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Abstract

efficacy of drug candidates.

Background: Age-related sarcopenia is a disease state of loss of muscle mass and strength that affects physical
function and mobility leading to falls, fractures, and disability. The need for therapies to treat age-related
sarcopenia has attracted intensive preclinical research. To facilitate the discovery of these therapies, we have
developed a non-invasive rat muscle functional assay system to efficiently measure muscle force and evaluate the

Methods: The lower leg muscles of anesthetized rats are artificially stimulated with surface electrodes on the knee
holders and the heel support, causing the lower leg muscles to push isometric pedals that are attached to force
transducers. We developed a stimulation protocol to perform a fatigability test that reveals functional muscle
parameters like maximal force, the rate of fatigue, fatigue-resistant force, as well as a fatigable muscle force index.
The system is evaluated in a rat aging model and a rat glucocorticoid-induced muscle loss model

Results: The aged rats were generally weaker than adult rats and showed a greater reduction in their fatigable
force when compared to their fatigue-resistant force. Glucocorticoid treated rats mostly lost fatigable force and
fatigued at a higher rate, indicating reduced force from glycolytic fibers with reduced energy reserves.

Conclusions: The involuntary contraction assay is a reliable system to assess muscle function in rodents and can
be applied in preclinical research, including age-related sarcopenia and other myopathy.

Keywords: fatigue, Boltzmann equation, dexamethasone, castration.

Background

Age-related sarcopenia is associated with significant loss of
muscle mass and muscle strength upon aging. The etiol-
ogy of age-related sarcopenia is believed to be multi-fac-
torial and includes aging, disease, inflammation, increased
oxidative stress, reduced physical activity, malnutrition,
hormone deficiencies, muscle structural changes, and
motor unit remodeling [1]. By 2050, it is predicted that
the worldwide population > 60 years of age will more than
triple from 600 million at present to 1.9 billion. This is
likely to result in a growing need to treat aging related
diseases such as age-related sarcopenia [2].
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Although, there is no widely accepted clinical defini-
tion of age-related sarcopenia, several diagnostic proto-
cols have been developed such as handgrip strength,
knee extension isometric torque, lower extremity muscle
power, weight loss, gait speed, physical activity question-
naires, dynamometer studies, and a standardized physi-
cal performance test battery of standing, walking, and
stair climbing [3-10]. Generally, clinical tests for skeletal
muscle function in sarcopenic patients are frequently
performed on the lower extremities since the extremities
show the most significant muscle degeneration during
aging and because sarcopenia is frequently associated
with reduced blood flow in these limbs [11,12].

Aged muscles show significant alterations to their
architecture [13], underscored by a general loss of muscle
fibers and a decrease in fiber size accompanied by motor
unit remodeling. This remodeling predominantly affects
fatigable glycolytic type 1II fibers that make the greatest
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contribution to strength [14]. Recently, several potential
age-related sarcopenia targets and therapeutics have been
identified and investigated, including androgen receptors,
myostatin, TGF-f1 and Notch-1 signaling, multiple
histone deacetylases, Angiotensin II pathway signaling,
and 2-adrenoreceptor activators [15-19]. Some success
in early phase clinical trials has been reported with ACE
(Angiotensin converting enzyme) inhibitors [20] and
selective androgen receptor modulators [21].

The animal models used in this report are dexametha-
sone (Dex) treated rats and naive aged rats. Dex is potent
glucocorticoid and treatment of rats with Dex to induce
myopathy is a frequently used model to evaluate drug
candidates which affect muscle size or function [22,23].
Glucocorticoids, induce acute myopathy within a few days
and reduce muscle force predominately due to atrophy of
type II muscle fibers, without affecting specific muscle
force [24]. While Dex-induced muscle atrophy selectively
affects fast fibers, there are no gross changes in architec-
ture which may explain the lack of alteration in specific
force.

Aging rats start losing muscle mass in their lower
extremities at ~18 months and become significantly
weaker than adult rats of comparable size over a period
of 4-6 months. Aging rats have many characteristics in
common with humans regarding progressive changes in
skeletal muscle architecture and selective loss of Type II
alpha motor neurons and fast fibers with age [25,26]. As
described above, therapeutic agents which affect muscle
size in humans also increase muscle size and function in
aging rats and mice [19,27-29].

Most preclinical approaches to evaluate potential thera-
peutics in animals have been focused on improving mus-
cle structure and identifying biomarkers. However, the
need for a reliable functional muscle assay that has suffi-
cient throughput to be a practical tool in preclinical
rodent studies has met with limited success. Preclinical
animal studies to measure muscle function include grip
strength, rotarod performance, treadmill performance,
dynamometer performance, and in-vitro muscle func-
tional assays of isolated muscle fibers.

The interpretation of results from most of the in-vivo
assays is complicated by inherent variability and is lim-
ited by uncontrollable voluntary behavioral factors and in
many cases, requires training and acclimation [30,31].
These factors can be especially difficult for older animals
because both the reflexive response and the learning pro-
cess in aged animals can be compromised compared to
adult animals. In-vitro force measurements on electrically
stimulated muscle fiber requires invasive fiber isolation
procedures with lower throughput and are only applic-
able to study endpoints [32,33]. The rodent dynam-
ometer evaluates isometric muscle force as well as force-
velocity and force-power relationships under isokinetic
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and isotonic conditions [34-36]. A non-invasive hydraulic
muscle assay system was developed to monitor muscle
force using external electrode stimulation, a hydraulic
piston system, and a pressure sensor [37]. The later two
assay systems are conducted under anesthetic condition,
hence eliminate voluntary factors during force measure-
ment. Furthermore, the team of Giannesini et al stimu-
lated muscle contraction using non-invasive external
electrodes. The non-invasive external electrode stimula-
tion enables the performance of multiple studies on the
same animals; it induces contractions of more than one
muscle group so that it allows evaluation of muscle
strength resulting from the combination of these forces.
It is not suitable for characterization of individual muscle
contraction. The involuntary assay systems are not com-
mercially available and the throughput remains low. We
aimed to develop a higher throughput involuntary con-
traction assay system that enables routine in-vivo studies
to screen compound efficacy to support drug discovery.

We developed the rodent involuntary muscle contrac-
tion system that electrically stimulates the lower hind
limb muscles of anesthetized rats and measures the iso-
metric force output by placing force transducers behind
the foot pedals. This system eliminates animal voluntary
factors and measures muscle functionality.

By using the custom built animal assay stage and the
automated data analysis, this system has been optimized
to have reasonable throughput for supporting routine
animal studies in drug discovery. We wanted to deter-
mine whether this system was robust and sensitive
enough to detect muscle performance changes in two dif-
ferent preclinical models of muscle loss. If this system
met these criteria then it would be widely applicable for
discovery of therapeutics to treat diseases and conditions
of muscle loss.

Methods
Animals and Animal Models
All animals were housed under equal day and night
cycles and were fed a standard diet ad libitum. All ani-
mal procedures were approved by the Merck Research
Laboratories-West Point, PA IACUC in accordance with
the National Research Council Guide for the Care and
Use of Laboratory Animals.
Aged and adult rat model
Aged and adult retired male breeder Sprague Dawley rats
at 24 months old (Charles River, Wilmington, MA) and 9
to 11 months old (Taconic, Hudson, NY) respectively
were examined. The expected life span of these rats is
approximately 30 months. They start to show mortality
by 18 months of age and show higher mortality rates and
significant muscle loss by ~24 month of age.

The body composition of the adult retired breeder rats
was determined by quantitative NMR (qNMR) and



Chiu et al. BMC Musculoskeletal Disorders 2011, 12:246
http://www.biomedcentral.com/1471-2474/12/246

results were very consistent from animal to animal. The
body compositions of 315 aged rats were also deter-
mined by gNMR and there was a high degree of varia-
bility among the animals so they were sub-grouped into
heavy, light, lean, and fat body type groups. Six indivi-
dual rats were allocated to each group based on body
weight, lean mass, fat mass, fat/lean ratio, and fat/body
weight ratio. The aged heavy and aged light animals
were differentiated based on their body weight being
significantly greater or less, respectively, than the aver-
age of the aged rats and the adult rats (average body
weight for adult, aged heavy and aged light animals was
593 + 14 g, 766 + 11 g and 574 + 17 g, respectively).
The aged fat animals were differentiated based on hav-
ing a significantly different distribution of lean and fat
(the fat/lean ratio was 21% for adult rats, 21% for aged
lean rats, 42% for aged heavy, 40% for aged light and
55% for aged fat). The lean animals were differentiated
based on having a similar weight and body composition
to the adult rats.

Dexamethasone treated rat model

Male retired breeder Sprague-Dawley rats (10 - 12 month
old, ~550 g) (Taconic, Hudson, NY) were implanted with
90 day delayed release pellets containing either 1.5 mg
dexamethasone to achieve a dose of 0.03 mg/day or pla-
cebo pellet (Innovative Research of America, Sarasota, FL).
Rats were tested 11 days after pellet implantation, since
this was the time period when the most profound muscle
atrophy was observed.

Body Composition Measurements

In live animals, fat mass and lean mass were measured
using the EchoMRI 700™ following the manufacturer’s
guidelines (Echo Medical Systems, Houston, TX). Animals
are weighed on a scale to determine total body mass and
then subjected to necropsy, by CO2 euthanasia, at the end
of each study. The plantarflexor muscle group was dis-
sected from both legs and the right side muscles are
weighed. A post hoc analysis using the Tukey-Kramer test
was used for multiple group comparisons.

Involuntary Contraction Assay

The involuntary contraction assay stage was built using
building blocks from a construction set (Fischertechnik
®, Germany) on top of a base plate. It also includes a gas
anesthesia nose cone, two 1/8” stainless steel rod elec-
trode (one at the knee and one at the heel), one 1/8”
stainless steel rod foot holder, two foot pedals with hinge
on the base to a stainless rod, and two force transducers
(FT10, Grass Instruments, West Warwick, RI) that are
attached to the foot pedals. The rats are anesthetized
with isoflurane (3-5%) and are placed belly up on the
stage. Hind paws are placed on the pedals with the femur
bone roughly perpendicular to the tibia bone (Figure 1;
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Figure 2A and Figure 2B). The hind limb is secured
tightly against the foot pedal by the electrode rods on the
knee and beneath the heel and a stainless rod on the top
of the ankle. The angle of the pedal-force transducer
assembly is adjustable to allow for a natural position
(usually ~200 backward) of the ankle joint. The place-
ment and level of stimulation of the external electrodes
on the knee and heel was optimized to result in genera-
tion of maximum observable force. This stimulation
results in movement of the foot on the foot pedal which
presses against the force transducer.

Stimulation waveforms were generated by an analog
constant voltage stimulator (S48, Grass Instruments, West
Warwick, RI) and a 10 Volt signal was split and sent two
DS3 constant current isolated stimulators (Digitimer,
Hertfordshire, England), where the amplitude of the sti-
mulation was set in mA. Each DS3 stimulates one leg.
Force transducer signals were amplified (P122, Grass
Instruments, Warwick, RI), digitized and recorded at 1
kHz (PolyView 16, Grass Instruments, Warwick, RI).

Fatigability Test

To simulate a fatiguing exercise, tetanic contractions were
evoked repeatedly by sending supramaximal square wave
pulse trains to the leg muscles. Stimulation parameters
included pulse duration, pulse frequency, train duration,
train frequency, and stimulation amplitude. Each tetanic
contraction generates a force spike. The maximum force
of each spike was obtained from the recorded raw data
using a custom LabView ® script (National Instruments
Corporation, Austin, TX) and exported as a fatigue envel-
ope (Figure 3) for graphing and further analysis, such as
curve fitting. A two-way ANOVA (force, time) and Bon-
feronni’s post hoc test were used to compare differences
between groups in force during fatiguing stimulation.

Fatigue envelope analysis

Natural muscle aging and glucocorticoid treatment both
result in a preferential loss of type II fibers [38,39]. Curve
analysis was applied to approximate the contributions of
fatiguing fibers (fast fatigable muscle myofibers, type II
fibers) and fatigue-resistant fibers (slow-/non-fatigable
myofibers, type I fibers) to the total force output. The fati-
gue envelope was curve fitted with a Boltzmann equation
that generated four parameters: maximum force (Fmax),
minimum force (Fmin), half fatigue time (time at (Fmax-
Fmin)/2, T50), and fatigue slope (slope of the fatigue
envelope at half fatigue time, SlopeT50) [40]. Fmin was
selected to represent fatigue resistant muscle force and it
was not observed to change significantly during the
recording (Figure 3) [38]. The Fmax and Fmin are defined
as the highest and the lowest muscle forces that are gener-
ated under a specific stimulation protocol. To approximate
the contribution of fatigable muscle force, we took Fmax
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Figure 1 Diagram of rodent hind limb involuntary contraction assay. The system includes surface electrodes placed at the knee and heel
(a), a foot pedal (b), and a force transducer (e). Contraction of the plantarflexor muscles (f) exerts force onto the transducer (arrow).
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Figure 2 Images of the rat involuntary contraction assay stage. The electrodes (a), foot pedal (b), foot holder (d) and foot pedal center of
rotation (c), force transducer (e) and foot pedal-force transducer assembly (h) are labeled on the images.
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Figure 3 A typical fatigue envelope recorded from a rat includes a force potentiation phase, followed by a plateau at maximum force,
a fatiguing phase, and a slow-fatiguing or fatigue-resistant phase. Parameters of a fatigue envelope include maximum force (Fmax),
minimum force (Fmin), half fatigue time (T50), slope at T50 (slopeT50), and a fatigable muscle force index (F AUCT50).

force values before T50 subtracted Fmin and integrated
the area under the curve to represent a fatigable muscle
force index (F AUCT50; Figure 3).

The indices can be used as a ratio for comparison
between different groups in the same study. One-way
analysis of variance (ANOVA) (a0 = 0.05 or 0.01) was
used to determine differences between the tested
groups.

Results

Fatigability Test Development

To optimize the stimulation protocol for tetanic force
development, we compared single tetanic stimulations
with different pulse duration and found that pulse dura-
tion of 1 ms at a frequency of 60 Hz and an amplitude
approximately 1.5 times the maximal effective stimula-
tion amplitude, resulted in a reliable supramaximal sti-
mulation and a fully fused tetanus (data not shown). To
optimize the fatigue related stimulation parameters, we
tested four different protocols on ~10-12 month old rats
and generated fatigue envelopes (Figure 4).

The chosen protocol used a train duration of 100 ms
at a train frequency of 1 Hz and produced the most sui-
table fatigue envelope which contained a stable plateau
force at around the maximum force for over 30 s and
reached a fatigue-resistant state within 2 min. The other
protocols either needed a longer time to reach fatigue
resistance or were too demanding to represent everyday
muscle use as indicated by the lack of a plateau at maxi-
mum force.

Muscle force changes differently among aged rats with
different body composition

Body weights and qNMR scans of 315 rats at 24 months
of age revealed a number of body composition types. We
assembled four representative groups, i.e. heavy, light, fat,
and lean, to compare with adult10-12 month old rats
(Figure 5). The aged lean group showed no significant
differences in body composition from the 10-12 month
old rats. The weight of the plantarflexor muscle was hea-
vier in the adult rats when compared to all aged rat sub-
groups. The lean subgroup had the next heaviest muscle
followed by the fat subgroup (Figure 6). If the plantar-
flexor muscle mass is adjusted relative to the body mass
then the aged rat groups are not different from each
other but they are significantly different from the adult
rats (relative plantarflexor mass is 0.0057 g + 0.0001 g
SEM for adult, 0.0050 g + 0.0001 g SEM for aged lean,
0.0032 + 0.0003 g SEM for aged heavy, 0.0044 + 0.000 g
SEM for aged light, and 0.0036 + 0.0002 g SEM for aged
fat groups).

The groups were also tested with the involuntary con-
traction assay (train duration of 100 ms at a train fre-
quency of 1 Hz) (Figure 7), in which the adult rats had the
strongest muscle force, followed by the aged lean group.
Using two-way ANOVA analysis (Bonferroni posttests) on
the muscle forces during the first 90 s of contractions the
muscle forces generated by adult rats are significantly
stronger than all aged groups, except the aged-lean group.
Among the aged groups, only the aged-lean group showed
significantly stronger force than the aged-fat group
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significantly reduced Fmax and slope T5, compared to the
adult rats. F AUCTS50 was significantly lower in the aged
fat group compared to the adult rats, but there was no sig-
nificant difference in F AUCT50 between the other aged
subgroups and adult rats. Fmin and Tso were not different
between groups (Figure 8). ANOVA analysis of muscle
force from all subgroups at the first 90 s of the stimulation
indicated that adult rats displayed significantly stronger
force compared to the heavy, light, and fat aged subgroups,
however no significant difference was found between the
adult rats and the aged lean subgroup. On the other hand,
the aged lean subgroup had significantly higher force
values than the aged fat subgroup (data not shown).

Muscle force is decreased in a rat model of
dexamethasone induced myopathy

Over two weeks of Dex treatment, rats exhibited a time
dependent decrease in total body mass, lean mass, and
fat mass, with a loss of hind limb muscle mass propor-
tional to the overall loss of lean mass (data not shown).
In this study, after 11 days of Dex treatment, animals had
reductions in total body mass, lean mass, and fat mass of
about 30, 33, and 53% respectively, when compared to
placebo controls (Figure 9). The plantarflexor muscles
were also reduced by 30% as compared with matching
controls (data not shown). Fatigue envelopes showed
similar profiles at baseline (Figure 10 inset); at study end
however, Dex treated rats showed a significantly reduced
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fatigable muscle force, consistent with a loss of type II
fibers (Figure 10; Menezes 2007, Seene 2003). Interest-
ingly, Dex treated rats reached the curve center at 50%
fatigue which is significantly faster than control animals
(74 vs. 87 contractions) and they did not show a typical
Fmax plateau around maximal force but instead started
fatiguing right after reaching maximum force. The Dex
treated rats showed reduced muscle performance in all
parameters and the slopeT50 and F AUCT50 were the
most affected parameters (Figure 11).

Discussion
The described non-invasive involuntary muscle contrac-
tion assay allows repeated monitoring of skeletal muscle
isometric force during preclinical drug efficacy studies
in rodents with throughputs of up to 8 animals per
hour. This system measures muscle force on anesthe-
tized animals, which eliminates the voluntary behavior
factor and enables measurement of the functional out-
put of the leg muscles. This assay system is designed to
repetitively and non-invasively monitor rat muscle func-
tionality in response to drug treatment. This non-inva-
sive assay system allows repetitive monitoring of muscle
functionality in the same animal at multiple time points
during a long term study.

There are limitations to the interpretation of changes
in muscle force data from this type of evaluation.
Although the hind limb muscles were stimulated by
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supra-maximum current, it is unknown whether both
the plantarflexor and the dorsiflexor muscle were fully
activated; this assay measures the sum of forces contrib-
uted by the agonist and antagonist effects of the plantar-
flexor and dorsiflexor muscle groups. The system
provides an indirect measurement of muscle force gen-
erated by contractions of multiple muscles, and is not
designed to assess the force contributions from specific
muscle groups or fiber types. It is expected that some of
the actual muscle force is dissipated by mechanical fric-
tion during transmission to the force transducer and by
the paw/pedal acting as a lever. Nevertheless, the fatigue
envelop generated from the involuntary contraction
assay shares a similar profile with isolated muscle tested
in an organ bath [41,42]. Still, the parameters calculated
from the fatigue envelopes are relative indicators of the
phenotype rather than documenting the true changes of
muscle force.

Using the involuntary contraction assay to perform
muscle fatigue tests provided well defined fatigue envel-
opes that show phases of force potentiation, Fmax pla-
teau, fatiguing, and fatigue resistance, thus providing
information about the amount of fatigable muscle force,
its rate of fatiguing, and the amount of remaining fati-
gue-resistant force for each subject [38]. Similar fatigue
envelopes are frequently used in clinical diagnosis of

muscular diseases and injuries, as well as in a wide array
of basic research studies on isolated mammalian skeletal
muscles [38,42-45]. Most importantly, this approach pro-
mises to bridge the gap between classical preclinical mus-
cle studies and current clinical research [43,45,46].

The fatigue slope (Slope T50) and the fatigable area
under the curve (F AUCT50) are useful parameters to
describe muscle functionality in this test. The calcula-
tion of functional indices of approximate force contribu-
tions of fatigable and fatigue-resistant muscle fibers may
enable us to distinguish functional drug effects on myo-
fiber subtypes. However, using Fmin as a cutoff to
approximate the contribution of fatigue-resistant muscle
fibers to the total force before the curve center is likely
to result in an underestimate, because those fibers do
show some fatiguing during the latter part of the muscle
fatiguing test. Therefore the fatigable index might also
be higher than estimated. In the Dex study, this effect
might skew the comparison of the functional index
ratios between vehicle and Dex treated groups, since
Fmin is very similar in both groups and therefore rela-
tively larger in the weaker Dex treated rats. Nonetheless,
comparing functional indices and their ratios within a
study should provide relevant information about differ-
ences in fiber type composition of the tested leg
muscles.
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Further investigation including fiber type histology will
be necessary to refine our approximations. Most aged rats
showed a profound loss of fatigable force and a somewhat
diminished fatigue-resistant force when compared to their
adult counterparts, as indicated by comparing Fmin and F
AUCTS50. It has been reported in aging rats that the stron-
ger type II myofibers degenerate faster than the fatigue-
resistant type I [39] and our results are consistent with
these observations, however immunohistochemical char-
acterization of the muscle is needed to confirm the distri-
bution of fiber types. The lean group showed the best
performance among the aged subgroups, while the signifi-
cantly weaker muscle function of the fat group could be
due to a higher infiltration of fat within the muscle archi-
tecture [47]. Dex treated animals showed a significant
reduction in fatigable muscle force but only a relatively
minor reduction of fatigue-resistant force, which confirms
previously published results where type II fibers were sig-
nificantly more affected by Dex treatment than type I
[22,48] and provides support for Dex treatment as a
potential animal model to represent muscle aging. The
lack of an Fmax plateau and a shorter half fatigue time
(T50) could be due to reduced energy resources for type II
fibers, which would agree with reports indicating
decreased glucose uptake and decreased glycogen synth-
esis in Dex treated rats [49].

Conclusions

In summary, the fatigue tests that were performed in the
two different studies, using our custom built involuntary
contraction assay system, provided data that are validated
by the literature. This indicates that the assay system is a
reliable way to assess muscle function in rat. Overall, per-
forming fatigue tests with the involuntary contraction
assay has effectively revealed changes in functional muscle
parameters in preclinical rodent studies and it promises to
be a useful tool to evaluate the efficacy of sarcopenia treat-
ments and may enhance drug discovery for muscular dys-
trophies as well. The described approach could be a
reliable bridge between preclinical and clinical studies,
since it should be translatable to clinical research.

Abbreviations

(Dex): dexamethasone; (QNMR): quantitative NMR; (Fmax): minimum force;
(Fmin): maximum force; (ANOVA): one-way analysis of variance; (Slope T50):
fatigue slope; (F AUCT50): fatigable area under the curve; (T50): half fatigue
time;

Acknowledgements

We acknowledge Ms. Catherine Harlan and Ms. Shivani Joshi, of Merck
Research Laboratories, for their contributions during the early development
of the involuntary contraction assay system. We thank Boyd Scott PhD, of
Merck Research Laboratories, for assistance with preparing this manuscript.
Funding

This study was funded by Merck and Company, Inc.

Page 11 of 12

Author details

'Department of Molecular Endocrinology, Merck Research Laboratories, West
Point, Pennsylvania 19486, USA. Research Operations, Merck Research
Laboratories, West Point, Pennsylvania 19486, USA. 3Research Operation,
Merck Research Laboratories, Rahway, New Jersey 07065, USA.

Authors’ contributions

CCS designed and coordinated in-vivo studies, animal necropsy, analyzed
data, and drafted and revised the manuscript. WH built the involuntary assay
stage, conducted the involuntary contraction assay, and revised the
manuscript. AdS involved in animal dosing and body composition analysis
and performed necropsy and tissue collection. RA involved in the assay
stage mechanical and electrical design and involuntary contraction assay
data acquisition and analysis.

GM involved in animal dosing and animal necropsy. AlS involved in drafting
the manuscript and provided critical intellectual inputs. KG supported and
commented the mechanical design of the assay stage and provided critical
intellectual input. FO approved this study and provided critical intellectual
input.

WHA approved this study, drafting and revising the manuscript, provided
critical intellectual comments, and is the corresponding author. All authors
read and approved the final manuscript.

Competing interests

All authors are or were employed by Merck and Company, Inc. at the time
the paper was written. Dr. Osvaldo Flores has since left the company. The
authors potentially hold stock or stock options in the company.

Received: 29 April 2011 Accepted: 28 October 2011
Published: 28 October 2011

References

1. Theou O, Jones GR, Overend TJ, Kloseck M, Vandervoort AA: An exploration
of the association between frailty and muscle fatigue. App! Physiol Nutr
Metab 2008, 33:651-665.

2. United Nations DoEaSA: WORLD POPULATION AGEING: 1950-2050.
UNITED NATIONS PUBLICATIONS 2002, E.02.XI11.03.

3. Bauer JM, Sieber CC: Sarcopenia and frailty: a clinician’s controversial
point of view. Exp Gerontol 2008, 43:674-678.

4. Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di lorio A,

Corsi AM, Rantanen T, Guralnik JM, Ferrucci L: Age-associated changes in
skeletal muscles and their effect on mobility: an operational diagnosis of
sarcopenia. J Appl Physiol 2003, 95:1851-1860.

5. Reid KF, Naumova EN, Carabello RJ, Phillips EM, Fielding RA: Lower
extremity muscle mass predicts functional performance in mobility-
limited elders. J Nutr Health Aging 2008, 12:493-498.

6. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, Berkman LF, Blazer DG,
Scherr PA, Wallace RB: A short physical performance battery assessing
lower extremity function: association with self-reported disability and
prediction of mortality and nursing home admission. J Gerontol 1994, 49:
M85-94.

7. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J,
Seeman T, Tracy R, Kop WJ, Burke G, McBurnie MA: Frailty in older adults:
evidence for a phenotype. J Gerontol A Biol Sci Med Sci 2001, 56:M146-156.

8. Schroeder ET, Castaneda-Sceppa C, Wang Y, Binder EF, Kawakubo M,
Stewart Y, Storer T, Roubenoff R, Bhasin S, Yarasheski KE, et al: Hormonal
regulators of muscle and metabolism in aging (HORMA): design and
conduct of a complex, double masked multicenter trial. Clin Trials 2007,
4:560-571.

9. Reuben DB, Siu AL: An objective measure of physical function of elderly
outpatients. The Physical Performance Test. J Am Geriatr Soc 1990,
38:1105-1112.

10.  Frontera WR, Reid KF, Phillips EM, Krivickas LS, Hughes VA, Roubenoff R,
Fielding RA: Muscle fiber size and function in elderly humans: a
longitudinal study. J Appl Physiol 2008, 105:637-642.

11. Behnke BJ, Delp MD, Dougherty PJ, Musch T, Poole DC: Effects of aging
on microvascular oxygen pressures in rat skeletal muscle. Respir Physiol
Neurobiol 2005, 146:259-268.

12. Dinenno FA, Jones PP, Seals DR, Tanaka H: Limb blood flow and vascular
conductance are reduced with age in healthy humans: relation to


http://www.ncbi.nlm.nih.gov/pubmed/18641707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18641707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18440743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18440743?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14555665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14555665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14555665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18615232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18615232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18615232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8126356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8126356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8126356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11253156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11253156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17942471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17942471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17942471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2229864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2229864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18556434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18556434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15766914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15766914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10402446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10402446?dopt=Abstract

Chiu et al. BMC Musculoskeletal Disorders 2011, 12:246
http://www.biomedcentral.com/1471-2474/12/246

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

elevations in sympathetic nerve activity and declines in oxygen
demand. Circulation 1999, 100:164-170.

Narici MV, Maganaris CN, Reeves ND, Capodaglio P: Effect of aging on
human muscle architecture. J Appl Physiol 2003, 95:2229-2234.

Lexell J, Downham D: What is the effect of ageing on type 2 muscle
fibres? J Neurol Sci 1992, 107:250-251.

Gao W, Reiser PJ, Coss CC, Phelps MA, Kearbey JD, Miller DD, Dalton JT:
Selective androgen receptor modulator treatment improves muscle
strength and body composition and prevents bone loss in
orchidectomized rats. Endocrinology 2005, 146:4887-4897.

Ohsawa Y, Hagiwara H, Nakatani M, Yasue A, Moriyama K, Murakami T,
Tsuchida K, Noji S, Sunada Y: Muscular atrophy of caveolin-3-deficient
mice is rescued by myostatin inhibition. J Clin Invest 2006, 116:2924-2934.
Carlson ME, Hsu M, Conboy IM: Imbalance between pSmad3 and Notch
induces CDK inhibitors in old muscle stem cells. Nature 2008,
454:528-532.

Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, Lisi MT,
Gamradt M, ap Rhys CM, Holm TM, Loeys BL, et al: Angiotensin Il type 1
receptor blockade attenuates TGF-beta-induced failure of muscle
regeneration in multiple myopathic states. Nat Med 2007, 13:204-210.
Beitzel F, Sillence MN, Lynch GS: beta-Adrenoceptor signaling in
regenerating skeletal muscle after beta-agonist administration. Am J
Physiol Endocrinol Metab 2007, 293:E932-940.

Di Bari M, van de Poll-Franse LV, Onder G, Kritchevsky SB, Newman A,
Harris TB, Williamson JD, Marchionni N, Pahor M: Antihypertensive
medications and differences in muscle mass in older persons: the
Health, Aging and Body Composition Study. J Am Geriatr Soc 2004,
52:961-966.

Stoch SA, Freidman EJ, Zhou Y, Bonilla J, Xu Y, Binkowitz B, Chodakewitz JA,

Wagner JA: A 12-week pharmacokinetic (PK) and pharmacodynamic (PD)
study of MK-0773 in healthy older men. Abstract from the Society for
Endocrinology annual meeting, San Francisco 2008.

Pellegrino MA, D'Antona G, Bortolotto S, Boschi F, Pastoris O, Bottinelli R,
Polla B, Reggiani C: Clenbuterol antagonizes glucocorticoid-induced
atrophy and fibre type transformation in mice. Exp Physiol 2004,
89:89-100.

Shin YS, Fink H, Khiroya R, Ibebunjo C, Martyn J: Prednisolone-induced
muscle dysfunction is caused more by atrophy than by altered
acetylcholine receptor expression. Anesth Analg 2000, 91:322-328.

Ruff RL, Martyn D, Gordon AM: Glucocorticoid-induced atrophy is not due
to impaired excitability of rat muscle. Am J Physiol 1982, 243:E512-521.
Cederna PS, Asato H, Gu X, van der Meulen J, Kuzon WM Jr, Carlson BM,
Faulkner JA: Motor unit properties of nerve-intact extensor digitorum
longus muscle grafts in youngand old rats. J Gerontol A Biol Sci Med Sci
2001, 56:8254-258.

Sugiura M, Kanda K: Progress of age-related changes in properties of
motor units in the gastrocnemius muscle of rats. J Neurophysiol 2004,
92:1357-1365.

Carter CS, Cesari M, Ambrosius WT, Hu N, Diz D, Oden S, Sonntag WE,
Pahor M: Angiotensin-converting enzyme inhibition, body composition,
and physical performance in aged rats. J Gerontol A Biol Sci Med Sci 2004,
59:416-423.

Kovacheva EL, Hikim AP, Shen R, Sinha |, Sinha-Hikim I: Testosterone
supplementation reverses sarcopenia in aging through regulation of
myostatin, c-Jun NH2-terminal kinase, Notch, and Akt signaling
pathways. Endocrinology 2010, 151:628-638.

Siriett V, Salerno MS, Berry C, Nicholas G, Bower R, Kambadur R, Sharma M:
Antagonism of myostatin enhances muscle regeneration during
sarcopenia. Mol Ther 2007, 15:1463-1470.

Maurissen JP, Marable BR, Andrus AK, Stebbins KE: Factors affecting grip
strength testing. Neurotoxicol Teratol 2003, 25:543-553.

Kuhn PL, Petroulakis E, Zazanis GA, McKinnon RD: Motor function analysis
of myelin mutant mice using a rotarod. Int J Dev Neurosci 1995,
13:715-722.

Faulkner JA, Brooks SV: An in situ single skeletal muscle model of
contraction-induced injury: mechanistic interpretations. Basic and Applied
Myology 1994, 46.

Lynch GS, Rodgers BJ, Williams DA: The effects of age and low-intensity
endurance exercise on the contractile properties of single skinned fast-
and slow-twitch skeletal muscle fibres. Growth Dev Aging 1993,
57:147-161.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12 of 12

Ashton-Miller JA, He Y, Kadhiresan VA, McCubbrey DA, Faulkner JA: An
apparatus to measure in vivo biomechanical behavior of dorsi- and
plantarflexors of mouse ankle. J Appl Physiol 1992, 72:1205-1211.

Cutlip RG, Stauber WT, Willison RH, McIntosh TA, Means KH: Dynamometer
for rat plantar flexor muscles in vivo. Med Biol Eng Comput 1997,
35:540-543.

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.

Giannesini B, Izquierdo M, Le Fur Y, Cozzone PJ, Fingerle J, Himber J,
Kunnecke B, Von Kienlin M, Bendahan D: New experimental setup for
studying strictly noninvasively skeletal muscle function in rat using
THmagnetic resonance (MR) imaging and 31P-MR spectroscopy. Magn
Reson Med 2005, 54:1058-1064.

Burke RE, Levine DN, Tsairis P, Zajac FE: Physiological types and
histochemical profiles in motor units of the cat gastrocnemius. J Physiol
1973, 234:723-748.

Korhonen MT, Cristea A, Alen M, Hakkinen K, Sipila S, Mero A, Viitasalo JT,
Larsson L, Suominen H: Aging, muscle fiber type, and contractile function
in sprint-trained athletes. J Appl Physiol 2006, 101:906-917.

Russ DW, Vandenborne K, Binder-Macleod SA: Factors in fatigue during
intermittent electrical stimulation of human skeletal muscle. J App/
Physiol 2002, 93:469-478.

Clausen T, Overgaard K, Nielsen OB: Evidence that the Na+-K+ leak/pump
ratio contributes to the difference in endurance between fast- and
slowtwitch muscles. Acta Physiol Scand 2004, 180:209-216.

Cairns SP, Robinson DM, Loiselle DS: Double-sigmoid model for fitting
fatigue profiles in mouse fast- and slow-twitch muscle. £xp Physiol 2008,
93:851-862.

Bickel CS, Slade JM, Warren GL, Dudley GA: Fatigability and
variablefrequency train stimulation of human skeletal muscles. Phys Ther
2003, 83:366-373.

Binder-Macleod SA, Scott WB: Comparison of fatigue produced by various
electrical stimulation trains. Acta Physiol Scand 2001, 172:195-203.

Thomas CK, Griffin L, Godfrey S, Ribot-Ciscar E, Butler JE: Fatigue of
paralyzed and control thenar muscles induced by variable or constant
frequency stimulation. J Neurophysiol 2003, 89:2055-2064.

Griffin L, Jun BG, Covington C, Doucet BM: Force output during fatigue
with progressively increasing stimulation frequency. J Electromyogr
Kinesiol 2008, 18:426-433.

Visser M, Kritchevsky SB, Goodpaster BH, Newman AB, Nevitt M, Stamm E,
Harris TB: Leg muscle mass and composition in relation to lower
extremity performance in men and women aged 70 to 79: the health,
aging and body composition study. J Am Geriatr Soc 2002, 50:897-904.
Schakman O, Gilson H, Thissen JP: Mechanisms of glucocorticoid-induced
myopathy. J Endocrinol 2008, 197:1-10.

Buren J, Lai YC, Lundgren M, Eriksson JW, Jensen J: Insulin action and
signalling in fat and muscle from dexamethasone-treated rats. Arch
Biochem Biophys 2008, 474:91-101.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2474/12/246/prepub

doi:10.1186/1471-2474-12-246

Cite this article as: Chiu et al. Non-invasive muscle contraction assay to
study rodent models of sarcopenia. BMC Musculoskeletal Disorders 2011
12:246.



http://www.ncbi.nlm.nih.gov/pubmed/10402446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10402446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12844499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12844499?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1564525?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1564525?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16099859?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17039257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17039257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552838?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17237794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17237794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17237794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17623752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17623752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15161462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15161462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15161462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15109214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15109214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10910842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10910842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10910842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7149022?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7149022?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11382787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11382787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15084644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15084644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15123750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15123750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20022929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20022929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20022929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20022929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17551508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17551508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12972067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12972067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8787862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8787862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8244620?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8244620?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8244620?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1568975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1568975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1568975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9374061?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9374061?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14504946?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14504946?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16193467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16193467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16193467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4148752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4148752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16690791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16690791?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12133852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12133852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14738479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14738479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14738479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18344260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18344260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12665407?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12665407?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11472306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17208012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17208012?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12028178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12028178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12028178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18372227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18372227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18328801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18328801?dopt=Abstract
http://www.biomedcentral.com/1471-2474/12/246/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and Animal Models
	Aged and adult rat model
	Dexamethasone treated rat model

	Body Composition Measurements
	Involuntary Contraction Assay
	Fatigability Test
	Fatigue envelope analysis

	Results
	Fatigability Test Development
	Muscle force changes differently among aged rats with different body composition
	Muscle force is decreased in a rat model of dexamethasone induced myopathy

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history

