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Abstract
Sarcopenia coincides with declines in several systemic processes that signal through the MAP
kinase and Akt-mTOR-p70S6k cascades typically associated with muscle growth. Effects of aging
on these pathways have primarily been examined in limb muscles, which experience substantial
activity and neural changes in addition to systemic hormonal and metabolic changes. Head and
neck muscles are reported to undergo reduced sarcopenia and disuse with age relative to limb
muscles, suggesting muscle activity may contribute to maintaining mass with age. However many
head and neck muscles derive from embryonic branchial arches, rather than the somites from
which limb muscles originate, suggesting that developmental origin may be important. This study
compares the expression and phosphorylation of MAP kinase and mTOR networks in head, neck,
tongue, and limb muscles from 8- and 26-month old F344 rats to test the hypothesis that physical
activity and developmental origin contribute to preservation of muscle mass with age.
Phosphorylation of p38 was exaggerated in aged branchial arch muscles. Phosphorylation of ERK
and p70S6k T421/S424 declined with age only in the biceps brachii. Expression of p70S6k
declined in all head and neck, tongue and limb muscles although no change in phosphorylation of
p70S6k on T389 could be resolved. A systemic change that results in a loss of p70S6k protein
expression may reduce the capacity to respond to acute hypertrophic stimuli, while the
exaggerated p38 signaling in branchial arch muscles may reflect more active muscle remodeling.
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INTRODUCTION
Normal aging is associated with a decline in muscle mass, which is correlated with a decline
in circulating growth hormones, reduced activity and denervation (Giovannini et al., 2008;
Lynch et al., 2007; Nair, 2005). Sarcopenia, the slow, progressive loss of muscle mass and
function, reduces independence and quality of life in the elderly (Baumgartner et al., 2004;
Janssen et al., 2004). Beginning in the fourth decade, muscle mass declines about 0.5–2%
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per year (Baumgartner et al., 1998) thus, the extent of muscle loss is often only evident
when compared over long periods of time.

The primary cause of sarcopenia is unclear, but systemic changes and reduced muscle
activity have been identified as potential sources. Production of growth factors, such as IGF-
I, GH and testosterone, and receptor sensitivity or number decline with age (Proctor et al.,
1998; Szulc et al., 2004), suggesting that sarcopenia may reflect a systemic loss of anabolic
drive. It seems unlikely that any single hormone acts as a master regulator of muscle size
(Flueck and Goldspink, 2010), but a general decline in anabolic factors might lead to a
general decline in muscle size. Physical activity is also a potent anabolic stimulus and
declines with age in humans and animals (Caspersen et al., 2000; Holloszy et al., 1985).
Resistance exercise can attenuate the effects of age on muscle as training studies
demonstrate elderly can increase muscle strength, size and protein synthesis (Frontera et al.,
1988; Trappe et al., 2002; Welle et al., 1995), however, strength training appears to be
compensatory and not antagonistic to sarcopenia (Pearson et al., 2002). The decline in
activity may reflect compromised neuromuscular function, and aged muscles show evidence
of extensive denervation (Larsson and Ansved, 1995; Wang et al., 2005).

Growth signals and physical activity converge on similar biochemical signaling pathways,
but the interaction among the stimuli and pathways is poorly understood. Two signaling
networks have drawn special interest in integrating diverse stimuli to regulate muscle
growth. The Akt-mTOR-p70s6k cascade is a critical pathway regulating protein synthesis
(Bodine et al., 2001), and activation of Akt is adequate to increase muscle mass (Blaauw et
al., 2009; Bodine et al., 2001). The MAP kinase cascades, including p42/44ERK, p38 and
JNK cascades, are important in protein translation, gene transcription and satellite cell
activation (Anjum and Blenis, 2008; Long et al., 2004; Widegren et al., 2001). IGF-I
activates both Akt and MAP kinase cascades through receptor-mediated mechanisms (Shah
et al., 2000; Sherwood et al., 1999). Mechanical stimuli also activate Akt and MAP kinase
signaling, although the mechanism of this activation is uncertain (Goodyear et al., 1996;
Hornberger et al., 2005; Nader and Esser, 2001; Sakamoto and Goodyear, 2002). AMP-
activated protein kinase (AMPK) is activated in response to ATP depletion and inhibits
mTOR signaling (Kimball, 2006). Recent studies show AMPK phosphorylation is increased
in aged muscles, particularly fast twitch muscles (Thomson and Gordon, 2006).

Comparisons between muscles with differing changes in activity with age may show the
influence of muscle activity on growth signaling. Voluntary locomotor activity, measured by
wheel running distance or exploratory and home cage behaviors, declines continuously in
rats after 10 months of age (Holloszy et al., 1985; Skalicky et al., 1996) and hindlimb mass
declines up to 30% in Fischer 344 (F344) rats (Daw et al., 1988). Muscles of the head, neck
and tongue are involved in functions such as mastication, respiration and vision that decline
less with age in rodents than locomotion. Peng and Kang (1984) reported that running wheel
activity declined from 75 minutes/day to under 5 minutes per day in aged Long Evans rats,
while feeding behavior changed by less than 30%, with some measures increasing and some
decreasing, and similar results are seen in F344 and F344/BN (Zhang et al., 2008). Muscles
of the jaw and tongue lose less than 15% of mass and fiber area (Connor et al., 2008;
McLoon et al., 2004). Activity, strength and size of head, neck and tongue muscles may
decline with age, but those changes are much less pronounced than limb muscles.

Muscles of the head and neck also differ from limb musculature in their innervation and
developmental origin, which may contribute to differences in growth signaling. These
muscles are innervated by cranial nerves, rather than by spinal motorneurons, and may not
be subject to denervation observed in hindlimb muscles (Larsson and Ansved, 1995;
Sturrock, 1987). Further, most head and neck, but not tongue, muscles derive from branchial
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arches of somitomeres, rather than the somites (Noden and Francis-West, 2006; Yamane,
2005), and undergo a distinct myogenic program that may make them differently sensitive to
growth stimuli, suggesting that their preservation with age may reflect their unique
developmental origin. By contrast, tongue muscles, like limb muscles, derive from somites
and represent a unique intersection of features from sarcopenia sensitive and sarcopenia
spared muscle.

This study analyzes the phosphorylation state of kinases associated with growth-signaling
networks in three classes of muscle to compare the influence of activity and developmental
origins. This comparative design will test the hypothesis that physical activity and
developmental origin contribute to growth signaling with age. The relative importance of
cell lineage and general physical activity in the activation of these signaling networks and in
the preservation of muscle mass may be revealed by comparison of head, tongue, and limb
muscles from old and young rats. The key findings of the current study show exaggerated
ERK and p70S6kT421/S424 phosphorylation in young biceps brachii, exaggerated p38
phosphorylation in aged head and neck muscles, and a system wide decline in p70S6k
expression. The systemic loss of p70S6k protein expression may reduce the capacity for
muscle hypertrophy in response to periodic vigorous activity.

MATERIALS AND METHODS
Animals and Tissue Preparation

Male Fischer 344 rats aged 8 months or 26 months (n = 8 per group) were obtained from the
National Institute on Aging (NIA) colony. Average weight of animals was 403g ± 37
(young: 414g ± 19; old: 397g ± 45). The Fischer 344 strain is supplied by the NIA for use in
aging studies. Mean survival age is 24 months with 25% survival to 26 months. Animals
were sacrificed by CO2 asphyxiation, and experimental muscles dissected and immediately
frozen in liquid nitrogen. Procedures were reviewed and approved by Institutional Animal
Care and Use Committee at Georgia Institute of Technology and performed in compliance
with the Guide for Care and Use of Laboratory Animals.

Muscles
Seven muscles (Table 2) were chosen to represent different developmental origins and
different general functions. Furthermore, muscles with opposing functions and different
fiber type composition were included to mask phenotypic differences. The biceps brachii
(BB) is an elbow flexor, innervated by the musculocutaneous nerve, with motor fibers
derived from the embryonic somites. The pectoralis (P) is a flexor and adductor of the
shoulder, innervated by the pectoral nerve, and of somitic origin. The styloglossus (SG) is an
extrinsic retractor of the tongue, innervated by the hypoglossal or 12th cranial nerve, also of
somitic origin. The geniohyoid (GH) is an elevator of the hyoid bone active in deglutition,
also innervated by the hypoglossal nerve and of somitic origin. The masseter (M) is a jaw
closer, innervated by the trigeminal or 5th cranial nerve, with fibers derived from the first
branchial arch of the embryonic somitomere. The posterior digastric (PD) is a jaw opener,
innervated by the facial or 7th cranial nerve, with fibers derived from the 2nd branchial arch.
These muscles were grouped according to functional role (locomotion or mastication) and
by developmental origin (somitic or branchial arch), so muscles will belong to one of three
classes or functional Origins: somitic+locomotion (BB), somitic+mastication (SG, GH), or
branchial arch+mastication (M, PD). The superior rectus extraocular muscle (EOM) is an
eye elevator, innervated by the occulomotor or 3rd cranial nerve, originating from the non-
segmented paraxial mesoderm.
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Western Blotting
Muscles were by homogenized in a low salt detergent buffer (50mM Tris, pH 7.5; 30mM
NaCl; 5mM EDTA, 1% Triton X-100 plus NaF, NaVO3 and protease inhibitors) to
minimize myofilament extraction and pelleted at 15,000 × g. The protein concentration of
the supernatant was measured by BCA (Pierce) according to manufacturer’s protocol. The
pellet, enriched in myofilaments, was resuspended in 0.1M PBS, pH 7.3 with 5% protease
inhibitor for myosin heavy chain (MHC) separation. Soluble protein (15ug) was separated
by SDS-PAGE, transferred to nitrocellulose membranes, and detected by Western blot.
Primary antibody dilutions were: p-ERKT202/T204 1:3000; p-JNK 1:500; p-P38T180/Y182

1:2000; p-Akt S473 1:2000; p-P70S6k T421/S424 1:2000; p-p70S6k T389 1:2500; p-ACC
1:1000; total ERK2 1:2500; total p38 1:2000; total Akt 1:2000; pan p70 1:2000. All
antibodies are purchased from Cell Signaling except JNK, from Santa Cruz. Bands were
visualized by enhanced chemiluminescence and quantified by scanning densitometry.

Five muscles, the BB, SG, GH, M, and PD, were selected for multivariate analysis. Each
young animal was arbitrarily paired with an old animal, and all ten of the paired muscles
were loaded on a single gel. Data from each gel was normalized to the average of all young
muscles to allow comparisons across muscles and across age groups. EOM and P were
analyzed separately, which prevents direct comparison with the five core muscles, but does
allow resolution of age-dependent signaling.

Myosin Separation Gels
The MHC isoform content was determined by SDS-PAGE separation on 8% polyacrylamide
gels using a procedure derived from Talmadge and Roy (1993). Pellet containing
myofilaments was resuspended in 0.1M PBS, pH 7.3 with 5% protease inhibitor, quantified
(BCA), diluted in Laemmli buffer (62.5 mmol/L Tris, pH 6.8, 10% glycerol, 2.3% SDS, 5%
β-mercaptoethanol, with antiproteolytic factors) and loaded 1ug protein/per lane onto gel.
Electrophoresis was carried out at 4°C for 22 hours at 140 V. Bands were visualized by
Coomassie staining and MHC I, MHC IIa, MHC IIx and MHC IIb were quantified in Image
J software (NIH) by reference to rat MG, soleus and tongue body samples run
synchronously.

Real-time PCR
RNA was extracted from muscle by homogenization in 1ml of Trizol reagent (Invitrogen)
according to manufacturer’s protocol. Total RNA yield was determined by UV
spectroscopy, and reverse transcription was performed with 1ug of total RNA using
Multiscribe RT kit (Invitrogen) according to manufacturer’s protocol using random primers.
For amplification of myosin heavy chain isoforms, reactions contained 250nM forward and
reverse primers in Platinum SYBR Green qPCR Supermix (Invitrogen). MHC standards and
primer sets were used as previously described (Rahnert et al., 2010), and all primers and
amplicon lengths are given in Table 1. The thermal protocol for all targets was 50°C for 2
min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 62°C for 1 min.
Reaction products were validated at least once by size determination on agarose gel, and by
terminal dissociation melting curve for every sample.

Statistics
Data are expressed as means ± SD and are log transformed for presentation in figures to
equalize visual elevations and reductions of phosphorylation or expression. Statistical
analysis was by 2-way ANOVA (functional Origin × Age) with a significance threshold of p
< 0.05, followed by post hoc t-tests using the Bonferroni/Dunn correction for multiple
comparisons. Factor analysis was used to extract principal components of the data set either
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as a whole data set or split by age. Factor scores were Varimax transformed and the
orthogonal solutions of the whole set were analyzed by 2-way ANOVA (Muscle × Age)
with a significance threshold of p < 0.05.

RESULTS
Independent factors associated with expression and signaling

Results of western blots and myosin separation are shown in Tables 2 and 3. To facilitate
interpretation of this large data set, which included all muscles except EOM and P, we
performed factor analysis, to extract statistically independent sets of correlated variables.
Factor analysis revealed two factors that account for 43% of the population variance (Table
5), leaving the remaining 57% of variance distributed across 13 residual factors. The
primary factor accounted for 27% of the population variance and combines expression of
MHC IIb (factor weight 0.959), MHC IIx (-0.885), and MHC IIa (-0.913) such that faster
muscles had greater Factor 1 values. Thus, this factor may be best interpreted as “Fast”.
Two-way ANOVA revealed PD and SG were slower than the rest (p<0.0001), that young
muscles were faster than old (p=0.01, Figure 1A), and that slowing with age was uniform
across all muscles (age × muscle interaction, p=0.86). Expression of p70S6k (factor weight
0.502) and its phosphorylation on T389 (−0.456) were weaker components of Factor 1,
which suggests fast muscles express more p70S6k and may have a greater capacity to
respond to signals although, at rest p70S6k is less active. Factor 2 contained 16% of the
population variance and included most of the kinase phosphorylation levels, particularly
p70S6kT421/S424 (0.828) and ERKT202/T204 (0.745), as well as p38T180/Y182, JNK T54 and
AktS473. This factor is best interpreted as “Growth Signaling” and suggests the activity of all
of these kinases is coordinated, but independent of fiber type. Two-way ANOVA revealed a
muscle specific effect of age (muscle × age interaction, p=0.02) in which Factor 2 decreases
in BB and increases in M and GH with age, while PD and SG are unchanged, and suggests
age-related signaling is different in BB (Figure 1B). The residual factors individually
represent 10% or less of the population variance.

Factor analysis was also performed separately on muscles from old and young animals to
examine age-related changes in signaling patterns. The primary factor in both age groups
was a combination of MHC isoforms (data not shown); however, p70S6k expression and
phosphorylation (T389) were components of Factor 1 only in young animals (0.631 and
−0.488, respectively), and not in old animals (0.268 and −0.335, respectively). Interestingly,
there was no core “Growth Signaling” factor in old animals. The weighting of all
phosphorylations was greater than 0.480 in Factor 2 of young muscles, but in old animals
these components were spread across Factors 2, 3 and 4, suggesting that several signaling
modules become more independent or discoordinated with age.

MHC and calcium channel expression does not differ with age
Although factor analysis was able to distinguish an age-related change in MHC profile, no
individual MHC isoform had a significant change in expression by mRNA or protein with
age in these animals (Table 2). The significant decrease in the “Fast” factor with age
(p=0.01) was resolvable because the correlations between MHC IIb, IIx, and IIa were able to
overcome the inter-sample variability. Expression of the L-type calcium channel (CaV1.1)
and the calcium release channel, ryanodine receptor (RyR-1) may shift or down-regulate
prior to changes in MHC isoforms, however, neither the calcium channel expression nor the
ratio of CaV1.1 to RyR-1 differ with age in any muscle (Table 6). This is consistent with
similar transcript data from mice (Zheng et al., 2001), although there may be a decrease in
CaV1.1 protein (Renganathan et al., 1998).
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Aging does not increase ACC phosphorylation
Acetyl coenzyme A carboxylase (ACC) is a primary physiological target of AMPK and its
phosphorylation was used as an index of in vivo AMPK activity. ACC phosphorylation was
extremely uniform (Table 3), and no effect of age (p=0.74) or muscle origin (p=0.99) could
be resolved. This suggests that the resting metabolic requirements of these muscles are
similarly satisfied and that persistent metabolic stress is not a likely contributor to
sarcopenia.

Akt-p70 signaling cascade
The effect of age was more apparent on p70S6k than on Akt. There was no effect of age on
Akt expression (p=0.84) or phosphorylation (p=0.16) (Table 3), but expression was
exaggerated in the branchial arch (BA) muscles (p<0.0001), and there was a trend (p=0.060)
for increased phosphorylation in BA muscles. By contrast, significant effects of age
(p<0.0001) and origin (p=0.03) were found for expression of p70S6k, with lower expression
in aged muscle (Figure 2B) and lower expression in the tongue than in branchial arch
muscles (Figure 2B). Phosphorylation of p70S6k on T389 is closely correlated with activity,
and this tended (p=0.07) to decrease with age, independent of muscle origin (origin effect,
p=0.27, interaction effect p=0.66, Figure 2D). Neither age (p=0.54) nor origin (p=0.62) had
an effect on p70S6kT421/S424 phosphorylation. There was a significant interaction (Origin ×
Age p=0.03, Figure 2C) within the five core muscles, indicating reduced phosphorylation
specifically in aged BB, however, this effect could not confirmed in P (Table 4), so this
reduction seems unique to BB.

MAP kinases
No main effects of muscle origin or age were found among MAP kinases (Figure 3),
although interaction effects revealed origin-specific responses to aging for ERK and p38
phosphorylation. The significant origin X age interaction (p=0.03) shows that ERK
phosphorylation declines with age in BB muscles while remaining unchanged in jaw and
tongue muscles (Figure 3B), primarily because phosphorylation is exaggerated in the young
muscle relative to all other groups. This effect was not seen in P (Table 4), and also appears
to be unique to BB rather than to muscles of locomotion. The interaction effect (p=0.002) on
p38 phosphorylation resulted from an increase with age in branchial arch muscles, with
other groups remaining unchanged (Figure 3D), which suggest a greater sensitivity to stress
in branchial arch muscles. Generally, phosphorylation of MAP kinases was slightly greater
in the faster muscle from each origin, suggesting that the specific function or phenotype of
the muscle is more important to MAPK signaling than is the generalized task.

Signaling in EOM and P muscles
EOM and P were separately analyzed to validate observations from the five core muscles.
BA muscles showed exaggerated expression of Akt, which was not observed in EOM, but
the BA-specific increase in JNK T54 phosphorylation was (p=0.03, Table 4). The BB-
specific phosphorylation of p70S6kT421/S424 and ERK2 with age was not observed in P, and
aged P showed significantly greater phosphorylation of JNK54 and expression of Akt
(p=0.02 and p=0.016, respectively, Table 4).

DISCUSSION
The key findings of the current study show p70S6k expression declines with age in all
muscle groups; phosphorylation of ERK and p70S6kT421/S424 is elevated in young BB
muscles; Akt expression is elevated in branchial arch muscles; and p38 phosphorylation is
much greater in aged branchial arch muscles. Factor analysis revealed coordinated
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phosphorylation of most signaling molecules, independent of fiber-type or developmental
origin, and that this coordination breaks down with aging.

Statistical resolution of individual kinase differences may have been hampered by at least
two constraints. First, these comparisons are among muscles in their basal or resting state, at
which phosphorylation levels are expected to be low. Second, due to the nature of the
dissections, there was a substantial lag between euthanasia and freezing of each muscle.
During this time, endogenous phosphatases and proteases may have reduced differences
among muscles. Specimens were chilled after euthanasia to minimize this activity as much
as possible and pilot experiments indicated that basal phosphorylation was stable for at least
an hour. However, one interpretation of factor 2 containing all of the phosphorylations is
that samples varied in the preservation of phosphorylation.

Factor analysis identifies sets of correlations between all measures within each muscle and
across all groups of muscles. The strongest correlations were between the MHC isoforms
and distinguished between fast and slow muscles. The quantification of MHC content by
Coomassie-stained gels was associated with variance of less than 20% for fast isoforms. In
contrast, variance of kinase phosphorylations detected by Western blot ranged from a low of
20% to a high of 95% within a muscle. This difference in variance encourages the inclusion
of MHC isoforms, and facilitates the resolution of systematic biological patterns, such as the
shift from IIb to IIx/IIa with age. Coordination among kinases from the Akt-p70S6k cascade
and the different MAP kinase cascades is consistent with the involvement of multiple
pathways in growth signaling, and it is particularly interesting that this factor is increased in
aged M and GH, muscles associated with jaw closing and tongue protrusion, but decreased
in aged BB. This suggests that there may be activity dependent signaling within the muscles
of mastication at a level too subtle to resolve by Western blot of individual kinases.

The goal of this study was to evaluate the influence of developmental and functional origin
on growth signaling during aging. Aging is associated with a decline in systemic growth
signals, muscle activity and with motor neuron degeneration that may differentially affect
somitic and branchial arch muscles (Giovannini et al., 2008; Larsson and Ansved, 1995;
Lynch et al., 2007; Nair, 2005). Such differences may contribute to declines up to 30% in
hindlimb muscle mass in F344 rats with age (Daw et al., 1988; Yu et al., 1982), while head,
neck and tongue muscles of F344/BN or F344 show reductions of 15% or less in mass and
force at equivalent age (Connor et al., 2008; Norton et al., 2001). Although we did not
collect head, neck and tongue muscles intact enough to assess mass, EDL and soleus mass
from these animals decreased by 19 and 26% respectively (data not shown), which is
appropriate for this strain and age (Daw et al., 1988; Yu et al., 1982). BB from old animals
were visibly smaller than from young animals and expected to be a forelimb correlate to the
commonly studied fast hindlimb muscles. Size differences of the tongue and jaw muscles
were not as visibly distinct.

General effects of age
The effect of systemic changes on growth signaling was expected to be revealed by age-
associated alterations in signaling molecule activation independent of origin. Expression of
p70S6k declines in every muscle group of our 26 month-old Fischer 344 animals. Similar
declines are seen in 30 and 36 month-old F344/Brown Norway (FBN) rats (Kinnard et al.,
2005) and 27 month-old Sprague-Dawley rats (Kimball et al., 2004). Although the
regulation of p70S6k phosphorylation and activation has been reported in detail, control of
p70S6k expression has been less extensively reported. The phosphorylation of p70S6k
shortly after exercise is correlated with eventual hypertrophy (Baar and Esser, 1999), and
acute performance of high force contractions results in an extended period of p70S6k
phosphorylation (Glover et al., 2008; Nader and Esser, 2001). In this study, factor analysis
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revealed p70S6k expression was greater in fast muscles suggesting p70S6k signaling may be
particularly important in muscles that stereotypically produce greater forces but are subject
to infrequent activity. The general decline in p70S6k expression suggests that aged muscle
may have reduced capacity to respond to maintenance signals provided by infrequent high
force contractions.

Influence of lineage
The effect of lineage is revealed by differences between the branchial arch muscles and the
somitic muscles. Branchial arch muscles displayed two unique features: hyperexpression of
Akt and hyperphosphorylation of p38 with age. Head and neck muscles in general have
several characteristics that differ from somitic limb muscles, including a unique myogenic
program and increased myonuclear turnover (Evans et al., 2008; Noden and Francis-West,
2006). Masseter and extraocular muscles have a larger population of activated satellite cells
than limb muscle, but also appear to undergo accelerated apoptosis, suggesting that these
branchial arch muscles are subject to continual myonuclear turnover (Evans et al., 2008;
McLoon et al., 2004).

P38 is activated in response to cellular stress and important in cellular processes including
myogenesis and apoptosis (Keren et al., 2006; Lluis et al., 2006). Phosphorylation of p38
overall was unchanged with age in somitic muscles, which is similar to other studies
(Mylabathula et al., 2006), but in branchial arch muscles, p38 phosphorylation greatly
increased with age. Hyperactivation of p38 is consistent with accelerated myonuclear
turnover, and a more active population of satellite cells in the branchial arch muscles might
contribute to preservation of function during aging. However, the unique developmental
origin of the head and neck muscles may make them hypersensitive to cellular stresses.
Further studies are needed to elucidate the role of p38 with age in these muscles.

Influence of physical activity
Activity was not measured in this study but qualitative observations from other studies are
extremely consistent, and a reduction in locomotor activity is observed using any measure of
home-cage or voluntary activity (Holloszy et al., 1985; Skalicky et al., 1996). In contrast,
tasks of head, neck and tongue muscles - mastication, respiration, and swallowing - are
required throughout life and show either minimal change (Connor et al., 2008) or even
increased activity (Peng and Kang, 1984; Zhang et al., 2008). We hypothesized these
relative changes in muscle activity with age based on muscle function (mastication versus
locomotion) would reveal the effect of muscle activity on growth signaling. Although
analysis of the five core muscles indicated that phosphorylation of ERK and
p70S6kT421/S424 declines with age only in somitic BB muscles, failure to confirm this with P
suggests that home cage activity plays little role in supporting basal activation of growth
signaling of young locomotor muscles. This is consistent with highly variable literature
reports of basal ERK phosphorylation, including either no change (pectoralis, present study;
tibialis anterior and plantaris, (Parkington et al., 2004)), increase (extensor digitorum
longus, (Mylabathula et al., 2006)), or decrease (biceps brachii, present study) in limb
muscles with age. Acutely, ERK phosphorylation is increased in response to electrical
stimulation and is closely correlated with mechanical force (Martineau and Gardiner, 2001;
Widegren et al., 2001; Wretman et al., 2001). Such acute, force-dependent responses may
allow infrequent but intense activity to provide a transient stimulus and maintain muscle
mass.

Separate Mechanisms Regulating Expression and Phosphorylation
Similar p70S6kT389 phosphorylation in spite of down-regulation of p70S6k expression with
age indicates a greater fraction of p70S6k molecules are active as reflected in relative
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phosphorylation status (Figure 4), and implies a decoupling of the control of expression and
activity. Discoordination of p70S6k expression and T389 phosphorylation has been reported
in other aging models (Kimball et al., 2004;Kinnard et al., 2005;Thomson and Gordon,
2006) suggesting the regulation of expression and post-translational control of
phosphorylation may be regulated by independent processes. Phosphorylation of p70S6k at
T389 is the residue most closely representative of activity (Pullen and Thomas, 1997;Weng
et al., 1998) and is highly correlated with protein synthesis rate and muscle growth (Baar
and Esser, 1999;Thomson and Gordon, 2006). Protein synthesis is higher in old animals
despite losing muscle mass (Kimball et al., 2004), which is consistent with neutral or
elevated p70S6k phosphorylation. We propose a feedback model for T389 phosphorylation,
dependent on muscle force and a separate feedforward model for p70S6k expression
dependent on systemic factors (Figure 5). This suggests that functional overload stimulates
phosphorylation and activation of p70S6k, whereas systemic factors promote cell growth
possibly through acetyl-group modifications leading to stabilization of p70S6k protein
(Fenton et al., 2010). Withdrawal of systemic factors, such as growth factors, associated
with aging would then reduce the pool of p70S6k and limit the ability of muscle to increase
protein synthesis in response to acute stimuli like exercise.

Conclusions
In summary, this study provides a comparative analysis of the phosphorylation state of
proteins associated with muscle growth in muscles with different functional roles, and
different developmental origins. Phosphorylation within the mTOR and MAP kinase
cascades was strikingly independent of age, developmental origin, or functional task, but an
underlying coordination among phosphorylation of ERK, JNKT54, and p70S6kT421/S424 and
Akt was found. One unique signaling structure observed in branchial arch muscles,
characterized by hyperexpression of Akt and exaggerated phosphorylation of p38, may
contribute to their exaggerated myonuclear turnover and relative sparing from sarcopenia.
The discoordination of p70S6k expression and phosphorylation of T389 suggests these
aspects are independently regulated, potentially by systemic factors and muscle load.
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Figure 1.
The major factors identified by factor analysis were analyzed by 2-way ANOVA. For Factor
1 (A), significant effects of age (p=0.01), and muscle (p<0.0001), but not age × muscle
(p=0.86), were found. Muscles designated with the same letter were indistinguishable in post
hoc T-tests. Factor 2 (B) had a significant interaction of age × origin (p=0.02), but no main
effects (age p=0.63; origin p=0.23). The interaction effect indicates that the decrease with
age in BB is different than the increase seen in M, GH. Mean ± S.D. of linear factor scores.
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Figure 2.
Expression and phosphorylation of p70S6k in young and old muscles by origin.
Representative western blots (A) in which each antigen row is from a single blot, with the
muscles rearranged for clarity. Expression of p70S6k (B) differs by muscle origin (p=0.03)
and age (p<0.0001), but no significant interaction effect (p=0.10) was found. Origins
designated by the same letter were statistically indistinguishable in post hoc T-tests.
Phosphorylation of p70S6k on T421/S424 (C) had a significant interaction of age × origin
(p=0.03), in which phosphorylation declines with age in somitic locomotion muscles, but is
unchanged with age in branchial arch and somitic mastication muscles. No significant
effects on phosphorylation of p70S6k on T389 were found (D). Data are presented as
difference of logs from young averages, expressed as mean ± S.D..
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Figure 3.
MAPK expression and phosphorylation in young and old muscles by origin. Representative
western blots (A) in which each antigen row is from a single blot, with the muscles
rearranged for clarity. A significant interaction effect (p=0.03) on ERK phosphorylation (B)
indicates that the decline with age in somitic locomotion muscles is different than the
conservation in mastication muscles. No effects on ERK2 expression (C) were found. The
significant interaction effect (p=0.002) on phosphorylation of p38 (D) indicates that the
increase with age in branchial arch muscles is different than the conservation seen in somitic
muscles. No effects on JNK phosphorylation on T54 (E) were found. Data are presented as
difference of logs from young averages, expressed as mean ± S.D..
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Figure 4.
Relative phosphorylation of p70S6k on T389 to total p70S6k expression in young and old
muscles by origin. Relative p70S6k phosphorylation differs by muscle origin (p=0.01) and
age (p=0.01), but no significant interaction effect (p=0.10) was found. Origins designated by
the same letter were indistinguishable in post hoc T-tests. Data are presented as difference of
logs from young averages, expressed as mean ± S.D..
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Figure 5. Suggested mechanisms for regulation of p70S6k expression and phosphorylation
Schematic representation of a feed-forward mechanism in which systemic factors regulate
p70S6k expression and a feed-back mechanism in which p70S6k phosphorylation and
activation is regulated by muscle mass and modulated by muscle load. In aged muscle,
maintaining p70S6k phosphorylation despite a decline in amount of p70S6k may require
increased (mTOR) kinase activity. The age-related decline in p70S6k may limit the muscles’
ability to respond to stimuli with increased mass.
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Table 1

Primers used for real time PCR and product size for myosin heavy-chains and calcium channels

Target Forward primer 5′ → 3′ Reverse primer 5′ → 3′ amplicon size (bp)

B-actin TTCAACACCCCAGCCATGT GTAGATGGGCACAGTGTGGGT 120

MHC-2x GTACCACAGGGAAACTGGCTT CTTGGTCATCAATGCTGGG 222

MHC-2a GTCTGCCAACTTCCAGAAGC CAGCTTGTTCAAATTCTCTCTGAA 307

MHC-2b AAAGGTGGCCATTTACAAGCT CAGCAGAGTTCAGACTTGTCAG 146

MHC-I AAGTCCTCCCTCAAGCTCATGGC ATTTTCCCGGTGGAGAGC 135

CaV1.1 AGCTACCACCATGCTGATCC CCCTCGCTTTCTGACTTTTG 333

RyR-1 CAAGACCTGAGCTGAGACCC CCCAATCTCAATTTCTCGGA 242
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Table 4

Summary of protein expression and phosphorylation in extraocular (EOM) and pectoralis (P) muscles of
young (8 month) and old (26 month) F344 rats.

EOM P

Y O Y O

p-ACC 1.00±0.4 1.45±1.5 1.00±0.3 1.34±0.7

Akt 1.00±0.3 0.78±0.3 1.00±0.3 1.59±0.5

p-Akt 1.00±0.5 1.32±1.1 1.00±0.3 0.92±0.5

Rel Akt 1.00±0.5 1.94±1.5 1.00±0.3 0.64±0.4

p70 1.00±0.4 0.99±0.7 1.00±0.3 0.92±0.5

p70T421/S424 N.D. N.D. 1.00±0.5 0.98±0.5

Rel T421 N.D. N.D. 1.00±0.8 0.97±0.5

p70T389 N.D. N.D. 1.00±0.4 0.99±0.3

Rel T389 N.D. N.D. 1.00±0.8 1.07±0.5

ERK2 1.00±0.5 1.17±0.7 1.00±0.2 1.11±0.6

p-ERK 1.00±0.3 0.83±0.5 1.00±0.7 1.09±0.4

Rel ERK 1.00±0.4 0.72±0.3 1.00±0.6 1.05±0.6

p-p38 1.00±0.3 0.79±0.4 1.00±0.4 1.45±0.5

p-JNK 46 1.00±0.7 0.63±0.3 1.00±0.2 1.09±0.4

p-JNK 54 1.00±0.3 1.84±0.6 1.00±0.3 1.69±0.6
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Table 5

Orthogonal solutions of 2 factors revealed by factor analysis of whole data set.

Factor 1 (Fast) Factor 2 (Signaling)

p-ACC 0.402 0.113

p-Akt 0.113 0.513

p70T421/S424 0.136 0.828

p70389 −0.456 −0.060

p-ERK 0.405 0.745

p-p38 0.067 0.560

p-JNK 46 0.065 0.107

p-JNK 54 −0.078 0.650

Akt 0.021 −0.129

p70S6k 0.502 −0.084

ERK −0.202 0.116

IIb 0.959 0.144

IIx −0.885 −0.213

IIa −0.913 −0.049

I 0.149 −0.018
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