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Calcineurin is a calcium-regulated serine-threonine protein phosphatase that controls developmental and
inducible biological responses in diverse cell types, in part through activation of the transcription factor
nuclear factor of activated T cells (NFAT). In skeletal muscle, calcineurin has been implicated in the regulation
of myoblast differentiation, hypertrophy of mature myofibers, and fiber type switching in response to alter-
ations in intracellular calcium concentration. However, considerable disagreement persists about the func-
tional role of calcineurin signaling in each of these processes. Here we evaluated the molecular phenotypes of
skeletal muscle from both calcineurin A� and calcineurin A� gene-targeted mice. Calcineurin A� was observed
to be the predominant catalytic isoform expressed in nearly all skeletal muscles examined. Neither calcineurin
A� or A� null mice showed any gross growth-related alterations in skeletal muscle, nor was fiber size or
number altered in glycolytic/fast muscle types. In contrast, both calcineurin A� and A� gene-targeted mice
demonstrated an alteration in myofiber number in the soleus, an oxidative/slow-type muscle. More signifi-
cantly, calcineurin A� and A� gene-targeted mice showed a dramatic down-regulation in the oxidative/slow fiber
type program in multiple muscles (both slow and fast). Associated with this observation, NFAT-luciferase
reporter transgenic mice showed significantly greater activity in slow fiber-containing muscles than in fast.
However, only calcineurin A� null mice showed a defect in NFAT nuclear occupancy or NFAT-luciferase
transgene activity in vivo. Collectively, our results suggest that calcineurin signaling plays a critical role in
regulating skeletal muscle fiber type switching but not hypertrophy. Our results also suggest that fiber type
switching occurs through an NFAT-independent mechanism.

Calcineurin is a calcium-calmodulin-activated serine-threo-
nine phosphatase composed of a catalytic A subunit (59 to 62
kDa) and a calcium-binding regulatory B subunit (19 kDa).
Three catalytic genes (A subunit) have been identified in ver-
tebrate species, of which calcineurin A� and calcineurin A� are
ubiquitously expressed, while calcineurin A� expression is re-
stricted to the testis and brain (11, 23, 38). Receptor stimula-
tion that promotes a sustained elevation in intracellular cal-
cium concentration leads to a direct activation of calcineurin,
which in turn facilitates alterations in gene expression through
transcriptional effector proteins (11, 23, 38). One such mech-
anism involves a family of transcriptional regulators referred to
as nuclear factor of activated T cells (NFAT), which are nor-
mally sequestered in the cytoplasm in a hyperphosphorylated
state (36). Activated calcineurin then directly binds NFAT
transcription factors in the cytoplasm, resulting in their de-
phosphorylation and subsequent translocation into the nu-
cleus. Once in the nucleus, NFAT factors function as impor-
tant coinducers of calcium-activated, inducible gene expression
in multiple cell types (36). Five NFAT transcription factors
have been identified; among these, NFATc1, NFATc2, NFATc3,
and NFATc4 are regulated by calcineurin-mediated dephos-
phorylation (26, 36). Calcineurin activity and the translocation

of NFAT factors can be inhibited by the immunosuppressive
agents cyclosporine A (CsA) and FK506 through complexes
with cyclophilins and FK506 binding proteins, respectively (11,
23, 38).

Calcineurin-NFAT signaling has been shown to play a crit-
ical role in regulating T-cell maturation and cytokine produc-
tion, synaptic transmission in neurons, vascular patterning dur-
ing embryonic development, and hypertrophic growth of the
heart (reviewed in reference 10). More recently, calcineurin-
NFAT signaling has been proposed to regulate skeletal muscle
differentiation, hypertrophy, and fiber type specification, al-
though each of these assertions has been disputed (reviewed in
reference 32). For example, calcineurin has been implicated in
the control of insulin-like growth factor 1 (IGF-1)-dependent
myocyte hypertrophy, functional overload hypertrophy in vivo,
and the mediation of growth after a period of atrophy (14, 28,
30, 40). However, other investigators have shown no discern-
ible effect of CsA or FK506 on skeletal muscle hypertrophy at
baseline, in response to functional overload, after a period of
atrophy, or downstream of IGF-1 signaling (5, 16, 17, 33, 37,
41). More significantly, overexpression of an activated cal-
cineurin cDNA in transgenic mice has no growth effect on
skeletal muscle at baseline or after functional overload (16,
31).

In addition to hypertrophic growth, skeletal muscle can also
undergo adaptive switching in fiber types in response to alter-
ations in workload or frequency of use. Muscle fibers are gen-
erally characterized as being oxidative/slow (expressing pri-
marily type I myosin heavy chain [MyHC]), intermediate, or
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glycolytic/fast (expressing type IId/x/b MyHC). Calcium levels
in resting fast fibers are reported to be approximately 50 nM,
while prolonged or chronic stimulation of fast fibers increases
intracellular calcium concentration, resulting in slow-fiber
transformation, implicating calcium as a fundamental regula-
tor of this process (3, 6, 39, 43, 48, 49). Since calcineurin is only
activated in response to sustained elevations in calcium levels
(13), it is thought to participate in the regulation of fiber type
switching in skeletal muscle (32). A significant number of re-
ports have demonstrated that calcineurin-inhibitory agents in-
duce a loss of oxidative/slow fiber number, with a concomitant
increase in glycolytic/fast fibers in vivo or in cultured myotubes
(9, 12, 14, 27, 33, 41, 46). However, two reports failed to
identify a pervasive correlation between calcineurin inhibition
and down-regulation of the oxidative/slow program in vivo (4,
44). A similar disparity exists between reports employing a
gain-of-function approach. Specifically, overexpression of acti-
vated calcineurin in skeletal muscle by using direct injection of
recombinant adenovirus or by transgenesis with a skeletal mus-
cle-expressed promoter induced the oxidative/slow program in
vivo (12, 31). In contrast, another group has reported no in-
duction of the oxidative/slow program in similarly constructed
transgenic mice at baseline or after functional overload (16).
Collectively, these reports underscore the ongoing controversy
surrounding the functional role of calcineurin-NFAT signaling
in skeletal muscle hypertrophy and/or fiber type specification.

To address the areas of controversy discussed above, we
analyzed both calcineurin A� and A� gene-targeted mice. Such
an approach permitted an evaluation of the phenotypic effects
associated with reduced calcineurin activity, apart from poten-
tial nonspecific effects associated with CsA and FK506. Expres-
sion of the calcineurin A� isoform was determined to predom-
inate over calcineurin A� expression in nearly all muscles
analyzed. Consistent with this expression profile, the nuclear
content of NFATc1, -c2, -c3, and -c4 was significantly reduced
in calcineurin A� null mice but not in A� null mice. Similarly,
with an NFAT-luciferase reporter transgenic line, only cal-
cineurin A� null mice showed a reduction in NFAT activity in
skeletal muscle. However, both lines of gene-targeted mice
showed a significant and generalized reduction in oxidative/
slow fiber content in glycolytic/fast muscles, while only A� null
mice showed a reduction in the oxidative/slow fiber content in
the soleus muscle (primarily oxidative/slow muscle). Analysis
of skeletal muscle growth-related indices revealed no signifi-
cant alterations in the weights of any skeletal muscle analyzed
in either gene-targeted line. Moreover, myofiber cross-sec-
tional area and fiber number were unchanged in glycolytic/fast
muscles (extensor digitorum longus [EDL] and biceps) from
either gene-targeted line. However, the soleus muscle showed
a minimal but significant reduction in fiber number in the
absence of calcineurin A�.

MATERIALS AND METHODS

Animals. calcineurin A��/� mice have been described previously (7, 8). cal-
cineurin A��/� mice were generously provided by Jonathan Seidman (Harvard
Medical School) and were previously described in detail (52). All animals had
free access to food and water, and all experimentation was performed in the
Cincinnati Children’s Hospital Research Foundation animal care facility in ac-
cordance with the guidelines of the National Institutes of Health. Experimental
protocols were reviewed and approved by the Institutional Animal Care and Use
Committee. Mice between 8 and 10 weeks of age were used for analysis.

Western blotting. Extracts were prepared in cell lysis buffer (20 mM sodium
phosphate [pH 7.0], 150 mM NaCl, 2 mM MgCl2, 10 mM NaF, 0.1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 1 mM dithiothreitol, 1% NP-40,
10% glycerol, 10 �g of leupeptin per ml, 10 �g of aprotinin per ml, 10 �g of
pepstatin per ml, 10 �g of N�-tosyl-phenylalanyl chloromethyl ketone [TPCK]
per ml, 10 �g of N�-tosyl-lysyl chloromethyl ketone [TLCK] per ml), and pro-
teins were resolved on a sodium dodecyl sulfate–8% polyacrylamide gel, trans-
ferred to a polyvinylidene difluoride membrane, and immunodetected by using
an enhanced chemifluorescence kit as specified by the manufacturer (Amersham
Biosciences, Piscataway, N.J.). The following antibodies were used: calcineurin
pan-A rabbit polyclonal antibody (Chemicon International, Inc., Temecula, Cal-
if.), �-tubulin monoclonal antibody (MAb) (Santa Cruz Biotechnology, Santa
Cruz, Calif.), and isoform-specific calcineurin A rabbit polyclonal antibodies.
Affinity purified, isoform-specific antibodies were custom synthesized in rabbits
by Zymed Laboratories, Inc., by using the calcineurin A� epitope NH2-CSETN
GTDSNGSNSSNIQ-COOH and the calcineurin A� epitope NH2-CHTTENH
GTGNHTPQ-COOH. Western blot reactivity was quantified on a Storm860
PhosphorImager (Molecular Dynamics, Piscataway, N.J.) using ImageQuant
software.

For MyHC Western blotting, extracts were prepared as described previously
(24). Briefly, excised muscles were homogenized in Isotris (10 mM Tris-HCl [pH
7.4] and 0.9% NaCl) plus 1 mM phenylmethylsulfonyl fluoride, and 75 �l of 20%
sodium dodecyl sulfate was added to the homogenate. The samples were vor-
texed, boiled, and centrifuged, and the supernatant was transferred to a fresh
tube and used for Western blotting. Proteins were resolved and blotted as stated
above. The following antibodies were used: NOQ7.5.4D, MyHC I MAb (Sigma,
St. Louis, Mo.); BF-F3, MyHC IIb MAb; SC-71, MyHCIIa�IIx MAb (German
Collection of Microorganisms and Cell Cultures).

Western blots of proteins from nuclear extracts were resolved on 8% poly-
acrylamide gels (5% when detecting NFAT isoforms), and the following anti-
bodies were used: pan-myocyte enhancer factor-2 (MEF2), Elk-1, NFATc2,
NFATc3, NFATc4, GATA-2, PGC-1� (Santa Cruz Biotechnology, Inc.), and
NFATc1 (Pharmingen, San Diego, Calif.). PGC-1� antibody was also generously
supplied by Bruce M. Spiegelman.

Immunohistochemistry. Frozen muscle samples were sectioned into 10-�m-
thick sections and placed immediately into phosphate-buffered saline (PBS).
Muscle sections were blocked in 10% horse serum–PBS for 1 h at room tem-
perature. The primary antibodies used were NOQ7.5.4D (MyHC I) and My32
(type II MyHCs) (Sigma). Primary antibodies were diluted 1:200 in blocking
solution, and incubations were carried out for 2 h at room temperature. Tissue
sections were washed three times with PBS for 5 min each, followed by incuba-
tion in fluorescein isothiocyanate-conjugated goat anti-mouse secondary anti-
body. Secondary antibody was diluted 1:400 in blocking solution, and tissue
sections were incubated for 1 h at room temperature. Tissue sections were then
washed three times with PBS and mounted with VectaShield (Vector Labora-
tories, Burlingame, Calif.) and coverslips.

Nuclear protein preparation. Total mouse skeletal muscle was collected from
wild-type, calcineurin A��/�, and calcineurin A��/� mice, and protein extracts
were prepared by using a method modified from one previously described (19).
Briefly, crude nuclear extract was spun on a sucrose cushion for 30 min at 4°C at
24,000 rpm using a Beckman SW28 rotor. Nuclei were then collected and lysed
in lysis buffer (10 mM HEPES [pH 7.6], 100 mM KCl, 3 mM MgCl2, 0.1 mM
EDTA, 10% glycerol, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluo-
ride, 5 �g of TLCK/ml, 5 �g of TPCK/ml, and 2 �g each of aprotinin and
pepstatin A/ml). Nuclear proteins were precipitated by using one-fifth volume of
2 M ammonium sulfate and spun at 4°C for 25 min at 38,000 rpm using a
Beckman 70.1Ti rotor. Pelleted protein was then resuspended in dialysis buffer
(25 mM HEPES [pH 7.6], 40 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 5 �g each of TLCK and
TPCK/ml, and 1 �g of aprotinin/ml,) and dialyzed for 3 h, with one change of
dialysis buffer.

Fiber cross-sectional area and average fiber number. EDL and soleus skeletal
muscles from wild-type, calcineurin A��/�, and A��/� mice were collected, fixed
in 10% formalin containing PBS, and embedded in paraffin. Four sections cut at
5 �m were analyzed from each muscle. Sections were deparaffinized in xylene
and rehydrated in decreasing dilutions of ethanol. To visualize fibers, sections
were incubated with tetramethyl rhodamine isothiocyanate (TRITC)-labeled
wheat germ agglutinin (50 �g/ml in 1� PBS; Sigma) for 1 h, washed three times
for 10 min each in PBS, and mounted with VectaShield and coverslips. Sections
were viewed and photographed by using an Olympus BX51 microscope in con-
junction with an Olympus U-TVI X digital camera. Fiber cross-sectional area
and average fiber number were assessed by using MagnaFire Image Capture and
ImagePro Plus Imaging software. Average fiber cross-sectional areas from ap-
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proximately 300 fibers per muscle per mouse were determined. To determine
average fiber number, total fibers in an entire muscle were quantified and the
total area was divided by the number of fibers. This figure was then used to
determine the number of fibers in a 100,000-�m2 area.

NADH-tetrazolium reductase staining. Frozen tissue sections were incubated
for 15 min at room temperature in a solution of 0.2 M Trizma base, 1.5 mM
nicotinamide adenine dinucleotide (NADH), and 1.5 mM nitro tetrazolium blue.
Sections were then serially incubated with acetone solutions (60, 80, 100, 80, and
60% for 2 min each) and mounted with Aquamount (Lerner Labs, Pittsburgh,
Pa.). NADH-tetrazolium staining revealed three distinct fiber profiles: unstained
(representing type IIb), moderately stained (representing type IIa�IId/x), and
intensely stained (representing type I).

Statistical analysis. Data are expressed as the means � standard errors of the
means. Statistical significance was determined by Student’s t test at the P 	 0.05
level.

RESULTS

Calcineurin A� is the predominant catalytic isoform ex-
pressed in skeletal muscle. Calcineurin A� and A� catalytic
isoforms are encoded by separate genes that are ubiquitously
expressed throughout most vertebrate tissues and cell types,
although the relative levels of expression vary such that A�
predominates in the brain while A� predominates in T and B
cells (21). It was of interest to determine which calcineurin
catalytic isoform is most highly expressed in skeletal muscle,
especially given calcineurin’s role in potentially regulating
muscle-specific gene expression and fiber-type specification
(reviewed in reference 32). The triceps, gastrocnemius, and
soleus muscles from wild-type, calcineurin A��/�, and cal-
cineurin A��/� mice were each analyzed for calcineurin pro-
tein levels by using a cross-reactive catalytic subunit antibody
(pan) (Fig. 1A). calcineurin A��/� mice displayed a more
substantial reduction in total catalytic protein content than did
A��/� mice for each of the muscles examined, while �-tubulin
levels were largely invariant (Fig. 1A). Quantitation of these
data indicated that calcineurin A� comprises approximately
80% of the total catalytic protein content within the gastroc-
nemius muscle. However, triceps and soleus showed slightly
less dichotomy, so that only 
60% of the total calcineurin A
content was composed of calcineurin A� (Fig. 1A).

Calcineurin A� and A� isoform expression was also quan-
tified in the skeletal muscles of each targeted line to examine
potential compensatory alterations in gene expression within
this family. Western blotting with pan and isoform-specific
antibodies failed to reveal any compensatory alterations in
either calcineurin A� or A� protein levels in skeletal muscle
from A��/� or A��/� mice, respectively (Fig. 1B).

Oxidative/slow fibers have more calcineurin-NFAT activity
in vivo. It was also of interest to evaluate calcineurin A protein
expression levels and activity between oxidative/slow and gly-
colytic/fast fiber types. Western blotting with the pan-reactive
calcineurin A antibody demonstrated slightly higher cal-
cineurin A protein levels in predominantly glycolytic/fast mus-
cles (gastrocnemius, tibialis anterior, biceps, and triceps) than
in oxidative slow muscles (soleus) (Fig. 2A). Glycolytic/fast
muscles showed three different calcineurin A isoforms, which
might arise due to differential splicing or another posttransla-
tional modification, while the soleus muscle showed only one
isoform (Fig. 2A). The calcineurin Western blots were normal-
ized to both �-tubulin and GAPDH, given that each control

itself appeared to be differentially expressed in fast versus slow
muscles (equal protein amounts were loaded) (Fig. 2A).

While expression profiling suggested greater calcineurin
protein content in glycolytic/fast muscles, it was uncertain how
these protein levels relate to actual enzymatic activity in vivo.
Traditional methods for assessing calcineurin activity utilize an
in vitro enzymatic assay in the presence of saturating calmod-
ulin and a phosphorylated RII peptide substrate (38). This
assay does not accurately reflect the specific activity of cal-
cineurin in vivo, so evaluation of NFAT nuclear localization
and transcriptional activity is often used as a surrogate for
evaluation of the activity of calcineurin in vivo (38). Given this,
we generated a series of NFAT reporter transgenic mice con-
taining a DNA construct consisting of nine copies of an NFAT-
only DNA binding site upstream of a minimal �-MyHC pro-
moter fused to luciferase (Fig. 2B). After screening a large
number of founders, two transgenic lines were identified that
demonstrated robust calcineurin transgene-induced expression
in the heart that could be inhibited with CsA (B. J. Wilkins and
J. D. Molkentin, unpublished data). These transgenic lines also

FIG. 1. Western blots of calcineurin protein expression in mouse
skeletal muscles. (A) Western blots of total calcineurin A expression in
triceps, gastrocnemius, and soleus from wild-type (Wt), calcineurin
A��/�, and A��/� mice. �-Tubulin was included as a loading control.
(B) Isoform-specific calcineurin A Western blots of protein extracts
from gastrocnemius and triceps from wild-type or calcineurin A gene-
targeted mice.
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demonstrated expression in skeletal muscle and were subse-
quently evaluated for differential activity between slow and fast
fiber type muscles. To verify the specificity of the calcineurin-
sensitive NFAT reporter, these transgenic mice were treated
with the calcineurin inhibitor CsA for 3 days at 20 mg/kg of
body weight/day (eight mice). Untreated NFAT-luciferase
transgenic mice showed significantly greater NFAT activity in
the oxidative/slow soleus than in the largely glycolytic/fast mus-
cles (five mice; two muscles per mouse; P 	 0.05) (Fig. 2C).
Importantly, CsA treatment reduced reporter activity, verify-
ing the specificity of this approach (P 	 0.05) (Fig. 2C). Back-
ground luciferase activity from nontransgenic muscles was as-
sayed, and a mean value of 0.68 relative light units/�g of
protein was found. The biceps and triceps failed to show a
significant effect with CsA, most likely due to the low starting
signal. Collectively, these results indicate that oxidative/slow
fibers have significantly more calcineurin enzymatic activity
than glycolytic/fast fibers in vivo.

Calcineurin gene-targeted mice have a reduced oxidative/
slow fiber type profile. Overexpression of activated calcineurin
in the gastrocnemius of adenovirally infected rat pups or in
transgenic mice has been reported to ectopically induce the
slow/oxidative fiber type program (12, 31), although this con-
clusion was disputed in another study that employed the same

general activated calcineurin construct in transgenic mice (16).
To address this area of controversy, a loss-of-function genetic
approach was employed. Skeletal muscle from calcineurin
A��/� and A��/� mice at 8 to 10 weeks of age was analyzed
for oxidative capacity by using NADH-tetrazolium reductase
staining for mitochondrial oxidative capacity. The data dem-
onstrate a noticeable reduction in the most oxidative fibers
(type I associated, dark blue) and the intermediate oxidative
fibers (type IIa associated, light blue) in each of the skeletal
muscles examined from calcineurin A��/� mice (Fig. 3). By
comparison, calcineurin A��/� mice also showed a reduction
in oxidative capacity in gastrocnemius, biceps, and triceps but
not in soleus (Fig. 3). That the soleus muscle was unaffected in
calcineurin A� null mice is intriguing but likely reflects a dis-
tinct regulatory program between fast and slow fiber types
(soleus is typically the most oxidative/slow muscle type in the

FIG. 2. Calcineurin expression and activity between fast and slow
muscles. (A) Western blot of total calcineurin A protein content be-
tween oxidative/slow (soleus) and glycolytic/fast (gastrocnemius, tibia-
lis anterior [TA], biceps, and triceps) muscles. �-Tubulin and GAPDH
are shown as loading controls. (B) Schematic of the transgene con-
struct that was used to make NFAT-dependent reporter mice. (C) Lu-
ciferase activity normalized as relative light units (RLU) per micro-
gram of protein from fast and slow muscles taken from untreated
transgenic mice (n � 5 mice) or CsA-treated mice (n � 8 mice)
(asterisk indicates P 	 0.05 versus any of the four untreated fast
muscles, and daggers indicate P 	 0.05 versus untreated muscles).

FIG. 3. NADH-tetrazolium staining of various skeletal muscles
from wild-type, calcineurin A��/�, and A��/� mice. The darkest blue
fibers are the most oxidative (type I), the lighter blue fibers are inter-
mediate oxidative/glycolytic (type IIa/x), and the unstained fibers are
glycolytic (type IIb).
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body [see Discussion]). Similar results were observed in three
independent experiments. Despite the exception observed in
the soleus, overall our results indicate a down-regulation in the
oxidative program of skeletal muscle in association with a
reduction in calcineurin protein. Moreover, these genetic data
are consistent with the ability of CsA, a calcineurin inhibitor, to
reduce the oxidative/slow muscle program in some experimen-
tal systems (9, 12, 14, 27, 33, 41, 46).

Immunohistochemistry was performed with type I MyHC
MAb to more thoroughly examine the phenotypic alterations
observed in skeletal muscle from calcineurin A��/� and A��/�

mice. calcineurin A��/� and A��/� mice show a noticeable
down-regulation in type I (slow program)-expressing fibers in
the biceps and triceps (Fig. 4A) and in the gastrocnemius and
extensor carpi radialis largus muscles (data not shown). Similar
results were observed in three independent experiments. With
respect to the soleus, immunohistochemistry against type I
MyHC demonstrated a significant reduction in expression in
calcineurin A��/� mice and a corresponding up-regulation of
fast type II MyHC expression (Fig. 4B). However, soleus mus-
cle from calcineurin A��/� mice consistently failed to show any
alteration in type I or type II MyHC protein expression (Fig.
4B), despite the fact that calcineurin A� expression is slightly
greater than that of calcineurin A� in the soleus (see Discus-
sion).

Quantitative Western blotting was also performed to more
accurately assess the oxidative/slow program of skeletal mus-
cles of calcineurin A��/� and A��/� mice. A significant reduc-
tion in both the slowest MyHC (type I) and the intermediate
slow/fast MyHC (type IIa) was observed in biceps, triceps, and
soleus of calcineurin A��/� mice (Fig. 5). Since both biceps
and triceps in the mouse are largely glycolytic/fast, a corre-
sponding up-regulation of fast MyHC (type IIb) was not no-
ticeable (Fig. 5). However, the largely oxidative/slow soleus
muscle readily showed an up-regulation in fast MyHC in cal-
cineurin A��/� mice (Fig. 5).

calcineurin A��/� mice also demonstrated a significant
down-regulation in type I and type IIa MyHC expression in
biceps and triceps but not soleus (Fig. 5). That fiber type
specification was not altered in the soleus of calcineurin A��/�

mice is also supported by the lack of alteration in type IIb (fast)
MyHC, consistent with the NADH-tetrazolium reductase
staining and immunohistochemistry data discussed above (Fig.
5). These data were quantified from four separate mice of each
genotype. We also performed another independent series of
similar Western blot experiments with approximately 8-month-
old calcineurin A��/� mice and observed a similar pattern of
down-regulated type I and type IIa MyHC in muscle (data not
shown). Collectively, these results show a generalized down-
regulation of the oxidative/slow program in association with
reduced calcineurin protein content, despite the minor excep-
tion of soleus in calcineurin A��/� mice.

Loss of calcineurin and muscle fiber size. Enhanced cal-
cineurin activity has been associated with both skeletal muscle
differentiation (1, 12, 18, 30) and IGF-1-mediated hypertrophy
(30, 40). However, overexpression of activated calcineurin in
skeletal muscle by transgenesis in the mouse did not induce
hypertrophy, and the assertion that calcineurin mediates IGF-
1-regulated skeletal muscle hypertrophy has been disputed (5,
16, 31, 37). Given these discordant results, the phenotypes of

skeletal muscle in both calcineurin A��/� and A��/� mice
were assessed for growth alterations. Analysis of individual
muscle weights normalized to body weight for soleus, triceps,
gastrocnemius, tibialis anterior, and quadriceps failed to iden-
tify any differences between wild-type, calcineurin A��/�, and
A��/� mice (at least six muscles were weighed for each group)
(Table 1). These five muscles were chosen based on their
ability to be unambiguously dissected from surrounding muscle
tissue. These results suggest the lack of a significant growth
defect in skeletal muscle in the absence of either calcineurin
catalytic isoform. However, both lines of calcineurin gene-
targeted mice showed a significant reduction in body weight for
unknown reasons, although muscle weights are appropriately
matched to bone lengths and body weights, negating the pos-
sibility that reduced muscle weights cause the reduction in
body weight.

Microscopically, sections from the EDL muscle were stained
with wheat germ agglutinin–TRITC conjugate to permit a
quantitative assessment of fiber cross-sectional area (from four
separate mice of each genotype) (Fig. 6A). The data demon-
strate no significant difference in cross-sectional fiber areas of
any size range in either calcineurin A��/� or A��/� mice
compared with littermate control wild-type mice (Fig. 6B).
Similar negative results were also observed in biceps (data not
shown). Finally, the number of fibers per unit of area was also
assessed to quantify any potential differences in total fiber
number. Since muscle weights did not significantly vary and
fiber cross-sectional areas were similar, no differences in fiber
number should be observed. Indeed, no differences were ob-
served in EDL or biceps fiber number from either calcineurin
A��/� or A��/� mice (Fig. 6C and data not shown). These
data indicate that loss of calcineurin A� or A� does not influ-
ence the growth or specification of muscle fibers in glycolytic/
fast muscles.

While no alterations were observed in predominantly glyco-
lytic/fast muscles, oxidative/slow muscles have a different pro-
file of calcineurin expression and subsequent transcriptional
responses, suggesting that calcineurin might have distinct func-
tions in slow versus fast muscles (4, 44). Indeed, we observed
that the soleus muscle from calcineurin A��/� mice showed
significantly greater cross-sectional fiber areas and fewer fibers
than did wild-type mice (P 	 0.05) (Fig. 7). In contrast, the
soleus muscle from calcineurin A��/� mice showed a trend
towards smaller cross-sectional areas and greater fiber num-
bers that reached significance in a few of the fiber diameter
ranges (P 	 0.05) (Fig. 7). These data were interpreted to
indicate that loss of calcineurin A� reduces the number of
fibers in the predominantly oxidative/slow soleus muscle, which
likely causes a secondary increase in fiber diameter in an at-
tempt to maintain overall muscle size. In contrast, loss of
calcineurin A� was associated with a trend towards the oppo-
site phenotype, likely due to a greater specification of muscle
fibers in the soleus (see Discussion). These data are also par-
tially consistent with a reduction in total fiber number observed
in NFATc3 null mice (22).

Calcineurin-deficient mice show alterations in NFAT nu-
clear content and activity. NFAT is a critical downstream ef-
fector of calcineurin that can influence skeletal muscle devel-
opment (20, 22) but probably not fiber type specification (12).
The activity and nuclear localization of NFATc1, -c2, -c3, and
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-c4 was analyzed in muscle from wild-type, calcineurin A��/�,
and A��/� mice by two distinct assays. First, mice containing
the NFAT-luciferase transgene described above were crossed
into the calcineurin A��/� and A��/� backgrounds to assay for

a potential reduction in activity in the muscle with the most
robust activity (soleus). Interestingly, loss of calcineurin A� had
no significant effect on NFAT-luciferase expression compared
with what was seen with wild-type littermates with the trans-

FIG. 4. Immunostaining for MyHC expression in muscles from wild-type, calcineurin A��/�, and A��/� mice. (A) Type I (slow) MyHC
expression is noticeably reduced in biceps and triceps from both calcineurin A��/� and A��/� mice (green stain is fluorescein isothiocyanate-
conjugated secondary antibody to detect type I MyHC). (B) Type I (slow) and type II (fast) MyHC expression in soleus muscle from calcineurin
A��/� and A��/� mice.
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gene (Fig. 8A). In contrast, loss of calcineurin A� resulted in a
dramatic down-regulation in NFAT-luciferase activity in the
soleus (Fig. 8A), similar to the reduction observed with CsA
(Fig. 2C). Using a separate approach, three independent ex-
periments were performed with purified nuclear extracts ob-
tained from total body muscle (three mice each), followed by
three series of Western blots for NFATc1, -c2, -c3, and -c4
nuclear content. A representative panel of these Western blots
from wild-type, calcineurin A��/�, and A��/� mice is shown
(Fig. 8B), demonstrating a remarkable reduction in all NFATs
in the nucleus of A��/� muscle, without a change in A��/�

muscle. By comparison, no difference in MEF2, Elk-1, PGC-
1�, or GATA2 nuclear content was observed in the absence of
either calcineurin isoform (Fig. 8B). These data suggest that
calcineurin A�, which is the predominant isoform expressed in
skeletal muscle, plays an important role in regulating NFAT
activity and suggest a potential mechanism underlying the re-
duction in fiber number observed in the soleus of A��/� mice.
However, these data also suggest that NFAT activation does
not directly influence fiber type specification since calcineurin
A��/� mice have normal NFAT nuclear occupancy and activ-
ity despite a consistent reduction in oxidative/slow fibers.

DISCUSSION

Calcineurin isoform-specific regulatory roles. While verte-
brates contain three distinct calcineurin A catalytic genes (�, �,
and �), only the A� and A� isoforms are expressed in skeletal
muscle. Using muscle from calcineurin A� and A� null mice,
the A� isoform was shown to constitute the majority of cata-
lytic isoform content in each skeletal muscle analyzed. This
conclusion is based on Western blotting with a pan-calcineurin
A antibody that recognizes the more conserved catalytic region
of the protein (greater than 95% identity between A� and A�
in this region). Use of a single antibody with tissue from gene-
deleted mice permits direct assessment of total protein content
for each isoform, assuming similar antibody affinities. In con-
trast, using separate isoform-specific antibodies, Dunn et al.
reported that calcineurin A� was the most abundant isoform
expressed in skeletal muscle (16).

Expression of calcineurin A� and A� are differentially reg-
ulated such that A� protein is most abundant in brain while A�
is most abundant in immune cells. Each isoform is also region-
ally expressed in the kidney, brain, and thymus (21, 47). More
significantly, calcineurin A� protein was reported to be en-

FIG. 4—Continued.
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riched in the nuclei of neurons while A� protein was largely
cytoplasmic (47). In the heart, each isoform comprises approx-
imately 50% of the total catalytic isoform expression (8), al-
though calcineurin A� protein levels increase during hypertro-

phy while A� levels remain unchanged (45). At the
biochemical level, calcineurin A� and A� differ slightly in their
enzymatic properties such that A� has a lower Km and a higher
Vmax toward the phosphorylated RII peptide than does A�
(35). While calcineurin A� and A� each show identical cal-
modulin dissociation rates and similar inhibition curves to the
autoinhibitory peptide, the A� isoform is more sensitive to
FK506 inhibition than is A� (35). Collectively, these previous
reports indicate that calcineurin A� and A� are subject to
different levels of regulation in multiple tissues and that each
has slightly different biochemical properties. Such differences
in relative expression levels, subcellular localization, associa-
tion with cofactors, or biochemical properties might underlie
the subtle differences in skeletal muscle phenotypes observed
in calcineurin A� and A� gene-targeted mice (see below).

Role of calcineurin in regulating the oxidative/slow fiber
type program. The longstanding conclusion that motoneuron
activity directly regulates skeletal muscle fiber type specificity
suggests a linkage between usage and gene expression (3, 6, 39,
43, 48, 49). Neuromuscular stimulation associated with oxida-
tive/slow fibers shows a more continuous oscillation of calcium
between 100 and 300 nM, while glycolytic/fast fibers show dis-
continuous action potentials and resting calcium levels of 50
nM (reviewed in reference 32). These fundamental differences
in calcium handling suggested the hypothesis that calcium itself
directly regulates the fiber type gene program through an un-
known signal transduction pathway. Chin et al. initially pro-
posed that calcineurin might function as the molecular sensor
of motoneuron activity through calcium (9), especially given
the observation that calcineurin is only activated by sustained
elevations in intracellular calcium concentrations that typify
oxidative/slow fibers (13). Indeed, Chin et al. observed that
inhibition of calcineurin with cyclosporine in the rat promoted
a dramatic down-regulation in oxidative/slow fibers in vivo (9).
Since their study, a number of groups have reported that cal-
cineurin-inhibitory agents similarly induce a loss of oxidative/
slow fiber number with a concomitant increase in glycolytic/fast
fibers in vivo or in cultured myotubes (9, 12, 14, 27, 33, 41, 46).

Despite the large number of supportive studies discussed
above, others have disputed calcineurin’s ability to regulate the
fiber type program in skeletal muscle (4, 16, 44). For example,
overexpression of activated calcineurin by using the muscle
creatine kinase promoter in transgenic mice dramatically en-
hanced the oxidative/slow fiber type program in vivo (31). In
support of this conclusion, direct injection of an activated cal-
cineurin-encoding adenovirus into the gastrocnemius induced
slow MyHC (type I) protein expression that was coincident
with infected fibers, while control adenoviral infection had no
effect (12). In contrast, Dunn et al. recently described trans-
genic mice expressing activated calcineurin under control of
the muscle creatine kinase or myosin light chain promoter
regions, neither of which showed any alterations in fiber type
composition at baseline or after functional overload (16).
While the transgenic lines employed by Naya et al. and Dunn
et al. were different (although the same promoter was used),
the ultimate reason for the discordant results might reflect
differing expression levels of the activated calcineurin protein,
nonuniform transgene expression so that most fibers do not
express the transgene, or developmental windows whereby the
activated calcineurin transgene can have its influence.

FIG. 5. Western analysis of MyHC protein expression. (A) Biceps,
triceps, and soleus from wild-type, calcineurin A��/�, and A��/� mice
were subjected to Western blotting to detect MyHC I, IIa, and IIb
isoform expression. (B) Quantitation of MyHC Western blots (from
four individual mice). Asterisks indicate P 	 0.05 versus wild-type
mice.
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The data presented in this report support the conclusions of
Naya et al. and help solidify the hypothesis that calcineurin
directly participates in programming the oxidative/slow pro-
gram of skeletal muscle. Both calcineurin A� and A� gene-
targeted mice demonstrated a significant reduction in oxida-
tive/slow fiber content within highly glycolytic muscles
(gastrocnemius, biceps, and triceps) according to three sepa-
rate criteria (NADH-TR staining, immunohistochemistry, and
Western blotting). Moreover, calcineurin A��/� mice also
showed a significant down-regulation in the oxidative/slow pro-
gram in the soleus muscle and a corresponding up-regulation
in glycolytic/fast fibers. Intriguingly, calcineurin A� null mice
failed to show a defect in the oxidative/slow program in the
soleus, despite the fact that the A� isoform is the most abun-
dantly expressed catalytic isoform in this muscle. However, the
soleus muscle is one of the very few predominantly oxidative/
slow muscle types in the mouse, suggesting that it may have
different regulatory features. More importantly, the soleus
muscle has already been shown to have alterations in cal-
cineurin signaling constituents compared with more highly gly-
colytic muscles. For example, CsA more severely affected the
growth of the plantaris (fast) muscle than that of the soleus
muscle (28). In addition, calcineurin A expression levels were
reported to be significantly higher in fast-type muscles than in
soleus (28, 42, 44), a finding which we have also confirmed by
Western blotting (Fig. 2A). In contrast, soleus muscle has
higher NFAT expression than EDL (fast) or gastrocnemius
(fast) (15, 44), while the fast plantaris muscle expresses signif-
icantly higher levels of the regulatory calcineurin B subunit
than does soleus (28). In this report, we show that the oxida-
tive/slow soleus muscle has greater calcineurin enzymatic ac-
tivity in vivo than do glycolytic/fast muscles. These results un-
derscore the regulatory differences that likely occur between
fast and slow muscle types with respect to calcineurin signaling.

Another interesting aspect of our present study was the
observed discordance between NFAT nuclear content and fi-
ber type switching. For example, NFAT nuclear content was
not significantly altered in skeletal muscle from calcineurin A�
gene-targeted mice compared with that from wild-type mice,
yet the oxidative/slow program was uniformly down-regulated.
By comparison, calcineurin A��/� mice showed a significant
reduction in NFAT nuclear protein levels, suggesting less-ef-
ficient calcineurin-directed translocation. The simplest inter-
pretation of these data is that NFAT is not the determinative
factor for mediating fiber type specification downstream of
calcineurin. In support of this hypothesis, Delling et al. previ-
ously reported that NFAT overexpression in cultured cells did
not enhance the slow program, in contrast to calcineurin over-
expression (12).

While NFAT factors are unlikely to directly participate in
the fiber type gene program, another calcineurin effector pro-
tein, MEF2, represents a more attractive candidate (32). Cal-
cineurin directly activates MEF2 transcriptional activity in the
heart and skeletal muscle without changing protein levels or
DNA binding capacity (34, 50, 51). This calcineurin-dependent
alteration in MEF2 activity has also been proposed to directly
mediate fiber type switching in skeletal muscle (50, 51). More
recently, this concept was extended to show that peroxisome-
proliferator-activated receptor gamma coactivator-1 (PGC-1�)
directly mediates fiber type switching to the oxidative/slow
program through a calcineurin-MEF2-dependent signaling
pathway (25). However, calcineurin A� and A� null mice
showed no alteration in PGC-1� protein content in the soleus.
While NFAT has been shown to augment expression of the
MyHC type I and type IIa promoters in transfected cultured
cells (2, 41), the evidence contained in this report and the other
data discussed above collectively suggest that NFAT factors
are not direct physiologic activators of the oxidative/slow pro-
gram. It remains to be determined whether MEF2 transcrip-
tional activity is altered in skeletal muscle of calcineurin A� or
A� null mice.

Role of calcineurin in regulating skeletal muscle differenti-
ation. The results discussed above suggest that NFAT factors
do not directly participate in regulating the fiber type gene
program of skeletal muscle. Such a conclusion calls into ques-
tion the function or importance of NFAT factors as transduc-
ers of calcineurin signaling in skeletal muscle. Previous studies
have indicated that NFAT factors are involved in regulating
skeletal muscle development and/or myotube differentiation.
For example, overexpression of calcineurin or NFAT has been
shown to dramatically enhance myotube differentiation in cul-
tured cells (12). Loss-of-function studies have also supported a
role for NFAT factors in skeletal muscle development.
NFATc3�/� mice show embryonic defects in the formation of
primary myofibers (22), while NFATc2�/� mice show defects in
postnatal maturation of skeletal muscle (20). Here, calcineurin
A��/� mice demonstrated a defect in NFAT nuclear occu-
pancy that was associated with a reduction in total myofiber
number within the soleus. This result is consistent with the
reduction in myofiber number reported in NFATc3�/� mice
(22). However, each of the glycolytic/fast muscles that were
examined in calcineurin A� or A� null mice failed to show a
defect in fiber number or maturation, suggesting no alteration
in differentiation (Fig. 6 and 7 and data not shown). That
skeletal muscle differentiation is largely normal in both cal-
cineurin A� and A� null mice could indicate either no role for
calcineurin in this process or that one gene compensates for
the other in ultimately permitting differentiation. Indeed, cal-

TABLE 1. Physical measurements in wild-type, calcineurin A��/�, and A��/� mice

Mouse Body weighta (g) Tibialis anterior/
body (mg/g)

Gastrocnemius/body
(mg/g) Soleus/body (mg/g) Triceps/body (mg/g) Quadriceps/body

(mg/g)

Wild type 30.3 � 0.7 (10) 1.61 � 0.04 (16) 4.57 � 0.15 (16) 0.28 � 0.01 (16) 3.75 � 0.10 (16) 6.05 � 0.15 (16)
A��/� 25.7 � 1.6b (9) 1.54 � 0.04 (22) 4.29 � 0.09 (17) 0.28 � 0.01 (18) 3.76 � 0.11 (18) 6.19 � 0.14 (18)
A��/� 27.0 � 1.0b (14) 1.49 � 0.07 (7) 4.33 � 0.18 (6) 0.29 � 0.02 (7) 3.40 � 0.19 (7) 6.33 � 0.32 (7)

a All values are means � SEM. Numbers in parentheses indicate number of mice (for measurement of body weight) or number of muscles (for all other
measurements).

b P 	 0.05 versus wild type.
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cineurin A� and A� double-null mice are embryonic lethal,
indicating that each gene can partially compensate for the
other (data not shown). Future studies to conditionally delete
all calcineurin activity from skeletal muscle should ultimately
define its importance, if any, in the regulation of myocyte
differentiation.

Role of calcineurin in regulating skeletal muscle hypertro-
phy. The results presented here suggest that calcineurin does
not play a critical role in regulating skeletal muscle fiber
growth. calcineurin A� and A� gene-targeted mice showed
normal fiber cross-sectional areas in glycolytic/fast muscles,
although the soleus was subtly affected. However, we interpret

FIG. 6. Histological analysis of EDL from wild-type, calcineurin A��/�, and A��/� mice. (A) Representative sections of wheat germ
agglutinin–TRITC-labeled EDL muscle. (B) Fiber areas in four mice each were measured from wild-type, calcineurin A��/�, and A��/� mice.
Approximately 300 fibers were measured per muscle section and grouped by size in 200-�m2 increments. (C) Average number of fibers per unit
of area (100,000 �m2). No values were significantly different.
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this alteration in soleus myofiber cross-sectional area to be a
secondary consequence of altered differentiation due to a cor-
responding change in myofiber number. This overall conclu-
sion is supported by a number of pharmacological inhibitory
studies in rodent models. For example, use of CsA or FK506

failed to show a reduction in skeletal muscle fiber size under
resting conditions or in response to functional overload (16, 17,
33, 41). Calcineurin signaling has also been reported not to
directly influence IGF-1-mediated hypertrophy (5, 37). In con-
trast, a nearly equal number of credible studies have identified

FIG. 7. Histological analysis of soleus from wild-type, calcineurin A��/�, and A��/� mice. (A) Representative sections of wheat germ
agglutinin–TRITC-labeled soleus muscle. (B) Fiber areas in four mice each were measured from wild-type, calcineurin A��/�, and A��/� mice.
Approximately 300 fibers were measured per muscle section and grouped by size in 200-�m2 increments. Asterisks indicate P 	 0.05 for wild-type
versus calcineurin A��/� mice, and daggers indicate P 	 0.05 for wild-type versus calcineurin A��/� mice. (C) Average number of fibers per unit
of area (100,000 �m2). Asterisks indicate P 	 0.05 versus wild type.
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a defect in myofiber growth using calcineurin-inhibitory agents
at baseline in resting animals, in the growth response following
a period of atrophy after hind limb suspension, or downstream
of IGF-1 signaling (14, 28, 30, 40). The interpretation of the
results discussed above might also be influenced by potential
nonspecific effects associated with CsA and FK506. Given this
consideration, a case can be made that a genetic gain-of-func-
tion approach might be more definitive in addressing causality
between calcineurin signaling and skeletal muscle growth. In-
deed, overexpression of an activated calcineurin cDNA in the
heart induces massive hypertrophy, suggesting a causal role in
the cardiac growth response (29). However, transgenic over-
expression of the same activated calcineurin cDNA in skeletal
muscle failed to induce hypertrophy at baseline or after a
period of functional overload (16, 31). This latter result
strongly suggests that calcineurin does not directly regulate
skeletal muscle hypertrophy. Consistent with this interpreta-
tion, analysis of calcineurin A� and A� gene-targeted mice
failed to identify a significant growth defect. Indeed, cal-
cineurin A� null mice even showed an increase in fiber areas in
the soleus compared with what was seen with wild-type or
calcineurin A� mice, although this effect is likely secondary to
a reduction in primary fiber numbers. In any event, the results
presented here indicate that calcineurin is potentially only im-
portant in regulating fiber type switching and not hypertrophy
or differentiation. However, before such a conclusion is fully
embraced it may be necessary to inactivate all calcineurin in
skeletal muscle by using a conditional gene-targeting ap-
proach.
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