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Abstract

Exercise is the most accessible, efficacious, and multifactorial intervention to improve health and treat chronic
disease. High-intensity resistance exercise, in particular, also maximizes skeletal muscle size and strength—
outcomes crucial at advanced age. However, such training is capable of inducing muscle maladaptation when
misapplied at old age. Therefore, characterization of parameters (e.g., mode and frequency) that foster adap-
tation is an active research area. To address this issue, we utilized a rodent model that allowed training at
maximal intensity in terms of muscle activation and tested the hypothesis that muscles of old rats adapt to
stretch-shortening contraction (SSC) training, provided the training frequency is sufficiently low. At termination
of training, normalized muscle mass (i.e., muscle mass divided by tibia length) and muscle quality (isometric
force divided by normalized muscle mass) were determined. For young rats, normalized muscle mass increased
by *20% regardless of training frequency. No difference was observed for muscle quality values after 2 days
versus 3 days per week training (0.65 – 0.09 N/mg/mm vs. 0.59 – 0.05 N/mg/mm, respectively). For old rats
following 3 days per week training, normalized muscle mass was unaltered and muscle quality was 30% lower
than young levels. Following 2 days per week training at old age, normalized muscle mass increased by 17%
and muscle quality was restored to young levels. To investigate this enhanced response, oxidative stress was
assessed by lipid peroxidation quantification. For young rats, lipid peroxidation levels were unaltered by
training. With aging, baseline levels of lipid peroxidation increased by 1.5-fold. For old rats, only 2 days per
week training decreased lipid peroxidation to levels indistinguishable from young values. These results imply
that, appropriately scheduled high-intensity SSC training at old age is capable of restoring muscle to a younger
phenotype in terms of lipid peroxidation levels and muscle quality.
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Introduction

Exercise is an effective intervention for improving
overall health and alleviating chronic diseases ranging

from cancer to psychiatric, neurological, metabolic, cardio-
vascular, musculoskeletal, and pulmonary diseases.1–5 Stren-
uous physical activity in the form of exercise is as efficacious
as many commonly prescribed drug treatments for heart dis-
ease and diabetes and is more beneficial than drug intervention
in rehabilitation from stroke.4 Evidence for the pluripotency of
exercise led the American Medical Association and the
American College of Sports Medicine to launch the Exercise is
Medicine initiative in 2007—a now global initiative to trans-
late scientifically proven health benefits of physical exercise
into the healthcare system.5

Among the various forms of exercise ranging from aerobic to
anaerobic, resistance exercise, in particular, is promoted for
increasing skeletal muscle size and strength for those with de-
ficiencies in these attributes, such as the elderly.1 However, the
training parameters for intensity, mode, and frequency of re-
sistance exercise to prescribe is an active area of research. Ex-
posure to sessions of muscular activity that are extreme in terms
of volume (i.e., product of intensity and repetition number)
result in maladaptation—especially at an advanced age.6–8

Concerns about high-intensity training (‡70%–85% of one
repetition maximum) at old age has led some researchers to
investigate lower intensity training alternatives.9,10

Reports utilizing experimental rodent models have been
especially informative in regard to negative outcomes of
some high-intensity resistance-type training regimens because
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of the ability to precisely control intensity and mode. In
several such studies, muscles of rats underwent maximal
intensity training in terms of muscle activation 3 days per
week for 1 month.11–13 In these studies, the mode utilized
was stretch-shortening contractions (SSCs), a common form
of contraction mode utilized by all mammals during
resistance-type exercise in which the muscle is activated
before and during the initial stretch and subsequent short-
ening, as opposed to isolated eccentric, isometric, or short-
ening contractions. For young rats, this training induced
gains of *20% in muscle mass and performance. In con-
trast, for old rats, the exposure typically induced marginal
muscle mass gains (<10%) and decreased performance
output.11–13 Such findings indicated that high-intensity SSC
training has the potential to not only be ineffective at old age
but also detrimental if inappropriately utilized.

Although resistance exercise programs performed at a
range of intensities can produce substantial muscle hyper-
trophy and strength gains, high-intensity resistance training
demonstrates the highest potential for maximizing these
outcomes presumably because of the maximization of motor
unit recruitment and, consequently, the number of muscle
fibers activated in the training.14 Therefore, the need to
characterize training parameters (e.g., mode and frequency),
which are compatible with muscle adaptation, from high-
intensity training at old age is of great importance.

This study was undertaken for SSC training at maximal
muscle activation (i.e., high-intensity training) to determine
whether decreasing the frequency of training, and thereby
increasing recovery time between training sessions, would
be sufficient to induce an adaptive response. Specifically,
the hypothesis tested was that decreasing the frequency of
training from 3 to 2 days per week would improve the
adaptive outcome for old rats.

For assessing adaptation/maladaptation, muscle mass
(normalized to tibia length), isometric force, muscle quality
(i.e., isometric force divided by normalized muscle mass),
dynamic peak force, negative work, and positive work were
analyzed. Quantitative morphology for tissue percentage of
normal muscle fibers, degenerative muscle fibers, noncellular
interstitium, and cellular interstitium was assessed by a stan-
dardized stereological method. Lipid peroxidation was also
quantified as an indicator of oxidative stress because of find-
ings in previous reports indicating oxidative stress as a
factor in SSC-induced adaptation/maladapaptation.13,15

In these studies, aging was accompanied by an increase in
baseline levels of lipid peroxidation in skeletal muscle, and a
reduction in these levels induced by Vitamin E and C sup-
plementation improved the response to SSC training.11,13 The
measurement of lipid peroxidation in this study enabled the
assessment of whether changes in lipid peroxidation levels
accompany differential muscle performance outcomes when
training frequency is altered. The findings demonstrate the
efficacy of age-appropriate high-intensity SSC training—
training with potential to reduce lipid peroxidation levels,
offset sarcopenia, and promote healthy aging.

Materials and Methods

Animals

Male Fischer Brown Norway hybrid rats (F344 X BN F1)
at 3 and 30 months of age were obtained from the National

Institute of Aging colony and housed in an Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited animal quarters. All animal proce-
dures were approved by the Animal Care and Use Com-
mittee at the National Institute for Occupational Safety and
Health in Morgantown, WV.

High-intensity SSC training

The 2 and 3 days per week high-intensity SSC training
exposures were identical with the exception of frequency of
exposure with the 2 days per week training administered
Mondays and Thursdays, while the 3 days per week training
was administered Mondays, Wednesdays, and Fridays. Both
exposures were administered over 4.5 weeks. Each exposure
was based on a previously described procedure in which rats
were exposed to 80 SSCs.11 Each rat was anesthetized with
isoflurane gas and placed in dorsal recumbency on a heated
table with the left knee secured in flexion at 90�. The left
foot was secured to a fixture containing a load cell. Platinum
electrodes were placed subcutaneously in the region of the
common peroneal nerve for activation of the dorsiflexor
muscles. Muscle stimulation was set at parameters for
maximal contraction; 4-V magnitude, 0.2-ms pulse duration,
and 120-Hz frequency.16

Both static and dynamic performances were assessed
before exposure to the 80 SSC protocol. Static performance
was assessed by exposing the muscles to a single maximal
isometric tetanic contraction for 300 ms with the ankle at
90�. After a 2-minute rest, dynamic performance was as-
sessed by exposure to a single SSC test consisting of an
isometric contraction for 300 ms at an ankle angle of 70�,
then rotating the ankle through the entire physiologic range
from 70� to 140� at 500� per second, then returning to 70� at
500� per second, and last, continuing activation for an ad-
ditional 300 ms. Peak force was determined by assessing the
maximum force during the stretch phase. Negative and
positive work referred to the work required to stretch the
muscle and the work done by the muscle during the short-
ening phase, respectively.

The 80 SSC protocol was administered 2 minutes fol-
lowing the single SSC test. The protocol consisted of 8 sets
of SSCs (2-minute intervals between sets) and 10 SSCs per
set (2-second intervals between SSCs), with the interval
durations chosen so as to be comparable to those typically
suggested for resistance exercise training.17 For each SSC,
while the muscles were maximally activated, the ankle was
set to 90� for 100 ms, rotated to 140� at 60�/s, returned to
90� at 60�/s, and deactivated 300 ms later. The ankle range
of 90� (angle associated with maximum isometric force) to
140� maximized the force output during each training SSC,
while decreasing the factor of fatigue, which would have
been a greater factor, had the complete physiologic range
(70� to 140�) been utilized.18 The velocity of 60� per second
was chosen to promote performance adaptation and hyper-
trophy rather than injury.11 Muscle inflammation and degen-
eration are not overt for young and old rats in the days to weeks
following the SSC exposure utilized in this study.11,12,19

The performance measures for sessions during the first
and last week of the SSC exposures were averaged to de-
termine initial and final values, respectively. At 24 hours
after the final SSC exposure, the tibialis anterior (TA)
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muscle was surgically removed, weighed, and the tibia
length recorded. This time period was chosen to be beyond
the acute effects of the first several hours posttraining, yet be
within the time period conducive for detecting any overt
muscle degeneration resulting from the last training session.
The mid-belly of the TA muscle was covered with tissue
freezing media (Tissue-Tek, 4583 O.C.T. Compound; Sakura
Finetek) and frozen in cold isopentane (-80�C) for quanti-
tative morphology. A portion of the remaining TA tissue was
allocated for lipid peroxidation analysis. Normalized muscle
mass was determined by dividing the muscle mass by tibia
length. Muscle quality was quantified as maximum isometric
tetanic force for the final week of training divided by nor-
malized muscle mass.

Quantitative morphology

The mid-belly of each TA muscle was cryosectioned at
12 lm thickness and then hematoxylin and eosin stained. A
standardized stereological method was used for quantitative
morphology.20,21 At two regions, 1 mm to the right of the
section midline and 1 mm to the left of the section midline,
stereological analysis was performed at five equally spaced
sites across the muscle section. At each site, points of a 121-
point 11-line overlay graticule (0.04 mm2 with 100 divi-
sions) were evaluated at 40 · magnification. Therefore, a
total of 1210 points were analyzed per section since 10 total
fields were evaluated.

Each point was identified as overlaying a normal muscle
fiber, degenerative muscle fiber, cellular interstitium, or non-
cellular interstitium (Fig. 1). Degenerative muscle fibers were
considered to have (1) loss of contact with surrounding fibers,
(2) interdigitation of the sarcolemma by cellular infiltrates, and

(3) internalization of cellular infiltrates.20 If a muscle fiber
did not have these characteristics, the fiber was considered
normal. Cellular interstitium was counted when points
overlaid nuclei in between muscle fibers. Points that over-
laid interstitial regions without nuclei were counted as
noncellular interstitium. The percentage of muscle tissue
comprising normal muscle fibers, degenerative muscle fi-
bers, centrally nucleated muscle fibers, cellular interstitium,
or noncellular interstitium was calculated as the percentage
of points that overlaid each type of tissue relative to the total
number of points.

Immunofluorescence

Frozen TA muscle sections (cryosectioned at 12lm thick-
ness) were stained for 4-hydroxynonenal (4-HNE; Calbio-
chem; no. 393206; at 1:250) to determine lipid peroxidation
distribution and b-dystroglycan (sc-33701; at 1:100; Santa
Cruz Biotechnology) to outline the sarcolemma for muscle fi-
ber size measurements. First, sections were fixed in methanol
(-20�C) for 10 minutes and then acetone (-20�C) for 10 min-
utes. Sections were washed with phosphate-buffered saline
(PBS) and then blocked with 10% goat serum at room tem-
perature for 1 hour. Primary antibody was applied overnight at
4�C. After three washes with PBS (5 minutes each), secondary
antibodies (goat anti-rabbit IgG Alexa Fluor 488 and goat anti-
mouse IgG1 Alexa Fluor 594) were applied for 1 hour.

The investigator was blinded to sample identification and
for each muscle section, 10 images were captured at site
locations determined in the same manner as described for
quantitative morphology. Images were then analyzed uti-
lizing ImageJ (version 1.46, National Institutes of Health,
USA). Each muscle fiber (208 – 21 fibers per section) was
traced to determine the minimum Feret diameter, a measure
of muscle fiber size that is resistant to variations in the
orientation of muscle fibers during sectioning. For analysis
of 4-HNE, threshold was set (based on images of secondary-
only stained sections) and percent area of signal within each
muscle fiber measured.

Lipid peroxidation levels

Total malondialdehyde (MDA) content was assessed using
a commercially available kit (Bioxytech MDA-586; Oxis
International, Inc.). TA muscle tissue was homogenized in
PBS containing butylated hydroxytoluene (5 mM). The ho-
mogenate was spun at 2000 g at 4�C and the supernatant used
for the total protein quantification and the total MDA assay as
per manufacturer’s instructions. Protein quantification was
performed using a standard colorimetric bicinchoninic acid
protein assay (Pierce). MDA levels were normalized by the
amount of muscle protein for each sample.

Statistical analysis

When assumptions of normality and equal variance were
justified, data were analyzed using analysis of variance
(ANOVA) ( JMP version 11; SAS Institute, Inc.) with the
animal represented as a random factor to account for repeated
measures within the animal when appropriate. Post-hoc com-
parisons were performed using Fisher’s least significant
difference method. Regarding data for percent of tissue
comprising degenerative muscle fibers, normality and equal

FIG. 1. Quantitative morphology was assessed by a stan-
dardized stereological method. Representative image for how
stereological analysis was performed. At each site, points
(i.e., nodes where lines intersect) of a 121-point graticule
overlaid a field at 40 · magnification. Each point was iden-
tified as overlaying a normal muscle fiber (NMF), degener-
ative muscle fiber (DMF), cellular interstitium (CI), or
noncellular interstitium (NCI). Examples for each of these
designations are labeled (arrows). Of the total 121 points for
this image, the following were the designations: 105 NMF,
6 DM, 7 NCI, and 3 CI. Scale bar = 100 lm.
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variance could not be assumed; so nonparametric tests (using
SigmaPlot version 12.5; Systat Software, Inc.) were utilized—
comparisons for groups of old versus young rats were
analyzed by the Mann–Whitney Rank Sum Test and
Kruskal–Wallis ANOVA on Ranks when appropriate, while
comparisons for trained versus contralateral muscles within
each experimental group were analyzed by Wilcoxon Signed
Ranks to account for repeated measures.

Chi-square analysis (SigmaPlot version 12.5) was utilized to
determine training-induced differences in the absolute fre-
quency distributions of minimum Feret diameter. Pearson
product correlations (SigmaPlot version 12.5) were performed
between SSC-induced alterations in MDA levels versus muscle
mass/performance outcomes. All data are expressed as means
– SD. p < 0.05 was considered statistically significant.

Results

Muscle mass and performance

For young rats, muscle mass and strength gains were lar-
gely independent of whether they were subjected to 2 or
3 days per week high-intensity SSC training. Specifically,
such training induced increases in peak force and the capacity
for negative work (Fig. 2A, B). Positive work capacity and
maximum isometric force were unaltered by training re-
gardless of frequency (Figs. 2C and 3A).

Relative to contralateral control muscles, muscle mass in-
creases of 19% – 4% and 20% – 4% were observed for mus-
cles of young rats exposed to 2 versus 3 days per week
training, respectively (Fig. 3B). To determine whether mus-
cle mass changes were reflected at the muscle fiber level, the
minimum Feret diameter was measured for individual mus-
cle fibers (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/rej). The muscle
mass increases for the young rats were accompanied by shifts
in muscle fiber size distribution (Fig. 4A, B).

No difference in muscle quality, a measure of maximum
isometric force normalized by muscle size, was observed be-
tween the training protocols (Fig. 2C). Therefore, muscles of
young rats displayed the ability to adapt in distinct performance
measures following multiple SSC regimes by demonstrating
comparable adaptation to both training frequencies tested.

For old rats, SSC training frequency resulted in distinct out-
comes. Following 3 days per week training, the capacity for
positive work diminished relative to initial values, while peak
force and negative work were unaltered compared with initial
values (Fig. 2A–C). Muscle mass was unchanged when consid-
ered in comparison with contralateral control muscle mass data
(Fig. 3B). Muscle fiber size distribution also remained unchanged
by 3 days per week training (Fig. 4C). Final muscle quality values
were depressed relative to those of young rats (Fig. 3C).

Following 2 days per week training for old mice, positive
work capacity was maintained, muscle mass increased by
17% – 8% relative to contralateral control values ( p < 0.0001),
and muscle fiber size distribution shifted to larger values
(Figs. 2C, 3B, and 4D). Furthermore, training 2 days per
week restored muscle quality to levels indistinguishable
from young levels. The implication was that at old age,
decreasing frequency of high-intensity SSC training enabled
muscle performance and muscle mass gains accompanied by
revitalization of muscle quality.

FIG. 2. Effect of altering training frequency on dynamic
performance. Initial and final values of (A) peak force, (B)
negative work (i.e., work required to stretch muscle), and (C)
positive work (i.e., work done by the muscle during shortening)
were assessed. For young rats (final vs. initial values), both 2
and 3 days per week training increased peak force and 2 days
per week training increased negative work capacity (a trend
was observed for 3 days per week training). For old rats, 3 days
per week training induced a decrease in positive work capacity
relative to initial values. This decrease was absent with 2 days
per week training. The 2 days per week training also increased
final peak force values relative to final values for 3 days per
week training. Sample sizes were N = 4 to 8 per group. Values
are mean – SD. *Different from initial value; {Different from
value for young rats exposed 3 days per week; {Different from
value for young rats exposed 2 days per week; xDifferent from
value for old rats exposed 3 days per week, p < 0.05.
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Quantitative morphology

Analysis by quantitative morphology demonstrated an
age-related decrease in tissue composed of normal muscle
fibers (Table 1). Besides the difference between young and

old contralateral control muscles following 2 days per week
training ( p = 0.039), a main effect for age was observed by
ANOVA ( p = 0.01). This decrease with age was due to an
increase in the percentage of tissue other than that of normal
muscle fibers, which consist of degenerative muscle fibers,
cellular interstitium, and noncellular interstitium. When
considering these tissue constituents separately, compari-
sons among individual groups did not reach significance, but
trends for the main effect of age were observed by ANOVA
for increases in noncellular interstitium ( p = 0.057) and
cellular interstitium ( p = 0.09) with aging.

The effect of age could not be assessed by ANOVA for
degenerative muscle fibers since normality and equal vari-
ance could not be assumed for that data. However, when
degenerative fiber data for contralateral muscles were pooled
within age groups and analyzed by Mann–Whitney Rank
Sum Test, muscles of old rats comprised a greater percentage
of degenerative muscle fibers, 0.4% – 0.5%, relative to young
rats, 0.2% – 0.5% ( p = 0.001). Both the 2 and 3 days per week
training had no significant effect for young and old rats
(Table 1 and Fig. 5). The lack of SSC-induced histological
alterations demonstrated that the factors responsible for the
distinct functional outcomes following the 2 versus 3 days per
week SSC training for the old rats were not apparent at the
level of quantitative morphology. Rather, in agreement with
multiple reports, this suggested that a more subtle process
must be involved.11,12

Lipid peroxidation

To investigate the possibility whether alterations in lipid
peroxidation, an indicator of oxidative stress, correlate with
the differential response in 2 days per week-exposed old rats,
lipid peroxidation assays were performed. Lipid peroxidation
levels rather than spatial distribution of lipid peroxidation
within muscle fibers appeared to be dependent on training
frequency for old rats. Spatial distribution was investigated
by immunofluorescence staining for 4-HNE in transverse
sections of muscles.

For all conditions (i.e., nontrained, trained 2 days per
week, or trained 3 days per week), lipid peroxidation was
apparent both at the sarcolemma and within muscle fibers of
old rats (Fig. 6). Interestingly for young rats, training either
2 or 3 days per week altered the distribution within muscles.
While cytoplasmic staining of 4-HNE was present in all
conditions, sarcolemma staining of HNE was modest in
contralateral muscles of young rats, whereas such staining
was substantial in trained muscles (Fig. 6).

These observations were consistent with quantification of
muscle fiber percent area positive for 4-HNE staining;
33% – 20% and 44% – 39% for contralateral and exposed
muscles of young rats trained 3 days per week, 49% – 29%
and 68% – 28% for contralateral and exposed muscles of
young rats trained 2 days per week, 47% – 39% and
36% – 22% for contralateral and exposed muscles of old rats
trained 3 days per week, and 61% – 29% and 50% – 21% for
contralateral and exposed muscles of old rats trained 2 days
per week (N = 4 to 5 per group).

While no significant differences were observed between
any of these groups when considered individually, an AN-
OVA demonstrated a significant interaction ( p = 0.02) be-
tween age and limb (i.e., right contralateral muscle vs. left
trained muscle), independent of training frequency. Therefore,

FIG. 3. Decreasing the frequency of training improved
muscle mass and static performance for old rats. (A) Max-
imum isometric forces were assessed for the initial and final
weeks of training. (B) Tibialis anterior muscle mass was
normalized by tibia length. (C) Final maximum isometric
forces were divided by normalized muscle mass of exposed
muscles to determine muscle quality values. Sample sizes
were N = 4 to 8 per group. Values are mean – SD. *Different
from nonexposed value (i.e., contralateral muscle in context
of muscle mass or initial data in context of maximum iso-
metric force and muscle quality); {Different from value for
young rats exposed 3 days per week; {Different from value
for young rats exposed 2 days per week; xDifferent from
value for old rats exposed 3 days per week, p < 0.05.
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Table 1. Quantitative Morphology for Stretch-Shortening Contraction Trained

and Contralateral Control Muscles of Young and Old Rats

Young Old

3 days/week 2 days/week 3 days/week 2 days/week

Contralateral Trained Contralateral Trained Contralateral Trained Contralateral Trained

Normal
muscle fibers
(% of tissue)

93.4 – 1.6 92.9 – 2.6 95.4 – 2.2 94.6 – 2.8 92.7 – 0.8 91.3 – 3.1a 92.4 – 1.7a 91.8 – 1.6a

Degenerative
muscle fibers
(% of tissue)

0.0 – 0.0 0.6 – 0.7 0.0 – 0.0 0.0 – 0.1 0.5 – 0.8 0.1 – 0.1 0.4 – 0.3 0.2 – 0.2

Cellular
interstitium
(% of tissue)

1.7 – 0.6 1.6 – 0.5 1.7 – 0.4 1.3 – 0.5 2.1 – 0.3 2.3 – 1.1 1.4 – 0.4 1.9 – 0.7

Noncellular
interstitium
(% of tissue)

4.9 – 2.1 5.0 – 2.6 2.9 – 1.9 4.1 – 2.2 4.7 – 1.5 6.3 – 2.2 5.8 – 1.9 6.3 – 1.8

Sample sizes were N = 4 to 5 per group. Values are mean – SD.
aDifferent from young 2 days/week value, p < 0.05.

FIG. 4. Decreasing SSC frequency enabled training-induced shifts to larger muscle fibers for muscles of old rats.
Frequency distributions of fiber minimum Feret diameters of individual muscle fibers are presented as percentage of total
fibers measured for each experimental group: (A) young rats trained 3 days per week, (B) young rats trained 2 days per
week, (C) old rats trained 3 days per week, and (D) old rats trained 2 days per week. Therefore, within each experimental
group, the number of muscle fibers of a specific size were summed across all the muscles and then expressed as a percentage
of total fibers counted for all the muscles (N = 4 to 5 rats per group). Chi-square analysis was performed to determine
alterations in distribution with training. All groups with the exception of 3 days per week trained old rats demonstrated a
significant difference in distribution. SSC, stretch-shortening contraction.
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when data for 2 and 3 days per week trained groups were
pooled, the percentage of each muscle fiber positive for
HNE staining in trained muscles of young rats, 56% – 34%,
was increased relative to that of contralateral muscles,
41% – 25% ( p = 0.048). This dispersal of lipid peroxidation
was in agreement with the observation of the addition of
greater sarcolemma staining of 4-HNE upon training in the
young rats, indicating that a substantial level of lipid per-
oxidation at the sarcolemma accompanies adaptation. The
percentage area of 4-HNE staining was unaltered for old rats
even upon pooling of the data for 2 and 3 days per week
training. This was not surprising since sarcolemma lipid
peroxidation was already overtly present in the nontrained
condition and remained posttraining.

To determine whether lipid peroxidation levels differ with
training frequency in muscle tissue, MDA levels were
quantified. For contralateral control muscles, MDA levels
were 1.5-fold greater for old rats relative to those of young
rats (Fig. 7). Exposure to 3 days per week of SSCs did not
alter MDA levels. In contrast, 2 days per week of SSC
training decreased MDA levels for muscles of old rats to
levels of young rats (Fig. 7).

For old rats, Pearson product correlation analysis resulted
in a negative correlation coefficient (r = -0.719, p = 0.03)
between SSC-induced alterations in MDA levels versus
muscle mass (i.e., percentage difference in MDA levels
relative to contralateral control levels versus percentage
difference in muscle mass relative to contralateral control

FIG. 6. Immunofluorescence staining for the lipid peroxidation marker 4-HNE in contralateral and trained muscles for
young and old rats. Scale bar = 50 lm. 4-HNE, 4-hydroxynonenal.

FIG. 5. Transverse sections of contralateral and exposed muscles following SSC training stained with hematoxylin and
eosin for young and old rats. Scale bar = 100 lm.
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values). A trend for a negative correlation was noted be-
tween SSC-induced changes in MDA levels versus positive
work (i.e., percentage difference in MDA levels relative to
contralateral control levels versus percentage change in
positive work relative to initial values; r = -0.579, p = 0.10).
A negative correlation trend was also observed between
MDA levels of SSC-trained muscles versus final muscle
quality for those muscles (r = -0.641, p = 0.06). Overall,
these data indicated that returning lipid peroxidation levels
to young levels was inversely associated with improved
skeletal muscle size, function, and quality concomitant with
the 2 days per week training.

Discussion

Sarcopenia consists of muscle mass decreases of 1%–2%
per year beyond 50 years of age so that*30% of muscle mass
and strength is lost by the eighth decade of life.22 Con-
comitant with this decline is an increased incidence of falls,
insulin resistance, mitochondrial impairment, chronic heart
failure, and bone density loss—all conditions that high-
intensity resistance exercise demonstrates potential to help
prevent, delay, or improve.23–25 Unfortunately with aging,
adaptation to various high-intensity resistance exercise pro-
grams becomes limited as well.26–28 Therefore, systematic

research is necessary to identify the key exercise parameters
to ensure adaptation to high-intensity training at old age.

Utilizing an experimental rodent model in the present study
allowed us to precisely test whether at an advanced age,
muscle adaptation can occur following training at the highest
intensity possible (i.e., maximal muscle activation) for chronic
SSC exposure. We demonstrate successful skeletal muscle
enhancement following this high-intensity SSC training
when frequency of training is optimized at old age.

Following 3 days per week training, positive work ca-
pacity diminished, muscle mass was unaltered, and muscle
quality was low, while 2 days per week training preserved
positive work capacity, induced muscle mass gains, and
restored muscle quality values to values comparable to those
of young rats. The restoration of final muscle quality to
young levels is impressive, given the 20% decrement in
nontrained muscle quality values with aging (old vs. young;
0.55 – 0.13 N/mg/mm vs. 0.69 – 0.04 N/mg/mm, p = 0.027)
observed for Fischer Brown Norway hybrid rats reported on
in a previous study.19 Overall, such an improvement to
chronic exposure of maximal intensity contractions dem-
onstrates that high-intensity SSC training is capable of re-
juvenating skeletal muscle at an advanced age, given
training frequency is modulated appropriately.

The muscles of young rats adapted to the SSC training
with an *20% increase in muscle mass and peak force
capacity regardless of whether frequency of training was 2
or 3 days per week. Research regarding human subjects
indicate that muscles of young individuals can also adapt
similarly, in terms of muscle size and strength, to two dis-
tinct exercise modes, conventional resistance training versus
plyometric training.29 Two reports regarding human sub-
jects suggest that a high responsiveness to exercise is
present at such young ages as adolescence and the transition
from adolescence to adulthood.30,31 Compared with adults,
exercise-induced growth hormone response31 and gains in
explosive power30 were superior in young subjects. Like-
wise, for rats exposed to 1 month of SSCs 3 days per week,
muscles of young rats (3 months old) increase isometric and
dynamic force output by 20%–30%, whereas at adulthood (6
months), no such force gains are realized.32 Overall, these
robust responses to a wide range of exposures at young age
are consistent with an exceptional adaptive capacity at this
stage of life.

Substantial muscle fiber size gains have been realized in
older men and women at such low training frequencies as 1–
2 days per week.23,33,34 Indeed for the elderly, low volume
of training has been previously recommended based on the
observation of compromised recovery following contrac-
tions with aging.35,36 In a recent report focused on exercise
mode, 60–70 year old males gained muscle size and strength
following a regimen consisting of SSCs for 10-weeks.37 The
frequency of training was 2 to 3 days per week such that the
exposure for the first week was 2 days per week, the ex-
posure for the second and third weeks were 3 days per week,
and then this exposure sequence was repeated for the re-
maining 7 weeks. Overall, the findings suggest that aging is
accompanied by an increased sensitivity to training fre-
quency.

For muscles of young rats, maintenance of relatively low
levels of lipid peroxidation was presumably conducive for
adaptation. However, a training-induced alteration in the

FIG. 7. Oxidative stress levels as determined by lipid
peroxidation marker MDA was elevated in muscles of old
rats and restored to young levels exclusively by SSC train-
ing 2 days per week. MDA measures were normalized to
total protein content. Lipid peroxidation was elevated by
aging as evident by increased levels in the contralateral
muscles of old rats trained 2 and 3 days per week relative to
those of the twice per week trained young rats. A trend for
greater age-related lipid peroxidation was observed between
contralateral control muscles of 2 days per week trained old
rats and 3 days per week trained young rats. The only dif-
ference observed between trained muscles and contralateral
muscles was for old rats trained 2 days per week. Sample
sizes were N = 4 to 5 per group. Values are mean – SD.
*Different from value for contralateral muscles; {Different
from value for young rats exposed 3 days per week; {Dif-
ferent from value for young rats exposed 2 days per week,
p < 0.05. MDA, malondialdehyde.
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spatial distribution of lipid peroxidation toward an increased
lipid peroxidation at the sarcolemma was observed by 4-
HNE staining. This indicated that an increased dispersal of
lipid peroxidation (rather than increased tissue levels) ac-
companies adaptation. With aging, substantial lipid perox-
idation at the sarcolemma was present even in nontrained
muscles. In this scenario, this may have been the result of
excessive lipid peroxidation since high tissue levels of lipid
peroxidation were observed. Such age-related increases in
lipid peroxidation levels have been observed previously.13,15

The unique finding of this investigation was the lowered
lipid peroxidation levels for old rats exclusively following
the adaptive 2 days per week training. This implies that
when baseline lipid peroxidation levels exceed a certain
threshold as in the case of old rats in this study, a decreased
training frequency is necessary to allow training to diminish
such a heightened state of oxidative stress and permit
muscle adaptation.

A negative correlation between lipid peroxidation status
and SSC-induced performance is consistent with previous
investigations in two studies by Ryan et al.13,15 In these
reports, 3 days per week SSC training was accompanied by
decreased lipid peroxidation levels and a lack of maladaptive
performance. Ryan et al. described how the lack of mala-
daptive performance in these two studies was atypical and
attributed this to differences in individual animal cohorts
obtained from the National Institute of Aging, a possibility
because of the tendency for increased variation observed with
increased age of organisms/subjects.11,13,15,38,39 Nevertheless,
the general finding from these studies was that low lipid per-
oxidation levels accompany a beneficial functional response.

Future study is required to confirm whether the lowered
lipid peroxidation levels induced by 2 days per week training
are indeed indicative of a role for overall oxidative stress in
the outcome to high-intensity SSC training. Such a role for
oxidative stress in adaptation/maladaptation is consistent with
the finding that antioxidant supplementation with Vitamin E
and Vitamin C increases oxidant buffering capacity and
improves adaptation to SSC training for old rats.15 Provided
the lipid peroxidation data are representative of oxidative
stress, this study indicates that increasing recovery time
between training sessions at an advanced age decreases the
redox environment to low levels, an environment impor-
tant for maintaining performance during individual con-
tractions as well as diminishing risk of other age-related
oxidative stress-induced impairments.15 Therefore, such a
modulation of high-intensity resistance exercise has the
potential to revitalize skeletal muscles at old age and im-
prove quality of life at an advanced age.

Acknowledgment

This study was supported by Internal NIOSH funds.

Publications’ Disclaimers

The findings and conclusions in this report are those of
the authors and do not necessarily represent the views of the
National Institute for Occupational Safety and Health.

Author Disclosure Statement

No conflicting financial interests exist.

References

1. Pedersen BK, Saltin B. Exercise as medicine—Evidence
for prescribing exercise as therapy in 26 different chronic
diseases. Scand J Med Sci Sports 2015;25(Suppl 3):1–72.

2. Lucas SJ, Cotter JD, Brassard P, Bailey DM. High-intensity
interval exercise and cerebrovascular health: Curiosity,
cause, and consequence. J Cereb Blood Flow Metab 2015;35:
902–911.

3. Oliveira PF, Gadelha AB, Gauche R, Paiva FM, Bottaro M,
Vianna LC, Lima RM. Resistance training improves iso-
kinetic strength and metabolic syndrome-related phenotypes
in postmenopausal women. Clin Interv Aging 2015;10:
1299–1304.

4. Naci H, Ioannidis JP. Comparative effectiveness of exercise
and drug interventions on mortality outcomes: Metaepide-
miological study. BMJ 2013;347:f5577.

5. Lobelo F, Stoutenberg M, Hutber A. The exercise is med-
icine global health initiative: A 2014 update. Br J Sports
Med 2014;48:1627–1633.

6. Fry AC, Kraemer WJ, van Borselen F, Lynch JM, Marsit
JL, Roy EP, Triplett NT, Knuttgen HG. Performance dec-
rements with high-intensity resistance exercise over-
training. Med Sci Sports Exerc 1994;26:1165–1173.

7. Barbe MF, Gallagher S, Massicotte VS, Tytell M, Popoff
SN, Barr-Gillespie AE. The interaction of force and repe-
tition on musculoskeletal and neural tissue responses and
sensorimotor behavior in a rat model of work-related
musculoskeletal disorders. BMC Musculoskelet Disord
2013;14:303.

8. Massicotte VS, Frara N, Harris MY, Amin M, Wade CK,
Popoff SN, Barbe MF. Prolonged performance of a high
repetition low force task induces bone adaptation in young
adult rats, but loss in mature rats. Exp Gerontol 2015;72:
204–217.

9. Van Roie E, Delecluse C, Coudyzer W, Boonen S, Baut-
mans I. Strength training at high versus low external re-
sistance in older adults: Effects on muscle volume, muscle
strength, and force-velocity characteristics. Exp Gerontol
2013;48:1351–1361.

10. Nicholson VP, McKean MR, Burkett BJ. Low-load high-
repetition resistance training improves strength and gait
speed in middle-aged and older adults. J Sci Med Sport
2015;18:596–600.

11. Cutlip RG, Baker BA, Geronilla KB, Mercer RR, Kashon
ML, Miller GR, Murlasits Z, Alway SE. Chronic exposure
to stretch-shortening contractions results in skeletal muscle
adaptation in young rats and maladaptation in old rats. Appl
Physiol Nutr Metab 2006;31:573–587.

12. Baker BA, Hollander MS, Kashon ML, Cutlip RG.
Effects of glutathione depletion and age on skeletal mus-
cle performance and morphology following chronic stretch-
shortening contraction exposure. Eur J Appl Physiol 2010;
108:619–630.

13. Ryan MJ, Dudash HJ, Docherty M, Geronilla KB, Baker
BA, Haff GG, Cutlip RG, Alway SE. Aging-dependent
regulation of antioxidant enzymes and redox status in
chronically loaded rat dorsiflexor muscles. J Gerontol A
Biol Sci Med Sci 2008;63:1015–1026.

14. Schoenfeld BJ, Wilson JM, Lowery RP, Krieger JW.
Muscular adaptations in low- versus high-load resistance
training: A meta-analysis. Eur J Sport Sci 2016;16:1–10.

15. Ryan MJ, Dudash HJ, Docherty M, Geronilla KB, Baker BA,
Haff GG, Cutlip RG, Alway SE. Vitamin E and C supple-
mentation reduces oxidative stress, improves antioxidant

SKELETAL MUSCLE ENHANCEMENT IN AGED RATS 101

http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=19882165&crossref=10.1007%2Fs00421-009-1258-4&citationId=p_21
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25833341&crossref=10.1038%2Fjcbfm.2015.49&citationId=p_11
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=23999311&crossref=10.1016%2Fj.exger.2013.08.010&citationId=p_18
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25530577&crossref=10.1080%2F17461391.2014.989922&citationId=p_23
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24473061&crossref=10.1136%2Fbmj.f5577&citationId=p_13
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=7808252&crossref=10.1249%2F00005768-199409000-00015&citationId=p_15
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17111012&crossref=10.1139%2Fh06-033&citationId=p_20
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=26606383&crossref=10.1111%2Fsms.12581&citationId=p_10
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17111012&crossref=10.1139%2Fh06-033&citationId=p_20
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=26517953&crossref=10.1016%2Fj.exger.2015.10.014&citationId=p_17
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18948551&crossref=10.1093%2Fgerona%2F63.10.1015&citationId=p_22
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=26300634&citationId=p_12
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18948551&crossref=10.1093%2Fgerona%2F63.10.1015&citationId=p_22
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25154701&crossref=10.1016%2Fj.jsams.2014.07.018&citationId=p_19
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24759911&crossref=10.1136%2Fbjsports-2013-093080&citationId=p_14
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24759911&crossref=10.1136%2Fbjsports-2013-093080&citationId=p_14
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24156755&crossref=10.1186%2F1471-2474-14-303&citationId=p_16


enzymes and positive muscle work in chronically loaded
muscles of aged rats. Exp Gerontol 2010;45:882–895.

16. Geronilla KB, Miller GR, Mowrey KF, Wu JZ, Kashon
ML, Brumbaugh K, Reynolds J, Hubbs A, Cutlip RG.
Dynamic force responses of skeletal muscle during stretch-
shortening cycles. Eur J Appl Physiol 2003;90:144–153.

17. Borde R, Hortobagyi T, Granacher U. Dose-response re-
lationships of resistance training in healthy old adults: A
systematic review and meta-analysis. Sports Med 2015;45:
1693–1720.

18. Cutlip RG, Geronilla KB, Baker BA, Kashon ML, Miller
GR, Schopper AW. Impact of muscle length during stretch-
shortening contractions on real-time and temporal muscle
performance measures in rats in vivo. J Appl Physiol (1985)
2004;96:507–516.

19. Baker BA, Hollander MS, Mercer RR, Kashon ML, Cutlip
RG. Adaptive stretch-shortening contractions: Diminished
regenerative capacity with aging. Appl Physiol Nutr Metab
2008;33:1181–1191.

20. Baker BA, Mercer RR, Geronilla KB, Kashon ML, Miller
GR, Cutlip RG. Stereological analysis of muscle mor-
phology following exposure to repetitive stretch-shortening
cycles in a rat model. Appl Physiol Nutr Metab 2006;31:
167–179.

21. Baker BA, Mercer RR, Geronilla KB, Kashon ML, Miller
GR, Cutlip RG. Impact of repetition number on muscle
performance and histological response. Med Sci Sports
Exerc 2007;39:1275–1281.

22. Kim TN, Choi KM. Sarcopenia: Definition, epidemiology,
and pathophysiology. J Bone Metab 2013;20:1–10.

23. Melov S, Tarnopolsky MA, Beckman K, Felkey K, Hub-
bard A. Resistance exercise reverses aging in human skel-
etal muscle. PLoS One 2007;2:e465.

24. Alves JP, Nunes RB, Stefani GP, Dal Lago P. Resistance
training improves hemodynamic function, collagen depo-
sition and inflammatory profiles: Experimental model of
heart failure. PLoS One 2014;9:e110317.

25. Phillips MD, Flynn MG, McFarlin BK, Stewart LK, Tim-
merman KL. Resistance training at eight-repetition maxi-
mum reduces the inflammatory milieu in elderly women.
Med Sci Sports Exerc 2010;42:314–325.

26. Raue U, Slivka D, Minchev K, Trappe S. Improvements in
whole muscle and myocellular function are limited with
high-intensity resistance training in octogenarian women. J
Appl Physiol (1985) 2009;106:1611–1617.

27. Greig CA, Gray C, Rankin D, Young A, Mann V, Noble B,
Atherton PJ. Blunting of adaptive responses to resistance
exercise training in women over 75y. Exp Gerontol 2011;46:
884–890.

28. Slivka D, Raue U, Hollon C, Minchev K, Trappe S.
Single muscle fiber adaptations to resistance training in old
(>80 yr) men: Evidence for limited skeletal muscle plas-
ticity. Am J Physiol Regul Integr Comp Physiol 2008;295:
R273–R280.

29. Vissing K, Brink M, Lonbro S, Sorensen H, Overgaard K,
Danborg K, Mortensen J, Elstrom O, Rosenhoj N, Ring-
gaard S, Andersen JL, Aagaard P. Muscle adaptations to

plyometric vs. resistance training in untrained young men. J
Strength Cond Res 2008;22:1799–1810.

30. Pesta D, Thaler A, Hoppel F, Macek C, Schocke M,
Burtscher M. Effects of a 10-week conventional strength
training program on lower leg muscle performance in ad-
olescent boys compared to adults. J Sports Med Phys Fit-
ness 2014;54:147–153.

31. Gilbert KL, Stokes KA, Hall GM, Thompson D. Growth
hormone responses to 3 different exercise bouts in 18- to
25- and 40- to 50-year-old men. Appl Physiol Nutr Metab
2008;33:706–712.

32. Rader EP, Layner KN, Triscuit AM, Chetlin RD, Ensey J,
Baker BA. Age-dependent muscle adaptation after chronic
stretch-shortening contractions in rats. Aging Dis 2016;7:1–13.

33. Hakkinen K, Newton RU, Gordon SE, McCormick M, Volek
JS, Nindl BC, Gotshalk LA, Campbell WW, Evans WJ,
Hakkinen A, Humphries BJ, Kraemer WJ. Changes in mus-
cle morphology, electromyographic activity, and force pro-
duction characteristics during progressive strength training
in young and older men. J Gerontol A Biol Sci Med Sci
1998;53:B415–B423.

34. Hakkinen K, Pakarinen A, Kraemer WJ, Hakkinen A,
Valkeinen H, Alen M. Selective muscle hypertrophy, chan-
ges in EMG and force, and serum hormones during strength
training in older women. J Appl Physiol (1985) 2001;91:
569–580.

35. Kosek DJ, Kim JS, Petrella JK, Cross JM, Bamman MM.
Efficacy of 3 days/wk resistance training on myofiber hy-
pertrophy and myogenic mechanisms in young vs. older
adults. J Appl Physiol (1985) 2006;101:531–544.

36. Hunter GR, McCarthy JP, Bamman MM. Effects of resis-
tance training on older adults. Sports Med 2004;34:329–348.

37. Vaczi M, Nagy SA, Koszegi T, Ambrus M, Bogner P, Perlaki
G, Orsi G, Toth K, Hortobagyi T. Mechanical, hormonal, and
hypertrophic adaptations to 10 weeks of eccentric and
stretch-shortening cycle exercise training in old males. Exp
Gerontol 2014;58:69–77.

38. Cutlip RG, Baker BA, Geronilla KB, Kashon ML, Wu JZ.
The influence of velocity of stretch-shortening contractions
on muscle performance during chronic exposure: Age ef-
fects. Appl Physiol Nutr Metab 2007;32:443–453.

39. Murlasits Z, Cutlip RG, Geronilla KB, Rao KM, Wonderlin
WF, Alway SE. Resistance training increases heat shock
protein levels in skeletal muscle of young and old rats. Exp
Gerontol 2006;41:398–406.

Address correspondence to:
Erik P. Rader

Centers for Disease Control and Prevention
National Institute for Occupational Safety and Health

MS L3014, 1095 Willowdale Road
Morgantown, WV 26505

E-mail: wlz4@cdc.gov

Received: February 19, 2016
Accepted: July 5, 2016

102 RADER ET AL.

http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=16524679&crossref=10.1016%2Fj.exger.2006.01.005&citationId=p_48
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=16524679&crossref=10.1016%2Fj.exger.2006.01.005&citationId=p_48
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18978625&crossref=10.1519%2FJSC.0b013e318185f673&citationId=p_38
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18978625&crossref=10.1519%2FJSC.0b013e318185f673&citationId=p_38
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=19088776&crossref=10.1139%2FH08-110&citationId=p_28
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25340545&crossref=10.1371%2Fjournal.pone.0110317&citationId=p_33
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=15107011&crossref=10.2165%2F00007256-200434050-00005&citationId=p_45
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=14504946&crossref=10.1007%2Fs00421-003-0849-8&citationId=p_25
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18641713&crossref=10.1139%2FH08-034&citationId=p_40
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17762360&crossref=10.1249%2Fmss.0b013e3180686dc7&citationId=p_30
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17762360&crossref=10.1249%2Fmss.0b013e3180686dc7&citationId=p_30
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17510679&crossref=10.1139%2FH07-014&citationId=p_47
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=18448613&crossref=10.1152%2Fajpregu.00093.2008&citationId=p_37
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=9823737&crossref=10.1093%2Fgerona%2F53A.6.B415&citationId=p_42
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=17520024&crossref=10.1371%2Fjournal.pone.0000465&citationId=p_32
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24509985&citationId=p_39
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24509985&citationId=p_39
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=16604135&crossref=10.1139%2Fh05-009&citationId=p_29
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=19927028&crossref=10.1249%2FMSS.0b013e3181b11ab7&citationId=p_34
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=20705127&crossref=10.1016%2Fj.exger.2010.08.002&citationId=p_24
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25064038&crossref=10.1016%2Fj.exger.2014.07.013&citationId=p_46
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=25064038&crossref=10.1016%2Fj.exger.2014.07.013&citationId=p_46
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=21821111&crossref=10.1016%2Fj.exger.2011.07.010&citationId=p_36
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=26420238&crossref=10.1007%2Fs40279-015-0385-9&citationId=p_26
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=26816659&crossref=10.14336%2FAD.2015.0920&citationId=p_41
http://online.liebertpub.com/action/showLinks?doi=10.1089%2Frej.2016.1816&pmid=24524049&crossref=10.11005%2Fjbm.2013.20.1.1&citationId=p_31


This article has been cited by:

1. Erik P. Rader, Marshall A. Naimo, James Ensey, Brent A. Baker. 2017. Agonist muscle adaptation accompanied by antagonist
muscle atrophy in the hindlimb of mice following stretch-shortening contraction training. BMC Musculoskeletal Disorders 18:1. .
[CrossRef]

http://dx.doi.org/10.1186/s12891-017-1397-4

