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Pharmacologic strategies have provided modest improvement in the devastating muscle-wasting disease,
Duchenne muscular dystrophy (DMD). Pre-clinical gene therapy studies have shown promise in the mdx
mouse model; however, studies conducted after disease onset fall short of fully correcting muscle strength
or protecting against contraction-induced injury. Here we examine the treatment effect on muscle physiology
in aged dystrophic mice with significant disease pathology by combining two promising therapies: micro-
dystrophin gene replacement and muscle enhancement with follistatin, a potent myostatin inhibitor.
Individual treatments with micro-dystrophin and follistatin demonstrated marked improvement in mdx mice
but were insufficient to fully restore muscle strength and response to injury to wild-type levels. Strikingly,
when combined, micro-dystrophin/follistatin treatment restored force generation and conferred resistance
to contraction-induced injury in aged mdx mice. Pre-clinical studies with miniature dystrophins have failed to
demonstrate full correction of the physiological defects seen in mdx mice. Importantly, the addition of a
muscle enhancement strategy with delivery of follistatin in combination with micro-dystrophin gene therapy
completely restored resistance to eccentric contraction-induced injury and improved force. Eccentric contrac-
tion-induced injury isapre-clinicalparameter relevant to theexercise induced injury thatoccurs inDMDpatients,
and herein, we demonstrate compelling evidence for the therapeutic potential of micro-dystrophin/follistatin
combinatorial therapy.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most severe form
of childhood muscular dystrophy. As a monogenic disease
with the absence of dystrophin, DMD is potentially amenable
to gene replacement strategies. Proof-of-principle studies with
mini- and micro-dystrophins have shown promise with marked
improvements in tetanic force and protection from eccentric
contraction-induced injury in the mdx mouse model for DMD.
However, these studies have been conducted in transgenic

mice (1) or in young mice prior to the evolution to the more
severe dystrophic process which includes fibrosis, inflammation
and fat replacement (2–5). Moreover, regardless of the delivery
methods and levels of transduction, adeno-associated virus
(AAV)-mediated delivery of micro-dystrophin alone has been
insufficient to fully correct the force deficits seen in mdx mice
(5–7). Lastly, recently modified miniature dystrophin cassettes
used for AAV-mediated gene transfer that include either the
C-terminus (8) or nNOS binding site (9,10) have also failed
to show complete restoration to wild-type function. Other

∗To whom correspondence should be addressed at: The Research Institute at Nationwide Children’s Hospital, 700 Children’s Dr., Room WA3021,
Columbus, OH 43205, USA. Email: louise.rodino-klapac@nationwidechildrens.org (L.R.R.-K.); The Research Institute at Nationwide Children’s
Hospital, 700 Children’s Dr., Room WA3022, Columbus, OH 43205, USA. Email: brian.kaspar@nationwidechildrens.org (B.K.K.).

# The Author 2013. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2013, Vol. 22, No. 24 4929–4937
doi:10.1093/hmg/ddt342
Advance Access published on July 17, 2013



treatment strategies, including pharmacologic approaches to in-
crease dystrophin levels that demonstrated promise in pre-clinical
rodent studies, have failed to produce clinically meaningful out-
comes in patients (11–13). Corticosteroids have been the only
class of drugs to modestly alter the natural history of the disease
(14) but do not provide sustained improvement in force gener-
ation, as illustrated in prednisone or prednisolone-treated mdx
mice (15–17). These studies highlight the challenges of thera-
peutic strategies to ameliorate DMD.

Recently, myostatin inhibition has arisen as a promising ap-
proach for treatment of muscle disease (18). Myostatin is a
member of the transforming growth factor-b family and plays
an important role in regulating skeletal muscle growth (19,20).
We have previously demonstrated the therapeutic potential of
follistatin-344 (FS344), a potent myostatin inhibitor using a
gene therapy strategy (21,22). These studies conducted in both
mdx mice (21) and non-human primates (22) showed both histo-
logical improvement and increased muscle mass and strength for
.2 years. Previous studies that have assessed the potential for
functional improvement in DMD mice with myostatin inhibition
by AAV delivery of the myostatin propeptide (23) or in the
myostatin knock-out mouse (24) have found modest improve-
ments in absolute tetanic force and no improvements in specific
tetanic force (force per cross-sectional area). However, trans-
genic studies that expressed a myostatin inhibitor derived from
follistatin (25) or by AAV-follistatin-344 delivery demonstrated
promise by grip strength analysis (21) and increased twitch force
(22). Another study utilized FS288, a muscle-bound isoform and
showed an increase in muscle size and isometric force in the tibi-
alis anterior (TA) muscle (26). Together these studies suggest
that follistatin-based therapies may be a better therapeutic
target than direct removal of myostatin.

Some attempts have been made to use combinatorial
approaches to restore dystrophin and enhance muscle size
(27–30). All demonstrated improvements in specific force in
mdx mice but failed to restore the essential pre-clinical parameter
of resistance to eccentric contraction-induced injury (27–30).
We hypothesized that by combining the most promising myosta-
tin inhibitor, FS344 (21,22) and most efficient micro-dystrophin
cassette for long-term expression, MCK.mDys (5), we would
achieve an additive effect on force improvement in mdx mice.
We chose to test this in a rigorous paradigm by treating
aged mdx mice with overt pathology that would most closely re-
semble the severe pathology seen in DMD patients. Herein, we
demonstrate that FS344/mDys combinatorial therapy leads to
restoration of tetanic force and protection from eccentric con-
traction-induced injury in 2-year-old mdx mice, thus providing
rationale for considering a combinatorial therapy for clinical
development.

RESULTS

Micro-dystrophin (m-Dys) or follistatin-344 (FS) individual
treatment improves force deficits in mdx mice

To more closely mimic a clinical paradigm where the dystrophic
process is clearly underway, we chose to treat mdx animals at
6 months of age and test efficacy six months later when
histopathology was more overt. To test the effectiveness of
micro-dystrophin or follistatin treatment alone, we administered

1 × 1011 vg of rAAVrh.74.m-Dys or rAAV1.FS by intramuscu-
lar (IM) injection into the TA/EDL unilaterally. When the
mice reached 1 year of age, we isolated the EDL from each
subject and performed in vitro force measurements. We chose
to utilize muscle physiology measurements as our primary
outcome given its highly sensitive non-biased readouts. Com-
paring absolute tetanic force between groups, we found m-Dys
or FS treatment resulted in significant improvements compared
with PBS-treated mdx mice (P , 0.001, t-test) and they were not
different than wild-type (Fig. 1A). To assess the specific force,
we then normalized per cross-sectional area (CSA) and found
both m-Dys and FS therapies improved function compared
with untreated mdx but only m-Dys reached statistical signifi-
cance (t-test, P , 0.01) (Fig. 1B) and both were below wild-type
animals.

We next subjected each EDL to a series of repeated eccentric
contractions. Cohorts receiving either m-Dys or FS were pro-
tected from damage (Fig. 1C). Comparing decay curves by
ANOVA with repeated measures, both treatment groups were
significantly improved (P , 0.01). A comparison of the fourth
versus the first contraction demonstrates that response to injury
following m-Dys or FS treatment was increased over untreated
mdx but still did not reach wild-type levels on post-hoc analysis
(Fig. 1D). Thus, although m-Dys and FS demonstrate an overall
improvement in resistance to eccentric contraction-induced
injury, neither restored function to wild-type levels as single
therapies, suggesting that each therapy by itself was insufficient
for maximal therapeutic benefit.

Combinatorial treatment with m-Dys and FS restores
skeletal muscle physiology

We next asked whether combiningm-Dysand FS treatment would
demonstrate a synergistic effect that would in turn fully restore
the physiologic deficits in mdx mice. We again treated mdx
mice at 6 months of age with 1 × 1011 vg of rAAVrh.74.m-Dys
and rAAV1.FS by IM injection to the TA/EDL compartment
unilaterally. To mirror the first study, the in vitro force measure-
ments were performed at 365 days. Co-gene delivery significant-
ly improved both absolute tetanic and specific force (P , 0.05,
t-test) (Fig. 2A and B). The findings for absolute tetanic force
reached wild-type levels (Fig. 2A). Importantly, the response
to eccentric contraction-induced injury with co-delivery of m-Dys
and FS restored physiologic responses to wild-type levels
(mdx vs. co-delivery, P , 0.001, ANOVA repeated measures,
P , 0.05, t-test at each contraction) (Fig. 2C), demonstrating
that this combination resulted in full correction and optimized
therapeutic effect.

Gene expression and histopathological improvement

Although functional assessment was the primary outcome of
the study, we examined the histopathological consequences
of both single and combination treatments at the termination of
the study when the animals were 365 days of age. First, the
number of muscle fibers expressing m-Dys and serum levels
for FS measured by ELISA was used to assess efficacy of trans-
gene delivery. We found robust m-dys expression (Fig. 3) that
was not different between cohorts treated with m-Dys alone
(81.3+ 7.0%) compared with m-Dys/FS combination therapy
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(85.7+ 6.2%, Supplementary Material, Fig. S1A–C). FS serum
levels were also the same whether delivered alone or in combin-
ation with m-Dys (Supplementary Material, Fig. S1D). Histo-
logical evaluation of all treatment groups revealed a decrease
in inflammatory infiltrates (Fig. 2D) and a significant increase
in fiber size (Fig. 3, P , 0.001, ANOVA). m-Dys/FS combin-
ation treatment demonstrated an increase in average fiber size
across all fiber types. Comparing mdx controls with m-Dys/
FS-treated mdx, the average diameter of type I fibers increased
from 31.0 to 43.6 mm. Type IIa fiber diameters increased from
40.5 to 51.6 mm and type IIb fiber diameters increased from
37.5 to 53.7 mm (Fig. 3). The co-delivery paradigm produced a

significant shift toward wild-type fiber size distribution in all
groups treated. There was no decrease in the number of centra-
lized nuclei consistent with repeated cycles of regeneration
prior to gene transfer (data not shown).

Co-delivery of m-Dys and FS demonstrates efficacy
in dystrophic mice at 600 days of age

To address whether the co-delivery paradigm could still demon-
strate a robust effect in even older mdx mice manifesting more
dystrophic pathology, we treated animals at 14 months of
age and performed in vitro force measurements six months

Figure 1. Single treatment withm-Dys or FS improves force generation and resistance to damage by eccentric contractions. (A) Tetanic force (N) was improved with
m-Dys or FS versus PBS-treated mdx animals but was not significantly different than wild-type force. Values are presented as the means+SD (P , 0.01). (B) Specific
force (mN/mm2) (normalized for cross-sectional muscle area) was improved withm-Dys or FS over mdx, wherem-Dys was significant (P , 0.05) but was significantly
lower than age-matched controls. (C) EDL muscles from mdx mice treated with FS or m-Dys were subjected to a protocol of ten eccentric contractions to assess re-
sistance to damage. Single treatment conferred resistance to eccentric contractions versus mdx muscles (ANOVA repeated measures P , 0.001), but they were still
significantly different from age-matched controls. (D) A comparison of the fourth versus the first contraction demonstrates response to injury followingm-Dys or FS
treatment was improved over mdx with either treatment but still different than wild-type. n ¼ 8 per group.
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post-treatment (600 days of age). Remarkably, both absolute
tetanic and specific force were significantly improved by
co-delivery of m-Dys/FS, P , 0.01, t-test (Fig. 4A and B). The
most clinically significant measure, protection against eccentric
contraction-induced injury, demonstrated full restoration with
co-m-Dys/FS treatment (P , 0.001 ANOVA repeated measures)
(Fig. 4C). Importantly, there was a correlation between function
and muscle histopathology demonstrated by a reduction in
inflammation (Fig. 4D) and a significant increase in muscle
fiber diameter (P , 0.05, unpaired T-test, Fig. 4E). These data
provide evidence that co-delivery of m-Dys and FS may be a
viable treatment modality for DMD patients even in the face of
overt pathology.

DISCUSSION

Gene delivery strategies to treat DMD have been under investi-
gation for over a decade without resolution. The biggest hurdles
for an effective treatment are the inability to transfer full-length
dystrophin and identifying treatments that will provide full
functional restoration in the presence of a well-established
dystrophic process. Our work investigated whether we could
enhance functional recovery by using a co-delivery paradigm
with AAV.mDys and AAV.FS344. The study was conducted
in dystrophic mdx mice with completion at 12 and 20 months
of age to more closely simulate clinical challenges. The results
presented demonstrate that co-delivery of m-Dys/FS344 leads
to restoration of force generation and protection against
contraction-induced injury even in the face of a dystrophic envir-
onment. Combinatorial treatment with AAV.m-Dys/FS344 was

significantly better than either treatment alone and provides
proof-of-principle as a potential translational treatment for
DMD. We are currently conducting a clinical trial with AAV1.
FS in Becker muscular dystrophy patients and preparing an
IND application for AAVrh.74.micro-dystrophin. The AAVrh.
74 serotype works well by both IM and vascular routes thereby
providing a path forward to deliver by multiple routes. Thus,
both AAV1.FS and AAVrh.74.micro-dystrophin will have
been tested in the clinic individually prior to bringing co-
delivery treatment to a clinical trial, providing valuable safety
and efficacy data.

Prior studies show improvement in force deficits in the mdx
mouse using micro-dystrophin constructs when experiments
are conducted in young mice prior to the onset of the dystrophic
process. However, even in these mice, full muscle strength could
not be restored (1,2,4,5,31). The failure may be multi-factorial:
due in part to missing structural, or protein binding domains,
or the inability to prevent or reverse the dystrophic process,
once it has occurred.

Myostatin inhibition has shown promise as a therapy to in-
crease muscle mass for a variety of muscle-wasting disorders
(21,22,32–34). The study presented here is the first to directly
test the ability of AAV.FS344 to improve skeletal muscle
strength in aged dystrophic mice by performing in vitro force
measurements in the EDL. A previous report assessing EDL
force measurements in the myostatin knock-out mouse casts
doubt as to whether increased fiber size correlated with increased
strength (35). A more recent study that tested the potential thera-
peutic effect of a muscle-bound isoform of follistatin, FS288
delivered by AAV, showed an improvement in isometric force
(26) and further showed the results to be dependent on Smad3

Figure 2. Co-delivery ofm-Dys and FS restores force and resistance to injury. (A and B) Tetanic force and specific force were significantly improved in 1-year-old mdx
mice treated with m-Dys/FS co-delivery (P , 0.01). (C) Co-delivery of m-Dys/FS restored protection from eccentric contraction-induced injury to normal (mdx vs.
co-delivery, ANOVA repeated measures P , 0.001). (D) Hematoxylin and Eosin (H&E) analysis reveals an improvement of dystrophic histopathology. H&E stain-
ing of 12 mm sections from each group revealed an overall improvement in fiber size (further analyzed in Fig. 3 with Fiber type analysis) in all treated mdx mice (n ¼ 8
per group). Scale bar ¼ 50 mm.
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Figure 3. Co-delivery of m-Dys and FS treatment restores average fiber size. TA sections from all groups were stained with succinic dehydrogenase to delineate
mitochondria-enriched fibers representing slow twitch oxidative (type I), fast twitch oxidative glycolytic (IIa) and fast twitch glycolytic (IIb) fiber types. Four
random 20× fields for each muscle were captured, and the smallest diameter was measured. (A) A frequency distribution was performed to represent the percent
number of fibers within 10 mm intervals for each fiber type. (B) Average fiber size in m-Dys/FS co-delivery treated groups was significantly larger than mdx
(n ¼ 6 per group, P , 0.001).
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Figure 4. Co-delivery of m-Dys and FS restores force and resistance to injury in old mdx with overt pathology. (A and B) Tetanic force and specific force were sig-
nificantly improved in 600-day-old mdx mice treated with m-Dys/FS co-delivery (P , 0.01). (C) Co-delivery of m-Dys/FS restored protection from eccentric
contraction-induced injury (mdx vs. co-delivery, ANOVA repeated measures P , 0.001). (D) Hematoxylin and Eosin (H&E) analysis reveals an improvement of
dystrophic histopathology. H&E staining of 12 mm sections from each group revealed an overall improvement in inflammatory infiltrates. (E) Muscle fiber diameter
was significantly increased (P , 0.05, unpaired T-test). Scale bar ¼ 100 mm.
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and mTOR signaling independent of myostatin. In this study,
we showed an improvement in force with FS alone even after
normalizing for cross-sectional area, indicating that the mere
increase in fiber size does not account for increased strength.
In addition, FS conferred resistance to eccentric contraction-
induced injury. This data speak to the multi-dimensional role
FS plays in muscle. In addition to myostatin, FS has also been
shown to inhibit activin to induce muscle hypertrophy through
satellite cell proliferation when overexpressed (36). This is
demonstrated by the quadrupling of muscle mass that occurs
by overexpressing FS in myostatin knock-out mice (37). FS
has also been implicated in suppression of muscle fibrosis, evi-
denced by the regulatory role of myostatin in muscle fibroblast
proliferation (38).

Three previous studies have tested various forms of combin-
ation therapy with gene replacement and muscle enhancement
in DMD mice. Importantly, none of these studies were able to
restore force and resistance to injury and were not conducted
in aged mice with long-term treatment (27,29,30). In a sentinel
study utilizing co-delivery of micro-dystrophin and Igf1,
Abmayr and colleagues showed improvements in tetanic force
and force retention over mdx but no improvement in specific
force (27). A second strategy combined exon skipping using
an AAV-U7-Dys construct and RNA interference directed
against the activin receptor IIb to inhibit the myostatin absolute
tetanic and the specific force but did not assess response to injury
(29). A third study investigated a dual exon-skipping approach
with myostatin and dystrophin in a DMD cell culture model
that focused only on RT-PCR as an outcome (30). Although
each of these studies demonstrated varying degrees of efficacy,
our study showed complete restoration of absolute force and
most importantly resistance to eccentric contraction-induced
damage in older mice with dystrophic pathology. This potential-
ly sets the stage for a combinational clinical gene therapy ap-
proach based on the principles observed in this experimental
paradigm of co-delivery of m-Dys/FS344.

MATERIALS AND METHODS

All procedures were approved by the Institutional Animal Care
and Use Committee at the Research Institute at Nationwide Chil-
dren’s Hospital. Mdx mice and normal age-matched C57/BL10
were used for IM delivery and force generation studies of the ex-
tensor digitorum longus (EDL) muscle (n ¼ 8 per group). For IM
injections, mice were anesthetized and maintained on 1–4% iso-
flurane (in Oxygen). Both hindlimbs were shaved, and the anter-
ior compartment of the lower limb [EDL/TA compartment] was
injected with 1 × 1011 vg of rAAVrh74.MCK.micro-dystrophin
(5), rAAV1.CMV.follistatin (21,22) or both (50 ml total volume)
using a 30-gauge ultra-fine insulin needle and syringe. PBS was
used to inject sham control animals because we had previously
shown that injection of empty capsid particles demonstrated
no effect on functional outcomes (Table 1; Supplementary Ma-
terial, Fig. S2).

Micro-dystrophin and follistatin vector construction

The murine micro-dystrophin construct possessed the (R4-R23/
D71–78) domains as previously described (1,5). The cDNA was

codon optimized for rodents and synthesized by GenScript Inc. It
includes a consensus Kozak sequence, an SV40 intron and syn-
thetic polyadenylation site (53 bp). An MCK promoter/enhancer
(GenBank Accession No. M21390)-derived sequence was used
to drive muscle-specific gene expression (39). The MCK micro-
dystrophin expression cassette was cloned between AAV2 ITRs
using flanking Xba I restriction enzyme sites in plasmid derived
from pCMVb (Clontech). Msc I/Sma I restriction enzyme diges-
tions were used to confirm ITR integrity. The cDNA for the
human FS344 gene was obtained from Origene and cloned by
Xho l/Bam HI restriction into a second AAV vector plasmid con-
taining the CMV promoter.

rAAV vector production

rAAV vectors were produced by a modified cross-packaging ap-
proach whereby the AAV type 2 vector genome can be packaged
into multiple AAV capsid serotypes (40). Production was
accomplished using a standard 3 plasmid DNA/CaPO4 precipi-
tation method using HEK293 cells. The HEK293 cells were
maintained in DMEM supplemented with 10% fetal bovine
serum and penicillin and streptomycin. The production plasmids
were as follows: (i) pAAV.MCK.microdys of pAAV.CMV.FS,
(ii) rep2-capX modified AAV helper plasmids encoding cap ser-
otypes 1- or an 8-like isolate rh.74 and (iii) an adenovirus type 5
helper plasmid (pAdhelper) expressing adenovirus E2A, E4
ORF6 and VA I/II RNA genes. To allow comparisons between
serotypes, a quantitative PCR-based titration method was used
to determine an encapsidated vector genome (vg) titer utilizing
a Prism 7500 Taqman detector system (PE Applied Biosystems)
(41). The primer and fluorescent probe targeted the MCK pro-
moter and were as follows: MCK forward primer, 5’-CCC
GAGATGCCTGGTTATAATT-3’; MCK reverse primer, 5’-GC
TCAGGCAGCAGGTGTTG-3’; and MCK probe, 5’-FAM-
CCAGACATGTGGCTGCTCCCCC -TAMRA-3’ and CMV
promoter and were as follows: CMV forward primer, 5’-TGG
AAATCCCCGTGAGTCAA-3’; CMV reverse primer, 5’-CAT
GGTGATGCGGTTTTGG-3’; and CMV probe, 5’-FAM-CC
GCTATCCACGCCCATTGATG – TAMRA-3’.

Gene expression analysis

EDL, TA and gastrocnemius skeletal muscles were collected
from mdx treated and contralateral control limbs 180 days post-
treatment. Muscles were embedded in 7% gum tragacanth
and flash frozen in isopentane cooled in liquid nitrogen. Cryostat

Table 1. CSA of the EDL muscle following treatment

Group n EDL weight (mg) EDL CSA (mm2)

C57/BL10 8 13.6+0.88 1.5+0.08
Mdx 8 18.6+3.1a 2.2+0.45a

mdx-mDys 8 19.0+2.87 2.4+0.46
mdx-FS 8 26.6+3.52b 3.1+0.50b

mdx-co-delivery 8 27.1+4.5b 3.5+0.64b

amdx are significantly different than C57/BL10 mice.
bmdx mice treated with FS alone or by co-delivery of FS and mDys were
significantly larger than saline treated mdx. Mdx mice treated with mDys alone
were not different than saline treated mdx. ANOVA, P ≤ 0.05.
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sections (12 mm) for immunostains were incubated with
the N-terminal Manex1a primary antibody (Developmental
Studies Hybridoma Bank), at a dilution of 1:50 in blocking
buffer (PBS, 10% goat serum, 0.1% Triton X-100) for 1 h at
room temperature in a wet chamber. Sections were then
washed with PBS three times, each for 20 min and re-blocked.
Visualization was achieved by incubation for 30 min at room
temperature with an Alexa 488 at a 1:300 dilution (Molecular
Probes). Sections were washed in PBS three times for 20 min
and mounted with Vectashield mounting medium (Vector
Laboratories). Fluorescence staining for micro-dystrophin was
visualized at an excitation wavelength of 488 nm using a Zeiss
Axioskop2 Plus Microscope, and images were captured with a
Zeiss AxioCam MRC5 camera. The number of fibers with
sarcolemmal dystrophin staining was expressed as percent of
all dystrophin positive fibers. Serum follistatin was evaluated
with a human follistatin immunoassay kit (Quantikine; R&D
Systems) according to the manufacturer’s instructions. Briefly,
100 ml of serum was loaded per well, and serum follistatin con-
centrations were determined against a standard curve made with
recombinant human follistatin provided by the manufacturer.

Morphometrics

Centralized nuclei counts were performed on sections of TA
muscles stained with hematoxylin and Eosin (H&E) from
treated mdx animals. Five random 20× fields of 12 mm sections
for each muscle were captured and the number of fibers
with central nuclei counted. Fiber diameter measurements
were also performed on TA muscles from treated mdx animals
stained with succinic dehydrogenase to delineate mitochondria-
enriched fibers representing slow twitch oxidative (type 1), fast
twitch oxidative glycolytic (type 2A) and fast twitch glycolytic
(type 2B) fiber types. Controls were PBS-treated TA muscles.
Five random 20× fields of 12 mm sections for each muscle
were captured with a Zeiss AxioCam MRC5 camera. For each
fiber type, the smallest diameter was measured using Zeiss Axio-
vision LE4 software (400–500 fibers were measured per animal).
Afrequencydistributionwasperformed torepresent the percentof
fibers within 10 mm intervals.

Force generation and protection from eccentric contractions

Measurements of force generation and protection from eccentric
contraction-induced injury were performed as previously
described (5,7). Six months post-gene transfer, mice were eutha-
nized and the EDL muscle was removed, weighed and bathed
in oxygenated Krebs-Henseleit solution (95% O2/5% CO2
(pH 7.4), 118 mM NaCl, 25 mM NaHCO3, 5 mM KCl, 1 mM

KH2PO4, 2.5 mM CaCl2, 1 mM MgCl2, 5 mM Glucose) at
308C in a circulating bath. 6.0 silk suture was tied to the
tendon at each end of the muscle. One end of the muscle was
tied to a force transducer and the other to a high-speed linear
servo-controlled motor. Muscle length was changed at pre-
determined values and speeds using customized software.
Stimulation was delivered via two parallel platinum–iridium
electrodes on either side of the muscle. Muscles were adjusted
to optimum length (L0), defined as the length for maximal
twitch. Following a ten-minute rest period, muscles were sub-
jected to an isometric tetani of 150 Hz for 500 ms. Following a

5-min rest period, the muscles were subjected to an eccentric
contraction protocol consisting of a series of 10 isometric
700 ms tetani, at 2 min intervals, with a 5% lengthening of the
muscles (0.5 fiber length per second for duration of 200 ms)
when maximal force has developed at 500 ms. After the
tetanus ended (at t ¼ 700 ms), the muscle was brought back to
initial length (at the same speed as the stretch), allowing for
full relaxation to the initial length. When measurements were
complete, the muscle was removed from the set-up, and the
sutures were removed. The muscle was blotted dry carefully to
retain integrity for histology and weighed. For comparative pur-
poses, all force measurements were expressed per unit CSA (nor-
malized isometric force or tension, mN/mm2). CSA was
calculated using the equation,

CSA =
(muscle mass in g)

[(optimal fiber length in cm)× (muscle density in g/cm3)]
,

where muscle density is 1.06 g/cm3.

Statistical analyses

Data were analyzed with standard statistical methods performed
in GraphPad Prism 5 (GraphPad Software, La Jolla, CA) using
indicated statistical tests.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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