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ABSTRACT

MACHIDA, S., and F. W. BOOTH. Regrowth of Skeletal Muscle Atrophied from Inactivity. Med. Sci. Sports Exerc., Vol. 36, No. 1,
pp. 52–59, 2004. The current state of knowledge regarding regrowth of skeletal muscle after inactivity-induced atrophy is reviewed.
Muscle regrowth is incomplete after hindlimb suspension in juvenile rats and after limb immobilization in old animals. The process
of regrowth from immobilization-induced atrophy likely involves the reversal of directional changes in molecules producing muscle
loss while initiating anabolic processes for regrowth of muscle mass. Unfortunately, the molecular mechanisms responsible for
successful, or failed, muscle regrowth are not well understood. The purpose of the review is to provide current knowledge about the
biology of muscle regrowth from inactivity-induced atrophy. Key Words: AGING, ATROPHY, GROWTH, HYPERTROPHY,
IMMOBILIZATION, REHABILITATION

The contribution of skeletal muscle strength and mass
to health is under-recognized, where losses result in
an increased incidence of death (45). For example, in

men �60 yr, lower grip strength values were associated
with an increased risk of mortality (45). Muscle mass is lost
through physical inactivity. A sedentary lifestyle culminates
in premature physical frailty (64). Furthermore, immobili-
zation of limbs produces a rapid loss of muscle mass (13).
Molecular links between mechanical unloading/reloading
and muscle wasting/regrowth from these inactivity-type
conditions are needed for patient care. The speculation is
made that such medical evidence would encourage individ-
uals, including patients, to undertake more preventive care,
i.e., work either to regain muscle strength after rapid losses
of muscle mass, such as in limb immobilization, or work to
prevent loss in muscle mass for more prolonged periods
(such as sedentary living in nursing homes).

Muscle regrowth after hindlimb unloading and limb im-
mobilization is not complete in animals at certain stages of
life (18,51,73). Remarkably, muscles of old animals exhibit
little regrowth from atrophy after limb immobilization
(18,73). Unfortunately, the molecular mechanisms respon-
sible for successful, partial, and failed muscle regrowth
from inactivity-induced atrophy are not well understood.
The purpose of this review is to describe the current knowl-

edge regarding regrowth of skeletal muscle atrophied from
physical inactivity. To understand which inactivity-induced
atrophy processes require reversal to allow muscle re-
growth, a brief summary of changes that occur with inac-
tivity-induced atrophy will be reviewed first. [Muscle atro-
phy in spinal cord injury has been reviewed elsewhere (23)
and will not be covered here.]

INACTIVITY INDUCES MUSCLE ATROPHY

Skeletal muscle undergoes rapid and profound atrophy in
response to decreased mechanical loading, e.g., in limb
immobilization (13), hindlimb suspension (48,67), bed rest
(9), and spaceflight (5,8,26,31) (For the purposes of this
review, the generic term “inactivity-induced atrophy” will
be used to differentiate these conditions from muscle wast-
ing produced by fasting, glucocorticoids, etc.). It is also
contended that inactivity-induced atrophy and growth inhi-
bition do not have identical mechanisms. For the purposes
of this review, atrophy is defined as a decrease in muscle
mass from initial mass. As such, prevention of maturational
growth is not atrophy. For example, the interruption of
growth in juvenile rats occurs mainly through an interrup-
tion in myonuclear accretion (22,61) when compared with
that in aged-matched control rats, whereas in mature or old
rats, muscle atrophy occurs mainly through a loss in existing
mass, including a reduction in DNA unit size (cytoplasm-
to-myonuclei ratios) (7,39) and a loss of myonuclei (7). In
addition, inactivity-induced atrophy suppresses satellite cell
proliferation in vivo (22,51,61) and in vitro (18).

Comparisons of the models of hindlimb suspen-
sion and immobilization. Limb immobilization is often
used in orthopedic medicine. For example, after total hip
arthroplasty and rehabilitation, muscle wasting persisted 5
months postoperatively in 64-yr-old patients (53). Hindlimb
suspension is employed to mimic spaceflight (67). Although
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both models produce smaller skeletal muscles as compared
to untreated animals, the degree of inactivity differs. Both
models unload skeletal muscles, i.e., muscles are non-
weightbearing, but unloaded isotonic contractions are al-
lowed only in the suspension model. As a consequence,
EMG from hindlimb muscles is only transiently suppressed
during suspension, returning toward control values by the
7th day of suspension (4). In contrast, the EMG from im-
mobilized muscles fixed in their shortened position remains
reduced by 85–90% of control (25,32). Although both mod-
els produce up to 50% atrophy in predominantly slow mus-
cles, only in the limb immobilization, when muscles are
fixed at resting or shorter than resting lengths, does the
percentage of atrophy in fast-type muscles approach that of
slow muscle (12). In contrast, ~15–20% of fast muscle
weight is lost in suspended limbs (67). Because of these
differences, the model of suspension is preferred as an
Earth-based model to mimic skeletal muscle function during
spaceflight with the rationale that muscles of astronauts
undergo unloaded, isotonic contractions (48). However, the
loss in fiber area is 2–3 times greater in Type I than Type II
fibers in the tail suspension model. In contrast, the mean
fiber cross-sectional areas were 16–36% smaller after the
11-d flight with the relative effect being type IIB � IIA �
I (24), which is opposite hindlimb suspension. Thus, there
should be no preferred model of muscle atrophy. The au-
thors disagree with review groups which dictate exclusivity
to which atrophy model to use. For example, NASA has
emphasized research conformance to the hindlimb suspen-
sion model even with the discrepancy between human
spaceflight and ground-based data for percentage cross-
sectional area for Type II fibers. We believe such research
mandates short-circuit creativity and limit insights as more
information can be obtained from a comparison of multiple
models than from all investigators applying the same model.

Protein synthesis decreases in inactivity-in-
duced muscle atrophy. Inactivity-induced atrophy, such
as hindlimb unloading and limb immobilization, results in
the loss of muscle mass. Five days of hindlimb unloading
resulted in decreases in total RNA and protein synthesis in
soleus and gastrocnemius muscles (28). Some studies infer
that both transcriptional and translational rates are decreased
in inactivity-induced atrophying muscle, depending upon
the time of measurement (67). The rates of mixed protein
synthesis in rat gastrocnemius muscle declined in the first
6 h of limb immobilization (15). Watson et al. (70) and
Morrison et al. (50) showed that the rate of �-actin and
cytochrome c protein synthesis decreased whereas their
mRNA contents were unchanged in rat gastrocnemius mus-
cle in the first 6 h of hindlimb immobilization, implying a
translational mechanism was regulating protein content. In
addition, Morrison et al. (50) also reported decreases in the
nanograms of cytochrome c protein synthesized per day,
cytochrome c mRNA, and in cytochrome c protein of the red
quadriceps muscle after 7 d of immobilization, implying
regulation may be occurring pretranslationally. Thus, the
loss of cytochrome c and actin proteins early in inactivity-
induced muscle atrophy may occur by a translational

change, whereas their loss later in muscle atrophy may be,
in part, due to a decrease in pretranslational mechanisms.

Protein degradation increases in inactivity-in-
duced muscle atrophy. From the percentage changes in
protein synthesis rates and in muscle mass, protein degra-
dation rates were deduced to increase in unloaded muscles
(28,66), and some factors potentially contributing to these
increases will be briefly mentioned next. The protein xan-
thine oxidase, which produces superoxides is increased in
muscle cytoplasm of immobilized limbs, enhancing oxida-
tive stress (42). The resultant oxidative stress increases
tumor necrosis factor-� (TNF-�), which promotes loss of
muscle protein (54). TNF-� triggers the activation of tran-
scription factor nuclear factor-�B (NF-�B), which could
enhance ubiquitin-dependent proteolysis in muscles (44).
NF-�B family member p50, but not p65, was activated in
unloaded soleus muscle (33). These data have suggested that
inactivity-induced oxidative stress would induce increases
in protein degradation via TNF-�/NF-�B/ubiquitin-depen-
dent proteolytic system.

For most proteins, degradation by the proteasome re-
quires ubiquitination by a specific ubiquitin-protein ligase
(E3) (36). Atrogin, an E3 ubiquitin ligase, was increased in
rat medial gastrocnemius muscle undergoing hindlimb un-
loading (29) or immobilization (unpublished data). Mice
deficient in atrogin were found to be resistant to muscle
atrophy (10). Jagoe et al. (36) concluded that atrogin-1
appears to be uniquely regulated or at least to be one of only
a small set of ubiquitin-protein ligases that play a key role
in the accelerated proteolysis in atrophying muscles.

Myonuclear number decreases in inactivity-in-
duced muscle atrophy. Myonuclear number decreases
in inactivity-induced atrophying muscle (5,31,47), coinci-
dent with the decrease in muscle fiber size. However, a fiber
type difference in myonuclear loss exists. A greater decrease
in myonuclear number in Type I (soleus) than in Type II
(plantaris) myosin heavy chain (MHC)-expressing fibers
occurred in response to inactivity [hindlimb suspension or
spaceflight (5,7,31,47)]. An increase in the nuclear apopto-
tic marker, terminal deoxynucleotidyl transferase histo-
chemical staining, in unloaded (6) muscles suggests that
apoptosis contributes to the elimination of myonuclei and/or
satellite cells from atrophying fibers. However, the molec-
ular mechanisms by which inactivity induces apoptosis in
skeletal muscle are not well understood. An unanswered
question is whether apoptosis causes inactivity-induced at-
rophy of muscle or is a result of muscle atrophy. Myocyte
apoptosis triggered by high levels of circulating TNF-� has
been described, suggesting that TNF-� could be involved in
triggering cell death (20).

REGROWTH OF SKELETAL MUSCLE ATROPHIED
FROM INACTIVITY-INDUCED ATROPHY

Mitchell and Pavlath (47) suggested that mechanisms of
regrowth may differ from postnatal growth and hypertrophy
in the adult, in part, due to the need to reverse the mecha-
nisms that caused a reduction in muscle mass. This section
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will consider mechanisms by which muscle regrows from an
inactivity-induced atrophy.

Protein synthesis increases in regrowing mus-
cle. Rates of mixed protein synthesis in rat gastrocne-
mius muscle significantly increased to control values
during the first 6 h after a 7-d period of limb immobili-
zation, then remained at control values for the next 2 d,
and finally significantly increased to about twice the
control values on the 4th day after immobilization (68).
Cytochrome c protein synthesis and mRNA levels were
decreased by 19% and 40%, respectively, after 7 d of
hindlimb immobilization (50). After ending hindlimb im-
mobilization, the rate of cytochrome c synthesis and its
mRNA did not exceed control values during the first 2 d
of recovery from immobilization. However by the 4th
day of recovery, the rate of cytochrome c protein syn-
thesis was 92% higher than control, and the amount of
cytochrome c mRNA had returned to control values. A
similar pattern to the cytochrome c recovery was fol-
lowed by actin protein synthesis rates, which were 33%,
40%, 100%, and 300% of a percentage of control values
at 0 h, 6 h, 2 d, and 4 d of recovery after 7 d of hindlimb
immobilization (49). �-actin mRNA levels were reduced
42% at the 0-recovery time point and returned to control
values by the 2nd day of recovery and were maintained
at control values on the 4th recovery day (49). The
greater percentage increase in protein synthesis rates than
increases in mRNA and protein levels for cytochrome c
and �-actin implies that recovery from atrophy is a pro-
cess that includes pretranslational, translational, and
posttranslational regulations. Similar conclusions exist
for resistance training when rat muscles contract against
external loads (71,72).

Protein degradation increases in regrowing
muscle. Indirect estimates (from protein synthesis and
concentration values) for protein degradation rates re-
main elevated during initial phases of recovery from prior
inactivity-induced atrophy. Enhanced oxidative stress oc-
curred during the 5-d of recovery from immobilization-
induced muscle atrophy (41). Large numbers of lysoso-
mal-like bodies were observed in old skeletal muscles
during their 4-wk recovery from 4 wk of immobilization-
induced muscle atrophy (73). Increases in cytochrome c
and actin protein synthesis rates greatly exceeded the rate
of gain in the contents of these proteins (49,50), implying
an increase in their degradation rates.

Muscle precursor cell proliferation increases in
regrowing muscle. Muscle precursor cells are neces-
sary for postnatal development, hypertrophy, and regen-
eration of skeletal muscle. Recently, it has become clear
that subpopulations of satellite cells can differentiate to
cell types other than muscle, and thus the term “muscle
precursor cell” has been used for those satellite cells that
can become myoblasts. In this review, the terminology of
satellite cell or muscle precursor cell is employed as used
in the cited reference. Early postnatal muscle growth is
associated with an increase in myonuclear number, and
additional myonuclei are provided by myoblast prolifer-

ation and fusion to the fibers during postnatal develop-
ment. Adult animals undergoing functional overload also
require a satellite cell-induced increase in myonuclear
number as a necessary component of full hypertrophic
growth in adult muscle (2,56). Schiaffino et al. (59,60)
demonstrated that satellite cell proliferative activity is
increased during the early stages (3 d) of the compensa-
tory hypertrophy of the rat soleus or extensor digitorum
muscle that accompanies synergist ablation. These ob-
servations lead to the question of whether the prolifera-
tion, differentiation, and fusion of satellite cells with
existing muscle fibers are required for recovery of muscle
mass after atrophy produced by reduced mechanical
loading.

Myonuclear number increases in regrowing
muscle. During recovery of soleus muscle mass upon its
reloading, the 35% decrease in myonuclear number after
2 wk of hindlimb unloading was restored to control
values (47), suggesting that myogenic precursor cells can
proliferate and fuse with myofibers during the recovery
process consisting of enlargement of atrophied fibers.
Myonuclear number was defined as the number of myo-
nuclei per 100 myofibers (47). However, inhibition of
muscle precursor cell proliferation by local �-irradiation
completely prevented the recovery in soleus muscle mass
and myonuclear number (47). The first week of soleus
myofiber regrowth after hindlimb unloading is mediated
by myofiber-intrinsic processes, independent of the cal-
cineurin signaling pathway (46). During the second week
of soleus muscle regrowth, myonuclear accretion that is
calcineurin-dependent was necessary for regrowth. Re-
growth of plantaris myofibers occurred without myo-
nuclear accretion as no myonuclei were lost in these
unloaded muscles, suggesting that exclusively myofiber-
dependent processes contributed to regrowth of the plan-
taris after atrophy (46). The lack of a necessity for sat-
ellite cell addition to the recovering plantaris muscle may
be due to the lesser atrophy of the plantaris than the
soleus muscle, thereby eliminating the requirement for
muscle precursor cell during the recovery process. How-
ever, calcineurin activity was required for growth during
both of the first 2 wk of plantaris muscle regrowth from
atrophy (46).

Satellite cell mitotic activity has been shown to be a
prerequisite for myofiber enlargement in growth (52) and
hypertrophy (56). The mitotic activity of satellite cells
was higher during the 2 wk immediately after the re-
sumption of weight bearing in the soleus muscles from
hindlimb-suspended rats compared with soleus muscles
from the control rats (51). It is likely that the increased
functional demands placed on the reloaded muscle stim-
ulated satellite cell proliferation and subsequently myo-
nuclear accretion (21). Potential sources of factors stim-
ulating regrowth of atrophied muscle fibers are growth
factors induced by either mechanochemical transduction
or myofiber damage (35,43,65). Reloading induces me-
chanical forces that become transmitted though the ex-
tracellular matrix, integrins, and cytoskeleton, potentially
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signaling ribosomes to activate translation and/or trans-
mit forces to the nuclear scaffolds, possibly altering tran-
scriptional regulation (35). Markers of myofiber damage,
such as the infiltration of specific subpopulations of
macrophages into necrotic fibers (43,65), sarcolemmal
disruptions (38), and myofibrillar lesions (69), have been
reported shortly after the resumption of weight bearing
from hindlimb unloading. An increased incidence of
macrophage-invaded muscle fibers has also been re-
ported at 48 h of reloading after a 10-d spaceflight (55).
Macrophages secrete substances, such as platelet-derived
growth factor, basic fibroblast growth factor, leukemia-
inhibitory factor, and insulin-like growth factor (IGF-I),
all known to stimulate muscle-precursor-cell mitotic ac-
tivity (30,63). It is possible that low-level myofiber injury
may stimulate satellite cell proliferation after the resump-
tion of weight bearing to aid the compensatory regrowth
response of the muscle.

IMPAIRED REGROWTH AFTER ENDING
DECREASED MECHANICAL LOADING

Aging. Gerontological studies classify the stages of
life in Fischer 344/Brown Norway F1 generation cross
male rats as: juvenile/young (1–2 months old), young
(2–4 months old), adult (18 months old), and old (�30
months old).

Juvenile skeletal muscle. Skeletal muscles from 1-
to 2-month-old rats have unsuccessful catch-up growth
after an inactivity-induced atrophy compared with the
age-matched control rats (panel labeled as “partial fail-
ure” in Fig. 1). The soleus muscle of 1- to 2-month-old
rats failed to achieve the muscle size of their age-
matched, nontreated controls after 9 wk of reloading after
a 4-wk period of hindlimb suspension, even though body
weights had reached the same size as age-matched,
weight-bearing, untreated rats (51). Before regrowth
from the hindlimb suspension, soleus muscles had

smaller myofiber diameters and a smaller muscle-weight
to body-weight ratios compared with soleus muscles
from rats at the beginning of suspension, indicating that
hindlimb suspension not only inhibited skeletal muscle
growth during immobilization but also resulted in an
absolute atrophy in the juvenile soleus muscle, i.e., re-
duced from initial mass (51). Catch-up to an equivalent
number of satellite cells and myonuclei, and equivalent
fiber volume in age-matched controls also failed to occur
in the soleus muscle of 1- to 2-month-old rats who had
undergone a 10-d period of hindlimb suspension (22).
These reports imply that an inhibition of satellite cell
function by inactivity-induced atrophy may limit re-
growth of muscle mass and myonuclear number in 1- to
2-month-old rats as postnatal muscle growth is associated
with an increase in myonuclear number from satellite
cells (22,40).

Young skeletal muscle. In 3- to 4-month-old rats,
when the rapid phase of growth has slowed, successful
regrowth from immobilization-induced atrophy was ex-
hibited (14; labeled as “success” in Fig. 1).

Old skeletal muscle. However, muscles of 25- to
30-month-old rats did not regrow after atrophy by limb
immobilization (18,73; labeled as “failure” in Fig. 1). A
comparison of young (14) and old (18,73) rats suggests
that the mechanisms of regrowth in old atrophied muscle
may differ from that in young atrophied muscle. Satellite
cell number and proliferative potential decreases with age
(62). Inactivity suppresses satellite cell mitotic activity in
skeletal muscle (22,51,61) and also decreases myo-
nuclear number in adult rats (5,7,31). The above obser-
vations generated a hypothesis that satellite cells in old
atrophied muscle might not be in sufficient quantity to
contribute to the regrowth during recovery period from
inactivity (18). However, Chakravarthy et al. (18)
showed that direct IGF-I administration onto an atrophied
muscle promoted both in vitro satellite cell proliferation

FIGURE 1—Age-related differences in the regrowth of skeletal muscle atrophy from inactivity. The solid line indicates change in muscle mass of
controls during the experimental period. The broken line indicates the loss of muscle mass during inactivity-induced atrophy. The height of the
vertical open arrow approximates regrown muscle mass in recovery from atrophy. (A) Before regrowth from inactivity, skeletal muscles of juvenile
rats had smaller myofiber diameters and a smaller muscle-weight to body-weight ratios compared with the muscles at the beginning of the inactivity
period, indicating that the inactivity not only stopped skeletal muscle growth but also induced an absolute atrophy in the juvenile skeletal muscles
(51). The majority of the difference at the end of atrophy in juvenile muscles is due to prevention of growth. After the end of inactivity, juvenile
skeletal muscles exhibit unsuccessful catch-up growth compared with the age-matched control animals. Most of the atrophy in younger adult muscles
is true loss from preatrophy weight and regrowth is nearly complete. In contrast, control old skeletal muscle is sarcopenic (atrophying) and has
minimal or no regrowth from true loss compared to preatrophy values. It is possible that satellite cells in old atrophy muscle are unable to contribute
to the regrowth during recovery period from inactivity due to a lack of growth factor stimulation (18).
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and in vivo regrowth of skeletal muscle from limb im-
mobilization in 26- to 30-month-old rats. Many growth
factors can enhance satellite cell proliferation (30). The
above data prompted a new hypothesis that satellite cells
in skeletal muscle of 26- to 30-month-old rats were in
sufficient quantity, but quiescent, or inactive due to lack
of a some unknown “growth factor milieu” or that sat-
ellite cells were less responsive to endogenous levels of
growth factors (Fig. 2). Two lines of reasoning suggest
that growth factors could be limiting to regrowth of old
skeletal muscle. First, the rescue by IGF-I of regrowth
and in vitro satellite cell proliferation in old muscle that
was atrophied by inactivity (18) suggests endogenous
growth factors may not be in abundance in the old mus-
cle. Second, old skeletal muscle regenerates completely
after its destruction with myotoxins (16). Muscle regen-
eration is associated with an upregulation of growth
factors and a successful return of muscle to its premyo-
toxin size (34,37), whereas undamaged atrophy muscle in
immobilized limbs does not regrow, possibly because of
the lack growth factor upregulation as seen in muscle
regenerating from myotoxin damage.

THE CELLULAR AND MOLECULAR
MECHANISMS IN REGROWING MUSCLE

The cellular and molecular mechanisms that contribute to
the regrowth of muscle mass after reduced mechanical load-
ing are just beginning to be delineated. As most studies of
muscle regrowth from atrophy produced by limb immobi-
lization have been performed in rats, the vast amount of
literature on mouse satellite cells in the regenerating mus-
cles after toxin damage will not be reviewed here as regen-
eration is beyond the review’s scope. However, no studies
within the same lab comparing rat and mouse satellite cells
during recovery from inactivity-produced muscle atrophy
are known.

It is likely that satellite cells play essential role for suc-
cessful regrowth from inactivity-induced muscle atrophy.

Because skeletal muscle fibers are terminally differentiated
(postmitotic) and require the proliferation of satellite cells to
provide new myonuclei for increased muscle regrowth (46),
factors stimulating satellite cells are likely produced locally
in regrowth. IGF-I and leukemia inhibitory factor (LIF) are
local factors, which are expressed during muscle growth
(3,58) and can induce proliferation of satellite cells (18,63).
However, the signaling mechanisms by which these factors
activate satellite cells are just beginning to be understood.
Chakravarthy et al. (17) found that IGF-I-induced enhance-
ment of satellite cell proliferation is mediated via activation
of PI3K/Akt pathway through down-regulation of a cell-
cycle inhibitor p27Kip 1. Bodine et al. (11) demonstrated that
Akt/mTOR pathway, and its downstream target, p70S6K, is
implicated in muscle regrowth after atrophy. Childs et al.
(19) have recently found that p70S6K phosphorylation was
transiently increased during the 3rd recovery day after a
10-d period of limb immobilization (Fig. 3). During muscle
regrowth induced by reloading, muscle damage can occur
(43,65), inducing an inflammatory response within skeletal
muscle. Spangenburg and Booth (63) showed that LIF in-
duces in vitro satellite cell proliferation by activation of the
JAK2-STAT3 signaling pathway. STAT3 phosphorylation
was also increased in the soleus muscle during the 3rd and
6th recovery days after a 10-d period of limb immobilization
(19). These results suggest that IGF-I and LIF might activate
satellite cells during muscle regrowth induced by reloading
after inactivity-induced atrophy.

Another potential stimulus for muscle regrowth is Ca2�-
signaling (Fig. 3). Calcineurin is a Ca2�/calmodulin-depen-
dent serine/threonine phosphatase that is activated in re-
sponse to sustained increases in intracellular Ca2� and is
inhibited by cyclosporin A (CsA). Mitchell et al. (46)
showed that CsA not only completely prevented regrowth of
the atrophied plantaris muscle after hindlimb unloading but
also led to further atrophy. On the other hand, CsA only
attenuated regrowth of the soleus. Initial regrowth of the
soleus muscle was by a calcineurin-independent pathway,

FIGURE 2—Proposed model for roles of en-
dogenous growth factors in regrowing muscle
after atrophy. Inactivity leads to muscle atro-
phy. Accompanied with this atrophy in both
young and old soleus muscles is the loss of
myonuclei and decrease in muscle fiber size.
During regrowth of young soleus muscle after
atrophy, growth factors likely upregulate, de-
duced from the age-matched control muscles
being in a growth phase, producing satellite
cell proliferation and fusion with myofibers
allowing the enlargement of atrophied fibers.
In contrast, no restoration in fiber size occurs
during regrowth of the old muscle after an
inactivity-induced atrophy. Our current hy-
pothesis is that some ingredients of a growth
factor milieu are missing to stimulate muscle
growth in old skeletal muscle after inactivity-
induced atrophy.
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whereas in the 2nd week of recovery, regrowth and myo-
nuclear accretion were calcineurin-dependent (46). Interest-
ingly, calcineurin has been shown to be required for myo-
blast differentiation in vitro (1,27), allowing the speculation
that CsA prevented either the activation of proliferated
satellite cells or their fusion with preexisting fibers resulting
in muscle regrowth. Calcineurin protein has been observed
in BrdU-labeled, but not in quiescent, satellite cells of the
bupivacaine-injected rat tibialis anterior muscle (57). There-
fore, calcineurin has emerged as a potential key signaling
molecule in skeletal regrowth.

SUMMARY

This review compiled the current knowledge regarding
regrowth of skeletal muscle atrophied from inactivity.
Mechanisms of skeletal muscle regrowth, such as the con-
tribution of satellite cells and calcineurin, differ between
fast and slow muscles. In addition, muscle regrowth mech-

anisms likely differ among muscles from juvenile, adult,
and old subjects as the inhibition of growth and atrophy
mechanisms must be reversed in juvenile muscles recover-
ing from inactivity-induced atrophy. Regrowth from inac-
tivity-induced atrophy in juvenile rats is a partial success,
whereas regrowth is partially or fully incomplete in old
muscle. In old skeletal muscles, both sarcopenic and inac-
tivity-associated atrophy mechanisms must be reversed. Al-
though low satellite cell numbers may contribute to the
failure of old atrophied muscles to regrow from inactivity,
the rescue with IGF-I of in vitro satellite cell proliferation
and of in vivo muscle mass implies that growth factors may
also be limiting in old muscle regrowth. Future studies need
to determine molecular links for medical evidence to pro-
mote and improve the prescription of rehabilitation from
muscle atrophy.

This review was written while supported by NIH AR19393 and AG
18780 (FB). Thanks to Espen Spangenburg, Ph.D., J. Scott Pattison,
and Simon Lees, Ph.D., for critical reviews.
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