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Summary

Muscle extracellular matrix (ECM) plays an important
role in maintaining muscular integrity and force
transduction. However, the role of ECM in skeletal
muscle atrophy remains unknown. In this study, we
employed two clinically relevant mouse models of
Achillotenotomy and hindlimb suspension to simu-
late Achilles tendon rupture and hindlimb disuse. The
gastrocnemius was harvested following two weeks of
treatment. We hypothesized that degradation of mus-
cle ECM basement membrane lead to dysfunction of
muscle contractility. Our results demonstrated a sig-
nificant reduction of gastrocnemius single twitch
force, isometric tetanic force, and contraction veloci-
ty following tendon rupture (p<0.001), but not disuse.
Additionally, up-regulation of matrix metallopro-
teinase-2 (MMP-2) was observed only after tendon
rupture (p=0.00234). These findings suggest that
ECM remodeling and basement membrane degrada-
tion due to MMP-2 may be responsible for declined
muscle contractibility. Inhibiting ECM degradation
enzymes may be a potential treatment strategy for
skeletal muscle atrophy after tendon rupture. 
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Introduction

Skeletal muscle atrophy, defined as the reduction of
muscle mass, impacts patients recovering from surgery,
injury, and immobility. It is a serious condition that pro-
duces significantly weaker musculature ensuing in ad-
verse functional consequences1, leading to a diminished
muscle force generation. 
Patients undergoing limb disuse are highly susceptible to
developing muscle wasting diseases. The cause-and-ef-
fect relationship between limb unloading and disuse atro-
phy has been identified2. Limb immobilization, including
wheelchair confinement, bed rest, and external casts all
result in a loss of muscle mass. A disuse period as short
as one week can result in a net reduction of muscle
weight and protein synthesis3-5. Although the exact
mechanism is unknown, a possible pathway responsible
for muscle weight loss after disuse is the ubiquitin-pro-
teasome protein degradation6, 7. 
Muscle atrophy following tendon rupture is another com-
mon complication seen by other physicians in addition to
orthopaedic surgeons. Although previous studies have
outlined detailed biochemical and histological properties
of tendons after tendon rupture and some of these find-
ings have been incorporated into the clinical realm, little
is known regarding the mechanical response of muscles
to tendon injury8, 9. 
Previous studies, including our own, have indicated that the
skeletal muscle extracellular matrix (ECM) plays a critical
role in muscle atrophy induced by tendon rupture10. The
ECM forms a complex architecture that not only integrates
mechanical signals, but also stores them to ensure optimal
force transmissions11-14. There has been a growing body
of evidence showing that ECM participates in fiber force
transduction, maintains muscle normal function, and affects
a muscleʼs ability to adapt to disease and injury15, 16. One
important component of the ECM is the basement mem-
brane, which mainly consists of type IV collagen and
laminin. Interactions between components of the base-
ment membrane provide a potential mechanism for lateral
force transmission from myofibers. In our previous study,
we have observed a significant reduction of collagen IV and
laminin content with increased expression of a basement
membrane degradation enzyme-matrix metalloproteinase-
2 (MMP-2) in mouse gastrocnemius (GA) muscles after
Achillotenotomy17. However, to our knowledge, there has
not been a well-characterized study establishing the rela-
tionship between basement membrane degradation and
muscle contractibility after tendon rupture.
The purpose of this study was to evaluate the relationship
between basement membrane integrity and muscle con-
tractility using two clinically relevant mouse atrophy mod-
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els-Achillotenotomy (AT) and hindlimb suspension (HS).
Our hypothesis was that basement membrane degradation,
as mediated by MMP-2 leads to reduced muscle contrac-
tility in both AT and HS. 

Materials and methods 

Muscle Atrophy Mouse Models

This study was approved by our local Institutional Ani-
mal Care and Use Committee (IACUC). Thirty-six adult
male mice (FVB/NJ strain) at 12 weeks were obtained
from Charles River Laboratories Inc. Twelve mice un-
derwent complete unilateral transection of the Achilles
tendon. Contralateral sides served as non-treated con-
trol. The surgery followed the same procedures as de-
scribed previously17. 
Twenty-four mice were used for the HS model. Twelve
of these mice were suspended by the tails as described
previously18. Twelve mice were kept in identical cages
but without suspension as controls. Daily inspections
were done for signs of possible tail lesions, discoloring,
or discomfort. 

Muscle Biomechanical Testing

All mice underwent in situ muscle functional testing on
GA muscles 2 weeks after surgery/suspension. The
Achilles tendon was exposed and attached to a force
transducer (Grass Tech FT03 Transducer, Astro-Med
Inc) by using a 4-0 suture silk. The femur was securely
clamped and fixed to the table. A bipolar electrode was
inserted through the sciatic nerve to stimulate muscle
contraction. Animals were under isoflurane anesthesia
during the entire procedure, and maintained at an am-
bient temperature of 30° C using a heating lamp. Every
measurement was preceded by 2 minutes of rest to al-
low muscle relaxation before new stimulations. Single
pulse stimuli (12 V, 0.02 sec duration) were applied
with 0.5 mm increments of muscle-tendon length to es-
tablish optimum twitch force. Tetanic contractions were
achieved by stimulating the sciatic nerve with a train of
pulses with supramaximal stimulus intensity (12 V, 0.5
sec duration, 100-180 Hz). The frequency of train plus-
es was adjusted in 20 Hz increments until the maximum
isometric tetanic force was obtained. Twitch velocity
was calculated as the rate at which single pulses were
generated over a unit time. Data was acquired through
Poly View 16 program (Grass Tech, Astro-Med Inc.) at
a sampling rate of 4000 Hz. 

Muscle Harvesting

Immediately following muscle mechanical testing, all mice
from AT and HS groups were sacrificed. GA muscles were
harvested and the remaining tendon was removed at the
muscle-tendon junction. The wet weight of the muscle was
measured immediately17. Muscle was divided transversely
into halves for histological and biological analysis.

Histology

Muscle samples were mounted on cork discs with 10%
w/v tragacanth gum (Sigma-Aldrich Inc.) in water and
flash frozen in liquid nitrogen-cooled isopentane17.
They were then cyro-sectioned at -20º C at a thickness
of 10 μm. Only sections at the bellies of the muscles
were used for histological analysis. Sections were
stained with Massonʼs Trichrome Kit for connective tis-
sue (FisherSci Inc.) using manufacturerʼs instructions.
Muscle fiber cross-sectional area was determined using
Image J Software (NIH). Five hundred fibers in each
muscle sample were calculated in the mid-section of
gastrocnemius bellies, with a total of four samples cho-
sen randomly (2,000 fibers total) for measurement
analysis as described previously19. 

Immunofluorescence Staining 

Immunofluorescence staining was performed for type
IV collagen and laminin. Representative frozen cross
sections were incubated with an anti-type IV collagen
monoclonal antibody (1:2,000, Abcam Inc.) and anti-
laminin monoclonal antibody (1:25, Sigma-Aldrich Inc.)
at 4° C overnight. Sections were then incubated with
rhodamine conjugated secondary antibody (Santa Cruz
Biotechnology Inc.) for 1 hour at room temperature in
the dark on the following day. Pictures of the samples
were taken with a camera attached to a fluorescence
microscope (Zeiss Axiovert 200 M, Zeiss Inc.) with con-
stant exposure time. The intensity of fluorescence was
measured using Image J software to compare the rela-
tive intensity of fluorescence between samples as de-
scribed previously20.

Reverse Transcription Polymerase Chain Reaction 
(RT-PCR).

Total RNA was isolated using Trizol reagent (Invitrogen
Inc.) according to manufacturerʼs instructions. Isolated
RNA was quantified and normalized to synthesize cD-
NA using a Transcriptor First Strand cDNA Synthesis
Kit (Roche Applied Bioscience Inc.). RT-PCR was per-
formed to quantify the expression of MMP-2 in our mus-
cle samples using a Light Cycler 480 SYBR Green I
Master kit (Roche Applied Bioscience) on a Prism
7900HT detection system (Applied Biosystems Inc.)
with MMP-2 primers: (forward) 5ʼ-GCCTCATA-
CACAGCGTCAATCTT-3ʼ and (reverse) 5ʼ-CGGTT-
TATTTGGCGGACAGT-3ʼ. MMP-2 gene expression
was normalized to GAPDH: (forward) 5ʼTGCACCAC-
CAACTGCTTAG-3ʼ and (reverse) 5ʼ-GGAT-
GCAGGGATGATGTTC-3ʼ.

Zymography

Total protein was isolated using tissue protein extraction
reagent (T-PER, Pierce Biotechnology Inc.) according to
manufacturerʼs instructions. Once protein levels were nor-
malized, 60 μg of protein were loaded on 10% Novex®
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both models (Fig. 3). However, significantly reduced fluo-
rescence intensity of both laminin (p=0.00182) and colla-
gen IV (p=0.0177) was observed only following 2 weeks
of AT, not HS (Figs. 6-8).

MMP-2 RT-PCR and Zymography

MMP-2 mRNA expression was significantly up-regulat-
ed in GA muscles only after AT (p<0.001, Fig. 9). Zy-
mography demonstrated that significant up-regulation
of MMP-2 activities, both pro-enzymatic (p=0.00949)
and activated (p=0.00234) forms, was seen only in the
AT model (Fig. 10). 

Discussion 

The purpose of our current investigation was to evaluate
the mechanical properties of GA following Achilles tendon
rupture and hindlimb unloading via gross, functional, his-
tological, and biochemical assessments. Our data showed
that despite similar degrees of reduction in muscle weight
and fiber cross-section area, muscle contractile properties
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Figure 1. Comparison of gastrocnemius muscle weight be-
tween control and treatment groups following 2 weeks of
hindlimb suspension and Achillotenotomy. Error bars rep-
resent standard deviation. *represents statistical signifi-
cance (compared to the control group within each model).

Zymogram gels (Invitrogen Inc.). After an overnight incu-
bation, the gels were stained with Simply Blue Safe Stain
(Invitrogen Inc.) for 1 hour. Densitometric measurements
were determined using Image J Software (NIH). 

Statistical Analysis 

For muscle weight and force analysis, a paired T-test
was used to compare differences between the treatment
and its control within each model. Statistical significance
was defined as a p value of less than 0.05. Data was
presented as the mean +/- standard deviation.

Results

There was no animal lost during or after surgery/sus-
pension. 

Muscle Wet Weight and Force Results

Significant GA wet weight loss was found after 2 weeks
of AT and HS compared to their respective controls
(p<0.001, Fig. 1 and Tab. 1). Significant GA single
twitch force drop, isometric tetanic force drop, and
twitch contraction velocity drop were only found in the
AT model, but not in the HS model (p<0.001 for every
comparison, Fig. 2 and Tab. 1). 

Histological Analysis

Fiber anatomical cross-section area significantly de-
creased after two weeks of AT and HS compared to
their respective controls (p<0.001, Fig. 4 and 5). 

ECM Staining

Massonʼs Trichrome staining showed no notable change
of total collagen content in treated and control muscles of

Table 1. Summary of muscle weight, force, and fiber cross-section area in both models.

Hindlimb Suspension Achillotenotomy

Control Treated Control Treated

Sample Size (N) 12 12 12 12

Gastrocnemius Gross Outcomes

Absolute Muscle Weight (mg) 154 ± 18 122 ± 13* 141 ± 15 105 ± 24*

Gastrocnemius Functional Outcomes

Absolute Maximum Tetanic Force (mN) 1,782 ± 572 1,807 ± 580 1,946 ± 465 887 ± 439*

Absolute Single Twitch Force (mN) 308 ± 122 284 ± 70 415 ± 89 176 ± 95*

Single Twitch Force Produced 11,744 ± 5,335 11,503 ± 3,611 11,847 ± 3,168 4,775 ± 1,898*
per Unit Time (mN/sec)

Gastrocnemius Histological Outcomes

Muscle Fiber Cross Section Area (μm2) 2,370 ± 832 1,515 ± 574* 2,151 ± 918 1,485 ± 706*

* represents statistical significance (p<0.001, compared to the control group within each model).
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Figure 3. Typical images of Massonʼs Trichrome Staining (at
10x magnification) of gastrocnemius muscles in the control
and treated groups after 2 weeks of hindlimb suspension/
Achillotenotomy.

Figure 6. Typical images of immunofluorescence staining of
type IV collagen (10x magnification) in the control and treated
groups after 2 weeks of hindlimb suspension/Achillotenotomy.

Figure 5. Comparison of gastrocnemius fiber cross-section
area in control and treated groups after 2 weeks of hindlimb
suspension/ Achillotenotomy. Error bars represent standard
deviation. * represents statistical significance (compared to
the control group within each model).

Figure 4. Histogram distribution of gastrocnemius anatomical
fiber cross-section area of the control and treated groups af-
ter 2 weeks of hindlimb suspension/Achillotenotomy.

Figure 2. Comparison of gastrocnemius single twitch force, isometric
tetanic force, and contraction velocity between control and treatment
groups following 2 weeks of hindlimb suspension and Achillotenotomy.
Error bars represent standard deviation. *represents statistical signifi-
cance (compared to the control group within each model).
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Figure 9. Typical images of immunofluorescence staining of
laminin (10x magnification) in the control and treated groups
after 2 weeks of hindlimb suspension/Achillotenotomy.

Figure 8. Semi-quantitative measurement of fluorescence intensity of laminin and type IV collagen staining of gastrocnemius
muscles in the control and treated groups after 2 weeks of hindlimb suspension/Achillotenotomy. *represents statistical sig-
nificance (compared to the control group within each model).

Figure 7. Fold change of MMP-2 mRNA expression following
2 weeks of hindlimb suspension and Achillotenotomy. Error
bars represent standard deviation. *represents statistical sig-
nificance (compared to the control group within each model).

Figure 10. Typical zymography image of MMP-2 activity following 2 weeks of hindlimb suspension and Achillotenotomy.
Semi-quantitative measurement of band intensity showed both pro- and active forms of MMP-2 were up-regulated in gas-
trocnemius muscles after Achillotenotomy, but not after hindlimb suspension. *represents statistical significance (compared
to the control group within each model).



only significantly reduced in the AT model. These findings
suggest that tendon rupture has a more profound influence
on muscle biomechanics compared to disuse. Our data has
important clinical implications when considering muscle
contractility following tendon rupture as well as consider-
ing potential therapeutic modalities to alter the develop-
ment of muscle atrophy following AT.
Based on our results, the reduction of GA wet weight was
proportional to the reduction of fiber cross-section area,
suggesting that muscle weight loss was mainly due to the
reduction of muscle fiber size. Interestingly, in situ biome-
chanical testing demonstrated different functional out-
comes between HS and AT models. In the HS group, sin-
gle twitch force, tetanic force, and contraction velocity did
not undergo significant change. Muscle contractibility was
relatively preserved over the 2-week suspension period.
However, in the AT model, muscle single twitch force and
tetanic force dropped an average of 58% and 54%, re-
spectively, compared to a 21% drop of wet weight. This dis-
crepancy suggests that in addition to fiber size reduction,
there may be different intrinsic mechanisms following ten-
don rupture and unloading disuse.    
Since wet weight and fiber cross-section area dropped
roughly the same percentage in both models, it is unlikely
that the dramatic discrepancy of muscle mechanical func-
tion between both models was caused by the reduction of
muscle fiber number and size. Though it accounts for only
1-10% of the skeletal muscle by mass21, 22, the intramuscu-
lar connective tissue or the ECM has been known to play a
critical role in organizing muscle fibers and ensuring its pas-
sive elastic response23, 24. While the Massonʼs Trichrome
staining showed no apparent alteration of total collagen con-
tents of GA between two atrophy models, immunofluores-
cence staining of the basement membrane did reveal that
two of its major components-type IV collagen and laminin,
were significantly degenerated after tendon rupture.  
The alteration of basement membrane structure or com-
ponents is a relatively under-investigated area in skeletal
muscle research. It has been hypothesized for contributing
to overall muscle strength and elasticity, although direct
biophysical analysis is lacking25. The most abundant pro-
tein of the basement membrane is the triple-helical type IV
collagen, while the major non-collagenous protein is
laminin. Together they form distinct networks cemented by
covalent cross-links of glycoprotein enactin/nidogen26.
These components then bear a multitude of recognition
sites that ultimately lead to the interaction with the cy-
toskeleton. The basement membrane may provide a sig-
nificant fraction of the muscle tensile strength due to its
complex association with reticular lamina, basal lamina,
plasma membrane, and cytoskeleton26-28. 
MMP-2 is an ECM degrading enzyme tightly related to
basement membrane remodeling. Collagen IV is a known
substrate for MMP-2, which undergoes elevated expres-
sions in various physiological and pathological events re-
lated to basement membrane metabolism, such as tissue
repair, angiogenesis, and arterial enlargement10, 29-32. In
our study, we found that MMP-2 expression and activity
were only up-regulated in atrophic muscle after tendon rup-
ture, not after suspension-induced disuse. In our previous
study, we have shown that in MMP-2 knockout mice, col-
lagen IV and laminin were relatively well preserved after

AT10. This suggests that MMP-2 plays an important role in
basement membrane degradation after tendon rupture.
It was surprising that muscle mechanical properties were
largely preserved after 2 weeks of unloading disuse in spite
of about 25% weight loss and fiber size reduction, suggest-
ing that moderate amount of single fiber size reduction may
not necessarily lead to muscle weakness at the gross level
after a relatively short period of disuse. Fiber organization
and force transmission are probably more important to mus-
cle mechanical properties at the gross level. 
There are several limitations to this study. First, a single
time point of 2-week treatments was used for assessment.
Previous work, including our own, has shown significant
muscle atrophy at 2 weeks after AT and HS17, 33. Thus, we
believe that 2 weeks is an appropriate time point for this
study. However, longer time points will be considered in fu-
ture studies. Secondly, it should be noted that “unloaded”
muscles in our HS model were not completely “disused”.
The mice were allowed to move their legs in their daily ac-
tivities, though they were non-weight bearing. Third, in this
study, we only investigated a single muscle (GA), which
consists of a combination of fast-twitched and slow-
twitched fibers. Other muscles, especially relatively pure
fast-twitched and slow-twitched muscles will be included in
future studies. Finally, other measurements of muscle me-
chanical properties, such as muscle fatigue and stiffness,
were not evaluated. 
In summary, we report that a dichotomy exists between
basement membrane degradation and muscle contractili-
ty following tendon rupture and disuse atrophy. Our find-
ings suggest that the basement membrane plays an im-
portant role in maintaining muscle contractility. Preserving
its integrity may be a direction in developing new thera-
peutic treatments of muscle atrophy. 

Abbreviations 

Achillotenotomy-AT.
extracellular matrix-ECM.
gastrocnemius-GA.
hindlimb suspension-HS.
matrix metalloproteinase-2-MMP-2.
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