
Abstract The molecular signaling pathways involved in
regeneration after muscle damage have not been identi-
fied. In the present study, we tested the hypothesis that
calcineurin, a calcium-regulated phosphatase recently im-
plicated in the signaling of fiber-type conversion and
muscle hypertrophy, is required to induce skeletal muscle
remodeling. The amount of calcineurin and dephosphory-
lated nuclear factor of activated T cells c1 (NFATc1) pro-
teins was markedly increased in the regenerating muscle
of rats. The amount of calcineurin co-precipitating with
NFATc1 and GATA-2, and NFATc1 co-precipitating with
GATA-2 gradually increased in the tibialis anterior mus-
cle after bupivacaine injection. Calcineurin protein was
present in the proliferating satellite cells labeled with
BrdU in the damaged muscle after 4 days. In contrast, cal-
cineurin was not detected in the quiescent nonactivating
satellite cells expressing Myf-5. At 4 days post injection,
many macrophages detected in the damaged and regener-
ating area did not possess calcineurin protein. Calcineurin
protein was abundant in many myoblasts and myotubes
that expressed MyoD and myogenin at 4 and 6 days post
injection. In the intact muscle, no immunoreactivity of
calcineurin or BrdU was detected in the cell membrane,

cytosol or the extracellular connective tissue. In mice, in-
traperitoneal injection of cyclosporin A, a potent inhibitor
of calcineurin, induced extensive inflammation, marked
fiber atrophy, the appearance of immature myotubes, and
calcification in the regenerating muscle compared with
phosphate-buffered saline-administered mice. Thus, cal-
cineurin may have an important role in muscle regenera-
tion in association with NFATc1 and GATA-2.
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Introduction

Skeletal muscle satellite cells are generally in a quiescent
state in adult muscle, but when minor damage or injury
occurs, signals are generated within the muscle that acti-
vate these satellite cells, stimulating them to migrate and
enter the cell cycle. Activated satellite cells have been
shown to migrate to the site of an injury where they pro-
liferate, differentiate, and fuse with the damaged fibers or
form new fibers [3, 18]. In vitro studies have documented
many factors, primarily protein growth factors, that can
modulate satellite cell activity [3, 18]. In particular, in-
sulin-like growth factor I (IGF-I), known to be up-regu-
lated both in hypertrophied and regenerating muscle in
vivo [12, 20], positively regulated the proliferation and
differentiation of satellite cells and myoblasts in vitro
[15]. Indeed, Coleman et al. [8] found that over-expres-
sion (47-fold increase) of IGF-I in muscle leads to hyper-
trophy of muscles, but not of other tissues. In the prolifer-
ating satellite cells, IGF-I facilitated G1/S cell cycle pro-
gression by a down-regulation of p27 kip1 via activation of
the phosphatidylinositol 3’-kinase/Akt pathway [5].

Recently, calcineurin, a cytoplasmic calcium-regulated
phosphatase implicated in the pathogenesis of hypertro-
phic cardiomyopathy, has emerged as a possible candidate
in the signaling of skeletal muscle cellular growth [13, 28,
38] and the fiber-type transformations of these cells [7,
11, 30]. For example, on subcutaneous injection of cy-
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closporin A (CsA) and FK506, a potent inhibitor of phos-
phate phosphatase activity of calcineurin, mechanical
overloading-induced fiber hypertrophy was completely
suppressed [13]. After stimulating by IGF-I and calmod-
ulin, calcineurin promoted myotube growth in association
with GATA-2 and NFAT1c [28]. Therefore, calcineurin
may potently regulate the hypertrophy of muscle fibers in
vivo and of myotubes in vitro possibly due to enhancing
the differentiation of myoblasts.

Several studies [21, 23] suggested that rupture of the
plasma membrane is an essential element for muscle hy-
pertrophy, because of the resulting release of chemical
mediators (growth factors) of remodeling stored in the
cell cytosol [e.g., fibroblast growth factor (FGF)]. Thus,
the muscle hypertrophy elicited by mechanical stress in-
cludes a damage-regeneration (remodeling) phase. The in-
jection of bupivacaine hydrochloride into muscle induces
extensive damage to muscle fibers. Muscle regeneration
in vivo includes the extravagation of immune cells such as
macrophages, the proliferation and differentiation of satel-
lite cells and remodeling of neuromuscular connections.
Since bupivacaine injection markedly increases Ca2+ and
IGF-I in muscle, we hypothesized that calcineurin by po-
tently regulating the hypertrophy of myotubes and myo-
fibers, which is dependent on Ca2+ and IGF-I, has an im-
portant role in the remodeling of muscle fibers.

At the initial phase of muscle regeneration, satellite cells
are activated and proliferated by the stimulation of several
growth factors and cytokines such as IGF-I, basic FGF
(bFGF), interleukin-6 and leukemia inhibitory factor
(LIF) [12, 22, 36]. After the initial phase, some of the ac-
tivated cells and/or progeny are suggested to differentiate
into myoblast- like cells. In regenerating muscle, these
myoblasts can fuse with each other to form new myo-
fibers or become incorporated into existing myofibers [3].
Studies using developmental models, such as those in-
volving embryonic muscle or muscle cell line in culture,
revealed that MyoD and myogenin potently regulate the
differentiation from myoblasts to myotubes. In myogene-
sis, calcineurin may promote the muscle differentiation in
association with MyoD and myogenin. Indeed, calci-
neurin and NFATc3 markedly enhance the differentiation
of 10T1/2 cells transfected with MyoD in vitro [11]. The
transcription of myogenin gene was markedly elevated in
L6 cells retrovirally transfected with a constitutively ac-
tive form of calcineurin [17]. Thus, we hypothesized that
calcineurin and a possible downstream mediator (NFATc1
and GATA-2) enhance the differentiation from activated
satellite cells to myoblasts and/or from myoblasts to myo-
tubes in the regenerating muscle.

We found that muscle regeneration after bupivacaine in-
jection was markedly delayed by intraperitoneal injection
of CsA. In the regenerating muscles, calcineurin and active
NFATc1 proteins were markedly increased. The amount of
calcineurin co-precipitating with NFATc1 and GATA-2,
and NFATc1 co-precipitating with GATA-2 gradually in-
creased in the tibialis anterior muscle after bupivacaine in-
jection. Thus, calcineurin may play a crucial role in muscle
regeneration in association with NFATc1 and GATA-2.

Materials and methods

Experimental animals

Male Wistar rats (n =48,10 and 20 weeks of age) and male DWJ
mice (n =24, 12 weeks) were used in the experiments. The rats and
mice were housed in a temperature- (22±2°C) and humidity-
(60±5%) controlled room regulated to provide alternating 12-h pe-
riods of light and darkness. They were allowed to feed (commer-
cial rat chow) and drink ad libitum. This experimental procedure
was approved by the Committee for Animal Research, Kyoto Pre-
fectural University of Medicine.

Normal adult organ and muscles

Three male Wistar rats (20 weeks of age) were used in this experi-
ment. After excess pentobarbital administration, rats were killed,
and brain, cerebellum, spinal cord, muscle, heart, liver, kidney,
stomach, lung, testis and thymus were rapidly dissected.

Bupivacaine treatment

Adult male Wistar rats (n =39, 10 weeks of age) with body weights
of 270–360 g were used. Muscle regeneration of the tibialis ante-
rior muscle was induced in one leg of each rat by an intramuscular
injection of 0.5 ml of 0.5% bupivacaine hydrochloride prepared in
0.9% saline solution. Rats (n =27) were killed after excess pento-
barbital administration, and the tibialis anterior muscles of both
legs dissected, in groups of three, at 1, 2, 3, 4, 6, 8 and 10 days and
2 and 4 weeks post surgery. In a separate experiment to examine
whether calcineurin interacts with NFATc1 and GATA-2 in the re-
generating muscle, rats (n =12) were killed, after excess pentobar-
bital administration, in groups of two at 30 min and 1, 2, 4, 8, and
12 h post surgery.

CsA injection

Damage to the tibialis anterior muscle in the hind limb of male
mice (20–27 g) was induced by bupivacaine injected with either
CsA (25 mg/kg, intraperitoneally, n =12) or vehicle (n =12) twice
daily [27] for 1 or 2 weeks (each group, n =6). This dose of CsA
was higher than that reported to inhibit 90% of total calcineurin
phosphatase activity in the heart, to block Ca2+-induced NF-AT
dephosphorylation in spleen cell lysates, and to inhibit calcineurin-
mediated transcriptional activation in skeletal muscle [25, 39]. In-
jection of these chemical agents did not affect the health (from
general observations or autopsy results), or growth (body weights
were not significantly different among mice at any time during the
treatment), and did not noticeably alter the daily amount of loco-
motor activity displayed by experimental animals.

Primary antibodies

The following antibodies were used: affinity-purified mouse mono-
clonal antibody to calcineurin [dilution 1:100–1:400, Transduc-
tion Laboratories (TDL)], acetylcholine receptor (AChR) alpha
(1:100, TDL), MyoD (1:200, clone G106-647, Pharmingen, Bec-
ton Dickinson, USA) and bromodeoxyuridine (1:400, clone 3D4,
Pharmingen), affinity-purified rat monoclonal antibody to Mac-1
(1:200, Boehringer Mannheim, Mannheim, Germany), affinity-pu-
rified goat polyclonal antibody to NFATc1 [1:400, N-20, Santa
Cruz Biotechnology (SCB), Santa Cruz, Calif.] and GATA-2
(1:260, N-20, SCB) ; and affinity-purified rabbit polyclonal anti-
body to myogenin (1:100, M-225, SCB).

Tissue preparation, gel electrophoresis and immunoblots

Each tissue was homogenized in 10–20 vol of 50 mM TRIS-HCl
pH 7.4, 5 mM EDTA, 10 µg/ml phenylmethylsulfonyl fluoride, 
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0.5 µg/ml leupeptin, 0.2 µg/ml aprotinin, 0.2% NP-40, 0.1% Triton
X-100, 0.05% mercaptoethanol, and 1 mM Na3VO4 in a polytron
(PCU-2, Kinematica, Steinhofhalde, Switzerland) for 30 s. The ho-
mogenized tissues were centrifuged for 25 min at 15,000 g at 4°C,
and the protein concentration of the supernatant was determined
colorimetrically (Bio-Rad protein determination kit, Bio-Rad Lab-
oratories, Richmond, Calif.). Sodium dodecylsulfate (SDS)-poly-
acrylamide gel electrophoresis (8% acrylamide for NFATc1 and
10% for calcineurin and GATA-2) and Western analysis were per-
formed as described previously [35].

Immunoprecipitation

Cell extracts (100–200 µg) were incubated with protein A-Sepharose
beads (10 µl; Pharmacia Biotech, Uppsala, Sweden) and antibodies
against NFATc1 and GATA-2 (anti-NFATc1, 1 µg, anti-GATA-2,
1 µg) in lysis buffer for 1 h at 4°C. The beads were washed four
times with lysis buffer. Washed beads were resuspended in reduc-
ing sample buffer and boiled for 2 min before being size-fraction-
ated on 10% SDS-polyacrylamide gels [37].

Immunohistochemistry

For the labeling of proliferating satellite cells, 5-bromo-2’-deoxy-
uridine (BrdU, Boehringer Mannheim), a nonradioactive marker
for DNA synthesis [10], was injected (100 mg/kg, intraperitoneal-
ly) 1 h before sampling according to the method of Tamaki et al.
[40]. Six rats were used in this experiment. The animals were killed
with an overdose of sodium pentobarbital (60 mg/kg, intraperi-
toneally), and the tibialis anterior muscle was dissected, in groups
of two, at 4, 6 and 8 days post surgery (n =6). Serial 8- to 10-µm
transverse sections made with a cryostat (Bright 5030 Microtome,
Bright Instrument Co., Huntingdon, UK) were mounted on silanized
slides (Dako Japan, Tokyo). The sections were stained with hema-
toxylin-eosin (H&E) to observe the histological differences in tib-
ialis anterior muscles between PBS- and CsA-injected mice.
Frozen sections were fixed by cold acetone (7 min) and were incu-
bated in 0.3% H2O2 diluted in methanol for 20 min to inhibit en-
dogenous peroxidase. All subsequent steps were as described pre-
viously [33].

Morphometric analysis

The cross-sectional area was determined on at least 200 fibers per
muscle, using tracings of microphotographs (×66) at different po-
sitions of the entire muscle and an image analysis computer pro-
gram (NIH image software program). Using tracings of micropho-
tographs at five different positions in the muscle, the percentage of
the non-regenerating area was calculated from the percentage of
the area occupied by the inflammation of mononuclear cells, con-
nective tissues, calcium accumulation, very small fibers (myo-
tubes?) possessing central nuclei and necrotic fibers against the to-
tal area in the muscle cross-section.

Statistical analysis

All values are expressed as means ± SEM. Paired t -tests were used
to evaluate the significance of differences in the muscle weight,
mean fiber area and non-regenerating area between intact and
bupivacaine-injected muscles. P <0.05 was considered statistically
significant.

Results

At 6, 8 and 10 days after bupivacaine injection, the tibialis
anterior wet weight had decreased by 29.7%, 20.2% and

13.8% under the control value, respectively. Complete
restoration of wet weight was achieved by 28 days in the
tibialis anterior muscle subjected to bupivacaine. As
shown in Fig. 1A, immunoblotting with antibodies to cal-
cineurin revealed prominent bands consistent with a mo-
lecular size of 61 kDa (Fig. 1A). The calcineurin protein
was abundant in the brain, cerebellum, spinal cord and
lung, and was very low levels were detected in the skele-
tal muscle and heart (Fig. 1A). Calcineurin protein was
weakly detected in all of the hind limb and diaphragm
muscles examined in this study, and the protein level did
not significantly differ between slow-type and fast-type
muscles (Fig. 1B). Calcineurin was markedly increased in
the regenerating muscles of rats up to 2 weeks post sur-
gery (Fig. 1C). Both inactive (phosphorylated) and active
(dephosphorylated) NFATc1 were detected weakly in the
tibialis anterior muscle of normal rats (Fig. 1C). The
amount of active NFATc1 was markedly increased in the
regenerating muscle from 1 to 6 days after surgery com-
pared with the control level, and then the level gradually
decreased and reached the control level at 14 days post
surgery (Fig. 1C).
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Fig. 1 A Western blot analysis of calcineurin and NFATc1 in var-
ious organs from normal adult rats. In normal adult rats, cal-
cineurin protein is abundant in the brain, cerebellum, spinal cord
and lung, and very low levels are detected in the skeletal muscle
and heart. B Calcineurin protein is weakly detected in all of the
hind limb and diaphragm muscles, although the protein level does
not significantly differ between slow-type (soleus) and fast-type
(EDL, TA, gastrocnemius and diaphragm) muscles. C The change
in calcineurin and NFATc1 proteins in the regenerating TA mus-
cles subjected to bupivacaine injection. Calcineurin is markedly
increased in the regenerating muscle of rats for up to 2 weeks. Both
inactive (phosphorylated) and active (dephosphorylated) NFATc1
are weakly detected in the TA muscles of normal rats. The amount
of active NFATc1 is markedly increased in the regenerating mus-
cle for 1–6 days following bupivacaine injection compared with
the control level, and the level then gradually decreases and
reaches the control level at 14 days post surgery. Immunoblotting
with antibodies to calcineurin and NFATc1 shows prominent
bands of 61 and 80–120 kDa, respectively (EDL extensor digito-
rum longus, TA tibialis anterior, Gastroc. gastrocnemius)



Although interaction of NFATc1 and GATA-2 with cal-
cineurin was not detected in the normal intact muscle, the
amount of calcineurin co-precipitating with NFATc1 and
GATA-2 increased at 8–12 h and 12 h after bupivacaine
injection, respectively (Fig. 2). The amount of GATA-2
co-precipitating with NFATc1 markedly increased at 4 h
after operation and thereafter (Fig. 2).

In the regenerating muscle, several proliferating satel-
lite cells expressing BrdU (Fig. 3 A) contained calcineurin
protein (Fig. 3B). In contrast, no expression of calcineurin
protein was observed in the quiescent satellite cells pos-
sessing Myf-5 protein in the non-damaged fibers of the re-
generating muscle (Fig. 3C, D). At 4 days post injection,
many macrophages were detected in the damaged and re-
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Fig. 2 The amount of calcineurin co-precipitating with NFATc1
and GATA-2 is markedly increased after 8 and 12 h, respectively.
NFATc1 co-precipitating with GATA-2 is detected at 4 h after
bupivacaine injection (IP immunoprecipitation, IB immunoblot-
ting)
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Fig. 3 Serial cryosections of the regenerating (A – J) and normal
(K –L) TA muscle of rats. Each cryosection was immunohisto-
chemically stained with calcineurin (B, D, F, H, J, L), BrdU (A,
K), Myf-5 (C), Mac-1 (E), MyoD (G) and myogenin (I) antibod-
ies. (empty circles, empty squares, filled squares) The same fiber
in different successive cryosections. In the regenerating TA mus-
cle, several proliferating satellite cells expressing BrdU (A) show
calcineurin protein (B). In contrast, no expression of calcineurin
protein is observed in the quiescent satellite cells possessing Myf-5
protein in the non-damaged fibers of the regenerating muscle 

(C, D). At 4 days post injection, many macrophages are shown in the
damaged and regenerating area (E), but do not possess calcineurin
protein (F). The immunoreactivity of calcineurin is observed in
many myoblasts and myotubes that express MyoD (G) and myo-
genin (I) at 4 and 6 days following bupivacaine injection (H, J). In
the intact muscle, no immunoreactivity of calcineurin or BrdU is
seen in the cell membrane, cytosol or the extracellular connective
tissue (K, L). White and black arrows denote the same mononu-
clears (satellite cell, myoblast, macrophage, etc.) and myotubes of
different successive cryosections. Bars 25 µm



generating area (Fig. 3E), but did not possess calcineurin
protein (Fig. 3F). Immunoreactivity for calcineurin was
observed in many myoblasts and myotubes that expressed
MyoD (Fig. 3G) and myogenin (Fig. 3I) after 4 and 6 days
following bupivacaine injection (Fig. 3H, J). In the intact
muscle, no immunoreactivity for calcineurin or BrdU was
detected in the cell membrane, cytosol or the extracellular
connective tissue (Fig. 3K, L).

After 1 week, the regenerating tibialis anterior muscle
of the mouse receiving PBS intraperitoneally showed sev-
eral necrotic fibers, infiltration of mononuclear cells and a

wide range of the fiber area (Fig. 4A). After 2 weeks, the
damaged muscle was completely regenerated in the PBS-
administered group (Fig. 4C). In contrast, the CsA-admin-
istered mouse possessed many mononuclear cells (proba-
bly macrophages, myoblasts, satellite cells and/or endo-
thelial cells) and some calcification in the mostly extra-
cellular non-regenerating space after 1 week in the dam-
aged muscle after bupivacaine injection (Fig. 4B). After 
2 weeks, intraperitoneal CsA-injection had induced a wide
range of inflammation, apparent fiber atrophy, the exis-
tence of very small myotubes and myofibers and marked
calcification (Fig. 4D) in the regenerating muscle com-
pared with PBS-administered mice.

The muscle weight (Fig. 5A), mean fiber area (Fig. 5B),
non-regenerating area (Fig. 5C) and the distributing pat-
tern of the muscle fiber area (Fig. 5D) were very similar
after 2 weeks between intact and bupivaicaine-injected
tibialis anterior muscles of the PBS-administered group.
On the other hand, the mouse receiving CsA intraperi-
toneally revealed a significant decrease in muscle weight
and cross-sectional area, and a marked increase in the
non-regenerating area at 2 weeks after bupivacaine injec-
tion compared with intact muscle (Fig. 5A–C). The CsA-
injected mice possessed small muscle fibers more fre-
quently in the regenerating muscle than in the sham-oper-
ated muscle (Fig. 5E).
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Fig. 4 Histological characteristics of the regenerating TA muscles
of PBS-treated (A, C) and CsA-treated (B, D) mice. Each cryosec-
tion was stained with H&E. After 1 week, the regenerating muscle
of the mouse receiving PBS intraperitoneally showed many
necrotic fibers, inflammation of mononuclear cells and a wide
range of the fiber area (A). After 2 weeks, damaged muscle was
completely regenerated in mice receiving PBS injection (C). In
contrast, in mice administered CsA many mononuclear cells
(probably macrophages, myoblasts, satellite cells and/or endothe-
lial cells) and some calcification in the mostly extracellular non-re-
generating space are seen in the damaged muscle after intramuscu-
lar injection of bupivacaine after 1 week (B). After 2 weeks, mice
receiving an intraperitoneal injection of CsA show a wide range of
inflammation, apparent fiber atrophy, the existence of non-regen-
erating very small myotubes and myofibers and marked calcifica-
tion (D) in the regenerating muscle compared with PBS-adminis-
tered mice (C). Bar 50 µm
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Fig. 5 Comparison of muscle
weight (A), mean fiber area
(B), non-regenerating area (C)
and the distributing pattern of
muscle fiber area (D) in the
TA muscle subjected to bupi-
vacaine-injection between
PBS- and CsA-administered
mice. These parameters are
very similar after 2 weeks be-
tween the intact and bupiva-
caine-injected TA muscles of
the PBS-administered group.
In contrast, the CsA-injected
mice show significant de-
creases in muscle weight and
cross-sectional area, and
marked increases in the non-re-
generating area compared with
the intact muscle (A – C).
Small muscle fibers are seen
more frequently in the regener-
ating TA muscle of CsA-in-
jected mice than in sham-oper-
ated muscle (E)



Discussion

Three main conclusions can be derived from the findings
of the present study. First, calcineurin and active NFATc1
protein were markedly increased in the regenerating mus-
cle. Secondly, CsA, a potent inhibitor of phosphate phos-
phatase activity of calcineurin, clearly blocked the regen-
eration of muscle fiber. Third, muscle regeneration is ac-
complished by calcineurin in association with NFATc1
and GATA-2.

Although a complex among calcineurin, NFATc1 and
GATA-2 was not detected in the normal tibialis anterior
muscle, a marked increase in calcineurin co-precipitating
with NFATc1 and GATA-2, and NFATc1 with GATA-2 was
observed in the regenerating muscle. These interactions
may occur during hypertrophy of the myotube by the ex-
tensive fusion of myoblasts with each other, which occurs
in the regenerating muscle of adult rodents. In myogene-
sis, myotube hypertrophy resulted from the interaction of
calcineurin, NFATc1 and GATA-2. In addition, cardiac
hypertrophy was induced by the interaction of the second
zinc finger of GATA-4 and the C-terminal portion of the
Rel homology domain of NFAT-c3 [27]. Thus, a similar
mechanism may regulate certain muscle genes in response
to regeneration. Nuclear translocation of NFATc1 appears
to up-regulate the gene expression of troponin I [4] and T
[6], myoglobin [6], the myosin heavy chain of slow and
type IIA [6, 41]. These genes are required for complete re-
generation of skeletal muscle.

MyoD and myogenin potently regulate muscle differen-
tiation by up-regulating p21 and p300, creatin kinase, and
the myosin heavy chain. For example, primary MyoD–/–

muscle possesses a low potential of differentiation and a
marked increase in satellite cells during self renewal [24,
32]. On the other hand, the null mutation of myogenin in-
duces defects in myotube formation, because myogenin
causes myoblasts to leave the cell cycle and fuse, forming
multinucleated myotubes. In the present study, calcineurin
immunoreactivity was observed in many myotubes pos-
sessing MyoD and myogenin. Calcineurin and NFATc3
markedly enhanced the differentiation of 10T1/2 cells
transfected with MyoD in vitro [11]. The transcription of
myogenin gene was markedly elevated in L6 cells retrovi-
rally transfected with a constitutively active form of cal-
cineurin [17]. Thus, calcineurin appears to enhance muscle
differentiation from myoblasts to myotubes and/or from
myotubes to myofibers in the regenerating muscle in vivo.

Intraperitoneal injection of CsA, a calcineurin in-
hibitor, induced marked fiber atrophy and the appearance
of very small non-regenerating myotubes in the tibialis
anterior muscle after bupivacaine injection. Myotube for-
mation appeared to be markedly delayed in the regenerat-
ing muscle of mice injected with CsA. This finding is in
agreement with the observations of Abott et al. [1] who
demonstrated that CsA blocked differentiation by dose-
dependent inhibition of creatin kinase and embryonic
myosin heavy chain expression, and the formation of multi-
nucleated myotubes. Calcineurin immunoreactivity was

not detected in many satellite cells, although several satel-
lite cells labeled with BrdU expressed calcineurin. Con-
sidering several sections were stained by H&E at 7 days
after bupibacaine injection, many mononuclear cells in-
cluding satellite cells, macrophages and immune cells
must have existed in the damaged non-regenerating area
in CsA-injected mice. Furthermore, Dunn et al. [13],
found that, in mechanically overloaded muscle, CsA in-
jection had no influence on the expression in PCNA, a
marker of proliferating satellite cells. Thus, it is unlikely
that calcineurin activates the proliferation of satellite cells
and/or myoblasts.

The other source of calcineurin in the regenerating
muscle may be macrophages. Damaged muscle is invaded
by macrophages, neutrophils, T cells, platelets and MHC
class II-positive dendritic cells [31]. In particular, macro-
phages have an important role in phagocytosis in the le-
sioned area. In a co-culture, macrophages enhanced satel-
lite cell proliferation and delayed their differentiation by
several chemokines such as bFGF, platelet-derived growth
factor, transforming growth factor-β and LIF [26]. Cal-
cineurin is present in macrophages and modulates the
macrophage cytokine response effector functions [9].
However, in regenerating muscle, almost all macrophages
that were labeled by anti-Mac-1 did not possess cal-
cineurin protein. Thus, the concept that increased expres-
sion of calcineurin in the regenerating muscle was derived
from macrophages is unlikely.

The majority of quiescent satellite cells express M-cad-
herin, Myf-5 and CD34 protein [2, 18]. In vitro, prolif-
erating myoblasts enter one of two pathways and form
multinucleated myotubes or become reserve, quiescent, or
mononucleated cells. One recent study showed that in the
reserve cell population of myotube cultures (quiescent
satellite cells), calcineurin and the NFAT-dependent path-
way regulated the expression of the Myf-5 gene [16].
However, calcineurin immunoreactivity was not observed
in the quiescent satellite cells expressing Myf-5 protein in
the tibialis anterior muscles of rats. It is unlikely that cal-
cineurin up-regulates the Myf-5 gene in vivo in adult ma-
ture fibers of rats, because the distribution patterns clearly
differ between calcineurin and Myf-5. Our previous study
demonstrated that MyoD and Myf-5 proteins are preferen-
tially localized in the fast-type muscle such as the exten-
sor digitorum longus (EDL), tibialis anterior and gastroc-
nemius of rats [34]. In contrast, calcineurin protein was
expressed similarly between the slow-type soleus muscle
and the fast-type tibialis anterior muscle of rats in the pre-
sent study by Western blot analysis (Fig. 1B). A recent
study suggested that calcineurin is only activated in mus-
cle possessing high Ca2+ ion levels within a concentration
range of 100–300 nM by tonic continuous electrical activ-
ity [6]. In contrast, in fast myofibers, resting Ca2+ levels
are maintained at 50 nM, and the high amplitude (~1 µM)
calcium transients evoked by motor nerve activity [42].
Thus, the activity pattern of fast myofibers is of insuffi-
cient duration to evoke calcineurin-stimulated signaling.

The present observations strongly support the findings
of Musaro et al. [29], who reported that in the EDL mus-
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cles of senescent mice, IGF-I transgene induced a potent
regenerative possibility after cardiotoxin injection, proba-
bly due to GATA-2 up-regulation. Although the signal
pathway between calcineurin and GATA-2 is important in
myogenesis in vitro, this does not hold in muscle hyper-
trophy in vivo. Dunn [14] showed that in the mechanically
overloaded muscle of the IGF-I transgenic mouse, the ma-
jor downstream pathway of calcineurin was the NFATc1-
myocyte enhancer factor 2D (MEF2D). Although CsA
clearly delayed muscle regeneration, this drug nonselec-
tively inhibited the calcineurin interacting with NFATc1,
NFATc2, NFATc3 and NFATc4. In vitro, a calcineurin-
NFATc3-dependent pathway regulates the differentiation
from myoblasts to myotubes and the expression of the slow
myosin heavy chain gene [11]. Moreover, mice with the
null mutation of NFATc2 exhibited reduced muscle size
due to a decrease in the myofiber cross-sectional area [19].
Thus, whether calcineurin interacts with the other sub-
types of NFAT in the regenerating muscle remains to be
determined.

In summary, calcineurin potently regulates muscle re-
generation via NFATc1- and GATA-2-dependent pathways.
In regenerating muscle, calcineurin protein is present in
the myoblasts and myotubes leaving the cell cycle and en-
tering a differentiation phase, but not in macrophages,
quiescent satellite cells and the immature neuromuscular
junction.
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