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                  AGING is associated with a reduced capacity for muscle 
growth and repair in response to increases in resistance 

loads that occur under a variety of conditions ( 1 , 2 ). Follow-
ing acute high-resistance eccentric contractions, ankle 
fl exor muscles, such as the extensor digitorum longus 
(EDL) and the tibialis anterior (TA), from old animals are 
more susceptible to muscle damage and recover more 
slowly and incompletely ( 2 , 3 ). Comparison studies in ro-
dents show that acute bouts of eccentric contractions cause 
injury to the TA muscle as evidenced by a prolonged loss of 
strength in both young and old animals ( 4 , 5 ). However, 
within 5 days of the injury, the tensile strength of the TA is 
fully recovered in the young animals, whereas the TA of old 
animals remain signifi cantly impaired ( 5 ). Moreover, the 
ability to adapt to repeated bouts of eccentric exercise is 
impaired in TA of old rats  5 . 

 Additional studies have examined the ability of ankle ex-
tensor muscles such as the soleus (SOL), gastrocnemius 
(GA), and plantaris (PL) from young and old animals to hy-
pertrophy in response to chronic increases in mechanical 
loading ( 6  –  10 ). Functional overload (FO) can be induced in 
the ankle extensor muscles through the removal of muscles 
that function as synergists, producing chronic increases in 
both neural activity and mechanical loading that lead to sig-
nifi cant increases in mass and protein content within 7 days 
in young adult rodents ( 11 ). In contrast, studies performed in 
old rats have shown a signifi cant impairment in growth fol-
lowing FO ( 7  –  9 ). Muscle growth is also impaired in muscles 
subjected to reloading following an atrophy-inducing event 
such as joint immobilization. Immobilization of the ankle 
and knee joints results in signifi cant atrophy of the ankle 
extensors that is reversed upon reloading of the limb follow-
ing cast removal ( 12 ). Childs and colleagues ( 13 ) report that 
the SOL of young rats recovers  ~ 40% of its mass within 15 
days of reloading following 10 days of immobilization, 

whereas there is no signifi cant recovery of SOL mass in old 
rats after the same period ( 6 ). A similar lack of recovery fol-
lowing immobilization has been reported for other ankle ex-
tensor muscles of old rats ( 10 ). 

 The mechanisms responsible for the reduced growth ca-
pacity of muscles from old animals in response to loading 
are unknown. Moreover, the degree to which all muscles 
demonstrate a loss of growth capacity and the age at which 
it occurs are unknown because few studies have compared 
the effects of loading on fl exors and extensors in a single 
model. Further, few studies have examined the growth ca-
pacity of middle-aged rats, choosing to restrict their analy-
sis to young versus old rats. The purpose of this study was 
to determine the extent to which different muscle types ex-
perience a defi cit in growth response with age and under 
what circumstances. To achieve    our objective, we examined 
the growth response of hind-limb muscles to two models of 
increased mechanical loading: bilateral synergist ablation 
or FO and hind-limb reloading following atrophy induced 
by hind-limb suspension (HU/REL) in male Fisher 344 –
 Brown Norway F1 hybrid (FBN) rats at multiple ages rang-
ing from 6 to 30 months. The choice of FO and hind-limb 
suspension/reloading provides a comparison of the growth 
response of skeletal muscle to increased loading under dif-
ferent starting conditions, that is under  “ normal ”  resting 
conditions versus following a period of disuse and atrophy. 
These different starting conditions may lead to different 
growth responses that are affected differentially by aging. 

 In addition, we investigated the growth response of old 
rats maintained on a calorie-restricted (CR) diet to FO. Re-
cent literature ( 14  –  16 ) has suggested that lifelong CR in rats 
attenuates the loss of skeletal muscle with age and may im-
prove protein turnover and oxidative metabolism relative to 
rats maintained on a normal chow diet, leading us to hy-
pothesize that old CR rats would have an improved growth 
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response relative to old ad libitum fed rats. These data pro-
vide the foundation for further investigations into the cel-
lular mechanisms responsible for the decrease in growth 
capacity that occurs with increasing age.  

 M aterials and Methods      

 Animals 
 All experiments were performed in male FBN rats rang-

ing in age from 6 to 30 month old. Adult rats were purchased 
from a rodent colony maintained by the National Institute 
on Aging and arrived  ~ 2 weeks prior to experimentation. 
Upon arrival, rats were housed individually and maintained 
on either an ad libitum rat chow diet or a 40% CR diet. CR 
was initiated at 14 weeks of age at 10% restriction, increased 
to 25% restriction at 15 weeks of age and to 40% restriction 
at 16 weeks where it was maintained throughout the life of 
the animal. Approval was received from the Institutional 
Animal Care and Use Committee at the University of Cali-
fornia, Davis, for all animal procedures.   

 Experimental Models 
 Animals were assigned to one of two experimental 

groups: FO or hind-limb reloading following hind-limb sus-
pension (HU/REL). Unloading of the lower limb muscles 
was accomplished using a noninvasive tail suspension 
model ( 17 ). The tail was attached via traction tape and a 
plastic bar to a swivel mounted at the top of the cage, allow-
ing free 360° rotation. The rats were maintained in  ~ 30° 
head-down tilt position with their hind limbs unloaded for a 
period of 14 days. On the 15th day of suspension, the ani-
mals were released from suspension and the hind limbs 
were allowed full weight bearing. The rats were housed in-
dividually in standard rat cages and allowed to recover for a 
period of 14 days. 

 The PL muscle in both legs was functionally overloaded 
by the surgical removal of its major synergists: the SOL and 
GA (medial and lateral heads) muscles. Animals were anes-
thetized with isofl urane gas and prepared for surgery using 
aseptic procedures. The Achilles tendon was isolated at the 
calcaneous, and the tendons of the SOL and GA muscles 
will be cut. The SOL was removed completely, whereas 
only the distal one half of the medial and lateral heads of the 
GA were removed. Partial excision of the GA is performed 
instead of tenotomy to minimize the tendency for muscle 
and connective tissue reattachment to occur in the ankle re-
gion. A bilateral approach was used to prevent the animals 
from favoring the contralateral limb. 

 For all experiments,    cohorts of animals of a specifi c age 
arrived at University of California, Davis, together and then 
were randomly assigned to control and experimental groups. 
Using this design, the initial properties of control and 
experimental animals were matched as closely as possible 
to each other. The control animals for each experiment were 

housed individually, and tissue samples were collected upon 
completion of the experimental treatment (i.e., FO or 
hind-limb unloading [HU]). The tissue samples collected 
from the control group were used as a reference to determine 
the percent change in muscle mass in the experimental groups.   

 Tissue Collection 
 Tissue samples were collected upon completion of the 

experimental treatment. Tissue collection occurred in the 
morning with the animals in a fed state. Rats were given an 
injection of ketamine/xylazine (85 mg/kg, 5 mg/kg), and the 
hind-limb muscles were dissected with the animals in a 
deeply anesthetized state. Muscles were dissected, freed of 
connective tissue, weighed, frozen in liquid nitrogen, and 
stored at  – 80° C for later analysis. Upon completion of the 
tissue removal, the rats were killed by exsanguination.   

 Tissue Homogenization and Determination of Protein 
Concentration 

 Whole muscles were homogenized on ice in buffer con-
taining 50 mM N-2-hydroxyethylpiperazine-N-2-ethane-
sulfonic acid (pH 7.4), 0.1% Triton X-100, 4 mM 
ethyleneglycol-bis(aminoethylether)-tetraacetic acid, 10 mM 
ethylenediaminetetraacetic acid, 15 mM Na 4 P 2 O 7  • H 2 O, 100 
mM  b -glycerophosphate, 25 mM NaF, 50  m g/mL leupeptin, 
50  m g/mL pepstatin, 40  m g/mL aprotinin, 5 mM Na 3 VO 4 , 
and 1 mM phenylmethylsulfonyl fl uoride as previously 
described ( 18 ). Protein    concentration of the total muscle 
homogenate was determined in triplicate using the bicin-
choninic acid protein assay as recommended by the manu-
facturer (Pierce Laboratories, Rockford, IL).   

 Western Blots 
 The relative expressions of the initiation factor, eIF2B ep-

silon, and the protein kinase, Akt/PKB, were determined by 
Western blot analysis. Samples containing equal amounts 
of protein were resolved by sodium dodecyl sulfate –  polyacryl-
amide gel electrophoresis (SDS – PAGE), and proteins in the 
gel were electrophoretically transferred to polyvinylidene 
difl uoride (PVDF) membranes. The membranes    were 
probed with primary antibody and subsequently devel-
oped with enhanced chemiluminescence  (Amersham Bio-
sciences Piscataway, NJ). Bands from the    immunoblots were 
scanned and quantifi ed by densitometry (VersaDoc 4000, 
Quantity One Software, BioRad, Hercules, CA). Phosphory-
lation of Akt/PKB was determined using an antiphospho-
Akt antibody (Ser-473) obtained from Cell Signaling 
Technology (Beverly, MA). Total Akt was measured using 
an antibody that recognized all Akt isoforms (Cell Signaling 
Technology). Expression of eIF2B epsilon was assessed with 
an antibody developed and supplied by S. Kimball ( 19 ). 

 The association of eIF4E with 4E-BP1 or eIF4G was de-
termined following immunoprecipitation of eIF4E using 
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immunoblot techniques as previously described ( 20 ). 
Briefl y, eIF4E will be immunoprecipitated from muscle ho-
mogenates using a monoclonal anti-eIF4E antibody (sup-
plied by S. Kimball). Proteins in the immunoprecipitate 
were resolved by SDS – PAGE and then transferred to PVDF 
membranes. The membranes    were probed with a rabbit anti-
eIF4G antibody or rabbit anti-4EBP1 antibody (Bethyl Lab-
oratories, Montgomery, TX). Membranes were reprobed 
with the monoclonal anti-eIF4E antibody. The abundance 
of eIF4G and 4E-BP1 was normalized to the amount of 
eIF4E present in the immunoprecipitate.   

 Statistical Analysis 
 An one-way analysis    of variance using Fisher’s post hoc 

correction for multiple paired comparisons was used for 
comparisons between groups (Statview Statistical software, 
SAS, Cary, NC). Statistical signifi cance was set at  p  < .05.    

 R esults  
 FBN rat is a well-established rodent model for the study 

of aging ( 21 ). The wet weight of selected fl exor and exten-
sor muscles of the lower limb were measured in male FBN 
rats ranging in age from 6 to 30 months ( Table 1 ). To assess 
the effect of age on muscle mass, one age group must be 
assigned as representative of  “ young, mature adult ”  ani-
mals, the data revealed that peak wet weight of lower limb 
muscles occurred around 9 months, not 6 months of age 
( Table 1 ). Further, the age at which muscle loss was de-
tected varied across the different muscle types and was de-
pendent on the age group used as the reference. For example, 
using 6 months as the reference for young mature adult rats, 
signifi cant muscle loss was not apparent in any of the lower 
limb muscles until 30 months of age. In contrast, when 9 
months was used as the reference, signifi cant muscle loss 

was apparent in the medial gastrocnemius (MG) and TA at 
26 months of age, whereas the SOL and EDL showed sig-
nifi cant muscle loss beginning at 30 months of age. Using 9 
months as the reference, the greatest age-related muscle 
loss at 30 months was observed in the MG (34%), followed 
by the TA (28%), PL (28%), EDL (23%), and SOL (17%).     

 Muscle weight as a fraction of whole body weight (mil-
ligram of muscle/gram of body weight) was also calculated 
and presented in  Table 1 . Alterations in the normalized mus-
cle weight refl ect changes in both muscle mass and body 
weight with age. Lean body mass reached a peak at  ~ 9 
months; therefore, increases in body weight after 9 months 
primarily refl ect increases in the amount of whole-body 
adipose tissue. There was a decrease in normalized muscle 
mass at 18 months that was related primarily to an increase 
in whole-body fat mass. In contrast, the decrease in normal-
ized muscle mass at 30 months was a refl ection of signifi -
cantly greater decrease in muscle mass relative to body 
weight ( Table 1 ).  

 Growth Response to Chronic-Increased Loading in 
Aging Rats 

 In our initial experiment, we chose to examine the growth 
response of the PL muscle of rats aged 6 – 30 months to 14 
days of FO. The FO (or compensatory hypertrophy) model 
is a well-established model of muscle hypertrophy in re-
sponse to chronic increases in mechanical loading and pro-
duces signifi cant growth in young animals by 7 days ( 11 ). 
Here, 14 days of chronic loading produced signifi cant 
growth in the PL muscle at all ages ( Table 2 ); however, the 
absolute and relative amount of growth differed signifi -
cantly between the age groups. The relative amount of 
growth for each FO group was calculated as the percent in-
crease relative to control, where the controls were age- and 

 Table 1.        Age-Related Alterations in Muscle Mass  

  6-Mo 9-Mo 18-Mo 26-Mo 30-Mo  

  Body weight, g 399  ± 19 * 512  ±  15 577  ±  25 600  ±  47 * 566  ±  76 
 Soleus  
     Wet weight, mg 150  ±  8 * 202  ±  20 188  ±  3 191  ±  18 167  ±  15 *  
     mg/g BW 0.38  ±  0.01 0.394  ±  0.033 0.32  ±  0.015 * 0.32  ±  0.01 * 0.30  ±  0.013 *  
 Plantaris  
     Wet weight, mg 392  ±  23 * 486  ±  24 490  ±  25 410  ±  24 * 352  ±  28 *  
     mg/g BW 1.35  ±  0.078 1.36  ±  0.112 1.14  ±  0.076 * 0.93  ±  0.088 * 0.76  ±  0.06*   
 Medial gastrocnemius  
     Wet weight, mg 888  ±  45 * 1110  ±  53 1036  ±  36 896  ±  81 * 731  ±  66 *  
     mg/g BW 2.22  ±  0.076 2.17  ±  0.087 1.81  ±  0.14 * 1.49  ±  0.12 * 1.30  ±  0.10 *  
 Tibialis anterior  
     Wet weight, mg 734  ±  41 * 931  ±  45 903  ±  22 821  ±  68 * 669  ±  47 *  
     mg/g BW 1.84  ±  0.054 1.82  ±  0.06 1.52  ±  0.117 * 1.37  ±  0.123 * 1.21  ±  0.249 *  
 Extensor digitorum longus  
     Wet weight, mg 173  ±  8 * 221  ±  11 215  ±  7 208  ±  19 170  ±  16 *  
     mg/g BW 0.43  ±  0.006 0.43  ±  0.014 0.36  ±  0.023 * 0.35  ±  0.013 * 0.30  ±  0.042 *   

    Notes : Body weight (g) and muscle weight for male Fisher 344 – Brown Norway F1 hybrid rats at various ages ( n  = 6 – 8 per age group). Muscle weight is expressed 
as a wet weight (mg) and normalized to body weight (mg wet weight/g BW). Data are expressed as mean  ±  standard deviation.  

  *       A signifi cant difference ( p  < .001) from the 9-mo age group.   
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weight-matched animals randomly assigned from a single 
cohort of animals. The relative amount of growth in re-
sponse to FO (relative difference in  Table 2 ) was similar at 
6 and 9 months of age but dropped signifi cantly at 18 
months. Calculation of the mean absolute gain in mass due 
to FO revealed a large drop in the growth response between 
9 and 18 months followed by a slower progressive loss of 
growth with advancing age ( Figure 1 ). These data reveal 
that the loss of muscle growth in response to loading is not 
restricted to rats of advanced age.           

 Regrowth of Muscle Following Atrophy Is Impaired in 
Old Rats 

 Next, we compared the ability of skeletal muscles from 
young (9 months) and old (30 months) rats to recover their 

mass following an atrophy-inducing event. The recovery of 
mass in muscles of the lower limb was studied following 14 
days of HU induced by tail suspension; a model that in-
duces atrophy in both extensor and fl exor muscles ( 11 ). At 
each age, the initial body weights in each experimental 
group were similar. Following the 14-day suspension pe-
riod, there was a loss of body weight in both age groups: 
 ~ 11% loss in the young rats and  ~ 17% loss in the old rats. 
During the 14-day reloading period, the young rats recov-
ered their lost weight, whereas the old rats showed no in-
crease in body weight. 

 In both young and old rats, 14 days of suspension resulted 
in signifi cant atrophy of the SOL, MG, PL, TA, and EDL 
muscles ( Table 3 ). The relative    amount of atrophy (percent 
loss of mass following hindlimb suspension relative to age- 
and weight-matched controls) in all muscles was similar 
between the young and old rats ( Table 3 ), with the greatest 
percent loss occurring in the SOL (42% loss) and the least 
in the EDL (13% loss).     

 Upon reloading of the hind limbs after 14 days of disuse, 
the atrophied muscles hypertrophied, recovering much of 
their lost mass by 14 days of reloading. In young rats, the 
mass of the PL, TA, and EDL muscles recovered to control 
values after 14 days of reloading (  Table 3  ). In contrast, in 
old rats, none of the muscles recovered to their control val-
ues after 14 days of reloading. The control values, at each 
age, are based on body weight – matched animals selected 
from the same cohort of rats as the suspended rats and 
housed in standard rat cages for the duration of the suspen-
sion. The SOL muscles of both young and old rats recov-
ered to a similar degree upon reloading, reaching values that 
were not signifi cantly different from control after the 14-
day reloading period ( Table 3 ). In marked contrast, the re-
covery of MG, PL, TA, and EDL mass was signifi cantly 
impaired in the old relative to the young rats ( Figure 2 ). In 
the MG, PL, and TA muscles, the amount of mass recovered 
relative to the amount of mass that was lost was much less 
in the old compared with the young rats. For example, in 

 Table 2.        Growth Response of PL to 14 Days of FO  

  6-Mo 9-Mo 18-Mo 26-Mo 30-Mo  

  CON  
     Body weight (g) 398  ±  19 512  ±  15 565  ±  37 600  ±  46 566  ±  76 
     Wet weight (mg) 392  ±  23 489  ±  24 490  ±  25 410  ±  352 352  ±  28 
     mg/g BW 0.94  ±  0.033 0.95  ±  0.032 0.81  ±  0.119 0.65  ±  0.037 0.63  ±  0.087 
 FO  
     Body weight (g) 390  ±  35 490  ±  17 536  ±  32 562  ±  73 593  ±  32 
     Wet weight (mg) 528  ±  54 * 632  ±  44 * 572  ±  26 * 484  ±  45 * 404  ±  30  †   
     mg/g BW 1.35  ±  0.75 * 1.36  ±  0.112 * 1.14  ±  0.76 * 0.93  ±  0.088 * 0.76  ±  0.06  †   
 Relative difference (%) 37  ±  10 30  ±  13 19  ±  11 17  ±  14 15  ±  9  

    Notes : The body weight (g), plantaris (PL) muscle wet weight (mg), and normalized weight (mg muscle/g BW) from rats in the control (CON) and functional 
overload (FO) groups at various ages. The relative difference is the % difference in PL wet weight between the CON and FO groups. Data are mean  ±  standard 
deviation ( n  = 6 per group).  

  *       A signifi cant difference between the CON and FO groups ( p  < .001) within an age group.  
   †        A signifi cant difference between the CON and FO groups ( p  = .02) within an age group.   

  

 Figure 1.        The absolute difference in mass (expressed in milligrams) be-
tween the plantaris of the control and functional overload groups was calculated 
and plotted for each age group. Bars are mean  ±  standard error. Asterisk denotes 
a signifi cant difference ( p  < .001) from the 9-mo age group.    
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young rats, the MG lost an average of 306 mg after the sus-
pension, which was 31% of the control, and gained back an 
average of 206 mg following 14 days of reloading, which 
was 67% of the mass that was lost. In contrast, in 30-month 
old rats, the MG lost an average of 217 mg, which was 30% 
of the control, and gained back only 88 mg following the 
reloading, which was 40% of the mass that was lost. Addi-

tionally, the TA and EDL both showed poor recovery of 
mass upon reloading in the old rats. In young rats, the TA 
recovered  ~ 90% of the mass that was lost during unloading. 
In comparison, the TA from old rats recovered only 29% of 
the mass that was lost during unloading. In the EDL, there 
was complete recovery of mass in the young rats, whereas 
there was no recovery of mass in the old rats.       

 CR Improves the Response to Muscle Loading 
 The growth of the PL muscle to 14 days of FO was exam-

ined in three groups of male FBN rats: 8-month ad libitum 
fed, 30-month ad libitum fed, and 30-month CR. Fourteen   
 days of chronic loading resulted in a signifi cant increase in 
PL mass in the 8-month ad libitum (AL) and 30-month CR 
groups, but not the 30-month AL group ( Table 4 ). The amount 
of protein per muscle, calculated as the product of protein 
concentration and muscle weight, was signifi cantly increased 
in the PL of the 8-month AL and 30-month CR groups, but 
not the 30-month AL group following FO. The absolute 
amount of muscle growth in the 30-month CR rats (86  ±  50 
mg,  M   ±   SD ) was signifi cantly greater than that observed in 
the 30-month AL rats (36  ±  52 mg) and similar to that ob-
served in the 18-month AL rats (86  ±  52 mg,  Figure 1 ).       

 Activation of the Akt Signaling Pathway Following FO in 
Young and old Rats 

 Because activation of Akt and its downstream targets has 
been shown to be a key regulator of load-induced hypertrophy 
( 22 , 23 ), we fi rst examined the phosphorylation status of Akt in 
the FO model following 14 days of chronic-increased loading. 

 Table 3.        Response of Hind-Limb Muscles in Young and Old Rats to HU and Reloading  

  Age Control HU % Loss HU/REL  

  Body weight 9 Pre 410  ±  86 400  ±  15 418  ±  20 
 Post 436  ±  23 353  ±  21 367  ±  25 

 30 Pre 549  ±  32 565  ±  10 592  ±  42 
 Post 552  ±  34 471  ±  11 479  ±  37 

 Soleus 9 166  ±  10 99  ±  3 * 42% 146  ±  15  †   
 30 161  ±  13 104  ±  10 * 34% 142  ±  15 

  p  = .06  †   
 Plantaris 9 438  ±  23 325  ±  19 * 25% 422  ±  21  †   

 30 355  ±  31 274  ±  22 * 22% 314  ±  27 
  p  = .02  †   

 Medial gastrocnemius 9 978  ±  16 666  ±  43 * 32% 887  ±  51 
  p  = .02  †   

 30 754  ±  37 510  ±  57 * 30% 612  ±  42 *   †   
 Tibialis anterior 9 826  ±  34 665  ±  54 * 19% 813  ±  69  †   

 30 684  ±  60 593  ±  26 * 14% 597  ±  43 *   †   
 Extensor digitorum longus 9 193  ±  13 162  ±  9 * 13% 187  ±  12  †   

 30 176  ±  18 149  ±  15 * 14% 150  ±  17 *   †    

    Notes : Body weights (g) and muscle wet weights (mg) taken from male Fisher 344 – Brown Norway F1 hybrid rats aged 9 and 30 mos subjected to 14 days of 
hind-limb unloading (HU) alone or 14 days of HU followed by 14 days of hind-limb reloading (HU/REL). The mean body weights are given for each experimental 
group both before (pre) and after (post) the HU period. For the control group, rats were maintained in standard rat cages for 14 days during the HU period. The percent 
muscle loss (% loss) is the average loss of wet weight due to the HU, calculated as a % relative to control. Data are mean  ±  standard deviation ( n  = 6 per group).  

  *       A signifi cant difference from control ( p  < .01).  
   †        A signifi cant difference between HU and HU/REL ( p  < .01).   

  

 Figure 2.        Histograms representing the extent of atrophy in the plantaris 
(PL), medial gastrocnemius (MG), tibialis anterior (TA), and extensor digito-
rum longus (EDL) muscles of 9-mo (open bars) and 30-mo (solid bars) old 
Fisher 344 – Brown Norway F1 hybrid rats following 14 days of reloading after 
a 14-day unloading period. The amount of atrophy is expressed as the % differ-
ence between the control and the reloaded muscles. * denotes a signifi cant dif-
ference from the control at the  p  < .001 level.  #  denotes a signifi cant difference 
from control at the  p  = .02 level.    
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Following 14 days of FO, Akt phosphorylation was elevated 
in the overloaded PL of young (6-month), middle-aged 
(18-month) and old (26- and 30-month) animals  ( Figure 3A ). 
Interestingly, at 14 days post FO, the increase in Akt activa-
tion, as calculated by the level of phosphorylation relative 
to protein, was greater in the older (26- and 30-month) than 
the younger (6- and 18-month) rats ( Figure 3B ).     

 Next, we examined a downstream target of Akt, the for-
mation of eIF4E:eIF4G complexes, which is dependent on 
the activation of mTOR and the dissociation of 4E-BP1 
from eIF4E ( 24 ). In young rats (6-month), there was an in-
crease in the formation of eIF4G:eIF4E complexes and a 
decrease in the amount of eIF4E:4E-BP1 complexes in the 
PL following 14 days of FO ( Figure 4 ). In marked contrast, 
there was no change in the distribution of eIF4G:eIF4E and 
eIF4E:4E-BP1 complexes in the PL of 26-month old rats 14 
days following FO ( Figure 4 ). These data suggest that 
mTOR may not be fully activated in older rats in response 
to increases in mechanical loading.     

 Another potential target of mTOR regulation during in-
creased mechanical loading is eIF2B epsilon ( 19 ). Analy-
sis of eIF2B e  protein expression at 14 days post FO by 
Western blot demonstrated that eIF2B e  increased (1.3- to 
3.5-fold) in response to increased loading at all ages stud-
ied; however, the fold increase was greater in the younger 
(6- and 18-month) versus older (26- and 30-month) rats 
( Figure 3C ). 

 Given the Akt phosphorylation results at 14 days, we ana-
lyzed an additional cohort of 6- and 26-month old rats after 7 
days of FO. Analysis of Akt activation revealed a signifi cant 
increase ( p  = .004) in the level (2.5-fold) of Akt phophoryla-
tion in the young (6-month) rats, but no signifi cant increase 
( p  = .17, 1.4-fold) in the old (26-month) rats ( Figure 5A ). 
Examination of eIF2B e  protein expression showed a sig-
nifi cant increase in protein expression at both 6 (2.8-fold) 
and 26 (2.9-fold) months, with a greater overall expression 
level in the 6- versus the 26-month rats ( Figure 5B ).        

 D iscussion  
 The present study presents new fi ndings on the response 

of skeletal muscles to altered loading as a function of age. 
The key fi ndings of this study were: (a) skeletal muscle 
growth in response to chronic-increased loading begins to 
decline in middle age and continues to decline with advanc-
ing age, (b) there is a variable effect of age on the response 
of different muscles to increased loading, and (c) animals 
subjected to lifelong CR have an improved response to in-
creased loading at old ages. Initial investigation on the 
mechanisms responsible for the altered growth response 
suggests that there is a delay in the activation of Akt and a 
reduction in the activation of targets downstream of 
mTOR.  

 Table 4.        FO in Old CR Rats  

  Group 8-Mo AL 30-Mo AL 30-Mo CR  

  Body weight (g) CON 414  ±  38 533  ±  48 349  ±  23 

 FO 404  ±  25 505  ±  45 303  ±  36 

 PL wet weight (mg) CON 419  ±  12 353  ±  24 327  ±  29 

 FO 513  ±  13 * 389  ±  45 413  ±  52 *  

 PL protein content (mg) CON 91  ±  3 67  ±  5 79  ±  8 

 FO 107  ±  2 * 79  ±  11 99  ±  9 **   

    Notes : Functional overload (FO) was induced in the plantaris (PL) muscle 
for 14 days in three groups of male Fisher 344 – Brown Norway F1 hybrid rats: 
8-mo ad-libitum fed, 30-mo ad-libitum fed, and 30-mo 40% calorie restricted 
(CR). Data are mean  ±  standard deviation ( n  = 6 per group).  

  *       A signifi cant difference between the control (CON) and FO groups 
( p  < .001) within a group.   

  

 Figure 3.        Akt and eIF2B e  expressions in male 6-, 18-, 26-, and 30-mo old Fisher 344 – Brown Norway F1 hybrid rats following 14 days of functional overload 
(FO). ( A ) Western blots of phosphorylated (Ser-473) and native Akt in the plantaris (PL) of control (C) or 14-day FO rats. Each lane represents 200  m g of total protein 
extracted from a pool of three PL muscles. ( B ) Histogram of Akt activation, calculated as level of phosphorylation per amount of protein, in control (white) and FO 
(black) PL muscles of rats at different ages. Bars represent mean  ±  standard error of six rats. ( C ) Western blots of eIF2 e  in the PL of control (C) or 14-day FO rats. 
Each lane represents 200  m g of total protein extracted from a pool of three PL muscles. The numbers below the FO lanes represent the mean fold increase in protein 
expression relative to control.    
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 Muscle Growth in Response to Loading Declines in 
Middle Age 

 Previous studies have demonstrated that growth in re-
sponse to FO is impaired in the PL of old rats ( 7  –  9 ). Here 
we demonstrate that growth is indeed impaired in old rats; 
however, the decline in growth in response to a loading 
stimulus is progressive and begins in middle age between 

the ages of 9 and 18 months. A large decrease in growth 
following resistance loading has not previously been re-
ported in middle-aged rodents. In the present study, we 
observed that absolute growth in response to FO decreased 
between 9 and 30 months as predicted; however, the de-
cline in growth response was much greater between 9 and 
18 months than between 18 and 30 months. The decrease 
in growth at 18 months was unexpected given that there is 
no age-associated loss of mass in the PL muscle at this age 
( Table 1 ). Moreover, previous literature suggests that 
muscle maintains its ability to adapt to growth signals 
during much of its life span and declines only in advanced 
age ( 8 ). 

 The effect of age on the response to loading may be depen-
dent on the muscle type and the amount of load. Thompson 
and Gordon ( 9 ) showed that the growth response of the SOL 
to 7 days of FO is similar in 8- and 30-month old FBN rats, 
whereas the growth response of the PL is signifi cantly re-
duced in 30-month relative to 8-month old rats. Interest-
ingly, the amount of growth that we found in the 30-month 
old rats after 14 days of FO was similar to what Thompson 
and Gordon ( 9 ) found after only 7 days of FO. This suggests 
that in older rats, the growth response to loading is sup-
pressed and not simply delayed. Determination of whether 

  

 Figure 4.        Western blots (WB) of 4E-BP1, eIF4G, and eIF4E following im-
munoprecipitation (i.p.) of eIF4E from plantaris (PL) homogenates. eIF4E was 
immunoprecipitated from muscle homogenates using a monoclonal anti-eIF2E 
antibody. Each lane represents a pool of three muscles. The fi rst lane represents 
positive controls (pc) for each of the antibodies. PL muscles were taken from 
the control (Con) or 14-day overloaded (FO) rats. Functional overload was per-
formed in male Fisher 344 – Brown Norway F1 hybrid rats age 6 and 26 mos.    

  

 Figure 5.        Akt and eIF2B e  expressions in male 6- and 26-mo old Fisher 344 – Brown Norway F1 hybrid rats following 7 days of functional overload (FO). ( A ) 
Western blots of phosphorylated (Ser-473) and native Akt in the plantaris (PL) of control (C) or 7-day FO rats aged 6 and 26 mos. Each lane represents 200  m g of 
total protein extracted from a single PL muscle. Histogram of Akt activation, calculated as level of phosphorylation per amount of protein, in control (white) and FO 
(black) PL muscles of rats aged 6 and 26 mos. Bars represent mean  ±  standard error of six rats. ( B ) Western blot of eIF2 e  in the PL of control (C) or 7-day FO rats 
aged 6 and 26 mos. Each lane represents 200  m g of total protein extracted from a single PL muscle. Histogram of eIF2 e  protein expression, calculated as a relative 
optical density, in control (white) and FO (black) PL muscles of rats aged 6 and 26 mos. Bars represent mean  ±  standard error of six rats.    
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growth is delayed versus suppressed in middle-aged and old 
rats will require further study with longer time points. 

 Few chronic loading studies have been performed in ani-
mals of middle age; however, Marsh and colleagues ( 25 ) 
did report that the TA of 18-month old male FBN rats has a 
diminished regenerative capacity following bupivacaine-
induced muscle degeneration. Further, exploratory behavior 
and locomotor activity have been shown to progressively 
decline with age ( 26 ). Curiously, a signifi cant decrease in 
daily wheel running activity has been observed after 12 
months of age in FBN rats ( 27 ). The extent to which a de-
crease in activity and a decrease in muscle growth response 
to load are related is unknown. A decrease in the    total 
amount of daily locomotor activity following FO or reload-
ing following atrophy could lead to a decrease in the amount 
of loading and affect the growth response. Future studies 
will need to monitor daily locomotor behavior during the 
loading period to determine if alterations in activity are af-
fecting the response to increased loading.   

 Response of Different Muscle Types to Altered Loading 
 The recovery of muscle mass following an atrophy- 

inducing event provides another model in which to examine 
muscle growth in response to a loading signal ( 28 ). The 
HU/REL model was selected in order to study the response 
of multiple muscle types, that is fl exor versus extensor and 
fast versus slow phenotypes to alterations in load. The HU/
REL model differs from the FO model in that the hind-limb 
muscles experience an increase in load following a period 
of unloading and muscle atrophy. Due to the differential at-
rophy of the fl exor and extensor muscles, there may be dif-
ferential loading on the various muscles upon reweighting 
of the hind limbs. Further, the signaling pathways that are 
altered in response to loading may differ when the loading 
period is preceded by muscle atrophy as opposed to loading 
a  “ healthy ”  muscle. For example, following unloading there 
will be a decrease in protein synthesis and activation of pro-
tein degradation ( 22 , 24 , 29 ) pathways that do not occur in 
the FO model. In addition, reloading following unloading 
has been shown to lead to an increase in infl ammatory cells 
and muscle damage in some muscles ( 30 , 31 ). Should the 
extent of infl ammation, apoptosis ( 32 , 33 ), and muscle in-
jury increase upon reloading in aged rats there may be a 
decrease or delay in recovery due to a decrease in regenera-
tive capacity. 

 In the HU/REL model, hypertrophy of the PL upon re-
loading was impaired in old rats, as it was in the FO model. 
Further, the recovery of mass in the MG, TA, and EDL 
was also impaired in old rats. In contrast, the recovery of 
the SOL was similar in young and old rats. The large defi -
cit observed in the dorsifl exor muscles (TA and EDL) after 
14 days of recovery was unexpected given that they show 
the least amount of atrophy. In young juvenile Sprague   
 Dawley rats, we fi nd that in the fi rst 3 days following 

reloading, muscle mass initially decreases in the ankle 
fl exors, whereas it increases in the ankle extensors (un-
published observations). After 14 days of recovery, how-
ever, the mass of both fl exor and extensor muscles is back 
to control values ( 22 ). These results suggest that there may 
be an initial injury response in the fl exor muscles upon 
reloading of the hind limb. Given the observation that old 
muscle is more susceptible to injury than young muscle, it 
is possible that the large defi cits observed in the TA and 
EDL of the old rats are related to an increased injury re-
sponse experienced upon reloading ( 3 , 5 ). Future studies 
will be required to examine the time course of recovery 
following unloading and the cellular mechanisms respon-
sible for the defi cit. 

 The extent of the recovery of SOL mass was unexpected 
given that Morris and colleagues ( 6 ) found no recovery of 
SOL mass following 10 days of immobilization in 30-month 
FBN rats. The normal recovery of mass observed in the HU/
REL model is not a consequence of less atrophy because the 
SOL atrophied 35% following 14 days of HU ( Table 3 ) and 
only 19% following 10 days of immobilization ( 6 ). The 
variable results could be related to differential effects of the 
disuse models on joint mobility. Periods of limb immobili-
zation can result in the development of joint stiffness and 
loss of joint mobility ( 34 , 35 ), whereas in the tail suspension 
model the joints remain mobile and do not develop contrac-
tures (S. Bodine, unpublished observations). Consequently, 
upon reloading, movement may be restricted at the knee and 
ankle joints following cast immobilization, especially in 
old rats that may be more susceptible to developing joint 
contractures. A loss of joint mobility could alter overall 
locomotor activity and the loads placed on the muscle 
resulting in a reduction in growth signals. 

 The general response to reloading in the old rats was a 
decrease in the amount of growth, although the absolute ef-
fect was variable across muscles. In general, the muscles 
that showed the poorest recovery of mass following unload-
ing were those muscles that experienced the greatest age-
related loss of mass. Both the impairment in recovery of 
muscle mass and the loss of muscle mass as a function of 
age were least in the SOL and greatest in the MG (SOL < 
PL < TA < MG). It is interesting to note that the responses 
to both FO ( 9 ) and to reloading following atrophy were bet-
ter in SOL than PL in the old animals. Although the SOL in 
old rats is able to hypertrophy in response to chronic load-
ing following atrophy and FO, its response to intermittent 
reloading during HU is signifi cantly reduced. Gallegly and 
colleagues ( 36 ) found that intermittent reloading (consist-
ing of 1 hour per day of weight bearing activity) during 14 
days of HU is capable of attenuating atrophy in the SOL of 
young and middle aged, but not old FBN rats. The explana-
tion for the lack of response is unclear; however, it may be 
that a longer duration of loading or higher loads are required 
in the older animals to get a growth response similar to the 
young animals.   
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 CR Improves Muscle Growth Response 
 Caloric restriction (CR) in rodents is recognized to retard 

the rate of aging and delay the appearance and intensity of 
many age-related diseases such as diabetes and hyperten-
sion ( 37  –  39 ). Although    CR has been reported to slow the 
loss of muscle mass and prevent the decline in force per 
cross-sectional area ( 40  –  42 ), it is not known whether CR 
improves the ability of aged skeletal muscle to respond 
to growth signals that occur during resistance exercise or 
during reloading after atrophy. This study presents the fi rst 
evidence that lifetime CR has an effect on the ability of 
muscles from old rats to respond to growth stimuli. The 
amount of growth in response to 14 days of FO was signifi -
cantly improved in 30-month old rats maintained on a CR 
diet versus an ad-libitum diet. The mechanisms responsible 
for the benefi cial effects of CR are not understood; however, 
a number of gene expression studies have shown that, in 
skeletal muscle, CR prevents the age-associated downregu-
lation of genes involved in protein metabolism and energy 
metabolism, specifi cally oxidative metabolism ( 42  –  45 ). 
One possibility is that muscles from aged CR rats may have 
improvements in the ability to activate protein synthetic 
pathways in response to loading. Whether CR improves the 
growth response of middle-aged rats or regrowth following 
atrophy is unknown and requires further study.   

 Muscle Growth and Activation of Protein Synthesis 
 The mechanism(s) responsible for the age-associated at-

tenuation in the growth response to loading signals are un-
known. The signaling pathways responsible for regulating 
cell size in adult muscle under growth and atrophy condi-
tions are complex; however, evidence suggests a critical 
role for the PI3K/Akt/mTOR pathway and the initiation of 
protein translation ( 22 , 46 ). A reduced capacity to either ac-
tivate protein translation through a reduced capacity to sense 
changes in mechanical load or activate specifi c signal trans-
duction pathways could affect the ability to increase cell 
size in response to  “ growth signals ”  such as mechanical 
loading. 

 Recent fi ndings suggest that protein translation may not 
be fully activated following resistance exercise in older rats. 
Parkington and colleagues ( 47 ) found that a single bout of 
contractile activity elicited by high-frequency stimulation 
results in decreased activation of mTOR, S6K1, and ERK1/2 
in old relative to young muscles. Further, Funai and col-
leagues ( 48 ) found that eIF4G – eIF4E association and phos-
phorylation of 4E-BP1 and GSK3 (markers of increases in 
protein translation) increase in young, but not old muscle in 
response to high-frequency electrical stimulation. 

 In the present study, we demonstrate that in older rats 
(26 and 30 months), there appears to be a delay, and possi-
bly a reduction, in the phosphorylation and activation of Akt 
following increased loading induced by synergist ablation. 
Additionally, there was a reduction in the formation of 

eIF4G:eIF4E complexes and a decrease in the upregulation 
of eIF2B e  expression in old rats 14 days after FO that could 
lead to alterations in protein synthesis as the result of a de-
crease in protein translation. It should be mentioned that our 
results were made with animals in a postprandial state that 
could infl uence the phosphorylation status of protein ki-
nases in the Akt signaling pathway. Whether a reduction in 
protein translation and protein synthesis occurs in the older 
rats in response to loading needs to be directly measured. 
Our results, however, are consistent with those of Thomson 
and Gordon ( 49 ) who noted a decrease in the activation of 
mTOR and its downstream targets S6K1 and 4E-BP1 in the 
PL of old FBN rats subjected to 7 days of FO. With respect 
to Akt signaling, the data are puzzling because the response 
of middle-aged rats (18-month) was similar to the young 
rats (6-month) even though they showed a signifi cant de-
crease in muscle growth in response to loading. Further 
studies are required to determine whether different mecha-
nisms are responsible for the growth defi ciencies in middle-
aged versus old rats.   

 Summary 
 The present data document the extent of the growth defi -

cit in various muscle types in response to growth cues in-
duced by chronic loading and provide a framework for 
future studies. These data provide further evidence demon-
strating that under a variety of loading conditions, muscles 
from old animals, while capable of hypertrophy, demon-
strate a reduction in the absolute amount of growth. Further, 
this study provides evidence that the loss of growth capacity 
begins in middle age and progresses with advanced age, 
supporting the need for studies that examine a range of ages 
from young adult to old age. An inability to respond to me-
chanical loading or to restore muscle size following ex-
tended periods of inactivity could accelerate the progression 
of sarcopenia and contribute to the loss of functional mobil-
ity, independence, and the onset of frailty. An understanding 
of the mechanisms that regulate age-related loss of growth 
capacity will assist with the development of therapies to 
promote muscle growth, especially following injury and at-
rophy in the elderly.      
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