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Mukku, and V. Reggie Edgerton. Apoptosis: a mechanism 
contributing to remodeling of skeletal muscle in response to 
hindlimb unweighting. Am. J. Physiol. 273 (CeZZ Physiol. 42): 
C579-C587, 1997.-The role of apoptosis in the elimination 
of myonuclei during hindlimb unloading-induced atrophy and 
the inhibition of apoptosis in the prevention of muscle atro- 
phy were examined. The number of nuclei demonstrating 
double-stranded DNA fragmentation seen by terminal deoxy- 
nucleotidyl transferase (TDT) histochemical staining, an 
indicator of apoptosis, was significantly increased after 14 
days of suspension. Double staining with TDT and anti- 
laminin immunohistochemistry revealed that some TDT- 
positive nuclei were within the fiber lamina and were most 
likely myonuclei. The number of fibers containing morphologi- 
cally abnormal nuclei was also significantly greater in sus- 
pended compared with control rats. Combined treatment 
with growth hormone and insulin-like growth factor I (GH/ 
IGF-I) and resistance exercise attenuated the increase in 
TDT-positive nuclei (-26%, P > 0.05) and significantly de- 
creased the number of fibers with morphologically abnormal 
nuclei. The data suggest that 1) “programmed nuclear death” 
contributes to the elimination of myonuclei and/or satellite 
cells from atrophying fibers, and 2) GH/IGF-I administration 
plus muscle loading ameliorates the apoptosis associated 
with hindlimb unloading. 
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REDUCTION OF NEUROMUSCULAR activity and/or loading 
results in rapid and substantial atrophy of skeletal 
muscle fibers (28), and the mechanisms by which 
muscle fiber size are reduced include transcriptional, 
translational, and posttranslational pathways (16,33). 
It now appears that muscle fiber atrophy is accompa- 
nied by a reduction in the mean number of myonuclei 
per fiber (l-3). Elimination of myonuclei may be an- 
other mechanism for modulating the transcriptional 
potential in muscle fibers. However, the mechanisms by 
which myonuclei are eliminated from adult muscle 
fibers are unknown. 

One possibility is that myonuclei are eliminated from 
atrophying skeletal muscle by a form of apoptosis. 
Apoptosis is one process by which cells are eliminated 
in a regulated manner (37). Apoptosis plays a role in 
shaping a number of tissues and structures during 
development (27) and is characterized by targeted 
destruction of the chromatin by an endonuclease fol- 
lowed by nuclear fragmentation and destruction, even- 
tually resulting in cellular fragmentation (37). A num- 

ber of studies have demonstrated a role for apoptosis in 
the involution of adult tissues after removal of a trophic 
signal and in the regression of hypertrophied tissue on 
elimination of the hypertrophic stimulus. For example, 
apoptosis is responsible for the involution of breast 
tissue during weaning in mice and rats (36) and for the 
atrophy of the prostate gland in response to castration 
(17). Finally, apoptosis is involved in the regression of 
several tissues after hypertrophyhyperplasia, includ- 
ing the pancreas in response to soya flour feeding (24) 
and the liver after lead nitrate-induced hyperplasia (8). 
Thus apoptosis is a normal feature of tissue atrophy or 
regression and may assist in tissue remodeling in 
response to reductions in growth stimuli. Moreover, 
apoptosis is characterized by the coordinated deletion 
of cells without interference with tissue function or 
activation of an inflammation response, allowing tissue 
function to be uncompromised during remodeling. 
Muscle atrophy during hindlimb unloading is also 
characterized by an orderly reduction in muscle mass 
and remodeling of the muscle tissue without a signifi- 
cant immune response (32). 

Apoptosis can occur in fully differentiated skeletal 
muscle fibers in vivo. Recent studies have demon- 
strated apoptosis of muscle cells in the degeneration 
associated with dystrophin-deficient muscular dystro- 
phy (34), and electron microscopy studies have sug- 
gested that apoptosis may occur in chronically dener- 
vated adult muscle (20). For example, Lee and Altschel 
(20) observed a number of myonuclear ultrastructural 
abnormalities consistent with apoptosis after long- 
term denervation, including chromatin condensation, 
nuclear shrinkage, and nuclear fragmentation. In a 
more recent report (6), long-term denervation resulted 
in the elimination of myonuclei via both necrotic and 
apoptotic processes, as shown with electron microscopy, 
nuclear morphological analysis, and in situ labeling of 
double-stranded DNA breaks. These studies suggest 
that apoptosis occurs in response to chronic degenera- 
tive conditions such as muscular dystrophy or long- 
term denervation. Although it is clear that myonuclei 
are lost in normal muscle in response to unloading (2, 
3), it is currently unclear whether apoptosis plays a role 
in the remodeling occurring in normal adult skeletal 
muscle in response to reduced neuromuscular activa- 
tion and/or loading. 

The purpose of the present study was to evaluate 
whether apoptosis can play a role in the remodeling of 
normally innervated, nonpathological skeletal muscle 
during hindlimb suspension-induced atrophy. We previ- 
ously demonstrated (1) that mean myonuclear number 
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is significantly decreased in rat soleus muscle fibers 
after 14 days of hindlimb suspension and that a combi- 
nation of brief bouts of daily climbing exercise and 
injection of growth hormone (GH) and insulin-like 
growth factor I (IGF-I) attenuated the loss of myonuclei 
in response to hindlimb suspension. Using terminal 
deoxynucleotidyl transferase (TDT) in situ end labeling 
(TDT-ISEL) on these same tissues, we now show that 
14 days of hindlimb suspension results in an increase in 
the number of apoptotic nuclei compared with control 
and that a combination of GH/IGF-I and exercise 
treatments partially attenuates the increase in TDT- 
positive nuclei after suspension. Together, these data 
support the hypothesis that apoptotic death of myonu- 
clei contributes to the loss of myonuclei associated with 
a decrease in neuromuscular activity and/or loading. 

METHODS 

Experimental animals and design. Adult female Sprague- 
Dawley albino rats (-250 g body wt; Simonsen, Gilroy, CA) 
were used in all experiments. Animal care and use were in 
accord with the Ames Research Center Animal Users Guide 
(AHB-7180) and the guidelines of the National Institutes of 
Health. The protocols were approved by the Institutional 
Animal Care and Use Committee at the Ames Research 
Center and the Animal Research Committee at the Univer- 
sity of California, Los Angeles. The rats were housed in pairs 
and maintained on a standard 12-h dark-light cycle in a room 
maintained at 24 t 1°C. Standard rat chow and water were 
provided to rats ad libitum. Hindlimb suspension was per- 
formed using a tail cast procedure described in detail previ- 
ously (15). 

Three separate experiments were performed. In experi- 
ment 1, rats were assigned randomly to one of three groups 
(n = Wgroup): 1) control, 2) hindlimb suspension, or 3) 
hindlimb suspension + GH/IGF-I + exercise. The soleus 
muscles from these rats had been analyzed previously for 
changes in mean myonuclear number and fiber cross- 
sectional area (I). Mean muscle mass and myonuclear num- 
ber were significantly reduced in the hindlimb-suspended 
group compared with control, whereas combined growth 
factor and exercise treatment attenuated these decreases. 
Therefore, this combination of experimental groups allowed 
us to examine the effects of 2 wk of unloading, with and 
without a countermeasure, on the presence of apoptosis in 
atrophying soleus muscles. The suspended rats in experiment 
1 also were subjected to functional overload of the soleus by 
ablation of the gastrocnemius and plantaris 7 days before a 
14-day suspension period. Functional overload was employed 
to enhance the loading of the soleus during the brief daily 
bouts of resistance exercise. Combined GH/IGF-I injections 
were used because previous studies demonstrated that opti- 
mal elevation of serum IGF-I levels and minimal effects on 
insulin secretion are achieved in normal, nonhypophysecto- 
mized rats with coinjection compared with either growth 
factor alone (19). Combined GH/IGF-I injection also results 
in the optimal secretion of IGF-I binding proteins from the 
liver (19), thus increasing the half-life of injected IGF-I. Two 
additional hindlimb suspension experiments (experiments 2 
and 3, see below) were conducted without functional overload 
to evaluate the role of apoptosis during atrophy in muscles 
that were not functionally overloaded. 

In experiment 2, rats were suspended for 3, 7, or 14 days 
(n = 5/time point) to examine the time course of the presence 
of apoptosis during hindlimb suspension. Five age-matched 

control rats were studied at each time point. To eliminate any 
possible effects of functional overload (see experiment 1 
above), the soleus muscles of these animals were not function- 
ally overloaded before suspension. 

In experiment 3, rats were assigned randomly to one of five 
groups (n = 4/group), 1) control, 2) hindlimb suspension, 3) 
hindlimb suspension + IGF-I, 4) hindlimb suspension + 
exercise, and 5) hindlimb suspension + IGF-I + exercise, to 
determine the role of IGF-I and/or exercise in preventing 
atrophy-induced apoptosis. As in experiment 2, the soleus 
muscle was not functionally overloaded in these rats. In 
addition, treatment with IGF-I alone was used to attempt to 
isolate the effects of IGF-I from those of GH. 

Exercise protocol. Rats from each of the exercised groups 
were subjected to brief bouts of climbing exercise three times 
daily (0800, 1200 and 1600) as described in detail in Grinde- 
land et al. (15). Briefly, during each bout of exercise, the rats 
climbed a l-m wire mesh grid (85” incline) three times in 
succession with a weight of -40% of body weight attached to a 
tail cast to increase the load on the muscle. Each rat spent a 
total of -5-10 min per day preparing to climb or climbing. 

Growth factor protocol. Immediately before each exercise 
bout, the growth factor-treated rats were given an injection 
(SC) of combined recombinant human GH and IGF-I (experi- 
ment 1) (Genentech, San Francisco, CA) of 1 mg/kg body wt 
each dissolved in 0.85% NaCl at a concentration of 250 pg/ml 
or IGF-I alone (experiment 3). The rats in both the control and 
hindlimb-suspended groups received the same volume of 
saline injected at the same times. 

MuscZe preparation. At the end of the hindlimb suspension 
period, the rats were killed and the soleus muscles were 
removed bilaterally, cleaned of excess fat and connective 
tissue, wet weighed, frozen in freon cooled in liquid nitrogen, 
and stored at -70°C. 

TDT-ISEL staining of skeletal muscle cross sections. The 
number of apoptotic nuclei was quantified by the histochemi- 
cal method for staining double-stranded DNA breaks de- 
scribed by Gavrieli et al. (14), as modified by Tidball et al. 
(34). This technique uses TDT enzyme to incorporate biotinyl- 
ated dUTP nucleotides to the end of the double-stranded DNA 
breaks with an avidin-peroxidase-precipitate visualization 
process. Double-stranded DNA fragmentation is a hallmark 
of apoptosis (37) and has been used on dystrophic skeletal 
muscle to label apoptotic myonuclei (34). Frozen sections 
(20~pm thick) were cut from the midbelly of the soleus muscle 
of each rat, fixed in 2% paraformaldehyde for 15 min, and 
rinsed twice in phosphate-buffered saline (PBS). Sections 
were digested with 0.1 pglml proteinase K for 10 min, and 
endogenous peroxidase activity was quenched in 0.3% hydro- 
gen peroxide for 5 min. After a rinse in TDT buffer (30 mM 
tris(hydroxymethyl)aminomethane, pH 7.4,140 mM Na caco- 
dylate, 1 mM cobalt chloride), sections were incubated for 1 h 
at 37°C in the TDT buffer with 300 U/ml TDT and 4 PM 
biotinylated UTP. After several rinses in PBS and a blocking 
for 1 h in 1% gelatin, sections were incubated in avidin- 
peroxidase (Vector Laboratories, Burlingame, CA) diluted 
l:l,OOO (vol/vol) in PBS for 30 min. Staining was visualized 
with a 3-amino g-ethyl carbazole kit (Vector Laboratories) per 
manufacturer’s instructions; the reaction creates a distinct 
red precipitate. Sections were rinsed with double-distilled 
HgO for 5 min and mounted in 100% glycerol. Negative 
control slides that received all steps except TDT enzyme were 
run with every staining group and showed no specific staining 
and low background (data not shown). Sections were exam- 
ined with a bright-field microscope using Nomarski optics, 
and the total number of apoptotic myonuclei was determined 
by counting the number of TDT-positive nuclei per section. In 
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addition, the number of muscle and nonmuscle TDT-positive 
nuclei was determined. Nuclei that were clearly within the 
muscle fiber boundary and corresponded in shape and posi- 
tion (i.e., round or oval and peripheral to the fiber) to 
myonuclei were counted as muscle nuclei. All other nuclei 
were counted as interstitial, which included fibroblasts, im- 
mune cells, and vascular endothelial cells. A mean number of 
TDT-positive nuclei per cross section was determined from 
nine sections from each rat in experiment 1 and from six 
sections from each rat in experiments 2 and 3. Studies on 
apoptosis in vivo often report the number of apoptotic cells 
per unit volume (34). The dramatic differences in tissue 
volume between the various groups, however, made this value 
of limited use in comparing across conditions. Therefore, the 
mean number of TDT-positive nuclei per section was chosen 
as the value for comparison. 

Several sections from three animals in experiment 1 were 
fluorescently double-labeled for apoptotic nuclei and laminin, 
a component of the muscle fiber basal lamina, to further 
demonstrate the presence of apoptotic nuclei within the fiber 
boundary. Frozen sections were fixed for 10 min in 2% 
paraformaldehyde and then rinsed for 5 min in PBS. Sections 
were quenched for 15 min in sodium borohydride, permeabi- 
lized with 0.1% Triton X-100, and blocked for 15 min in 0.5% 
bovine serum albumin and 0.5% nonfat dry milk. After a 
5-min wash in TDT buffer, sections were incubated in the 
TDT reaction medium described above, to which polyclonal 
rabbit anti-laminin antibodies (Sigma) diluted 1:40 had been 
added. Incubation was for 2 h at 37”C, and the reaction was 
stopped by the addition of buffer (30 mM sodium citrate, 300 
mM NaCl) fc : 15 min. Sections were rinsed twice with PBS 
and incubated with fluorescein isothiocyanate-conjugated 
streptavidin (Sigma) diluted 1: 100 and goat anti-rabbit- 
tetramethylrhodamine isothiocyanate-conjugated antibodies 
(Sigma) diluted 1:40 f  or 1 h at room temperature. Sections 
were rinsed with PBS several times, stained for nuclei using 
Hoechst 33258, and mounted in 100% glycerol. A fluorescent 
microscope was used to evaluate the location of the TDT- 
positive nuclei relative to the fiber basal lamina. Nuclei 
within the muscle fiber basal lamina were taken to be 
myonuclei. Because the basal lamina was used as the bound- 
ary, it is possible that some of the nuclei may reside in 
satellite cells, which lie adjacent to the muscle fiber and 
within the basal lamina (21). These nuclei, therefore, are 
referred to as “muscle nuclei” and include both satellite cell 
nuclei and myonuclei. 

Analysis of myonuclear shape abnormalities using confocal 
microscopy. Apoptosis in the absence of internucleosomal 
DNA fragmentation has been reported previously (5,7), and it 
is possible that myonuclear destruction is not characterized 
by TDT labeling. Another characteristic of apoptosis is the 
presence of nuclear morphological abnormalities, including 
alterations in nuclear shape and size (37). Single muscle 
fibers from control, hindlimb-suspended, and hindlimb- 
suspended + GH/IGF-I + exercise soleus muscles from 
experiment 1 were evaluated for myonuclear abnormalities. 
Single muscle fibers were isolated and stained for myonuclei 
as described previously (2, 3). Briefly, frozen muscle samples 
were progressively thawed to room temperature, and single 
muscle fiber segments were mechanically dissected in low- 
calcium relaxing solution and placed on gelatin-coated cover- 
slips. Fiber nuclei were stained with propidium iodide and 
acridine orange and examined using confocal microscopy. 

The number of abnormal myonuclei in three different 
randomly chosen fields (175 pm2) per fiber was quantified. 
Abnormal myonuclei were defined as having one or more of 
the following characteristics: 1) size abnormalities, i.e., nuclei 

that were less than one-half the length or twice as long as 
normal nuclei (5, 37); 2) shape abnormalities, i.e., nuclei with 
scalloped or wavy edges and/or sharp, angulated edges (37); 
and/or 3) location abnormalities, i.e., nuclei located in either 
the direct fiber center or slightly deep to the fiber periphery. 
Approximately 100-200 fibers (n = 139, 107, and 150 fibers 
for control, hindlimb-suspended, and hindlimb-suspended + 
GH/IGF-I + exercise, respectively) were analyzed from four 
rats from each condition in experiment 1, for a total of 
-30,000 nuclei analyzed. The number of muscle fibers contain- 
ing abnormal myonuclei was expressed as a percentage of the 
total number of fibers analyzed per animal. Mean values per 
animal and per group were used for statistical evaluation. 

StatisticaL anaZyses. All values are expressed as means t 
SE. Differences between groups were determined using analy- 
sis of variance, with Fisher’s post hoc test used for individual 
comparisons. For all tests, an a-level of 0.05 was chosen for 
significance. For the time-course study, Student’s unpaired 
t-test was used to compare suspended versus control values at 
each time point. 

RESULTS 

Experiment 1: Hindlimb suspension and apoptosis. A 
distinct red precipitate labeled TDT-positive nuclei 
(Fig. 1, A and B). Most of the TDT-positive nuclei in all 
conditions were located in the interstitial spaces be- 
tween muscle fibers or within connective tissue bands, 
although some TDT-positive nuclei were located within 
the muscle fiber and were considered to be muscle 
nuclei (Fig. 1, A-D). The cross sections of fibers contain- 
ing TDT-positive nuclei were not noticeably different in 
shape or size from fibers that did not contain TDT- 
positive nuclei, suggesting that these fibers were still 
viable and not undergoing large-scale degeneration or 
death (Fig. 1, A-D). 

Some TDT-positive nuclei were clearly within the 
muscle fiber basal lamina and were therefore consid- 
ered either true fiber myonuclei or satellite cell nuclei 
(Fig. 1, C and 0). Hoechst staining of the nuclei 
revealed three additional points: 1) TDT-positive stain- 
ing corresponded spatially to the presence of Hoechst- 
positive nuclei, confirming that actual nuclear staining 
was being observed; 2) fibers with TDT-positive nuclei 
were not in the process of undergoing widespread 
infiltration by immune cells, which are known to un- 
dergo apoptosis after phagocytosis of dead muscle 
fibers (32); and 3) TDT-positive muscle nuclei were 
observed within the cross section of fibers that also 
contained normal myonuclei (Fig. 1, C and 0). In 
addition, examination of the same fibers in serial 
sections revealed that fibers containing TDT-positive 
muscle nuclei at one level were morphologically normal 
and contained myonuclei that were not TDT-positive at 
other levels along the fiber length. It is apparent that 
individual myonuclei can undergo apoptosis within a 
single fiber while other myonuclei remain unaffected. 

The total number of TDT-positive nuclei per muscle 
cross section was -X-fold higher in hindlimb-sus- 
pended and -lo-fold higher in hindlimb-suspended + 
GH/IGF-I + exercise compared with control rats (Fig. 
2A). The mean number of TDT-positive total nuclei in 
hindlimb-suspended + GH/IGF-I + exercise rats was 
not significantly different from control or hindlimb- 
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suspended rats. The number of TDT-positive muscle 
nuclei per cross section was significantly higher in 
hindlimb-suspended and hindlimb-suspended + GH/ 
IGF-I + exercise rats than in control rats (Fig. ZB). 

Single muscle fibers were isolated from the same 
muscles used for TDT histochemistry and were evalu- 
ated for myonuclear morphological abnormalities. Mor- 
phological abnormalities characteristic of apoptosis 
were observed in myonuclei within isolated muscle 
fibers. For example, abnormal myonuclei were often 
shrunken and intensely stained with propidium iodide 
(Fig. 1, E and F), a hallmark of apoptosis (5). In 
addition, unusually elongated and angulated myonu- 
clei were seen, as were myonuclei with convoluted 
nuclear membranes (not shown). Hindlimb-suspended 
rats had a significantly higher percentage of fibers 
containing myonuclear abnormalities compared with 
control and hindlimb-suspended + GH/IGF-I + exer- 
cise rats (Fig. 3). It should be noted that the total 
number of abnormal myonuclei in any group was very 
small, i.e., -1 abnormal myonucleus for every 400 
normal myonuclei, consistent with the rarity of TDT- 
positive muscle nuclei observed in the muscle cross 
sections from hindlimb-suspended rats. 

Experiment 2: Time course of apoptosis during hind- 
Limb suspension. The mean numbers of total and muscle 
TDT-positive nuclei were significantly increased after 3 
days of suspension (Fig. 4). The mean number of 
TDT-positive muscle nuclei then remained consistent 
throughout the 14-day period (Fig. 4B), whereas the 
number of total TDT-positive nuclei was significantly 
increased further at 7 days and remained elevated at 
14 days (Fig. 4A). The increase in TDT-positive nuclei 
(appearing at 3 days) preceded significant muscle atro- 
phy (appearing at 7 days) (Fig. 5). 

Experiment 3: Role of IGF-I and /or exercise on hind- 
limb suspension-induced apoptosis. Because 3 days of 
suspension showed a significant incidence of apoptosis, 
this time point was studied to determine whether IGF-I 
and/or exercise could ameliorate this effect. Three days 
of hindlimb suspension resulted in a significant in- 
crease in the mean number of total and muscle TDT- 
positive nuclei per cross section compared with control 
(Fig. 6). After IGF-I or exercise treatment alone, the 
number of muscle TDT-positive myonuclei per cross 
section was similar to control (Fig. 6B ), although the 
number of total TDT-positive nuclei per section remained 
elevated (Fig. 6A). Combined treatment with IGF-I + 
exercise resulted in both the total and muscle TDT- 
positive nuclei per section being significantly lower than in 
hindlimb-suspended rats and similar to control values. 
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Fig. 2. Mean number of TDT-positive nuclei per section is shown for 
the 3 groups of rats from experiment 1. Total number of TDT-positive 
nuclei (A) and TDT-positive muscle nuclei (B) are shown for each 
group. Values are means * SE. Con, control; HS, hindlimb sus- 
pended; HS + GH/IGF-I + Ex, hindlimb suspended + growth 
hormone/insulin-like growth factor I + exercised. ‘i: Significantly 
different from control (P < 0.05). 

Fig. 1. Histochemical and morphological evidence for myonuclear apoptosis. Cross sections of a soleus muscle from 
a control (A and C) and a 2-wk hindlimb-suspended (B and 0) rat were histochemically labeled with terminal 
deoxynucleotidyl transferase (TDT) in situ end-labeling with either a precipitate-based labeling kit (A and B) or 
with fluorescein-conjugated avidin (C and D). Arrows, apoptotic nuclei. Number of TDT-positive nuclei was 
significantly higher in hindlimb-suspended compared with control soleus muscles. Triple labeling with TDT-fluorescein 
isothiocyanate (green), laminin-tetramethylrhodamine isothiocyanate (reddish orange), and Hoechst 33258 (blue) is shown 
in C and D. A TDT-positive nucleus (arrow) can be clearly seen by TDT staining (A) that corresponds to a 
Hoechst-positive nucleus (B) within muscle fiber basal lamina. Arrowhead indicates a muscle nucleus within same 
muscle fiber that is TDT-negative. False-color confocal images of mechanically isolated single muscle fibers from control 
and 2-wk hindlimb-suspended rat soleus muscles stained with propidium iodide and acridine orange are shown in E and F, 
respectively. Control fiber (E) contains a multitude of normal, oval-shaped nuclei. Fiber from hindlimb-suspended 
rat (F) contains a rounded, intensely stained nucleus (arrow in B). Bar: 100 pm in A-D, 30 pm in E and F. 
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Fig. 3. Percentage of fibers containing morphologically abnormal 
myonuclei in Con, HS, and HS + GH/IGF-I + Ex rats. Values are 
means + SE. ‘:‘, + Significantly different from control or hindlimb 
suspended, respectively (P < 0.05). 

DISCUSSION 

Mean myonuclear number is significantly lower than 
controls after skeletal muscle atrophy associated with 
unloading in adult rats (l-3). Schultz and co-workers 
(9, 30) also reported a significant decrease in mean 
myonuclear number after hindlimb suspension in very 
young postnatal rats (20 days old on day of suspension). 
The mechanism responsible for the lower myonuclear 
number in suspended versus control groups in these 
young rats was a reduction in satellite cell prolifera- 
tion, which in turn reduced the rate of formation of new 
myonuclei via fusion of satellite cells to existing myofi- 
bers during the postnatal phase of muscle growth. In 
the present study adult rats were used, and the avail- 
able evidence indicates that satellite cell proliferation 
is extremely low at this stage of development. There- 
fore, in adults, it would appear that something other 
than reduced formation of new myonuclei was respon- 
sible for the loss of myonuclei that we observed. In the 
present study, 14 days of hindlimb suspension resulted 
in a significant increase in the number of TDT-positive 
muscle nuclei and in the percentage of fibers containing 
myonuclear abnormalities in the rat soleus compared 
with control. Moreover, in the three separate experi- 
ments (a total of 24 rats), the number of TDT-positive 
total or muscle nuclei relative to the number of normal 
nuclei was extremely small in the soleus of control rats, 
suggesting that normal “turnover” of myonuclei is low. 
Together, these data suggest that the elimination of 
existing myonuclei by apoptosis is at least partially 
responsible for the reduction in myonuclear number 
accompanying hindlimb suspension-induced atrophy. 
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Fig. 4. Relationship between number of TDT-positive total (A) and 
muscle (B) nuclei and duration of hindlimb suspension. Control and 
suspended rats were studied at 3, 7, or 14 days. Soleus muscle cross 
sections were stained with TDT as described in METHODS. Each point 
represents mean + SE for 5 rats. Note different scales for A and B. 
Significantly different from control (P < 0.05). 
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Fig. 5. Relationship between mean soleus mass and duration of 
hindlimb suspension. Each point represents mean + SE for 5 rats. 
‘!’ Significantly different from control (P < 0.05). 
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Fig. 6. Mean number of TDT-positive total (A) and muscle (B) nuclei 
after 3-day hindlimb-suspension period in experiment 3. Values are 
means 2 SE for 4 rats/group. HS + IGF-I, hindlimb suspended + 
insulin-like growth factor; HS + S + Ex, hindlimb suspended + 
exercised; HS + IGF-I + Ex, hindlimb suspended + insulin-like 
growth factor-I + exercised. ‘t’, -i- Significantly different from control or 
hindlimb suspended, respectively (P < 0.05). 

The time-course data from experiment 2 indicate 
that, at least during this 2-wk period, the total number 
of TDT-positive nuclei progressively increased up to 7 
days and then reached a plateau. It is clear that within 
2 wk of suspension the majority of the atrophy associ- 
ated with hindlimb suspension is complete (28). Also 
within 2 wk of either hindlimb suspension or space- 
flight, there is a loss of myonuclei in the soleus muscle 
(l-3). However, whether this is a true plateau in the 
total number of TDT-positive nuclei at this time is 
unknown. 

In hindlimb-suspended rats, little evidence for gross 
pathology of muscle fibers was evident, suggesting that 
individual myonuclei underwent apoptosis in the ab- 
sence of widespread or regional degeneration of the 
muscle fiber. In fact, apoptotic myonuclei appeared to 
be distributed randomly within muscle fibers, i.e., 
normal myonuclei (TDT negative) were observed within 

the same section and in adjacent sections of the same 
fiber containing TDT-positive myonuclei. Davis et al. 
(10) reported apoptosis in some nuclei in the multinucle- 
ated protozoan Tetrahymena, and others have shown 
apoptosis in individual nuclei within multinucleated 
heterokaryons in vitro (11, 26). These findings and the 
present data argue that individual nuclei can undergo 
apoptotic degradation within multinucleated cells, sug- 
gesting that at least some of the critical steps for 
apoptotic nuclear destruction must occur within the 
nucleus itself. Conversely, it is possible that individual 
myonuclei within a common cytoplasm may sense and 
respond to extracellular signals individually and thus 
may possess “signaling domains” within the cytoplas- 
mic syncytium that allow inputs to affect only one or a 
few myonuclei (23). 

The number of fibers containing morphologically 
abnormal myonuclei was significantly increased in 
hindlimb-suspended animals compared with control. 
These morphological abnormalities have been used 
previously as an indication of apoptotic death (37). We 
have done extensive studies using mechanically iso- 
lated fibers and, using anti-vimentin immunohistochem- 
istry to identify mesenchymal cells, we demonstrated 
that the mechanical fiber dissection procedure stripped 
off virtually all adhering mononucleated cells, includ- 
ing satellite cells and fibroblasts (Allen, unpublished 
observations). These findings are similar to those of 
Konigsberg et al. (18). Thus it is extremely likely that 
the abnormal nuclei were true myonuclei and not 
satellite cell nuclei and that these abnormal myonuclei 
were undergoing apoptosis. 

The contribution of apoptosis to the elimination of 
myonuclei during hindlimb suspension can be esti- 
mated using a few assumptions. Given that the mean 
myonuclear number decreased from 162 myonuclei/mm 
in control to 134 myonuclei/mm in 14-day hindlimb- 
suspended rat soleus muscle fibers (2) and assuming 
that the myonuclei were lost homogeneously along the 
length of the fiber, there was an average loss of 28 
myonuclei l mm- Viber-l or 0.028 myonuclei*pmP1* fi- 
ber l. This assumption is probably valid, because there 
was no apparent indication of elimination of myonuclei 
from a single area. Assuming that the soleus has 
-3,000 fibers (25) and that the percentage of slow fibers 
in the rat soleus is -800-/o, then - 1,344 myonuclei 
should be lost per 20-pm-thick soleus cross section 
(3,000 fibers/section X 0.8% slow fibers X 0.028 myonu- 
clei lost l fiber 1 l pm section l X 20 pm/section). Finally, 
the time-course data suggest that the number of TDT- 
positive muscle nuclei was relatively constant over a 
14-day period. If a constant rate of loss is assumed and 
the mean length of time for apoptosis to occur is -2 h 
(14), then eight TDT-positive muscle nuclei should be 
evident per 2-h time point per 20-pm-thick section. 
Approximately three TDT-positive muscle nuclei per 
20-pm section were found at the 14-day time point in 
the first study, or -40% of the number of muscle nuclei 
expected if the assumptions listed above are correct. 
This discrepancy may indicate that apoptosis is not 
solely responsible for the elimination of myonuclei. On 
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the other hand, the 2-h duration for apoptosis was 
determined from studies on apoptosis of epithelial cells 
in vitro (14), and it is possible that this assumption is 
not valid for muscle nuclei in vivo. The time course for 
myonuclear apoptosis can be estimated using these 
same data if it is assumed that the number of TDT- 
positive muscle nuclei per section represents the total 
number of lost myonuclei. This calculation yields a 
value of -45 min for the average duration of myo- 
nuclear apoptosis, slightly shorter than the l-3 h 
previously reported (14). However, because only the 
myonucleus is destroyed in atrophying muscle fibers 
rather than the entire cell, then the time required for 
apoptosis may be somewhat shorter. 

A large number of TDT-positive nuclei was observed 
in the fiber interstitial areas and connective tissue 
bands in hindlimb-suspended rats in experiment 1. 
Presumably, nonmuscle cells, such as fibroblasts and 
immune cells, underwent apoptosis as well. These rats 
were first exposed to 1 wk of functional overload of the 
soleus by ablation of its synergists before experiencing 
2 wk of hindlimb suspension. Previous studies demon- 
strated an increase in immune cell infiltration and 
inflammation during the first week of functional over- 
load (4), whereas hindlimb suspension alone does not 
result in an increase in immune cell infiltration unless 
reloading occurs (32). Infiltrating immune cells can 
undergo apoptosis in skeletal muscle (35), and thus at 
least part of the substantial increase in apoptotic nuclei 
probably represents apoptosis of macrophages and 
other leukocytes recruited to assist in muscle remodel- 
ing and fiber degeneration accompanying functional 
overload. Conversely, the presence of significant num- 
bers of TDT-positive nonmuscle nuclei in the studies 
employing hindlimb suspension alone (experiment 2) 
argues that other nonmuscle cells, such as fibroblasts 
and vascular cells, also undergo apoptosis during hind- 
limb suspension-induced atrophy. Presumably, elimina- 
tion of nonmuscle as well as muscle nuclei occurs as the 
tissue undergoes remodeling during atrophy. These 
observations suggest that nonmuscle cells within skel- 
etal muscle are sensitive to alterations in neuromuscu- 
lar activation and loading and can undergo apoptosis in 
response to these alterations. Furthermore, these data 
suggest that the survival of nonmuscle cells is regu- 
lated coordinately with that of muscle nuclei. Coordi- 
nate modulation of both muscle and nonmuscle cells 
within a muscle may reflect an in-parallel remodeling 
of the force-generating components (myofibers) and the 
components that transmit force (fibroblasts, connective 
tissue). On the other hand, in experiment 3, the exercise 
and growth factor interventions alone had differential 
effects on total and muscle nuclei. Both exercise and 
IGF-I injection alone were able to partially ameliorate 
the increase in TDT-positive muscle nuclei but not total 
nuclei, suggesting that nonmuscle nuclei do not always 
respond similarly to muscle nuclei to a given stimulus. 

The number of muscle and nonmuscle TDT-positive 
nuclei was substantially lower in the studies using 
hindlimb suspension alone compared with hindlimb 
suspension after functional overload. Functional over- 

load is accompanied by satellite cell proliferation (31) 
and incorporation of satellite cell nuclei into the muscle 
fibers (29). Thus mean myonuclear number may have , 
been elevated in the soleus of functionally overloaded 
compared with control rats before suspension, and the 
greater number of TDT-positive nuclei in these muscles 
may reflect the loss of a greater number of nuclei during 
the atrophic phase in functionally overloaded-sus- 
pended compared with control-suspended rats. In addi- 
tion, unfused satellite cells, newly fused myonuclei 
associated with functional overload, or immune cells 
may be more susceptible to apoptotic death after initia- 
tion of the hindlimb suspension (13). A mechanistic role 
for immune cells in the apoptotic death of myonuclei 
accompanying muscular dystrophy has been suggested 
(J. Tidball and M. Spencer, personal communication). 

In a previous study, combined GH/IGF-I treatment 
plus muscle loading by ladder climbing was successful 
in preventing much of the decrease in mean myo- 
nuclear number, muscle mass, and fiber size associated 
with hindlimb suspension (1). The present data are 
consistent with the hypothesis that GH/IGF-I and 
exercise treatment ameliorate the decrease in myo- 
nuclear number, at least in part, by inhibiting the 
apoptotic death of individual myonuclei. The data from 
experiment 3 suggest that the survival effect resulting 
from combined GH/IGF-I treatment was at least par- 
tially mediated by IGF-I, a conclusion supported by in 
vitro studies (5, 12). In addition, injection of IGF-I has 
been successful in preventing apoptosis of developing 
motoneurons in vivo (22). The present data are consis- 
tent with the hypothesis that depletion of survival 
factors could be responsible for apoptotic cell death in 
vivo as well as in vitro. 
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