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There is currently no treatment for the inherited motor neuron disease, spinal muscular atrophy (SMA).
Severe SMA causes lower motor neuron loss, impaired myofiber development, profound muscle weakness
and early mortality. Myostatin is a transforming growth factor-b family member that inhibits muscle
growth. Loss or blockade of myostatin signaling increases muscle mass and improves muscle strength in
mouse models of primary muscle disease and in the motor neuron disease, amyotrophic lateral sclerosis.
In this study, we evaluated the effects of blocking myostatin signaling in severe SMA mice (hSMN2/
delta7SMN/mSmn2/2) by two independent strategies: (i) transgenic overexpression of the myostatin inhibitor
follistatin and (ii) post-natal administration of a soluble activin receptor IIB (ActRIIB-Fc). SMA mice overex-
pressing follistatin showed little increase in muscle mass and no improvement in motor function or survival.
SMA mice treated with ActRIIB-Fc showed minimal improvement in motor function, and no extension of sur-
vival compared with vehicle-treated mice. Together these results suggest that inhibition of myostatin may not
be a promising therapeutic strategy in severe forms of SMA.

INTRODUCTION

The motor neuron disease, spinal muscular atrophy (SMA), is
a leading inherited cause of infant mortality. SMA is caused
by mutation or deletion of the survival motor neuron 1
(SMN1) gene and deficiency of the SMN protein leading to
loss of lower motor neurons (1,2). SMA is characterized by
profound muscle weakness involving truncal and proximal,
more than distal, limb muscles (3,4). Studies of muscle path-
ology in severe SMA patients and mice have shown wide-
spread, small myofibers expressing an immature pattern of
contractile protein genes (5–9). It has been debated whether
this pathology results solely from denervation or whether
SMN protein deficiency causes contributing intrinsic defects
of muscle (10–14). It is unknown whether therapeutic inter-
ventions targeted to muscle could be effective for the treat-
ment of SMA patients.

Myostatin belongs to the transforming growth factor
(TGF)-b superfamily and negatively regulates skeletal
muscle mass (15). Genetic deletion or natural loss-of-function
mutations of myostatin in multiple species including mice,

cattle, sheep, dogs and humans cause a marked increase in
skeletal muscle mass due to hypertrophy and/or hyperplasia
(15–20). Myostatin is produced primarily by skeletal muscle
and circulates in the bloodstream as an inactive complex
with its own propeptide and other endogenous inhibitors
(reviewed in 21). Upon activation, the myostatin C-terminal
dimer binds to the activin receptor type IIB (ActRIIB) on skel-
etal muscle and initiates an intracellular signaling cascade that
results in translocation of a Smad complex to the nucleus and
transcriptional activation of target genes such as myogenic
regulatory factors (21,22).

Several endogenous inhibitors of myostatin have been
identified including follistatin, FLRG and GASP-1 (23–25).
Follistatin is a secreted glycoprotein that regulates the activity
of a number of TGF-b family members and potently inhibits
myostatin (23). Genetic deletion of follistatin is associated
with muscle hypotrophy (26), while transgenic overexpression
of follistatin in mouse muscle results in increased muscle
mass (23). The quadrupling of muscle mass seen in transgenic
mice overexpressing follistatin on the myostatin null back-
ground (27) indicates that follistatin stimulates muscle
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growth by additional mechanisms independent of myostatin
inhibition.

Multiple synthetic myostatin inhibitors have been recently
generated in efforts to capitalize on the therapeutic potential
of stimulating muscle growth for human disease. These syn-
thetic inhibitors have primarily included neutralizing anti-
bodies to myostatin (24,28), modifications of the myostatin
propeptide (29,30) and soluble ActRIIB (31), all of which
increase post-natal muscle growth in mice. Soluble ActRIIB
has shown the most remarkable effects on muscling with up
to 60% increases in muscle mass within 2 weeks (31).
Similar to the effects of follistatin, the stimulation of muscle
growth by soluble ActRIIB is not secondary to myostatin inhi-
bition alone as additional increases in muscle mass are
obtained when treating myostatin null animals (31). Indeed,
ActRIIB-Fc was found to bind with high affinity to GDF-11
and activin in addition to myostatin (32).

Multiple studies with mouse models of human disease
suggest that inhibition of myostatin may be a promising
therapy for both primary and secondary muscle diseases.
Loss or blockade of myostatin signaling by genetic deletion
(33), neutralizing monoclonal antibody (34) or inhibitory
myostatin propeptide (29,30) ameliorates the disease features
in the Duchenne and Becker muscular dystrophy mdx mouse
model lacking dystrophin. Myostatin inhibition also improves
some disease features of limb-girdle muscular dystrophy
mouse models due to loss of calpain (35), gamma-sarcoglycan
(36), delta-sarcoglycan (37) and caveolin-3 (38), but does not
rescue mice with alpha-sarcoglycan (35) or laminin deficiency
(39). Importantly, the first clinical trial of a neutralizing anti-
body to myostatin, MYO-029, in adult muscular dystrophies
showed good tolerability further supporting the promise of
this therapeutic strategy for humans (40).

Myostatin inhibition has also been investigated in denervating
diseases in which muscle atrophy is presumed to be secondary to
loss or dysfunction of motor nerve terminals. In SOD1G93A mice,
a model of the adult motor neuron disease amyotrophic lateral
sclerosis (ALS), administration of myostatin neutralizing
antibodies (41), gene transfer of follistatin to muscle (42), myos-
tatin knock-out and treatment with a soluble ActRIIB (32)
improves muscle mass and motor function during the disease
course, but does not prolong survival. Myostatin inhibition
was also recently evaluated in an animal model of SMA.
SMAD7 mice (hSMN2/delta7SMN/mSmn2/2), which express

a reduced level of SMN protein and show early, severe motor
weakness dying at 2 weeks of life (6), were treated with recom-
binant follistatin protein delivered by intraperitoneal injection.
One of the three doses of recombinant follistatin tested was
reported to increase survival and motor function of SMAD7
mice (43).

In order to further evaluate the therapeutic potential of
myostatin inhibition in SMA, we evaluated the effects of
blocking myostatin signaling in SMAD7 mice by transgenic
overexpression of follistatin and post-natally by administration
of a soluble activin IIB receptor (ActRIIB-Fc).

RESULTS

Altered expression of myostatin and follistatin
in SMAD7 mice

We examined the gene expression of follistatin and myostatin in
hind-limb muscles of SMAD7 mice compared with control lit-
termate (CL) mice at different ages by quantitative reverse tran-
scription–PCR (qRT–PCR) (Fig. 1). In CLs, follistatin gene
expression progressively decreased during the early post-natal
developmental period, whereas myostatin gene expression
was stable in the neonatal period and increased late in develop-
ment. This data is in agreement with results showing an overall
decrease of follistatin and an increase in myostatin protein
expression in rats during the first several weeks of development
(44). In SMA mice, there was no significance difference in gene
expression at post-natal day 1 (P1) or P5 compared with CLs;
however, follistatin was increased in SMA mice by 1.7-fold at
P9 and 3.2-fold at P13, whereas myostatin was decreased in
SMA mice by 4.7-fold at P13 (Fig. 1). These abnormalities
may represent a compensatory response to muscle hypotrophy;
a histological finding that we have previously shown is evident
by P9 in these SMA mice (9). Consistent with this, follistatin and
myostatin gene expression levels in muscle from P13 SMAD7
mice treated with trichostatin A (TSA), which increases myofi-
ber size in SMAD7 mice (45,46), were more similar to normal
neonatal muscle. The relative follistatin gene expression level
was 1.68+ 0.27 in TSA-treated P13 SMAD7 mice (a 1.6-fold
increase compared with P13 CLs, P ¼ 0.04) and the relative
myostatin gene expression level was 1.38+ 0.26 (not signifi-
cantly different compared with P13 CLs, P ¼ 0.20).

Figure 1. SMA disease progression is associated with increased follistatin gene expression and decreased myostatin gene expression. Follistatin and myostatin
transcripts were measured in all hind-limb muscles at different ages in SMA and CL mice and values were normalized for each transcript to the P13 CL value.
Adult mice were approximately 6 weeks old [�P , 0.05, ��P , 0.001, n ¼ 5 mice per group except for P1 SMA (n ¼ 3), P5 SMA (n ¼ 3) and P9 CLs (n ¼ 4)].
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Overexpression of follistatin in muscle does not improve
disease features of SMAD7 mice

Given that SMAD7 mice show myofiber hypotrophy, we pos-
tulated that early pre- and post-natal overexpression of follis-
tatin might increase muscle mass and improve survival.
Follistatin transgenic mice that express follistatin in skeletal
muscle under control of the muscle-specific myosin light
chain promoter, which is active starting at approximately
embryonic day 9.5, have previously been shown to have a
3-fold increase in muscle mass compared with CLs in adult-
hood (23). Mice expressing the human follistatin transgene
on the Y chromosome were bred to SMA (hSMN2þ/þ/
SMND7þ/þ/mSMNþ/2) mice (see Materials and Methods).
Subsequent intercrossing yielded the following experimental
groups: female CLs (hSMN2þ/þ/SMND7þ/þ/mSMNþ/þ or

þ/2, Fst2), male CLs (hSMN2þ/þ/SMND7þ/þ/mSMNþ/þ

or þ/2, Fstþ), female SMA (hSMN2þ/þ/SMND7þ/þ/
mSMN2/2, Fst2) or male SMA (hSMN2þ/þ/SMN D7þ/þ/
mSMN2/2, Fstþ) mice. Although this genetic strategy
meant mice of the same genotype could not be gender-
matched with control animals obtained from the same litters,
gender has not previously been shown to significantly influ-
ence survival, weight or motor function in SMAD7 mice in
our own experience (unpublished data) or in that of Butchbach
et al. (47). Twenty-two of the resulting 194 offspring analyzed
(11%) died at P1 or P2 and were not included in the survival
analysis. Genotyping of available P1 and P2 carcasses showed
the approximate expected ratios of SMA and CL mice. Of
those mice surviving past P2, 19% were SMA indicating
that there was not excessive pre-natal death of SMA mice.

In order to verify transgenic overexpression of follistatin in
these mice, we measured human follistatin transcript levels by

qRT–PCR in the gastrocnemius and quadriceps muscles of
P10 SMA and CL mice. Follistatin-positive mice overex-
pressed follistatin by approximately 40-fold in gastrocnemius
muscles and 80-fold in quadriceps muscles compared with
follistatin-negative mice (Fig. 2A). Increased follistatin gene
expression in SMA mice resulted in a mild increase in skeletal
muscle formation analyzed at P10. Muscle mass was increased
by as much as 74% in the gastrocnemius, quadriceps and
triceps muscles (Fig. 2B), but due to mouse variability this
did not reach statistical significance. No difference in
average myofiber diameter was observed (Fig. 2C). No
change was seen in the mass of inguinal and scapular fat
pads between follistatin-positive and -negative SMA mice
(data not shown).

In order to examine whether follistatin overexpression in
muscle improved motor function in SMA mice, we measured
righting time. SMA mice overexpressing follistatin showed
neither an improvement in total righting time (Fig. 3A), nor
an improvement in the fraction of mice able to achieve any
ability to right during the two trials [a measure recently used
by Rose et al. (43)] (data not shown). In a hind-limb suspen-
sion test, SMA mice overexpressing follistatin showed no
improvement in any of the three scoring parameters: average
position score, total number of pulls and latency to fall
(Supplementary Material, Fig. S1). Finally, the survival
of SMA mice was unaffected by follistatin overexpression
(Fig. 3B, Log rank P ¼ 0.6).

ActRIIB-Fc treatment does not rescue SMAD7 mice

Previous studies have shown that preparations of soluble
ActRIIB have dramatic and rapid effects on normal adult skel-
etal muscle (31) and improve muscle function in the SOD

Figure 2. Overexpression of follistatin does not substantially increase muscle mass in SMAD7 mice. (A) The extent of follistatin transgene expression was
determined by qRT–PCR in P10 quadriceps and gastrocnemius muscles from follistatin-negative and -positive mice [�P , 0.005, n ¼ 3 per group (2 CL
and 1 SMA)]. (B) Weights of gastrocnemius (gastroc), quadriceps (quad) and triceps muscles in P10 follistatin-negative and -positive SMA mice. Only the quad-
riceps showed a significant trend of increased muscle weight in follistatin-positive SMA mice (P ¼ 0.065). (C) Hematoxylin and eosin (H&E) stained cross
sections of quadriceps muscle from a P10 SMA mouse (left) and a P10 follistatin-positive SMA mouse.
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model of ALS (32). In order to evaluate the efficacy of this
treatment in normal neonatal mice, we treated CL mice with
a dose of 10 mg/kg every 3 days starting at P2 for 2 weeks.
This dose was selected, because it has shown efficacy in a
previous study in adult animals (32). Average total mouse
weight at P15 was equivalent between vehicle and
ActRIIB-Fc-treated mice (8.61+ 0.17 and 8.82+ 0.58 g,
respectively). We compared muscle weights in ActRIIB-Fc
and vehicle-treated mice at P15 and found an increased
muscle weight of 20% in the gastrocnemius muscle (P ¼
0.048), 31% in the quadriceps muscle (P ¼ 0.002) and 27%
in the triceps muscle (P ¼ 0.001) (Fig. 4). Fat pad weight
showed a decrease in ActRIIB-Fc-treated animals of 39% in
inguinal white fat pads (P ¼ 0.014) and 46% in scapular
white fat pads (P ¼ 0.012) (Fig. 4A). There was no difference
in the scapular brown fat weights between drug and vehicle-
treated mice (data not shown).

To determine if ActRIIB-Fc could ameliorate disease fea-
tures of SMAD7 mice, we treated SMA mice with 10 mg/kg
or vehicle starting at P2. Righting time and position score on

the hind-limb suspension test showed no improvement in
treated mice (Fig. 5A and B), but the total number of pulls
and the total latency to fall time were increased in mice
treated with ActRIIB-Fc compared with vehicle-treated
mice (Fig. 5C and D). This may indicate that ActRIIB-Fc
treatment resulted in modest increase in hind-limb strength
between P7 and P10, however, ActRIIB-Fc-treated mice
also showed a mild reduction in total body weight during
this time period, which could account, at least in part, for
the change in motor function (Fig. 5E). Survival was
mildly decreased in ActRIIB-Fc compared with vehicle-
treated mice (ActRIIB-Fc median ¼ 11 and vehicle
median ¼ 13, Log rank P ¼ 0.008) (Fig. 5F). In order to
explore whether either a higher or lower dose of ActRIIB-Fc
might be more efficacious in SMA mice, we treated
additional cohorts with doses of 5 and 60 mg/kg. A similar
decrease in survival was seen in mice treated with these
two other doses compared with vehicle-treated mice (Sup-
plementary Material, Fig. S2).

DISCUSSION

We have examined the therapeutic potential of myostatin inhi-
bition for SMA in a severe mouse model using two indepen-
dent strategies, both of which have been previously
demonstrated to effectively increase muscle mass in normal
and diseased animals. In contrast to a recent study reporting
an increase in survival and motor function in SMAD7 mice
with injection of recombinant follistatin protein (43), we
observed no extension of survival of SMAD7 mice overex-
pressing follistatin in muscle and a decrease of survival of
SMAD7 mice treated with ActRIIB-Fc. Myostatin negatively
regulates muscle growth by inhibiting the proliferation and
differentiation of muscle progenitor cells and by inhibiting
protein synthesis (reviewed in 21). In the absence of myosta-
tin, muscle regenerates more robustly (48,49). We postulated
that myostatin inhibition might be particularly effective in
SMA because arrested myofiber growth, whether due to
early denervation or intrinsic defects of SMN-deficient
muscle (10–13), is likely to be a significant cause of muscle
weakness in SMA patients. Pathological studies of human
type I SMA muscle show very small, rounded muscle fibers,
which are similar in appearance to developing myotubes (5).
In SMAD7 mice, myofibers are small and immature before
there is overt denervation (9). These observations suggest
that SMA myofibers are impaired in their normal maturation
and strategies that activate muscle growth could potentially
increase myofiber size, muscle mass and strength.

SMAD7 mice showed minimal improvement in motor func-
tion and no improvement in survival when myostatin was
inhibited by two different strategies in our study. This was sur-
prising given the observations that inhibition of myostatin,
including by ActRIIB-Fc, improved muscle function in the
motor neuron SODG93A mouse model (32). One explanation
for the difference in response between the mouse models
may be the developmental age at which these diseases
present. Myofiber size normally increases very rapidly
during the neonatal period with the diameter of the myofiber
influencing its contractile strength (50). During this period,

Figure 3. Overexpression of follistatin does not improve disease features of
severe SMA mice. (A) Average total righting time in follistatin-negative
(n ¼ 8) and follistatin-positive SMA mice (n ¼ 17). (B) Kaplan–Meier survi-
val curves comparing follistatin-negative and follistatin-positive SMA mice.
Median survival in follistatin-negative SMA mice was 13 and median survival
in follistatin-positive mice was 14 (Log rank P ¼ 0.6, n ¼ 11 follistatin-
negative, 25 follistatin-positive SMA mice).
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we demonstrated that in normal mice, follistatin gene
expression is high and myostatin expression is low relative
to adults. Inhibition of the myostatin pathway in the neonatal
period may have less effect on muscle mass than in the adult

animal. Support for this hypothesis includes our observation
that neonatal myostatin null mice (P10) have increased
muscle weights of 45% (myostatin null ¼ 0.015+ 0.002 g
versus WT ¼ 0.010+ 0.002 g, P ¼ 0.06) in the gastrocnemius

Figure 4. ActRIIB-Fc increases muscle mass and decreases fat mass in neonatal mice. CLs were treated with ActRIIB-Fc for 2 weeks. Muscle (left) and fat
(right) weights from CL mice treated with vehicle (n ¼ 6) or ActRIIB-Fc (n ¼ 5) (�P , 0.05, ��P , 0.005).

Figure 5. ActRIIB-Fc does not extend survival of SMA mice. (A) Average total righting time, (B) average position score, (C) total number of pulls, (D) total
latency to fall time on the hind-limb suspension test, (E) weights and (F) Kaplan–Meier survival curves of vehicle-treated (n ¼ 21) and ActRIIB-Fc-treated SMA
mice (n ¼ 20) (Log rank P ¼ 0.008).
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muscle and 76% (myostatin null ¼ 0.022+ 0.002 g versus
WT ¼ 0.013+ 0.001 g, P ¼ 0.0002) in the quadriceps
muscle; whereas adult myostatin knock-out mice demonstrate
increases of greater than 200% in these muscles (15). Further-
more, ActRIIB-Fc treatment of P10 control mice resulted in an
increase of muscle weights of only 20–31% at 2 weeks,
whereas increases of 35–49% in 2 weeks are seen in normal
adult mice with a different preparation of soluble ActRIIB
(31). These studies may suggest that neonatal mice have less
capacity for muscle growth in response to myostatin inhibition
compared with adult mice. In SMA mice, this is likely further
exacerbated by an increase in follistatin and a decrease of
myostatin gene expression that occurs in the late stages of
the SMAD7 disease course (Fig. 1).

Myostatin blockade has been reported to be ineffective in
the dyW/dyW mouse, a mouse model of congenital muscular
dystrophy due to merosin deficiency (MDC1A) (39). In this
very severe form of muscular dystrophy, dyW/dyW mice typi-
cally die at 3–6 weeks of age. Myostatin knock-out in dyW/
dyW mice resulted in a further reduction of survival. Although
muscle mass was increased in these mice, fat mass was sub-
stantially reduced exacerbating a baseline reduction of fat in
these animals (39). Myostatin is expressed in adipose tissue
and it has been previously reported that adult myostatin null
mice are lean with an estimated 70% reduction in total fat
stores (51). Adequate fat stores are particularly crucial in the
neonatal period as brown fat is crucial for thermoregulation
in neonates (52,53). In our study, follistatin overexpression
restricted to muscle did not alter fat weights, but systemic
treatment with ActRIIB-Fc did cause a substantial decrease
in white fat pad weights. Given that white fat stores are
already reduced by 2–6-fold and brown fat stores are
reduced by 2-fold in P10 SMA mice compared with CLs
(personal observation), we postulate that the further reduction
of fat induced by ActRIIB treatment resulted in increased
mortality similar to the experience in dyW/dyW mice. The
effects of myostatin blockade on adipogenesis need to be
carefully considered in severe SMA patients who are often
malnourished (54).

Like myostatin blockade, histone deacetylase (HDAC)
inhibitors have shown efficacy in muscular dystrophy
animals models (55). This effect is thought to be mediated
by induction of follistatin gene expression in muscle with
resulting myostatin blockade, activation of satellite cells and
myofiber regeneration (56). We have previously shown that
the HDAC inhibitor, TSA, can substantially extend survival
and improve motor function of severe SMA mice (45,46).
The results of the current study provide evidence that the ben-
eficial effects of TSA in SMA mice are likely independent of
follistatin induction in muscle.

Here, we demonstrate that myostatin blockade is not ben-
eficial in a severe mouse model of SMA. The inhibitory
effects on adipogenesis may outweigh the minimal increases
of muscle mass that are achievable with myostatin blockade
in the neonatal period. It is possible that the lack of benefit
is specific to mice, which have distinct fat stores compared
with humans, or to this particular, severe model of SMA.
Further investigations in other animal models may be
needed to support development of myostatin inhibitors for
therapeutic clinical trials in SMA patients.

MATERIALS AND METHODS

Animals

All experiments were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at the Johns Hopkins Uni-
versity. Breeder pairs for SMAD7 mice on the FVB back-
ground (Stock number 005025; FVB.Cg-Tg(SMN2�delta7)
4299Ahmb Tg(SMN2)89Ahmb Smn1tm1Msd/J) were purchased
from Jackson Laboratories. These mice were genotyped by
PCR of tail DNA as previously reported (45) and CLs were
defined as those that were heterozygous or wild-type at the
mSmn allele.

Follistatin transgenic mice on a C57BL/6 background were
a kind gift of Lee (23). Follistatin transgenic mice were
crossed with SMAD7 mice from the Jackson Laboratory
(mSMNþ/2/hSMN2þ/þ/SMN D7þ/þ). Progeny from this
cross was subsequently intercrossed to achieve a strain that
was homozygous for both Tg(SMN2�delta7)4299Ahmb and
Tg(SMN2)89Ahmb transgenes, heterozygous for the
Smn1tm1Msd allele and hemizygous for the Y-linked follistatin
transgene. These mice were then sent to the Jackson Labora-
tory to establish an ongoing breeding colony where sperm
from males (hSMN2þ/þ/SMN D7þ/þ/mSMNþ/2, Fstþ) were
used in an in vitro fertilization with stock 005025
(hSMN2þ/þ/SMN D7þ/þ/mSMN2/2 or þ/2) as the oocyte
donor mice. Specific pathogen free mice were derived and
breeders maintained as female (hSMN2þ/þ/SMN D7þ/þ/
mSMNþ/2) X male (hSMN2þ/þ/SMN D7þ/þ/mSMNþ/2,
Fstþ) to establish the experimental groups described. Confir-
matory genotyping of the transgenic follistatin allele on tail
DNA was done using real-time PCR and human follistatin
primers purchased from Applied Biosystems (ABI).

Drug treatment and behavior

ActRIIB-Fc was a gift of Acceleron Pharma, Inc. Drug was
injected into the intraperitoneal cavity at doses of 5, 10 or
60 mg/kg every 3 days starting on the second day of life.
Vehicle consisted of PBS alone. We have previously shown
that nutritional support substantially increases the efficacy of
TSA treatment in SMA mice (45,46). Given this experience,
in order to optimize treatment effects, we provided SMAD7
mice that received ActRIIB-Fc at 5 and 10 mg/kg with nutri-
tional support as previously described (46). This consisted of
a 4:1 mix of Esbilac and infant formula (Enfamil, Lipil, low
iron) that was delivered per os ad libitum two times daily
using a polypropylene feeding tube (Instech Solomon, Ply-
mouth Meeting, PA, USA). In addition, all CLs were culled
within 3 days of birth in these litters to minimize competition
amongst the litter. The vehicle-treated mice included 11 mice
that received nutritional support and were in culled litters,
three mice that received nutritional support but were not in
culled litters, and seven mice that did not receive nutritional
support nor were in culled litters. There was no difference in
survival in these groups and they were therefore combined
into a single vehicle-treated group.

Daily weights were measured starting from the day of birth
(P1). The sum of two trials of righting time was determined
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starting on P1 by placing mice on their back and recording the
time to flip to their front with a maximum righting time of 30 s
per trial. The hind-limb suspension test was performed by sus-
pending the mouse from the hind-limbs on the edge of a 50 ml
conical between P2 and P12 as previously described by
El-Khodor et al. (57). Average position score, total number
of pulls and total latency to fall time (maximum 30 s) during
two trials were determined.

Histological analysis of muscle

Quadriceps, gastrocnemius and triceps muscles were dis-
sected, weighed, embedded in OCT and flash frozen in
liquid nitrogen. Multiple 12 mm sections were taken 100 mm
apart from the mid-belly of each muscle and stained with
hematoxylin and eosin (H&E). Muscle fiber diameters were
quantified by an investigator blinded to the animal’s treatment
group using a Microcolor RGB-MS-C camera, OpenLab soft-
ware and a Zeiss Axiophot microscope. Fiber diameter was
defined as the longest aspect of the shortest axis. At least
300 individual myofiber diameters were measured from each
animal.

qRT–PCR

RNA was isolated from all leg muscles using TRIzol reagent
and converted to cDNA as previously described (45).
Primers to amplify human follistatin, mouse follistatin,
mouse myostatin and 18S RNA were purchased from ABI.
Reactions were run in triplicate using the ABI Prism 7900
Sequence Detector System as previously described (45).

Statistical analysis

Survival data were analyzed using STATA v10 software
package and Log rank analysis of Kaplan–Meier curves. Be-
havioral, pathological and biochemical data were analyzed
using Excel and Statistica software packages, and statistical
significance was determined using either Student’s t-tests or
two-way analysis of variance.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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