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The decrease in mature myostatin protein in male skeletal
muscle is developmentally regulated by growth hormone
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Myostatin inhibits myogenesis and there is reduced abundance of the mature protein in skeletal
muscles of adult male compared with female mice. This reduction probably occurs after
translation, which suggests that it is a regulated mechanism to reduce the availability of
myostatin in males. Reduced myostatin may, thereby, contribute to the development of sexually
dimorphic growth of skeletal muscle. Our first objective was to determine if the decrease in
mature myostatin protein occurs before the linear growth phase to aid growth, or afterwards to
maintain the mass of adult muscle. Mice were killed from 2 to 32 weeks and the gastrocnemius
muscle was excised. Myostatin mRNA increased from 2 to 32 weeks and was higher in males than
females (P < 0.001). In contrast, mature protein decreased in males after 6 weeks (P < 0.001).
Our second objective was to determine if growth hormone (GH) induces the decrease in mature
myostatin protein. GH increased myostatin mRNA and decreased the abundance of mature
protein in hypophysectomised mice (P < 0.05). Our final objective was to determine if the
decrease in mature protein occurs in skeletal muscles of male Stat5b~/~ mice (Stat5b mediates
the actions of GH). As expected, mature myostatin protein was not reduced in Stat5b=/~ males
compared with females. However, myostatin mRNA remained higher in males than females
irrespective of genotype. These data suggest that: (1) the decrease in mature myostatin protein
is developmentally regulated, (2) GH acting via Stat5b regulates the abundance of mature
myostatin and (3) GH acts via a non-Stat5b pathway to regulate myostatin mRNA.

(Received 13 August 2008; accepted after revision 27 November 2008; first published online 1 December 2008)
Corresponding author C. D. McMahon: AgResearch Ltd, Private Bag 3123, Hamilton, New Zealand.
Email: chris.mcmahon@agresearch.co.nz

>
=)
9
Q
4
>
=
o
©
0
c
| —
-
=
w
=

Myostatin is expressed in skeletal muscle where it inhibits
the proliferation and differentiation of precursor muscle
cells (McPherron et al. 1997; Thomas et al. 2000).
Remarkable increases (2- to 3-fold) in skeletal muscle
occur in myostatin null (Mstn~/~) mice and in cattle
with natural mutations in the myostatin gene that render
the protein inactive (Grobet ef al. 1997; Kambadur ef al.
1997; McPherron et al. 1997; McPherron & Lee, 1997).
Therefore, the amount of myostatin expressed may have
a critical role in regulating the amount of muscle mass
in individuals. We and others have demonstrated that
the receptor binding moiety of myostatin, known as
the mature protein, is 50% lower in skeletal muscles of
adult male than female mice (McMahon et al. 2003a;
Reisz-Porszasz et al. 2003). Our finding suggests that
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myostatin is differentially regulated between the sexes
and this difference in abundance of the mature protein
may contribute to the development of sexually dimorphic
growth of skeletal muscles.

Like other transforming growth factor-8 (TGF-g)
family members, myostatin is proteolytically cleaved
into an N-terminal latency-associated protein (LAP)
and a C-terminal mature protein, which recombine in
a non-covalent manner before secretion. Despite the
decrease in mature myostatin in muscle of male mice,
there was an equal abundance of LAP in skeletal muscles of
both sexes (McMahon et al. 2003a). Therefore, the reduced
abundance of mature myostatin protein in males probably
occurs after translation. At present, it is unclear how this
post-translational decrease in mature myostatin protein
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in males is regulated. It is also unclear if the mechanism
is activated before the linear growth phase to enhance
development of muscle in young males or after the linear
growth phase to maintain the greater musculature of adult
males.

It is clear that myostatin does not solely regulate
sexually dimorphic growth because size dimorphism
exists in Mstn~/~ mice despite the greater musculature
compared with wild-type mice (McPherron etal. 1997). At
present, sexually dimorphic growth is largely attributed to
the actions of GH acting via the signal transducer Stat5b
to regulate synthesis and secretion of IGF-1 (Udy et al.
1997; Davey et al. 2001). Sexually dimorphic growth is
absent in Stat5b~/~ mice and growth of males is equivalent
to that of females (Udy et al. 1997). In a preliminary
study, we demonstrated that mature myostatin protein
was not reduced in muscles of male compared with female
Stat5b~/~ mice (McMahon et al. 2003b). We postulate that
sexually dimorphic growth of skeletal muscle is the result
of GH, acting via Stat5b, to regulate a reduction in mature
myostatin protein in addition to the increased expression
and action of IGF-1 in males.
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Figure 1. Body mass and gastrocnemius mass in male and

female mice of the C57 strain from 2 to 32 weeks of age

Values are mean (+ s.t.Mm.) (n = 6 per group). Asterisks indicate
significance between sexes at each time point (***P < 0.001).

J Physiol 587.3

The purpose of the current study was 3-fold: first, to
determine when the decrease in mature myostatin occurs
in male mice during postnatal development; second,
to determine if GH regulates the decrease in mature
myostatin protein in skeletal muscles of males; and third,
to determine if the decrease in mature myostatin protein
is absent in skeletal muscles of male Stat5b~/~ mice.

Methods
Animals

Male and female mice of the C57 strain were killed at
2, 3, 6, 12, 20 and 32 weeks of age (n=6 of each sex
per age; experiment 1). Thirty male hypophysectomised
(Hypox) and six sham-Hypox male mice of the C57
strain (12—14 weeks old) were purchased from The Jackson
Laboratory (Bar Harbour, MA, USA) and allocated at
random to be injected 1.P. with 50 £g/100 g body mass of
recombinant hGH (Serono S.A., Aubonne, Switzerland)
and killed at 30, 60 and 120 min (experiment 2). This dose
has previously been shown to be effective in rats (Choi &
Waxman, 2000). Controls (sham-Hypox and Hypox) were
injected 1.p. with sterile saline (vehicle) and killed at 0 min.
Atdeath, avisual inspection was made of the sella turcica to
confirm complete removal of the anterior pituitary gland.
Mice with an incomplete hypophysectomy were removed
from analysis to ultimately give four to six animals per
group. Male and female Stat5b~/~ mice acquired from
AgResearch Ltd (Udy et al. 1997) were killed at 20 weeks
of age (n= 6 of each sex, experiment 3).

At death, mice were weighed, a blood sample was
obtained by cardiac puncture and the gastrocnemius
muscles were excised, weighed and snap frozen in liquid
nitrogen and stored at —80°C. Plasma was harvested
and stored at —20°C before analysing by Western
blot.

All mice were maintained under a photoperiod of 14 h
light: 10 h dark and had mouse chow (Diet 86, Sharps
Grain and Seed, Carterton, New Zealand) and water
available ad libitum.

This study was approved by the Ruakura Animal Ethics
Committee.

Protein extraction and Western blot analysis

Lysis buffer (10 mm Hepes, 10 mm KCl, 1.5 mm MgCl,
pH 7.9) with 0.5% IGEPAL detergent (Sigma Chemical Co.
St Louis, MO, USA) and an enzyme inhibitor (Complete,
Roche Diagnostics NZ Ltd, Auckland, New Zealand)
was added to muscle from each mouse (1 ml to 150 mg
of muscle). Samples were homogenized (Ultra Turrax,
13500 r.p.m.) on ice, then centrifuged at 11000 ¢ for
10 min. Supernatant was recovered, mixed with Laemmli
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Figure 2. Myostatin mRNA, LAP and mature protein in
gastrocnemius muscles of male and female C57 mice from 2 to
32 weeks of age
Values are mean (+ s.E.M.) (n = 6 per group). Asterisks indicate
significance at each time point (*P < 0.05, ***P < 0.001). A
representative Western blot is shown for myostatin LAP and mature
protein for male and female mice at each age. The abundance of actin
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loading buffer (Laemmli, 1970), boiled for 5 min, then
stored at —20°C until analysis. The protein concentration
of the supernatant was determined using the bicinchoninic
acid assay (Sigma Chemical Co.).

Twenty micrograms of protein from each muscle sample
or 2ul of plasma (in Laemmli loading buffer) was
loaded and separated in a 10% SDS—polyacrylamide
gel under reducing conditions, then transferred to a
nitrocellulose membrane. After transfer, membranes were
stained with Ponceau$ to verify transfer of protein.
Membranes were blocked (0.3% bovine serum albumin,
1% polyethylene glycol and 1% polyvinylpyrrolidone) for
2 h, then incubated with rabbit anti-myostatin antibody
(Sharma et al. 1999) overnight (1 : 4000), washed in 0.05 M
Tris-buffered saline with 0.1% Tween 20 (TBST, pH 7.6),
then incubated with HRP-conjugated goat anti-rabbit
antibody (DakoCytomation, Medical-Bio, Christchurch,
New Zealand) at 1:5000 for 2 h, then washed again in
TBST. Bound HRP activity was detected with enhanced
chemiluminescence and then blots were exposed to
XOMAT AR film (Eastman Kodak Company, Rochester,
NY, USA), after which the optical densities of myostatin
LAP and mature bands were captured with a densitometer
(GS 800, Bio-Rad Laboratories Pty, Ltd, Auckland, New
Zealand) and analysed using Quantity One software
(Bio-Rad Laboratories). Membranes were then stripped
(0.2 M Tris, pH 7.6, 2% SDS, 0.05M B-mercaptoethanol,
at 50°C for 30 min), and exposed to rabbit anti-actin
antibody (Sigma Chemical Co.) at a dilution of 1: 10 000
and developed as above to assess uniformity of loading.
The specific myostatin bands have been identified
previously (Reisz-Porszasz et al. 2003; McFarlane et al.
2005).

RNA extraction and real-time PCR

Frozen samples (100 mg) of the gastrocnemius muscles
were homogenized on ice in Trizol Reagent (Invitrogen
NZ Ltd, Auckland, New Zealand) for 30 s at 13 500 r.p.m.
using an Ultra Turrax homogenizer. Debris was removed
by centrifugation for 10 min at 10000 ¢ and total RNA
isolated using the Trizol protocol. RNA was re-suspended
in diethyl pyrocarbonate-treated water and the final
concentration determined by measuring absorbance at
260 nm. Total RNA (5 ug) from each sample was reverse
transcribed using oligo (dt) primers and Superscript III
reverse transcriptase (Invitrogen NZ Ltd) according to
manufacturer’s instructions. The reverse transcribed (RT)
reactions were then diluted 100-fold for quantification of
myostatin. Real-time PCR was carried out using a Roche

is shown to demonstrate the similarity in loading of protein per lane.
Note, there was low protein in the samples collected at 2 weeks and
actin was not detected in the representative female sample at this age.
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Lightcycler 2.0 with 2.5 ul of the diluted RT reaction
and 7.5 ul of the mastermix (2.0 ul Roche Faststart DNA
master PLUS SYBR Green I mix, 4.0 ul water, 0.5 ul
of 10 uM forward primer and 0.5 ul of 10 uM reverse
primer). The primers used to quantify mouse myostatin
were: forward 5-ACCCATGAAAGACGGTACAAG-3'
and reverse 5'-TCATCACAGTCAAGCCCAAAG-3". The
reaction conditions were as follows: Denature for 5 min at
95°C, followed by 40 cycles of 95°C for 5s, 60°C for 10 s
and 72°Cfor 20 s. Results for each sample were normalized
to the concentration of cDNA in the RT samples (Lundby
et al. 2005).

Statistical analysis

Data in experiment 1 were analysed by two-way ANOVA
with sex, age and their interaction as the treatment
effects. Data in experiment 2 were analysed by ANOVA
using a randomised design with Hypox, sham-Hypox and
time after GH treatment as the treatment effect. Data in
experiment 3 were analysed by two-way ANOVA with sex,
genotype and their interaction as treatment effects. Post
hoc analysis among groups was done using the method
of Tukey (Sokal & Rohlf, 1995). Data are presented as
means = standard error of the mean (S.E.M.).

Results

Sexual dimorphism of body mass and of gastrocnemius
muscles was apparent from 6 weeks of age in mice (Fig. 1).
Myostatin mRNA increased progressively from 2 weeks
to maturity in both sexes and remained significantly
higher in males than in females from 12 weeks of age
(Fig. 2). The opposite pattern was evident for mature myo-
statin protein, which increased in female mice from 2 to
32 weeks, while it decreased and remained lower in male
than in female muscles from 12 weeks (Fig. 2). In contrast,
the abundance of LAP protein progressively increased in
both male and female mice from 2 to 32 weeks, with no
difference between the sexes (Fig.2). The abundance of
mature myostatin protein in blood increased from 6 to
32 weeks and was not different between male and female
mice (Fig. 3).

Myostatin mRNA was reduced (P < 0.05) in gastro-
cnemius muscles of control Hypox mice and was restored
to that of sham-Hypox controls 120 min after injection
of GH (Fig.4). In contrast, abundance of mature
myostatin protein was higher in muscles of control Hypox
mice and was reduced to that of sham-Hypox controls
120 min after injection of GH (Fig. 4). The abundance of
LAP had a similar pattern to that of mature myostatin, but
differences were not significant (Fig. 4).

Sexually dimorphic growth of the gastrocnemius
muscle did not occur in the absence of Stat5b (Fig.5).
However, myostatin mRNA was higher (P < 0.001) in male
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Figure 3. Abundance of mature myostatin protein in plasma of

male and female C57 mice from 4 to 32 weeks of age as

measured by Western blotting
Values are mean (& s.£.M.) (n = 6 per group).

wild-type and Stat5b~/~ mice, but only wild-type males
had a lower abundance of mature myostatin protein than
females (P < 0.001) (Fig. 6).

Discussion

We have demonstrated here that the reduction in mature
myostatin protein in skeletal muscles of male mice is
initiated between 6 and 12 weeks of age. From 6 weeks,
the divergence in growth and the abundance of mature
myostatin protein became more apparent between the
sexes, reaching the greatest difference when mice were
32 weeks of age. These data confirm and extend the
observations in previous reports and support the postulate
that a reduction in mature myostatin protein is initiated
during the linear growth phase (McMahon et al. 2003a;
Reisz-Porszasz et al. 2003). Therefore, this mechanism may
contribute to the genesis of sexually dimorphic growth
of skeletal muscle and maintenance of the greater mass
of skeletal muscle in adult males. We speculate that the
decrease occurs locally to regulate development of skeletal
muscle in a paracrine or autocrine manner because the
lower abundance of mature myostatin is observed in
skeletal muscle, but not in blood. We speculate that the
higher abundance of mature myostatin in females may be
degraded before it reaches circulation.

We speculate that the decrease in mature myostatin
protein occurs after translation because there is less in
male gastrocnemius, but an equal abundance of LAP in
males and females. However, we do not discount the
possibility that a decrease in translation is also occurring.
Indeed, while there is increased myostatin mRNA in male
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gastrocnemius, there is an equal amount of LAP in males
and females, which could be explained by a decrease in
translation in males. To address the potential mechanism,
we provide evidence that GH induces the decrease in
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Figure 4. Myostatin mRNA, LAP and mature protein in
gastrocnemius muscles of sham-Hypox or Hypox male C57 mice
at 12 weeks of age

Values are mean (& s.E.M.) (n = 4-6 per group). Mice were injected 1.,
with vehicle (sham-Hypox and Hypox-controls), or with GH

(50 g /100 g body mass) and then killed at 30, 60 or 120 min. Unlike
letters indicate significance among groups (PP < 0.05, ¢P < 0.01).
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mature myostatin protein. It is interesting to note that
the abundance of LAP tended to have a similar pattern
to that of mature myostatin after injection of GH in
hypophysectomised mice, which suggests that GH may
mediate a similar reduction in the abundance of LAP, albeit
to a lesser extent than the mature protein. The similar
abundance of LAP between the sexes suggests that LAP
is maintained at a constant amount in an age-dependent
manner. The reason for this is unclear, but may relate
to the fact that LAP also promotes the development of
skeletal muscle in male and female mice (Yang et al. 2001).
Therefore, a decrease in LAP would be detrimental to
development of skeletal muscle and sexually dimorphic
growth.

It is unclear why myostatin mRNA is higher in adult
male compared with adult female mice. Given that the
abundance of mature myostatin protein is much lower in
males than in females, the higher mRNA in males may
reflect a failure of myostatin to induce negative feedback
to limit its own expression via increased expression of
Smad7 (Zhu et al. 2004; Forbes et al. 2006). However, we
show that in skeletal muscles of Stat5b~/~ males, mature
myostatin protein is not reduced to the level of wild-type
males, yet myostatin mRNA is equally high in males of
both genotypes compared with females. Therefore, these
data suggest that the higher myostatin mRNA in adult
C57 mice is not due to reduced negative feedback resulting
from low concentrations of mature myostatin protein. The
consequence of this is not clear at present.

The development of the sexually dimorphic pattern
of secretion of GH occurs between 4 and 6 weeks of
age in rats, and presumably also in mice (Eden, 1979;
Gabriel et al. 1992). Before 4 weeks of age, circulating
concentrations of GH are low. After 6 weeks of age, GH
is secreted in episodic bursts in males, while females
have higher basal concentrations with fewer and lower
amplitude secretory episodes. The interpulse interval may
be more critical than the amplitude because adult mice
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Figure 5. Mass of the gastrocnemius muscle in wild-type (C57)
and Stat5b=/~ mice

Values are mean (% s.e.m.). Unlike letters indicate a significant
difference among groups (3:°P < 0.001, n = 6 per sex and genotype).
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have similar peak amplitude pulses, but the interval
between them is twice as long in males (MacLeod et al.
1991). Binding of GH to its receptors recruits the tyrosine
kinase JAK2, which, in turn, phosphorylates Stat5b (Xu
et al. 1996; Davey et al. 1999). In rats, transcription of
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Stat5b is maintained in males by episodic secretion of
GH and is repressed in females by the more continuous
secretion of GH with higher basal concentrations (Choi &
Waxman, 1999; Gebert et al. 1999; Choi & Waxman, 2000).
In fact, the binding activity of Stat5b is increased in male
rats in conjunction with increased secretion of GH and
decreased as concentrations of GH decline after a pulse
(Tannenbaum et al. 2001). The continuous secretion of
GH in female rats leads to a reduced abundance of Stat5b
and renders them partially refractory to GH (Choi &
Waxman, 1999,2000). The divergence of myostatin mRNA
and mature protein occurred around 6 weeks of age, which
is also consistent with the genesis of pulsatile secretion
of GH. This observation prompted us to treat hypo-
physectomised mice (to remove endogenous GH) with
GH to determine if GH reduces the abundance of mature
myostatin. As expected, GH reduced the abundance of
mature myostatin protein, but unexpectedly increased
myostatin mRNA in skeletal muscle. This observation is
consistent with the increased mRNA and decreased mature
myostatin protein measured in male mouse gastrocnemius
muscle in vivo. Given that myostatin mRNA is higher in
gastrocnemius muscles of male Stat5b~/~ mice than in
females, these data suggest that GH induces transcription
of myostatin mRNA via a Stat5b-independent pathway
and induces the decrease in mature myostatin protein (and
partially of LAP) via a Stat5b-mediated pathway.

We speculate that the pulsatile pattern of secreted
GH is critical to regulate transcription, translation and
post-translational processing of myostatin. This close
relationship with the pattern of secreted GH may explain
why others did not see an effect of administered GH
on the abundance of myostatin mRNA or protein in
GH-deficient rats (Kirk et al. 2000), pigs (Ji et al.
1998) and hypogonadal young men (Hayes et al. 2001)
or elderly men (Brill er al. 2002). In those studies,
GH was administered as a single daily injection, with
tissues or biopsy samples taken long after injection, e.g.
approximately 12 h later (Brill et al. 2002). In the current
study, we investigated the effect of GH on myostatin in a
time-dependent manner acutely after administration. In
addition, with the exception of GH-deficient rats (Kirk
et al. 2000), a further complication in those studies was
the administration of GH to pituitary-intact males, in
which the pulsatile secretion of GH was probably already
influencing phosphorylation of Stat5b. Additional GH
could down-regulate binding activity of Stat5b (as noted
above) and we suggest that it would be unlikely for
additional GH to elicit a further effect on the abundance
of GH mRNA or protein, particularly in the study of
Ji etal. (1998), where young, pituitary-intact pigs were
used. Alternatively, the phenomenon of reduced myostatin
protein in skeletal muscles of males may be restricted to
rodents. We have observed that mature myostatin protein
is also lower in skeletal muscles of adult male compared
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with female rats, but found no differences between skeletal
muscles of adult male and female sheep or biopsy samples
collected from skeletal muscles of men and women (range
18-30year) (D. E Gerrard, J. M. Oldham & C. D.
McMahon, unpublished observations). The reason for this
may be related to the reduced difference in secretion of
GH between sexes in humans (Pincus et al. 1996; Veldhuis
& Bowers, 2003), sheep (Gatford er al. 1997) and pigs
(Dubreulil et al. 1987) compared with the more marked
differences in rodents (Eden, 1979; MacLeod et al. 1991).
To avoid these problems, we took care in the current study
to remove the anterior pituitary gland, which provides the
endogenous source of GH, and used mice over 10 weeks of
age when the pattern of sexually dimorphism in secretion
of GH had become established. Our rationale was that
although exogenous GH can activate Stat5b in young rat
pups (2-3 weeks), some downstream target genes are not
responsive to Stat5b binding until after puberty (Choi &
Waxman, 2000). This may explain why the abundance
of myostatin mRNA was unchanged in the plantaris and
masseter muscles after hypophysectomy of young (5 week
old) male rats (Yamaguchi et al. 2006). Interestingly,
hypophysectomy did lead to increased myostatin mRNA
in the soleus muscle in that study, which contrasts with our
dataand, perhaps, highlights potential differences between
slow- and fast-twitch muscles.

While the current data support a role for myostatin
in regulating postnatal growth, the GH-IGF-1 axis is
widely recognized as the major regulator of postnatal
growth and is required for the development of sexual
dimorphism (Le Roith ef al. 2001). Global deletion of
IGF-1 results in mice that are 70% smaller than wild-type
controls as adults with no difference in size between
males and females (Liu & LeRoith, 1999; Lupu et al.
2001). Local expression of IGF-1 is now thought to be
the major contributor to growth since targeted deletion
of liver-specific IGF-1 had no effect on postnatal growth
of mice, despite reducing circulating concentrations of
IGF-1 by 75% (Sjogren et al. 1999; Yakar et al. 1999). In
support, muscle-specific deletion of Stat5a and 5b, which
normally signal the actions of GH to induce transcription
of IGF-1, resulted in reduced body and muscle mass in
mice and is consistent with local regulation of muscle
growth by autocrine/paracrine-derived IGF-1 (Klover
& Hennighausen, 2007). An important observation in
this study is that GH acts via Stat5b to regulate the
reduction in mature myostatin protein. Therefore, it
remains unclear what contribution IGF-1 and mature
myostatin protein each make in regulating postnatal
growth because elimination of Stat5b alone or Stat5a
and 5b together will affect expression of both IGF-1 and
myostatin. Potentially, the actions of GH are mediated
via Stat5a and 5b to regulate the local availability of both
IGF-1 and mature myostatin protein for co-ordination of
postnatal growth in specific tissues.
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Our findings are consistent with those of others who
show that GH induces a decrease in myostatin protein
in C,C;, myotubes (Liu et al. 2003). However, GH also
reduced myostatin mRNA in biopsy samples collected
from V. lateralis muscles of adult hypopituitary patients
treated with GH and in differentiating C,C;, myoblasts in
that study, which departs from our observations in vivo.
An explanation for these differences between in vitro and
in vivo studies is unclear. It should be noted that in the
present study, we show that myostatin mRNA is
consistently greater in males compared with females of
two genotypes of mice (C57 and Stat5b~/~) and that
this difference is developmentally regulated. Therefore,
we suggest that different autocrine and endocrine factors
might be acting in vivo that may not be present in vitro, at
different stages of development or in different pathological
states.

In conclusion, these data suggest that: (1) the decrease
in mature myostatin protein is developmentally regulated,
(2) GH acting via Stat5b regulates the decrease in mature
myostatin protein and (3) GH acts via a non-Stat5b
pathway to regulate myostatin mRNA.
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