allows a permanent and
complete denervation of the lower leg (Carlson and
Faulkner, 1988). The animals were sacrificed under ether
anesthesia at 0, 2, 4 and 7 months after denervation.

Processing of the Tissue and Nuclear
DNA Staining

The tibialis anterior, the extensor digitorum longus
(EDL) and the soleus muscles were excised under anes-
thesia and immediately fixed in 4% paraformaldehyde.
Non-denervated normal muscles served as controls. Tis-
sue samples from 3 normal and 3 denervated muscles at
each time point were processed for histology using conven-
tional methods and sectioned at a thickness of 8 pm. To
visualize cell nuclei the samples were stained with a 3 pM
solution of a DNA-binding dye, propidium iodide, for 5
min. Stained samples were examined in epifluorescent
optics with a Nikon Optiphot fluorescence microscope
equipped with excitation filter at 510-560 nm. Emission
was observed using a barrier filter at 590—-615 nm.

Electron Microscopy

The samples of tissue were prefixed immediately after
excision from the limb in ice-cold solution of 2.5% glutar-
aldehyde and 4% formaldehyde in 0.1 M isoosmotic phos-
phate buffer, pH 7.4 for 1 hr. Then the tissue was cut into
several smaller pieces and fixed for an additional 4 hr at
3°C in fresh aliquots of fixative. After removing the fixa-
tive, the samples were washed in 3 changes for 15 min
each in 0.1 M phosphate buffer. The tissue was postfixed
with 1% OsO, in 0.1 M phosphate buffer for 1.5 hr at 3°C,
washed again in the buffer solution 3 times (15 min each)
and dehydrated through a graded ethanol series to abso-
lute ethanol. After infiltration with epoxy resin the sam-
ples were embedded in Spurr medium (Ted Pella, Inc.).
Sections were prepared using a Reichert-Young Ultracut
E ultramicrotome and mounted on grids. After staining
with uranium acetate and lead citrate, the sections were
examined with a Philips CM 10 electron microscope at an
accelerating voltage of 60 kV.

Detection of Internucleosomal DNA
Fragmentation in Nuclei

To detect endonuclease-mediated internucleosomal
cleavage of genomic DNA typical of apoptotic nuclei, we
employed the TUNEL method (Gavrieli et al., 1992). The

307

labeling target of this technique was the multitude of free
3'-OH DNA ends generated by DNA fragmentation in
nuclei of cells undergoing apoptosis. Free 3'-OH ends of
DNA fragments were extended with digoxigenin-labeled
nucleotides using an enzyme-directed reaction. In apopto-
tic nuclei, residues of digoxigenin-labeled nucleotides, de-
oxyuridinetriphosphate (dUTP) and deoxyadeninetriphos-
phate (dATP), used in this reaction were catalytically
added to free 3'-OH ends of genomic DNA by terminal
deoxynucleotidyl transferase (TdT). This enzyme cata-
lyzed a template independent addition of deoxyribonucle-
otide triphosphates to the 3'-OH ends of double or single-
stranded DNA. During this reaction, the incorporated nu-
cleotides form a random heteropolymer at the free 3'-OH
ends of DNA. These incorporated nucleotides labeled with
digoxigenin were visualized using anti-digoxigenin anti-
body conjugated with fluorescein. Non-apoptotic nuclei did
not incorporate the label because of the absence of free
3'-OH DNA ends. We used the reagents and the technique
for non-isotopic DNA 3'-OH end-extension in situ and for
immunocytochemical staining of the extended DNA se-
quences from the Apoptag kit (Oncor, Gaithersburg, MD).
The fluorescent reaction was observed with Nikon Op-
tiphot fluorescence microscope using an excitation filter at
470-490 nm and an emission barrier filter at 520-560 nm
wavelengths. For double labeling experiments we used
nuclear DNA counterstaining with propidium iodide. In
double stained samples, emission of DNA-binding dye in
the same field of view was excited by light at 510-560 nm
wavelength and observed with the barrier filter at 590—
615 nm.

RESULTS
Identification of Apoptotic Nuclei Using
Nuclear DNA Staining

The use of fluorescent cytochemical staining of nuclear
DNA with propidium iodide permitted us to visualize cell
nuclei and analyze their morphology. This technique was
especially effective for the purpose of identification of
chromatin hypercondensation and nuclear breakdown.
Fluorescent staining of nuclear DNA with propidium io-
dide in sections of normal and denervated muscle revealed
the presence of nuclei containing hypercondensed chroma-
tin in the tissue denervated for 2, 4 and to a lesser extent
for 7 months (Fig. 1). As shown in Figure 1, unlike normal
myonuclei that had an elongated form, the nuclei contain-
ing hypercondensed chromatin were usually rounded and
brightly fluorescent. Another morphological manifestation
of abnormal nuclear morphology in the denervated muscle
is the breakdown of nuclei (Fig. 2). As a result of this
process that progresses with the increasing time of dener-
vation, nuclei underwent fragmentation into clusters of
several DNA-positiverounded bodies exhibiting bright flu-
orescence after staining with propidium iodide. Thus,
DNA staining allowed us to detect small nuclear frag-
ments with high resolution and clearly differentiate them
from the background, which is difficult to do using the
technique of non-fluorescent light microscopy without spe-
cific DNA labeling.

Expression of Ultrastructural
Markers of Apoptosis

Electron microscopic study has shown significant ultra-
structural differences between normal and denervated
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muscle. Already in 2-month denervated tissue degenera-
tive changes in muscle cells were clearly visible. Besides
muscle fiber atrophy, they included the loss of significant
amounts of myofibrils and formation of myofibril-free
zones which were located mostly at the peripheral areas of
sarcoplasm around myonuclei (Fig. 3a). As can be seen
from Figure 3a, degenerating organelles, their remnants,
secondary lysosomes, residual bodies and lipofuscin gran-
ules were more frequently observed in these areas. An
important morphological feature of 2-month denervated
muscle is the beginning of destabilization of the differen-
tiated phenotype of muscle cells. Disalignment of myofi-
brils and the loss of their longitudinal orientation were
seen only occasionally. Nuclear changes included an in-
crease in the number of nuclei containing higher propor-
tions of heterochromatin over euchromatin (Fig. 5a).

The degenerative changes described above further pro-
gressed and were more pronounced by 4 months after
denervation. At this stage, the areas of local loss of myo-
fibrils were expanded in some cells (Fig. 3b) and were
observed predominantly in subsarcolemmal areas near
myonuclei (Fig. 3b). Their contractile system exhibited
further disalignment and partial resorption. Many myofi-
bril bundles lost their orientation parallel to the long axis
of the muscle cell and were located at different angles to
one another. This resulted in the appearance of zones
where individual myofibrils and their bundles ran in dif-
ferent directions (Fig. 3c). At all stages after denervation,
cell population was heterogeneous in terms of instability
of the differentiated phenotype and the levels of atrophy of
individual cells. Although single cells with varying levels
of degenerative changes were observed in 2-month dener-
vated muscle, they were much more frequent 4 months
after denervation. By this time myocytes with different
degree of tortuosity and blebbing of the sarcolemma could
be found in the denervated tissue (Fig. 4). The presence of
myonuclei with increased levels of chromatin condensa-
tion that were very rare in normal muscle is a character-
istic feature of 4-month denervated muscle (Figs. 4, 5¢,d).
These nuclei frequently exhibited unusual morphology
which included a variety of convoluted, crescent-like and
lobulated nuclear patterns (Fig. 5c,d). As can be seen from
the presented illustrations, the nuclear material is homo-
geneously condensed, and only round electron-lucent ar-
eas of small diameter intermingled with the areas filled
with dense chromatin masses. Deep elongated and
rounded protrusions budding from the nuclei (Fig. 5d) and
clusters of spatially isolated rounded bodies consisting of
condensed nuclear material (Figs. 3a, 6) were observed.
After 4 months of denervation, crystal-like laminated
structures apparently of a lipoprotein nature were ob-
served in myocytes with well-developed manifestations of
involution (Fig. 5d). Dead cells with highly condensed
nuclei and cytoplasm were present in 4-month denervated
muscle (Fig. 7a) and rarely in 2-month denervated muscle
(Fig. 7b). We observed the evidence of muscle cell frag-
mentation into several electron dense bodies (Fig. 7b).
Both at initial and advanced stages of this process the
basal lamina, sarcolemma and intracellular organelles did
not demonstrate any structural manifestations typical of
necrotic injury. The basal laminae of dead muscle fibers
frequently showed signs of totuosity and folding (Fig. 7a),
which apparently results from shrinkage of the volume of
the dying cells. Myocytes with condensed nuclei and cyto-
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plasm were frequently located at short distances from
myocytes with normal nuclear and cytoplasmic density
(Fig. 7b). This indicates that individual cells rather than
cell groups were susceptible to cell death. Macrophages or
their cytoplasmic processes can be occasionally seen near
degenerating cells at the advanced and final stages of this
process (Fig. 7a). After 7 months of denervation, the in-
tensity of degenerative processes was less pronounced
than in 4-month denervated muscle. The muscle cells fur-
ther decreased in cross-sectional diameters, and nuclei
with unusual ultrastructure were still present in the tis-
sue (Fig. 5b). As can be seen from Figure 5, at the onset of
nuclear changes the cytoplasm of muscle cells still re-
mains intact before beginning to condense. The heteroge-
neity of the levels of atrophy and degenerative changes in
individual muscle cells was apparent at all stages after
denervation.

Detection of Apoptosis-Associated Genome
Fragmentation Using the TUNEL Method

Detection of another marker of apoptosis, 3’-OH site-
specific DNA fragmentation, using the TUNEL method
revealed strong immunopositivity in a very small frac-
tion of nuclei in 2 and 4 month denervated muscle and
rarely in 7 month denervated muscle. The reactivity for
DNA breaks in denervated muscle was found both in
morphologically intact and rounded nuclei (Fig. 8A,B)
and in fragmented nuclei (Fig. 8C,D). Structural pat-
terns of the TUNEL immunopositivity were similar at
all stages after denervation. The number of the TUNEL
positive morphologically intact and fragmented nuclei
after 2 months of denervation did not exceed 7-12 per
longitudinal section in the tibialis anterior, 5-9 in ex-
tensor digitorum longus muscles and 5-11 in the soleus
muscle and remained at the same level in 4-month
denervated muscle. No positive reaction was found in
normal control muscle. To investigate to what degree
localization of the TUNEL reaction coincided with pat-
terns of nuclear DNA staining with propidium iodide,
we performed double staining for DNA fragmentation
and for nuclear DNA. We found the TUNEL reactivity
in only a fraction of cells expressing the abnormal mor-
phology frequently associated with different levels of
hypercondensation of chromatin and nuclear fragmen-
tation (Fig. 9). To find an explanation for this discrep-
ancy, we assessed the numbers of nuclei exhibiting ab-
normal structure and different degrees of chromatin
aggregation after DNA staining and by using the elec-
tron microscopy. The numbers of nuclei with abnormal
morphology and/or condensed chromatin exceeded the
numbers of the TUNEL-positive nuclei by 33—38 times.
Thus, only a small fraction of nuclei with different de-
grees of chromatin condensation expressed the TUNEL
reactivity.

DISCUSSION

Our results clearly show that cell death is an impor-
tant component contributing to the pathogenesis of
post-denervation muscle atrophy. Structural peculiari-
ties of this process have much in common with morpho-
logical characteristics of apoptosis. A classical and the
most profoundly studied experimental model of apopto-
sis in mammalian cells is death of thymocytes induced
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Fig. 1. Early stage apoptotic nuclei showing bright fluorescence of
highly condensed chromatin (arrows). Normal myonuclei stained with
propidium iodide exhibit a significantly less intense and more heteroge-
neous DNA staining pattern associated with the presence of euchroma-
tin and heterochromatin. Note the difference between the elongated

by glucocorticoids. Detailed description of structural as-
pects of this process was presented in the pioneering
works of Kerr, Wyllie and co-workers (Kerr, 1971; Kerr
et al., 1972; Wyllie, 1980). Data obtained in studies of
hormone-induced thymocyte death led to formulation of
criteria for classification of cell death as the apoptotic
one. Non-uniform condensation of chromatin, its mar-
gination near the nuclear membrane, formation of elec-
tron-dense toroid intranuclear structures, deep invagi-

form of normal nuclei and the rounded apoptotic nuclei. A,B: Two-month
denervated tibialis anterior and soleus respectively. C: Four-month de-
nervated EDL muscle. D: Seven-month denervated tibialis anterior. Mag-
nification x570.

nations of nuclear membraneand formation of crescent-
like nuclei were described in several mammalian cell
types during apoptosis (for literature see Arends and
Wyllie, 1991; Tomei et al., 1993; Arends and Harrison,
1994). Comparison of our illustrations to those consid-
ered as classical examples of changes of nuclear struc-
ture during apoptosis, as revealed both by fluorescent
staining of nuclear DNA and by electron microscopy,
shows their very close resemblance. Condensation of
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Fig. 2. Advanced stages of nuclear fragmentation in denervated
muscle. A: Two-month denervated tibialis anterior. B: Four-month de-
nervated EDL. C: Four-month denervated soleus. D: Seven-month de-
nervated EDL muscle. Arrows indicate fragmented nuclei visible as
clusters of DNA-positive small bodies with highly condensed chromatin.
Nuclear DNA staining with propidium iodide. Magnification x570.

the cytoplasm and fragmentation of the cell body is
typical of advanced and late stages of apoptosis, and we
observed similar events in denervated muscle. Thus,
the processes of nuclear and cytoplasmic condensation
and fragmentation that we found in denervated muscle
cells are very similar to classical manifestations of ap-
optosis.

It is interesting to compare our results to the phenom-
ena of programmed cell death in muscle tissue during
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metamorphosis in lower vertebrates and insects and in
developing muscle of birds and mammals. The purpose
of this comparison is to find the answers to two impor-
tant questions: 1) How conservative phylogenetically
are the pathways of muscle cell death in terms of their
similarity and differences in animals belonging to dif-
ferent taxonomic groups? and 2) Does the same (or a
very similar) mechanism of cell death operate during
developmental elimination of some muscle cells in nor-
mal histogenesis and in adult muscle after depletion of
the trophic support of the nerve? Detailed analysis of
degeneration and death of muscle cells during metamor-
phosis in Lepidoptera has been performed in the labo-
ratories of Lockshin and Schwartz (for comprehensive
reviews, see Beaulaton and Lockshin, 1982; Zakeri et
al., 1993, 1995; Schwartz, 1992; Lockshin and Zakeri,
1996; Milligan and Schwartz, 1996). It was found that
the volume of dying muscle fibers was significantly re-
duced, their nuclei and cytoplasm were condensed and
rounded bodies were occasionally budded at the periph-
ery of the cells. The final stages of muscle cell degrada-
tion in insects, as illustrated by Beaulaton and Lock-
shin (1982), are structurally similar to those observed
by us in mammalian muscle undergoing post-denerva-
tion atrophy. An apoptosis-like process in skeletal mus-
cle fibers in some aspects similar to our observations
(structural disorganization and cell condensation) was
also described in the tail muscle of tadpoles during their
metamorphosis (Kerr et al., 1974). Dead muscle cells
with highly condensed shrunken cytoplasm were found
in adult frog muscle after long-term denervation by
Anzil and Wernig (1989). Unlike our observations, de
Castro Rodrigues and Schmalbruch (1995), in their ul-
trastructural study of long-term denervated skeletal
muscle of neonatal and 5-week-old rats, did not find
cells at advanced stages of an apoptosis-like process.
However, we also found an increased polymorphism of
myonuclear structure in denervated muscles. Ultra-
structural evidence of cell death that included cytoplas-
mic and nuclear condensation was described in devel-
oping chicken cardiac and skeletal muscle (Manasek,
1969; McClearn et al., 1995), as well as in skeletal
muscle tissue of rat and human embryos (Grim, 1977;
Webb, 1977; Abood and Jones, 1991; Fidzianska and
Goebel, 1991). Illustrations of developmental cell death
in embryonic mammalian muscle presented by Fidzian-
ska and Goebel (1991) and Abood and Jones (1991)
strikingly resemble our illustrations of dying cells in
denervated muscle. Involvement of macrophages in deg-
radation of dead muscle fibers observed in our experi-
ments has been described during developmental cell
death in several types of tissues (Beaulaton and Lock-
shin, 1982; Abood and Jones, 1991; Lang and Bishop,

Fig. 3. Destabilization of the differentiated characteristics of muscle
cells in the denervated tissue. a: A myofibril-free zone in the subsar-
colemmal area of a muscle cell; arrow indicates a fragment of a degen-
erating nucleus, small arrowheads show residual bodies. b: Large area
free of myofibrils near myonucleus. c: Disalignment of myofibrils oriented
in different directions in 4-month denervated muscle. a-c: EDL muscle 2
months (a) and 4 months (b,c) after denervation. Magnification X 17,500
(a), 5,200 (b), 15,500 (c).
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Fig. 4. Montaged view of a muscle cell from 4-month denervated
EDL muscle undergoing atrophy. Note the condensed chromatin and
blebbing of the sarcolemma. Arrows indicate the location of myofibrils.
Large areas of cytoplasm, including cytoplasmic processes, do not
contain myofibrils. The myocyte is surrounded by a dense collagen
lattice; no capillaries can be seen in the field. Magnification x21,000.

1993; Savill et al., 1993). Degeneration and death of
individual muscle cells rather than cell groups, which is
typical of necrosis, also indicates the apoptotic nature of
the process.

The dramatic decrease in cell cross-sectional diame-
ters as well as increasing disalignment and partial re-
sorption of the myofibrils in denervated muscle cells
directly indicate a deficit of contractile protein synthe-
sis. A substantial drop in protein synthesis was ob-
served in some experimental models of apoptosis (Zak-
eri et al., 1995). Recently it was shown that synthesis of
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Fig. 5. Nuclear changes in denervated EDL muscle. a: Myonucleus
with increased level of chromatin condensation in 2-month denervated
muscle. b: Toroid structure formed by chromatin condensed around the
periphery of the nucleus; note the intact nuclear envelope. c,d: Cres-
cent-shaped myonuclei with condensed chromatin 4 months after de-
nervation; in (c), nuclear membrane invaginates around crescents of

actin and myosin heavy chains is selectively repressed
during programmed cell death in insect skeletal muscle
(Schwartz et al., 1993b). These findings support the
data of ultrastructural studies considering the conden-
sation of chromatin and the nucleoli as morphological

condensed chromatin, but the nucleus is still intact; in (d), an advanced
stage of nuclear fragmentation is evident and resorption of a greater part
of myofibrils is clearly seen; small arrows indicate blebbing of the sar-
colemma, large arrow shows the laminated crystal-like structures lo-
cated near the nucleus. Magnification %x28,750 (a), 34,200 (b), 15,500 (c),
21,000 (d).

evidence of inactivation of the transcription mechanism
(for discussion see Beaulaton and Lockshin, 1982;
Schwartz, 1993b). Activation of lysosomes and stimula-
tion of autophagocytosis was described in several non-
mammalian types of programmed cell death (reviewed
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Fig. 6. Fragmentation of nucleus into several small chromatin
spheres (arrows) in a muscle cell 4 months after denervation. Magnifi-
cation 11,500 (a), 21,000 (b).

by Beaulaton and Lockshin, 1982; Lockshin and Zakeri,
1996). A moderate increase in intensity of the histo-
chemical reaction for acid phosphatase, an enzymatic
marker of lysosomes, was reported in degenerating
muscle cells in the human embryo (Grim, 1978). Some
activation of the lysosomal system and autophagocyto-
sis with a moderate increase in histochemical reactivity
for acid phosphatase was reported in response to dener-
vation in fetal and neonatal rat muscle (Schiaffino and
Hanzlikova, 1972). In our experiments, the number of
secondary lysosomes and residual bodies in denervated
muscle cells was not unusually high, although they
were more frequently observed in samples of denervated
muscle than in normal control. We did not find any
evidence of participation of lysosomes in the resorption

Fig. 7. Dead muscle cells exhibiting highly condensed nucleus and
cytoplasm. a: The cell is still intact and dilated cisterns of endoplasmic
reticulum and vacuoles are visible; large arrows indicate cytoplasmic
processes of a macrophage that surround the muscle cell; small arrows
indicate a fold of the basal lamina. b: Early stage of cell fragmentation
into apoptotic bodies; large arrow indicates a budding round structure at
the periphery of condensed muscle cell; small arrows indicate cross
section of the cytoplasm of a viable cell located beneath the basal lamina
of a dying muscle fiber. A viable muscle cell with normal non-condensed
cytoplasm is seen in the upper right corner in (b).EDL muscle 2 months
(b) and 4 months (a) after denervation.

of the contractile system. This indicates that autophagy
does not play a major role in the degenerative events in
denervated muscle. There is an indication that nuclear
changes during apoptosis involve the proteolytic sepa-
ration of DNA and chromatin from their attachment
sites to the nuclear membrane (Weaver et al., 1993).
This may explain why the toroids of condensed chroma-
tin are sometimes located at close distance from the
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nuclear envelope without direct contact to it (Fig. 5b). In
normal differentiated muscle fibers, the contractile ap-
paratus of muscle cells is organized in register, so that
individual myofibril bundles are well-aligned at the
level of Z-bands. A number of structural non-contractile
proteins perform the function of cement connecting and
binding individual bundles of myofibrils to one another
in a well-aligned register (for a review see Franzini-
Armstrong and Fischman, 1994). It is apparent that
disalignment of the contractile system and loss of myo-
filaments observed in denervated muscle require the
removal of proteins that bind the bundles of myofibrils
together. To this end, it is tempting to explain degener-
ative events in the contractile system of denervated
muscle by the involvement of calpain-like proteases.
There is more direct evidence indicating activation of
calpains during this process. Baker and Margolis (1987)
reported activation of calpain-like proteinases 1 week
after tenotomy of the soleus muscle in rats, when, ac-
cording to the authors, myofibril organization is com-
pletely disrupted. Kumamoto et al. (1992) observed a
progressive increase in concentration of calpains re-
vealed as changes in densities of collodial gold immu-
nolabeling in rat skeletal muscle after denervation dur-
ing the entire period of their 2 week observations. It is
interesting that disalignment of myofibril bundles, re-
sorption of Z-bands and partial dissolution of sarco-
meres preceded more dramatic changes in amphibian
and insect muscle tissue (Lockshin and Beaulaton,
1979; Beaulaton and Lockshin, 1982).

Of special interest is the small number cells positive
for DNA fragmentation that we observed in denervated
muscle tissue. The technique of visualization of DNA
breaks in situ was introduced into research practice by
Modak and Bollum (1972), and during the last several
years different modifications of this technique have
been extensively used for identification of apoptotic
cells. Now it is evident that neither the presence nor the
absence of nuclear DNA fragmentation can be consid-
ered as a universally reliable indicator of the presence
or intensity of apoptotic cell death. Even in a well-
studied model of apoptosis, such as cultured rat thymo-
cytes induced to undergo apoptosis by methylpred-
nisolone, many cells that could be identified morpholog-
ically as apoptotic did not show a positive reaction for
DNA fragmentation after end labeling of nuclear DNA
fragments (Ansari et al., 1993). Wood and co-workers
(1993) found no correlation between the localization of
DNA free end labeling in situ and apoptotic cell mor-
phology in the developing mouse cerebellum. Some de-
gree of cross-reactivity of labeling between apoptotic
and necrotic cell nuclei has been described with the use
of these methods and different modifications of the tech-
nique show different levels of this cross-reactivity (Gold
et al., 1994). Using a combination of fluorescent DNA

315

staining and DNA free end labeling, Oberhammer et al.
(1993Db) reported that cultured hepatocytes induced to
undergo apoptosis by TGF-B1 were almost completely
negative for DNA fragmentation. However, a closer
view revealed that about 5% of the nuclear fragments
contained DNA strand breaks. The difficulty of inter-
pretation of these results, according to the authors in-
cludes the impossibility of differentiating between ap-
optosis and secondary necrosis and possible fragmenta-
tion of DNA by the lytic enzymes released by dead
cells. Gavrieli et al. (1992) failed to detect DNA
fragmentation in situ in the involuting mouse
mammary gland. Using the same experimental model
and essentially the same technique, Strange et al.
(1995) found that 30—40% of the cells in post-lactation
breast tissue were TUNEL-positive. Earlier studies
have shown the presence of light microscopic, ultra-
structural and biochemical (DNA ladder) markers of
apoptosis (Walker et al., 1989; Strange et al., 1992)
in mammary epithelial cells. A similar difference in
data occurs in studies of DNA fragmentation during
apoptotic cell death in interdigital tissue of chicken and
rodent limb buds (Zakeri et al., 1993; Tone et al., 1994;
Sanders and Wride, 1995). In another well-documented
model of apoptosis, Ansari et al. (1993) observed
that, besides labeling of definitely apoptotic cells at the
tips of intestinal villi, positive reactivity for DNA
fragmentation was present in a number of morphologi-
cally normal cells. It was recently reported that
TUNEL-positive myonuclei were present in neonatal
denervated skeletal muscle (Trachtenberg, 1998). How-
ever an earlier report claimed that rat soleus muscle did
not show DNA strand breaks 30 weeks after denerva-
tion performed during neonatal period as demonstrated
by in situ nick translation (de Castro Rodrigues and
Schmalbruch, 1995). This agrees with our results indi-
cating that the vast majority of cells undergoing degen-
eration according to morphologic criteria were immu-
nonegative for DNA fragmentation. Nevertheless, the
absence of clear criteria of specificity, sensitivity and
universal technical standards used in different studies
makes meaningful comparisons among the various
methods available to detect DNA strand breaks in situ
difficult.

Another important question concerns the nature of the
signals triggering apoptosis in denervated muscle and its
connection to trophic factors produced by the nerve. The
first indications of interdependence of cell death in neu-
rons and their peripheral target organs came from studies
of developmental cell death (for literature see Pilar and
Landmesser, 1976; Oppenheim, 1991; Raff et al., 1993).
Apoptotic cell death can be induced by optic nerve lesion in
the eye of the neonatal rat (Rabacchi et al., 1994). Pilar
and Landmesser (1976) have shown that neurons in chick
ciliary ganglion did not complete differentiation and died

Fig. 8. (At left.) Detection of DNA fragmentation in intact nuclei in
denervated muscle using the TUNEL technique. A: A TUNEL positive
intact nucleus in 2-month denervated tibialis anterior. B: A TUNEL-
positive condensed rounded nucleus in the soleus muscle 4 months
after denervation; C,D: Clusters of small nuclear fragments positive for
the TUNEL reaction in 4-month denervated EDL and tibialis anterior
muscles. Note the morphological similarity of nuclei positive for the

TUNEL reaction to those identified as apoptotic after DNA staining with
propidium iodide (Figs. 1 and 2). Magnification x830.

Fig. 9. (At left.) Localization of TUNEL reactivity in nuclei with a high
level of chromatin condensation. A,C: Fluorescent DNA staining with
propidium iodide. B,D: DNA fragmentation as revealed by the TUNEL
technique. A,B: Tibialis anterior 2 months after denervation. C,D: Soleus
2 months after denervation. Magnification x830.
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if they had been prevented from forming contacts to the
target tissue. Of special interest for our discussion is the
recent report that axotomy results in delayed cell death
and apoptosis of retinal ganglion cells in adult rats (Ber-
kelaar et al., 1994). We have shown that in denervated
muscle, cell death also occurs as a delayed rather than
immediate consequence after the depletion of the trophic
influence of the nerve. Very little is known as yet concern-
ing the trophic factors involved in nerve-muscle interac-
tions, but it is apparent that both cell types are closely
interrelated functionally and trophically. For example, the
success and completeness of muscle regeneration strongly
depend on intact innervation (for review see Carlson,
1991).

Of special interest for our discussion is the recent report
that axotomy results in delayed cell death and apoptosis of
retinal ganglion cells in adult rats (Berkelaar et al., 1994).
We have shown that in denervated muscle, cell death also
occurs as a delayed rather than immediate consequence
after the depletion of the trophic influence of the nerve.
The results of our study demonstrate that cell death in
denervated muscle is distinct from classical apoptosis in
the form it is described in mammalian lymphoid cells.
Three major differences can be observed: 1) myocytes in
denervated muscle lose viability long time after the deple-
tion of the support of the nerve; 2) cell death is preceded by
a progressive decrease of cell diameter (cytoplasmic atro-
phy) of muscle fibers; 3) no large-scale nuclear DNA frag-
mentation is observed. Taking into consideration that the
rate of cellular destruction during apoptosis is very rapid
and comprises for some cell types 2—3 hours (Bursch et al.,
1990a, 1990b), even a small number of apoptotic cells
revealed in the tissue can reflect significant regression of
tissue mass during long period of time. It is possible that
more than one mechanism of cell death is present in
denervated skeletal muscle and that individual contribu-
tions of these mechanisms to muscle atrophy change dur-
ing the course of long-term denervation. A similar conclu-
sion concerning the presence of several mechanisms of cell
death operating during development was made by
Schwartz et al. (1993b).

Morphological peculiarities of cell death in denervated
muscle are very similar to those observed during pro-
grammed cell death in embryonic and neonatal mamma-
lian muscle. This indicates that a very similar pathway of
cell death may be activated to eliminate cells in develop-
ing muscle and in adult muscle after its denervation.
Thus, taking into account the similarity of basic cellular
mechanisms of histogenesis, regeneration and compensa-
tory remodeling of muscle, we conclude that the mecha-
nism of cell death occurring in denervated muscle appears
to be very similar to that observed during normal muscle
development.

LITERATURE CITED

Abood EA, Jones MM. 1991. Macrophages in the developing mamma-
lian skeletal muscle: evidence for muscle fiber death as a normal
developmental event. Acta Anat 140:201-212.

Ansari B, Coates PJ, Greenstein BD, Hall PA. 1993. In situ end
labeling detects DNA strand breaks in apoptosis and other physio-
logical and pathological states. J Pathol 170:1-8.

Anzil AP, Wernig A. 1989. Muscle fiber loss and re-innervation after
long-term denervation. J Neurocytol 18:833—845.

BORISOV AND CARLSON

Arends MJ, Harrison DdJ. 1994. Apoptosis: molecular aspects and
pathological perspective. In: Crocker J, editor. Molecular biology in
histopathology. New York: John Wiley & Sons. p 151-170.

Arends MJ, Wyllie AH. 1991. Apoptosis: mechanisms and roles in
pathology. Int Rev Exp Pathol 32:223-254.

Baker JH, Margolis RN. 1987. Calcium-activated protease activity in
tenotomized muscle. Muscle Nerve 10:34—40.

Beaulaton J, Lockshin RA. 1982. The relation of programmed cell
death to development and reproduction: comparative studies and
an attempt at classification. Int Rev Cytol 79:215-235.

Berkelaar M, Clarke, DB, Wang YC, Bray GM, Aguayo AJ. 1994.
Axotomy results in delayed death and apoptosis of retinal ganglion
cells in adult rats. J Neurosci 14:4368-4374.

Bursch W, Paffe S, Putz B, Barthel G, Schulte-Hermann R. 1990.
Determination of the length of the histological stages of apoptosis in
normal liver and in altered hepatic foci of rats. Carcinogenesis
11:847-853.

Bursch W, Kleine L, Tenniswood M. 1990. The biochemistry of cell
death by apoptosis. Biochem Cell Biol 68:1071-1074.

Carlson BM. 1991. Skeletal muscle regeneration. In: The Develop-
ment and Regenerative Potential of Cardiac Muscle. Oberpriller
JO, Oberpriller JC and Mauro A, eds. New York: Harwood Aca-
demic Publishers, 439—-454.

Carlson BM, Faulkner JA. 1988. Reinnervation of long-term dener-
vated rat muscle freely grafted into an innervated limb. Exp Neurol
102:50-56.

Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skiletter DN. 1992.
Key morphological features of apoptosis may occur in the absence of
internucleosomal DNA fragmentation. Biochem J 286:331-334.

Collins RJ, Harmon BV, Gobe GC, Kerr JFR. 1992. Internucleosomal
DNA cleavage should not be the sole criterion for identifying apo-
ptosis. Int J Radiat Biol 61:451-453.

de Castro Rodrigues A, Schmalbruch H. 1995. Satellite cells and
myonuclei in long-term denervated rat muscles. Anat Rec 243:430—
437.

Dong Z, Saikumar P, Weinberg JM, Venkatachalam MA. 1997. Inter-
nucleosomal DNA cleavage triggered by plasma membrane damage
during necrotic cell death. Involvement of serine but not cysteine
proteases. Am J Pathol 151:1205-1213.

Ellis RE, Yuan JY, Horvitz HR. 1991. Mechanisms and functions of
cell death. Ann Rev Cell Biol 7:663—654.

Enright H, Hebbel RP, Nath KA. 1994. Internucleosomal cleavage of
DNA as the sole criterion of apoptosis may be artifactual. J Lab Clin
Med 124:63-68.

Falcieri E, Martelli AM, Bareggi R, Cataldi A, Cocco L. 1993. The
protein kinase inhibitor staurosporine induces morphological
changes typical of apoptosis in MOLT-4 cells without concomitant
DNA fragmentation. Biochem Biophys Res Commun 193:19-25.

Fidzianska A, Goebel HH. 1991. Human ontogenesis: 3. Cell death in
foetal muscle. Acta Neuropathol 81:572-577.

Franzini-Armstrong C, Fischman DA. 1994. Morphogenesis of skele-
tal muscle fibers. In: Engel AG, Franzini-Armstrong C, editors.
Myology, basic and clinical. New York: McGraw-Hill; p 74-96.

Garcia-Martinez V, Macais D, Ganan Y, Garcia-Lobo JM, Francia
MV, Fernandez-Teran MA, Hurle JM. 1993. Internucleosomal DNA
fragmentation and programmed cell death (apoptosis) in the inter-
digital tissue of the embryonic leg bud. J Cell Sci 106:201-208.

Gauthier GF, Dunn RA. 1973. Ultrastructural and cytochemical fea-
tures of mammalian skeletal muscle fibers following denervation.
J Cell Sci 12:525-547.

Gavrieli Y, Sherman Y, Ben-Sasson SA. 1992. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA
fragmentation. J Cell Biol 119:493-501.

Gold R, Schmied M, Giegerich G, Breitschopf H, Hartung HP, Toyka
KV, Lassmann H. 1994. Differentiation between cellular apoptosis
and necrosis by combined use of in situ tailing and nick translation
techniques. Lab Invest 71:219-225.

Grim M. 1977. Die Myotubenriickbildung in den Muskelanlagen der
menschlichen Hand Verh Anat Ges 71:1239-1243.

Grim M. 1978. Acid phosphatase in normal and sarcolytic myotubes in
muscle anlagen of the human hand. Histochemistry 56:307-316.



CELL DEATH IN DENERVATED MUSCLE

Grinnell AD. 1994. Trophic interactions between nerve and muscle.
In: Engel AG, Franzini-Armstrong C, editors. Myology, basic and
clinical. New York: McGraw-Hill. p 303-332.

Gutmann E, Zelena J. 1962. Morphological changes in the dener-
vated muscle. In: Gutmann E, editor. The denervated muscle.
Prague: Publishing House of Czechoslovak Academy of Sciences.
p 57-102.

Hnik P. 1962. Rate of denervation muscle atrophy. In: Gutmann E,
editor. The denervated muscle. Prague: Publishing House of
Czechoslovac Academy of Sciences. p 341-371.

Kerr JFR. 1971. Shrinkage necrosis: a distinct mode of cellular death.
J Pathol 105:13-20.

Kerr JFR, Wyllie AH, Currie AR. 1972. Apoptosis: a basic biological
phenomenon with wide-range implications in tissue kinetics. Br J
Cancer 26:239-257.

Kerr JFR, Harmon B, Searle J. 1974. An electron-microscope study of
cell deletion in the anuran tadpole tail during spontaneous meta-
morphosis with special reference to apoptosis of striated muscle
fibers. J Cell Sci 14:571-585.

Kumamoto T, Kleese WC, Cong J, Goll DE, Pierce PR, Allen RE. 1992.
Localization of the Ca 2*-dependent proteinases and their inhibitor
in normal, fasted and denervated rat skeletal muscle. Anat Rec
232:60-717.

Lang RA, Bishop JM. 1993. Macrophages are required for cell death
and tissue remodeling in the developing mouse eye. Cell 74:453—
462.

Lazebnik YA, Cole S, Cooke CA, Nelson WG, Earnshaw WC. 1993.
Nuclear events of apoptosis in vitro in cell-free mitotic extracts: a
model system for analysis of the active phase of apoptosis. J Cell
Biol 123:7-22.

Lockshin RA, Zakeri Z. 1991. Programmed cell death and apoptosis.
In: Tomei LD, Cope FO, editors. Apoptosis: the molecular basis of
cell death. Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press. p 47—60.

Lockshin RA, Zakeri Z. 1996. The biology of cell death and its rela-
tionship to aging. In: Holbrook MdJ, Martin GR, Lockshin RA, edi-
tors. Cellular aging and cell death. New York: Wiley-Liss. p 167—
180.

Manasek FJ. 1969. Myocardial cell death in the embryonic chick
ventricle. J Embryol Exp Morphol 21:271-284.

McClearn D, Medyville R, Noden D. 1995. Muscle cell death during the
development of head and neck muscles in the chick embryo. Dev
Dynam 202:367-377.

Miledi R, Slater CR. 1969. Electron-microscopic structure of dener-
vated skeletal muscle. Proc R Soc [B] 174:253-269.

Milligan CE, Schwartz LM. 1996. Programmed cell death during
development of animals. In: Holbrook NJ, Martin GR, Lockshin RA,
editors. Cellular aging and cell death. New York: Wiley-Liss. p
181-208.

Modak SP, Bollum FJ. 1972. Detection and measurement of single-
strand breaks in nuclear DNA in fixed lens sections. Exp Cell Res
75:307-313.

Mussini I, Favaro G, Carraro U. 1987. Maturation, dystrophic
changes and the continuous production of fibers in skeletal muscle
regenerating in the absence of nerve. J Neuropathol Exp Neurol
46:315-331.

Oberhammer F, Fritsch G, Schmied M, Pavelka M, Printz D, Pur-
chio T, Lassman H, Schulte-Hermann R. 1993. Condensation of
the chromatin at the membrane of an apoptotic nucleus is not
associated with activation of an endonuclease. J Cell Sci 104:
317-326.

Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA, Wakel-
ing AE, Walker PR, Sikorska M. 1993. Apoptotic death in epithelial
cells: cleavage of DNA to 300 and/or 50 kb fragments prior to or in
absence of internucleosomal fragmentation. EMBO J 12:3679—
3688.

Oppenheim RW. 1991. Cell death during development of the nervous
system. Ann Rev Neurosci 453-501.

Pellegrino C, Franzini C. 1963. An electron microscope study of de-
nervation atrophy in red and white skeletal muscle fibers. J Cell
Biol 17:327-349.

317

Pette D, Vrbova G. 1985. Neural control of phenotypic expression in
mammalian muscle fibers. Muscle Nerve 8:676—689.

Pilar G, Landmesser I. 1976. Ultrastructural differences during em-
bryonic cell death in normal and peripherally deprived ciliary gan-
glia. J Cell Biol 68:339-356.

Rabacchi SA, Bonfant L, Liu XH, Maffei L. 1994. Apoptotic cell death
induced by optic nerve lesion in the neonatal rat. J Neurosci 14:
5292-5301.

Raff MC, Barres BA, Burne JF, Cloes HS, Ishizaki Y, Jakobson MD.
1993. Programmed cell death and the control of cell survival. Les-
sons from the nervous system. Science 262:695-700.

Sanders RJ, Wride MA. 1995. Programmed cell death in development.
Int Rev Cytol 163:105-173.

Savill JS, Fadok V, Henson PM, Haslett C. 1993. Phagocyte recog-
nition of cells undergoing apoptosis. Immunol. Today 14:131—
136.

Schiaffino S, Hanzlikova V. 1972. Studies on the effect of denervation
in developing muscle. II. The lysosomal system. J Ultrastr Res
39:1-14.

Schmalbruch H, Al-Amood WS, Lewis DM. 1991. Morphology of long-
term denervated rat soleus muscle and the effect of chronic electri-
cal stimulation. J Physiol 441:233-241.

Schmalbruch H, Lewis DM. 1994. A comparison of the morphology of
denervated with aneurally regenerated soleus muscle of rat with
aneurally regenerated soleus muscle of rat. J Muscle Res Cell Motil
15:256-266.

Schulze-Osthoff K, Walczak H, Droge W, Krammer PH. 1994. Cell
nucleus and DNA fragmentation are not required for apoptosis.
J Cell Biol 127:15-20.

Schwartz LM. 1992. Insect muscle as a model for programmed cell
death. J Neurobiol 23:1312-1326.

Schwartz LM, Jones ME, Kosz L, Kuah K. 1993. Selective repression
of actin and myosin heavy chain expression during the programmed
death of insect skeletal muscle. Dev Biol 158:448—-455.

Schwartz LM, Smith SW, Jones ME, Osborne BA. 1993. Do all pro-
grammed cell deaths occur via apoptosis? Proc Natl Acad Sci USA
90:980-984.

Steller H. 1995. Mechanisms and genes of cellular suicide. Science
267:1445-1449.

Stonnington HH, Engel AG. 1973. Normal and denervated muscle. a
morphometric study of fine structure. Neurology 23:714-724.

Strange R, Li F, Saurer S, Burkhardt A, Friis RR. 1992. Apoptotic cell
death and tissue remodeling during mouse mammary gland invo-
lution. Development 115:49-58.

Strange R, Friis RR, Bemis LT, Jon Geske F. 1995. Programmed cell
death during mammary gland involution. In: Schwartz LM, Os-
borne BA, editors. Cell death. San Diego-New York: Academic
Press. p 355-368.

Sunderland S, Ray LdJ. 1950. Denervation changes in mammalian
striated muscle. J Neurol Neurosurg Psychiatry 13:159-177.

Thompson C. 1995. Apoptosis in the pathogenesis and treatment of
disease. Science 267:1456-1462.

Tomei LD, Shapiro JP, Cope FO. 1993. Apoptosis in C3H/10T 1/2
mouse embryonic cells: Evidence for internucleosomal DNA modi-
fication in the absence of double strand cleavage. Proc Natl Acad Sci
USA 90:853—857.

Tone S, Tanaka S, Minatogawa Y, Kido R. 1994. DNA fragmentation
during programmed cell death in the chick limb buds. Exp Cell Res
215:234-236.

Tower S. 1935. Atrophy and degeneration in skeletal muscle. Am J
Anat. 56:1-43.

Trachtenberg JT. 1998. Fiber apoptosis in developing rat
muscles is regulated by activity, neuregulin. Dev Biol 196:193—
203.

Ucker DS, Obermiller PS, Eckhart W, Apgar JR, Berger NA, Meyers
J. 1992. Genome digestion is a dispensable consequence of physio-
logical cell death mediated by cytotoxic T lymphocytes. Mol Cell Biol
12:3060-3069.

Vaux DL, Haecker G, Strasser A. 1994. An evolutionary perspective
on apoptosis. Cell 76:777-779.

Vrbova G, Gordon T, Jones R. 1995. Nerve-muscle interaction.
London: Chapman & Hall; 256 p.



318

Walker NI, Harmon BV, Gobe GC, Kerr JFR. 1988. Patterns of cell
death. Methods Achiev Exp Pathol 13:18-54.

Walker NI, Bennet RE, Kerr JF. 1989. Cell death by apoptosis during
involution of the lactating breast in mice and rats. Am J Anat
185:19-32.

Webb JN. 1977. Cell death in developing skeletal muscle: histochem-
istry and ultrastructure. J Pathol 123:175-180.

Wijsman JH, Jonker RR, Keijzer R, van de Velde CJH, Cornelisse Cd,
van Dierendonck JH. 1993. A new method to detect apoptosis in
paraffin sections: in situ end labeling of fragmented DNA. J Histo-
chem Cytochem 41:7-12.

Williams GT, Smith CA. 1993. Molecular regulation of apoptosis:
genetic controls on cell death. Cell 74:777-779.

BORISOV AND CARLSON

Woo K, Sikorska M, Weaver VM, Lockshin RA, Zakeri Z. 1994. DNA
fragmentation and DNA synthesis during insect metamorphosis.
In: 10th International Symposium of Cell Endocrinology; p 3.

Wood KA, Dipasquale B, Youle RJ. 1993. In situ labeling of granule
cells for apoptosis-associated DNA fragmentation reveals different
mechanisms of cell loss in developing cerebellum. Neuron 11:621—
632.

Wyllie AH. 1987. Cell death. Int Rev Cytol Suppl 17:755-785.

Zakeri ZF, Quaglino D, Latham T, Lockshin RA. 1993. Delayed inter-
nucleosomal DNA fragmentation in programmed cell death. FASEB
J 7:470-478.

Zakeri Z, Bursch W, Tenniswood M, Lockshin RA. 1995. Cell death:
programmed, apoptosis, necrosis, or other. Cell Death Differ 2:87-96.



	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Figures 8 and 9.
	Fig. 8.
	Fig. 9.

	LITERATURE CITED

