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ABSTRACT: Age-related differences in contraction-induced adaptation have been well characterized 

especially for young and old rodent models but much less so at intermediate ages.  Therefore, additional 

research is warranted to determine to what extent alterations in adaptation are due to maturation versus 

aging per se.  The purpose of our study was to evaluate muscles of Fisher 344XBrown Norway rats of various 

ages following one month of exposure to stretch-shortening contractions (SSCs).  With exposure, muscles 

mass increased by ~10% for 27 and 30 month old rats vs. ~20% for 3 and 6 month old rats (P < 0.05).  For 3 

month old rats, maximum isometric force and dynamic peak force increased by 22 ± 8% and 27 ± 10%, 

respectively (P < 0.05).   For 6 month old rats, these forces were unaltered by exposure and positive work 

capacity diminished by 27 ± 2% (P = 0.006).   By 30 months of age, age-related deficits in maximum isometric 

force, peak force, negative work, and positive work were apparent and SSC exposure was ineffective at 

counteracting such deficits.  Recovery from fatigue was also tested and exposure-induced improvements in 

fatigue recovery were indicated for 6 month old rats and to a lesser extent for 3 month old rats whereas no 

such effect was observed for older rats.  Alterations in fatigue recovery were accompanied by evidence of 

substantial type IIb to IIx fiber type shifting.  These results highlight the exceptional adaptive capacity for 

strength at a young age, the inclination for adaptation in fatigue recovery at early adulthood, and diminished 

adaptation for muscle performance in general beginning at late adulthood.  Such findings motivate careful 

investigation to determine appropriate SSC exposures at all stages of life. 
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With aging, muscle mass and strength decreases of ~30% 

are sustained by 80 years of age [1, 2]. Exercise is 

recommended to offset this decline but research regarding 

specific details concerning training design and parameters 

remain ongoing [2, 3].  Furthermore, the adaptive capacity 

to training appears to be blunted for the elderly thereby 

making training design more difficult [4, 5].  Stretch-

shortening contractions (SSCs), contractions in which 

muscle is activated for both the initial stretch and 

subsequent shortening, are common in daily activities and 

exercise consisting of SSCs has been proposed as an 

effective training modality at advanced age [6, 7].  To 

investigate the effects of chronic exposure to SSCs at a 

fundamental level, we developed an in vivo experimental 

rat model in which the dorsiflexor muscles of the hind 

limb were exposed to SSCs three times per week for one 

month [8].  For young rats, such exposure induces a ~20% 

gain in muscle mass and muscle performance [8-10].  For 

old rats, the same exposure induces muscle mass gains of 

less than 10% accompanied by unaltered or even 

decreased performance measures  [8-10].   

Recent reports regarding aging have demonstrated 

that the aging process is apparent earlier than previously 

proposed [11, 12].  The results of these studies 
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demonstrate that indicators of the rate of aging can be 

detected long before the onset of chronic disease [11].  

Physical capacity including balance and strength appears 

to be sensitive to aging rate throughout adulthood [11, 12].  

These findings provide the motivation to investigate 

intermediate ages between youth and old age, especially 

in regards to muscle performance.  Since such an age 

range has not been investigated regarding SSC-induced 

adaptation, questions remain as to how early in life 

adaptive capacity begins to change and which 

performance outcomes are most age-sensitive.   

To address the gap in our understanding of adaptive 

capacity to SSCs at various ages, the purpose of the 

present study was to characterize performance alterations 

to chronic SSC exposure for several age groups.  Fischer 

344 Brown Norway hybrid rats aged 3, 6, 27, and 30 

months of age were subjected to one month of SSC 

exposure and isometric force, dynamic peak force, 

negative work, and positive work were evaluated.  To 

determine underlying SSC-induced modifications, fiber 

type analysis was performed.  The findings are valuable 

for establishing how early in adulthood adaptive 

responses are altered and the nature of that alteration – 

important information when considering the appropriate 

exposure to contractions for distinct age groups.  

 

METHODS AND MATERIALS 

Animals 

Male Fischer Brown Norway hybrid rats (F344 X BN F1) 

were obtained from the National Institutes of Aging 

colony.   Rats 3, 6, 27, and 30 months old were housed in 

an Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC)-accredited animal 

quarters.  All animal procedures were approved by the 

Animal Care and Use Committee at the National Institute 

for Occupational Safety and Health in Morgantown, WV. 

SSC chronic exposure 

The SSC exposure was based on a previously described 

procedure in which rats were exposed to 80 SSCs 3 times 

per week for 4.5 weeks [8].  For each exposure, rats were 

anesthetized with isoflurane gas and placed supine on a 

heated x-y positioning table.  The left knee was secured in 

flexion at 90º with a knee holder and the left foot secured 

to a fixture containing a load cell.   For activation of the 

dorsiflexor muscles, platinum electrodes were placed 

subcutaneously in the region of the common peroneal 

nerve.  All stimulation was set at optimal parameters for 

maximal contraction; 4-V magnitude, 0.2-ms pulse 

duration, and 120-Hz frequency [13].    

To assess static performance, dorsiflexor muscles 

were exposed to a maximal isometric tetanic contraction 

for 300 ms with the ankle at 90º.  After a 2-minute 

interval, dynamic performance was assessed by exposure 

to a single SSC test consisting of maximally activating the 

dorsiflexor muscles for 300 ms at ankle angle of 70º, then 

rotating the ankle from 70º to 140º at 500º per second, and 

then returning to 70º at the same velocity.  Activation 

continued for an additional 300 ms after cessation of ankle 

rotation.  The maximum force during the stretch phase 

was referred to as peak force.  Negative work was the 

work required to stretch the muscle while positive work 

was the work done by the muscle during the shortening 

phase.  Two minutes following the single SSC test, the 

dorsiflexor muscles were then exposed to the 80 SSC 

protocol.  The protocol consisted of 8 sets of SSCs with 

2-minute intervals between sets and 10 SSCs per set with 

2-second intervals between SSCs.  For each SSC, while 

the muscles were maximally activated, the ankle was set 

to 90º for 100 ms, then rotated to 140º at 60º/s, returned to 

90º at the same velocity, and lastly, the muscles were 

deactivated 300 ms later.  The velocity of the SSCs of 60° 

per second was chosen to promote performance 

adaptation and hypertrophy rather than injury as was 

found at a higher velocity (500° per second) in other 

studies [8].  Indeed, only minor levels of muscle 

inflammation and degeneration are evident by histological 

analysis for young and old rats in the days to weeks 

following the SSC exposure utilized in the present study 

[8, 9, 14].  Two minutes after the 80 SSCs, isometric force 

was measured at the same settings as those for the 

maximum isometric tetanic contraction and four minutes 

after the 80 SSCs, dynamic performance was measured 

using the same single SSC test as that used prior to the 80 

SSCs.  These post-protocol isometric and dynamic 

measures were used to assess recovery from fatigue.  To 

assess the effect of chronic SSC exposure, the force and 

work outputs were averaged for the sessions during the 

first and last week of exposure to determine initial and 

final values.    

At the end of the 4.5 weeks of SSC exposures, TA 

muscles were surgically removed, weighed, and the tibia 

length recorded.  The mid-belly of the TA muscle was 

covered with tissue freezing media and immersed in 

isopentane at -80 ºC for histology.  Normalized muscle 

mass was determined by dividing the muscle mass by tibia 

length.  Final muscle quality was quantified as maximum 

isometric tetanic force for the final week of exposure 

divided by normalized muscle mass.  In a previous study 

regarding body masses and non-exposed muscles of 3 

month old F344 X BN F1 rats (N = 30), body masses, 
muscle masses, tibia lengths, and normalized muscle 

masses were 326 ± 5 g,  605 ± 10 mg, 40.3 ± 0.2 mm, and 

15.0 ± 0.2 mg/mm, respectively [14].  These values were 
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not significantly different from those at 4 months of age 

(i.e. one month after exposure began at 3 months of age) 

in the present study (Table 1 and Figure 1A).  This 

confirmed that the chronic SSC exposure duration of 4.5 

weeks was short enough so that growth due to normal 

maturation was not a confounding factor during that time 

period.    

 

 

 

Table 1.  Body masses, muscle masses, and tibia lengths for rats of various ages for control and SSC-exposed 

conditions. 

 

  Age (months) 

  3 6 27 30 

      

Body mass (g) Initial 305 ± 23 402 ± 6+ 554 ± 13†ǂ 529 ± 20†ǂ 

 Final 321 ± 22 373 ± 6*† 508 ± 10*†ǂ 462 ± 15*†ǂ 

      

Muscle mass (mg) Contralateral 622 ± 38 666 ± 18 712 ± 11 578 ± 27 

 Exposed 751 ± 57* 772 ± 27* 770 ± 14* 645 ± 38*†ǂ§ 

      

Tibia length (mm) Contralateral 40.6 ± 0.6 42.7 ± 0.2† 44.7 ± 0.2†ǂ 44.6 ± 0.7†ǂ 

 Exposed 40.7 ± 0.6 42.7 ± 0.3† 44.6 ± 0.2†ǂ 44.7 ± 0.7†ǂ 

Body masses were measured the initial and final day of the 1 month of SSC exposure.  Muscle masses and tibia lengths were measured for contralateral 

control and exposed muscles.  Values are means ± S.E.M.  *Different from initial or contralateral value; †Different from value for 3 month old rats; 

ǂDifferent from value for 6 month old rats; §Different from value for 27 month old rats, P < 0.05. 

 

Fiber type analysis 

 

The mid-belly of each TA muscle was transversely 

cryosectioned at 10 µm thickness followed by 

immunofluorescence MHC staining.   The staining 

protocol was based on a previously described multicolor 

immunofluorescence method [15].  Sections were allowed 

to air dry for 15 minutes, rehydrated in PBS for 5 minutes, 

and then blocked with 10% goat serum in PBS for one 

hour at room temperature.  The sections were then 

incubated in the following primary antibody cocktail 

overnight at 4°C – antibodies against MHCI (BA-F8; 

1:10), MHCIIa (SC-71; 1:200), MHCIIb (BF-F3;1:200), 

and laminin (L9393;1:400).  The antibodies against the 

MHC isoforms were purchased from Developmental 

Studies Hybridoma Bank (University of Iowa) and the 

antibody against laminin was purchased from Sigma.  

After washes in PBS, the sections were incubated in a 
cocktail of secondary Alexa Fluor antibodies (Life 

Technologies) for two hours at room temperature – 350 

IgG2b goat anti mouse (A21140; 1:250), 594 IgG1 goat 

anti-mouse (A21125; 1:100), 488 IgM goat anti-mouse 

(A21042; 1:500), and 488 IgG goat anti-rabbit (A11008; 

1:500).    

 Fiber type analysis was performed by a 

standardized stereological method [8].  The midpoint of 

the muscle section was identified, and stereological 

analysis was systematically repeated at 5 equally spaced 

sites across the section on each side (by 1 mm) of the 

midpoint.   At each site, points of a 121-point 11-line 

overlay graticule (0.04 mm2 square with 100 divisions) 

were evaluated at 20X magnification.  Since 121 points 

were evaluated in 10 fields, a total of 1210 points were 

analyzed per muscle section.  Each point was identified as 

overlaying a MHCI (blue), MHCIIa (red), MHCIIb 

(green), MHCIIx (lacking staining), or  interstitium.  

Percent of muscle tissue comprised of each fiber type and 

interstium was computed as the percentage of points 

which overlaid each component relative to the total 
number of points.  In addition to evaluating points of the 

overlay graticule, the number of muscle fibers 

corresponding to each fiber type were counted within the 
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boundary of the graticule.  Fibers were counted when the 

topmost point of the fiber perimeter was within the 

graticule boundary.  The number of fibers per unit cross-

sectional area (number of fibers per mm2) was calculated 

as the total number of fibers counted divided by the total 

area sampled over the 10 regions (i.e. 0.4 mm2).   The 

percentage of each fiber type was determined by dividing 

the number of fibers corresponding with each fiber type 

by the total number of fibers counted.  Mean muscle fiber 

area (µm2) for a particular fiber type was determined by 

dividing the percent of tissue comprised of that fiber type 

by the appropriate fiber number per unit area. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Muscle mass and isometric 

performance measures following chronic SSC 

exposure were age-dependent.  For both the 

exposed and contralateral control TA muscles, 

muscle mass was normalized by tibia length.  

Maximum isometric forces were assessed for the 

initial and final weeks of SSC exposure.  Final 

muscle quality was calculated for exposed 

muscles by dividing the final maximum isometric 

force value by normalized muscle mass.  Sample 

sizes were N = 5 per group.  Values are means ± 

S.E.M.  *Different from non-exposed value (i.e. 

contralateral muscle in context of muscle mass or 

initial data in context of maximum isometric 

force and muscle quality); †Different from value 

for 3 month old rats; ‡Different from value for 6 

month old rats; §Different from value for 27 

month old rats, P < 0.05. 
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Statistical Analysis 

Data were analyzed using ANOVA with the variable of 

animal identification as a random factor to account for 

repeated measures within animal when appropriate.  Post 

hoc comparisons were performed using Fisher’s least 

significant difference method.  All data are shown as 

means ± S.E.M.  P < 0.05 was considered statistically 

significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Chronic SSC-induced alterations in 

dynamic muscle performance were sensitive to 

aging.  Measures of peak force, negative work, and 

positive work were evaluated for the single SSC test 

prior to the 80 contraction protocol in the initial and 

final weeks of exposure.  For 3 month old rats, chronic 

SSC exposure increased peak force and a trend for an 

increase in the magnitude of work required to stretch 

muscle (i.e. negative work) was observed.  For 6 

month old rats, SSC exposure decreased the capacity 

for work done by the muscle during shortening (i.e. 

positive work).  Sample sizes were N = 5 per group.  

Values are means ± S.E.M.  *Different from initial 

value; †Different from value for 3 month old rats; 

‡Different from value for 6 month old rats; §Different 

from value for 27 month old rats, P < 0.05. 

 



 E.P.Rader et al                                                                                                                     Age-related muscle adaptation 

Aging and Disease • Volume 7, Number 4, August 2016                                                                               6 
 

 

 

Figure 3.  Age differential effects of chronic SSC exposure on SSC-induced fatigue were present.  Values for peak 

force, negative work, and positive work were evaluated for the first set of 10 contractions for the SSC sessions of the initial 

and final weeks.  (A) Analysis of the absolute values demonstrated that muscles of 3 month old rats either improved or 

maintained absolute performance while muscles of the older groups generated reduced values.  (B) To evaluate fatigue in 

isolation, peak force, negative work, and positive work values were normalized to the value of the first contraction.  Chronic 

SSC exposure decreased fatigue resistance for all of the outcomes for 3 month old rats and depending on the performance 

outcome, had either no effect or diminished fatigue resistance for the older groups.  Sample sizes were N = 5 per group.  

Values are means ± S.E.M.  *Different from initial value, P < 0.05. 
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RESULTS 

The 3 month old (and to a lesser extent, the 6 month old 

rats) were in the process of maturation as evident by 

smaller tibia lengths and body weights relative to 27 and 

30 month old rats (Table 1).  In addition, contralateral 

muscle masses of 3 month old rats exhibited a trend (P = 

0.0552) for smaller values relative to those for 27 month 

old rats (Table 1).  Sarcopenia was evident for 30 month 

old rats and SSC-induced muscle mass gains of 

diminished magnitude with aging (Table 1, Figure 1).  

Normalized muscle masses for contralateral muscles of 30 

month old rats were 10% less than those for 6 and 27 

month old rats (P < 0.05).  When considering exposed 

muscles relative to contralateral muscles, SSC-induced 

normalized muscle mass increases of 20 ± 3% and 16 ± 

2% for 3 month old and 6 month old rats, respectively.  

Muscles for the older age groups increased muscle mass 

by a smaller extent, 8 ± 1% for 27 month old rats (different 

from 3 and 6 month old values, P < 0.05) and 11 ± 2% for 

30 month old rats (different from 3 month old values, P = 

0.0251).   

Chronic SSC exposure improved static performance 

exclusively for 3 month old rats.  Static performance was 

assessed by maximum isometric tetanic force in the initial 

and final phases of exposure.  Initially, muscles of 30 

month old rats generated forces that were 30% less (P < 

0.05) than those for 6 and 27 month old rats (Figure 1).   

With SSC exposure, isometric force increased by 22 ± 8% 

for 3 month old rats (P = 0.0327).  No such adaptation was 

observed at 6, 27, or 30 months of age.   At the end of 

chronic SSC exposure, the values of isometric force were 

divided by normalized muscle mass to determine muscle 

quality.  Analysis of the muscle quality data indicated that 

the muscle quality for 30 month old rats was ~15% less 

than those of other age groups, P = 0.0642 (Figure 1).  

Since, at 30 months of age, SSCs induced a muscle mass 

gain without a rise in isometric force, the implication is 

that exposure exacerbated the deficiency in muscle quality 

observed at this age.   

 

 
 

Figure 4.  Indication of SSC-induced improvements in recovery from fatigue for the younger age groups.  For the initial 

and final weeks of SSC exposure, isometric forces were evaluated 2 minutes after each 80 contraction session and expressed 

relative to the pre-session maximum isometric force.  A single SSC test was also performed 4 minutes after each 80 contraction 

session to assess peak force, negative work, and positive work and expressed relative to these values prior to each session.  Sample 

sizes were N = 5 per group.  Values are means ± S.E.M.  *Different from initial value; †Different from value for 3 month old 

rats; ‡Different from value for 6 month old rats, P < 0.05. 
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Figure 5.  MHC immunofluorescence labeling was apparent in transverse sections of contralateral and exposed 

TA muscles following chronic SSC exposure. MHC immunofluorescence labeling was apparent for laminin (green) 

and multiple MHC isoforms - I (blue), IIa (red), IIb (green), and IIx (negative for staining) - in transverse sections of 

contralateral and exposed TA muscles following chronic SSC exposure.  Scale bar = 50 µm.   
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Dynamic performance of 3 month old rats improved 

with chronic SSC exposure whereas SSC-induced deficits 

were apparent at 6 months of age and older.  Age-related 

deficiencies in several measures of the single SSC test 

were observed prior to exposure to SSCs (Figure 2).  At 

30 months of age, peak force, negative work, and positive 

work were 30% less than those for 6 month old rats (P < 

0.05).  At 27 months of age, positive work was 20% less 

than values for 6 month old rats (P = 0.0289).   Initial 

positive and negative work values at 3 months of age also 

were not at 6 month levels indicating that these outcomes 

become optimal only upon reaching adulthood.  Chronic 

SSC exposure induced an increase in peak force by 27 ± 

10% (P = 0.0255) and a trend for greater negative work 

capacity (P = 0.0546) in muscles of 3 month old rats 

(Figure 2).  No such exposure effect was observed at older 

ages.  Rather, evidence for SSC-induced deficits were 

present for 6, 27, and 30 month old rats.  Positive work 

was the most age-sensitive performance measure 

following SSC exposure with a 27 ± 2% decrease apparent 

by 6 months of age (P = 0.0057).   SSC-induced 

decrements in peak force and negative work occurred later 

by 27 months.  This was supported by the observation that 

age-related differences with 6 month old values became 

apparent only after SSC exposure (Figure 2).    

To determine the effect of SSCs on fatigue 

resistance, peak forces and work values during the first set 

of SSC contractions in the initial and final weeks of 

exposure were analyzed.  For 3 month old rats, chronic 

SSC exposure increased the peak forces and negative 

work values of the first 3 to 4 contractions and then values 

returned to initial levels, P < 0.05 (Figure 3A).   This 

increased performance in absolute terms was 

accompanied by decreased fatigue resistance when 

considering performance relative to that for the first 

contraction (Figure 3B).  This finding was not surprising 

given that the SSC protocol was designed to induce 

strength and muscle mass gains rather than improve 

fatigue resistance.  The chronic SSC exposure-induced 

effect at 6, 27, and 30 months of age was more severe in 

that all of the absolute performance measures decreased 

and in several cases fatigue-resistance declined as well 

(Figure 3A-B).  

Performance measures shortly after each 80 SSC 

protocol indicated that recovery from fatigue was 

improved after chronic SSC exposure for 6 month old rats 

and to a lesser extent for 3 month old rats.   In the initial 

and final weeks of exposure, static performance was 

assessed by isometric force measurement 2 minutes after 

each SSC session and dynamic performance was assessed 

by the single SSC test 4 minutes after each SSC session.    
These measures were then expressed as a percentage of 

pre-SSC session values as an indicator of fatigue recovery 

(Figure 4).  Even in the absence of chronic SSC exposure 

(i.e. as evaluated in the initial week), aging had a profound 

effect on fatigue recovery.  Muscles of 27 and 30 months 

of age recovered to ~50% of the extent of that of younger 

rats for all of the performance measures.  With chronic 

SSC exposure, isometric force recovery improved by 14% 

for both 3 month old rats (trend, P = 0.0965) and 6 month 

old rats (P = 0.0461).     Fatigue recovery for peak force, 

negative work, and positive work improved by 11% to 

15% (P < 0.05) for 6 month old rats while these dynamic 

measures were unaltered for 3 month old rats.  No 

exposure effect was observed for any of the static and 

dynamic performance outcomes evaluated for the 27 and 

30 month old rats.   

To investigate a potential mechanism for enhanced 

fatigue recovery after chronic SSC exposure, fiber type 

analysis was performed (Figure 5).  For contralateral 

control muscles, type IIa fibers of 30 month old rats were 

~45% greater in cross-sectional area than values at 3 and 

6 months of age, P < 0.05 (Figure 6A).  The percentage of 

type IIa fibers decreased by 30% to 50% at older ages (27 

and 30 months of age) relative to that at young age (3 and 

6 months of age), P < 0.05 (Figure 6B).  Also for 

contralateral control muscles, an age-related 60% to 70% 

increase in type IIx fiber percentage was observed at 27 

and 30 months age relative to the younger age groups.   

The percent of muscle tissue comprised of interstitium 

and each fiber type was also analyzed.  The interstitium 

expressed as percent of tissue for contralateral control 

muscles vs. exposed muscles was 6.0 ± 0.8% vs. 7.8 ± 

1.1% for the 3 month old group, 7.4 ± 1.0% vs. 8.0 ± 0.9% 

for the 6 month old group, 7.2 ± 1.3% vs. 7.8 ± 1.0% for 

the 27 month old group, and 10.3 ± 0.9% vs. 8.3 ± 0.8% 

for the 30 month old group (ANOVA was not significant 

- smallest P value was for the age x exposure interaction; 

P = 0.1238).  When the Type IIb fibers were expressed as 

a percentage of tissue, the 30 month old group had lower 

values than those for 3 and 6 month old rats (P < 0.05).  

With exposure, type IIa and IIx fibers were the most 

responsive to increases in fiber cross-sectional area for all 

the age groups with the exception of the 30 month old rats 

(Figure 5B). Chronic SSC exposure also induced a 

decrease in the type IIb fiber percentage (relative to total 

number of fibers) for all the age groups with 6 month old 

rats exhibiting the most extreme reduction of 70% (Figure 

6B).  Decrease in type IIb percentage was accompanied 

by an increase in percentage of type IIx fibers of 60% for 

3 month old rats and 86% for 6 month old rats.  No 

significant SSC-induced increases in type IIx fiber 

percentage were observed for the older groups.  When 

fiber type was expressed as percentage of tissue, 6 month 

old rats exhibited the most robust alterations and were the 
only group to exhibit SSC-induced changes in three fiber 

types – type IIa, IIx, and IIb fibers (Figure 6C).  Overall, 

the fiber type analysis revealed that alterations in fiber 
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type distribution attributable to chronic exposure to SSCs 

accompanied the improved recovery from fatigue 

observed at younger ages, especially at 6 months of age.   

 

 

 

 
 

Figure 6.  Pronounced alterations in type IIb and IIx fiber type distribution were apparent for 3 and 6 month old rats 

but not at older ages after chronic SSC exposure.   (A) Analysis of muscle fiber cross-sectional area for exposed and 

contralateral non-exposed muscles indicated that increased area occurred predominantly for type IIa and IIx fibers for all the 

age groups with the exception of 30 month old rats.  (B) With exposure, the coupling of a decreased percentage of type IIb 

fibers with increased percentage of type IIx fibers occurred exclusively for 3 and 6 month old rats.  (C) When fiber type 

percentage is expressed relative to the tissue, 6 month old rats were the only age group to exhibit SSC-induced changes in all 

type II fibers - IIa, IIx, and IIb fibers.  Sample sizes were N = 5 per group.  Values are means ± S.E.M.  *Different from initial 

value; †Different from value for 3 month old rats; ‡Different from value for 6 month old rats, P < 0.05. 

 

DISCUSSION  
 

Age-dependent alterations in response to chronic 

exposure to contractions have been observed for human 

subjects and animal models previously [4, 5, 8, 10].  

However, these studies were limited in the number of age 

groups studied.  In the present study utilizing an 

experimental rat model, we demonstrate that age-related 

differences in muscle adaptation begin early in adulthood.  

While isometric and peak force increased by 20% to 30% 

for young rats (3 months old), these forces for young adult 

rats (6 months old) were unaltered.  Furthermore, positive 

work capacity decreased with chronic SSC exposure for 6 

month old rats.  Rather than accomplishing the main goal 

of the SSC exposure (i.e. increased strength), muscles of 

6 month old rats improved in the ability to recover from 

fatigue.  This fatigue recovery was accompanied by a 

decrease in tissue composition for type IIb fibers and 
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increases for type IIx and IIa fibers.  At late adulthood (27 

months of age) and old age (30 months of age), all of the 

SSC-induced performance and fiber type alterations were 

muted relative to those for younger rats.  These findings 

demonstrate a high capacity for strength adaptation at a 

young age, the propensity for SSC-induced improvements 

in fatigue recovery at early adulthood, and the onset of 

greatly diminished adaptation beginning at late adulthood.   

Age-dependent responsiveness to resistance-type 

training is well documented for extreme age groups.    

Elderly are capable of responding to training with gains in 

muscle mass and performance but to a lesser extent 

compared with that of young adults [4,5,16,17].   For 

muscles of old rats exposed to the SSC protocol utilized 

in the present and previous studies, SSC-induced 

increases in muscle mass were blunted and performance 

gains were not observed [8, 18, 19].  The compromised 

response at advanced age is accompanied by heightened 

oxidative stress and deficiencies in the heat shock protein 

response – proteins essential for adaptation to stress and 

protein synthesis [19].  Following SSC exposure, muscles 

of old rats exhibit diminished oxidant buffering capacity, 

high levels of hydrogen peroxide, and reduced levels of 

heat shock proteins [10, 18, 19].  The role of these factors 

in the age-dependent response is confirmed by the finding 

that Vitamin E and Vitamin C supplementation increases 

the oxidant buffering capacity, decreases hydrogen 

peroxide levels, and improves adaptation in performance 

for old rats [18].    

The present study furthers our previous work by 

demonstrating that chronic contraction-induced 

performance gains are attenuated not only at advanced age 

but also at early adulthood.  While muscles of 3 month old 

rats gained by 22% in maximum isometric force and by 

27% in peak force with SSC exposure, muscles of 6 month 

old rats did not exhibit any performance gains and positive 

work capacity even decreased.  The capacity to perform 

positive work appears to be especially sensitive to SSC-

induced maladaptation even at old age [8].  This finding 

is consistent with studies which report that power output 

is affected with age earlier than other performance 

outcomes such as static performance (i.e. isometric force) 

[20-22] .  Rats at 3 months of age were in a late adolescent 

state of maturation as confirmed by 5% shorter tibia 

lengths and 24% lower body weights relative to those of 

6 month old rats.  Several studies have reported increases 

in strength and muscle size after chronic exposure to 

contractions are possible at adolescence [8, 23-25].  

Experiments requiring 3 week old rats to climb with tail 

weights demonstrated that 2 months of such sessions 

elicited performance gains and increases of ~15% in mean 
muscle fiber cross-sectional area relative to values for 

sedentary rats [23, 24].  In human studies, studies report 

that responsiveness to exercise may even be optimal 

during adolescence and the transition from adolescence to 

adulthood [26, 27].   For old rats, the mechanism for the 

diminished adaptive capacity in performance despite 

modest gains in muscle mass may relate to oxidative stress 

and a compromised heat shock protein response [10, 18, 

19].  With aging, antioxidant supplementation with 

Vitamin E and C enables SSC-induced performance gains 

especially for positive work implying an appropriate 

redox environment as a key factor in maintaining force 

during individual contractions [18].   Whether oxidative 

stress underlies the distinction between the 3 month old 

rats and the older age groups (beginning at 6 months of 

age) in the present study is not known at the present.  What 

is apparent is that the SSC exposure in the present study 

is effective at yielding performance gains at an age 

corresponding with maturation and ineffective at an age 

when such maturation slows.  The implication is that 

parameters of chronic SSC exposure (e.g. frequency of 

sessions and number of repetitions) should be investigated 

to promote adaptation in strength gains at all stages of life. 

The parameters of SSC exposure of the present study 

were designed with the aim of inducing muscle mass and 

strength gains, especially at a young age [8].  Despite this 

intent, improvement in the recovery from fatigue was the 

only positive outcome observed for 6 month old rats.  

Improved fatigue recovery following chronic contraction 

exposure in young adult rats has been reported previously 

as well [28, 29].  In the present study, we established that 

this SSC exposure-induced improvement was 

accompanied by a shift in fiber type distribution (i.e. type 

IIb to type IIx fibers) which was most pronounced for the 

6 month age group relative to the other age groups.  An 

increase in fatigue recovery accompanied by decreased 

type IIb fiber composition has been observed in a study 

regarding endurance training of human subjects [30].   In 

that study and the present investigation, the extent of 

fatigue during contractions was not improved.  This is 

consistent with the notion that recovery from fatigue may 

be more sensitive than fatigue during contractions to fiber 

type shifts induced by specific regimes (e.g. types of SSC 

exposure or endurance training) [30].   

Inclusion of the intermediate age groups provided 

the opportunity to determine what alterations in the 

adaptive response were due to maturation vs. aging per se.  

Since 6 month old rats were at an age when maturation is 

nearing completion as compared with that of the 3 month 

old rats, the adaptation in fatigue recovery without 

adaptation in strength was likely attributable to 

maturation status rather than the aging process.   Altered 

hormonal, muscle architectural, and neural changes with 

maturation potentially underlie altered contraction-
induced responses upon reaching young adulthood [27].  

Consistent with reports demonstrating that the effects of 

aging can be detected long before the onset of chronic 



 E.P.Rader et al                                                                                                                     Age-related muscle adaptation 

Aging and Disease • Volume 7, Number 4, August 2016                                                                               12 
 

disease, the present study identified further decrements in 

SSC-induced adaptation at late adulthood (27 months of 

age) before the onset of age-related sarcopenia and 

weakness [11, 12].   A substantial amount of research has 

been focused on comparing two age groups, typically an 

old age group vs a much younger age group, in regards to 

age-related deficiencies in performance [4, 5, 8, 10, 16, 

17].  Based on the current findings, additional focus 

should be dedicated to studies which compare additional 

intermediate age groups to identify key regulatory factors 

and appropriate SSC regimes to account for maturation- 

and aging-related alterations in muscle adaptive capacity.   
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