
ABSTRACT: A tissue-based approach to in vitro drug screening allows for
determination of the cumulative positive and negative effects of a drug at the
tissue rather than the cellular or subcellular level. Skeletal muscle myoblasts
were tissue-engineered into three-dimensional muscle with parallel myofi-
bers generating directed forces. When grown attached to two flexible micro-
posts (�posts) acting as artificial tendons in a 96-well plate format, the
miniature bioartificial muscles (mBAMs) generated tetanic (active) forces
upon electrical stimulation measured with a novel image-based motion
detection system. mBAM myofiber hypertrophy and active force increased in
response to insulin-like growth factor 1. In contrast, mBAM deterioration and
weakness was observed with a cholesterol-lowering statin. The results
described in this study demonstrate the integration of tissue engineering and
biomechanical testing into a single platform for the screening of compounds
affecting muscle strength.
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Current high-throughput drug screening (HTS) us-
ing single-readout two-dimensional (2D) cell-based
assays has contributed significantly to the identifica-
tion of potential new drugs, but the assay does not
completely mimic the in vivo complexity of three-
dimensional (3D) tissues. The 2D assays are primar-
ily focused on specific targets or individual biochem-
ical pathways. For example, a 2D cell-based assay for
skeletal muscle hypertrophy–inducing compounds is
based on elevated expression of a single gene, the
myosin heavy chain gene.4 Another 2D cell-based

assay screen for compounds that might attenuate
muscle atrophy or weakness in Duchenne muscular
dystrophy (DMD) is based on the increased expres-
sion of an individual cytoskeletal protein, utrophin,
a potential substitute for the defective dystrophin
protein.2 Increased myofiber size (hypertrophy) is a
common 2D screening indicator of compounds that
stimulate muscle growth1,26 but myofiber size is a
poor indicator of muscle strength.11 Thus, despite
the development of these 2D in vitro assays, the
preferred drug screening method for DMD is still
the in vivo mdx murine model.9,24 This is not surpris-
ing, as skeletal muscle strength results from the com-
plex interaction of multiple second-messenger path-
ways and structural proteins.8 Thus, the effect of a
compound on overall tissue function may be missed
by screening for effects on only a single pathway or
protein target. The search for drugs targeting mus-
cle disease has thus been hampered by the lack of
adequate in vitro physiological screening technolo-
gies.

Contractile cells, such as skeletal and cardiac
muscle, are difficult to maintain long-term in 2D
monolayers for physiological drug screening appli-
cations due to detachment from the plate surface as
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they become functionally active with differentiation.
To avoid this problem, many approaches focus on
drug effects on muscle differentiation, e.g., the fu-
sion of myoblasts into myofibers,12 which is more
representative of new myofiber regeneration than of
existing myofiber strength. Cells organized into 3D
structures in vitro are often more representative of
in vivo tissues than 2D monolayers,22 and, since they
are normally attached to a 3D matrix, detachment
from a tissue-culture dish surface is not an issue.
With recent advancements in tissue engineering it
may thus be possible to develop a new generation of
tissue-based high “content” drug-screening (HCS)
techniques whereby a compound’s effect on the
physiological functioning of a tissue can be ascer-
tained.15 This is a particularly attractive option for
muscle where changes in the key tissue function,
contractility, could serve as a direct assay to deter-
mine the sum effects of a compound on all the
known and unknown biochemical pathways affecting
force generation. Such functional or physiological-
based systems may have greater potential predictive
value than other 2D screening assays in the drug
discovery process.

Tissue engineering of contractile tissues from
cardiac and skeletal muscle in vitro from rodent and
human muscle precursor cells is well advanced. The
contractile cells can be maintained under tension
for weeks to months,7,17,25 and the forces generated
by these engineered tissues can be measured using
electronic force transducers.6,25,35,36 Current trans-
ducers, however, are difficult to scale down to repro-
ducibly measure the small forces generated by min-
iature contractile tissues in the microwell plate
format used in HTS/HCS assays. We describe a new
prototype 96-well assay system of tissue-engineered
skeletal muscle in which force measurements are
made using a novel image-based motion detection
technology. This approach provides a nondestruc-
tive and sensitive method of measuring muscle

force–generation changes over long periods of ex-
posure to drug candidates. It should be a useful tool
for basic research and for identifying new drug can-
didates for attenuating muscle wasting as well as
identifying those drugs with adverse muscle side ef-
fects.

MATERIALS AND METHODS

Myoblast Tissue Culture. Primary mouse myoblasts
were isolated from 6-week-old male C3HeB/FeJ mice
by standard dissection techniques, and individual
myoblast clones isolated as described previously.34

The animal protocol was approved by the Miriam
Hospital Institutional Animal Care and Use Commit-
tee. The cells were expanded in skeletal growth me-
dium [SGM, 1:1 DMEM (Gibco, Grand Island New
York; #11995-040) : FGM (Cambrex, Gaithersburg
Maryland; #3130) containing 20% fetal bovine se-
rum (Gibco), 1% ITS�1 (Sigma, St. Louis Missouri)
and 100 U/ml penicillin / 100 �g/ml streptomycin
(p/s)] in collagen-coated 100-mm tissue culture
dishes. SGM contained 2 �g/ml insulin and 400
ng/ml human fibroblast growth factor (FGF). The
cells were harvested when 80%–100% confluent with
0.5 mg/ml trypsin, pelleted by centrifugation, resus-
pended in SGM, and used for miniature bioartificial
muscle (mBAM) tissue engineering.

Tissue Engineering of mBAMs. Polydimethylsiloxane
(PDMS), a silicone-based elastomeric material (Syl-
gard 184; Dow Corning, Midland, Michigan) was
used to cast 7-mm diameter wells 6-mm deep with
flexible attachment microposts (�posts) of varying
diameters (300–800 �m), 4–5 mm tall, and 4 mm
apart (Fig. 1A–D). Sylgard 184 is a medical-grade
PDMS commonly used for in vitro tissue engineering
and in vivo reconstructive surgical applications, is
nontoxic to skeletal muscle cells,29 and shows minor
hysteresis (�5%) and creep when used in force-

FIGURE 1. Tissue engineering mBAMs on flexible �posts. Flexible PDMS �posts were cast 4-mm apart in 7-mm diameter wells. (A)
165-�m radius �posts, scale bar of 4 mm; (B) 350-�m radius �posts; (C) �posts with caps for mBAM positioning at top of �posts. The
caps prevent the mBAMs from sliding down the �posts or off the top when they undergo deflections; (D) mBAM at day 4–5 after casting
in the 7-mm diameter �well on 350-�m radius, uncapped �posts; (E) A 7–8-day-old mBAM whole-mount stained for sarcomeric
tropomyosin (dark gray color) showing well-organized myofibers. Double-headed arrow indicates the long axis of the mBAM. Scale bar, 20
�m.
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sensing applications.23 The wells with �posts were
produced in a vacuum molding process using 4–16-
well Teflon molds. A second molding step created
caps on the top of the flexible �posts (Fig. 1C) to
help retain the mBAMs at the top of the �posts. The
most critical step in reproducible casting of small-
diameter �posts was complete removal of air bubbles
from the PDMS by casting in a vacuum box at �30
�Torr vacuum. All casts were heat-cured at 140°C for
30 min and molds were not used for active force
measurements for at least 6 days to make certain that
complete polymerization had occurred. The PDMS-
cast wells could be cleaned and reused at least three
times with no impact on the experimental results as
long as they were not exposed to the formaldehyde
used to process the mBAMs for histology. mBAMs
were reproducibly tissue-engineered around the
caps of the �posts from the skeletal muscle cells
using a modification of our previously published
method for tissue engineering larger 20-mm long
macro BAMs.28,29 Briefly, mBAMs were tissue engi-
neered by mixing proliferating myoblasts (200,000/
well) with 100 �l of either ice-cold collagen–Matrigel
(6 parts of 1 mg/ml rat tail collagen and 1 part of
Matrigel, BD Biosciences, Bedford, Massachusetts)
or fibrinogen–thrombin (0.5 mg/ml fibrinogen and
1 U/ml thrombin; Tisseel, Baxter Health Care, West-
lake Village, California) in SGM and casting the
mixture around the well �posts. The cell–ECM (ex-
tracellular matrix) mixture gelled rapidly at 37°C
and over 24 – 48 h contracted away from the walls
of the wells and formed around the caps on top of
the �posts. The passive (resting) forces in the gel
aligned the myoblasts parallel to each other in the
long axis of the mBAM so that when the mBAMs
were switched to differentiation medium (1:1 FG-
M:DMEM, 10% horse serum and penicillin-strep-
tomycin) on day 2 postcasting, the myoblasts fused
together to form parallel arrays of several hundred
contractile fibers. The mBAMs were similar mor-
phologically when formed in either fibrin or col-
lagen extracellular matrix with aligned postmitotic
muscle fibers (Fig. 1E). This is in contrast to myo-
blasts in 2D cultures, which form random, disor-
ganized myofibers. mBAMs were treated with cyto-
sine arabinoside (1 �g/ml) from day 2–5
postcasting to eliminate nonfused proliferating
cells. Tissue culture media (200 �l/well) was
changed daily. A 95% survival rate (continued
mBAM attachment to the tops of the �posts) was
obtained with these tissue culture conditions for at
least 2 weeks postcasting.

mBAM Electrical Stimulation and Force Measurement.

At varying times postcasting the culture wells were
placed on a 37°C heating plate under a stereomicro-
scope (Stemi 2003; Zeiss, Thornwood, New York)
with USB Digital Camera (DCM130; Madell Tech-
nology, Ontario, Canada) attachment. Platinum wire
electrodes were placed in the tissue culture medium
�2 mm from each side of the mBAM. Images were
captured immediately prior to electrical stimulation
to determine mBAM resting force. mBAMs were
then electrically stimulated to achieve maximum iso-
tonic tetanic force (active force) by applying an elec-
trical stimulus (QSC Amplifier; QSC Audio Products,
Costa Mesa, California) of 40 V at 40 Hz with 4-ms-
wide pulses for 1–2 s. Electrical stimulus parameters
(voltage, frequency, duration, pulse width) were op-
timized in preliminary experiments. Images were
captured before, during, and after electrical stimu-
lation (3–4 frames/s) and �post positions deter-
mined using custom LabView plug-in software and
MatLab (MathWorks, Natick, Massachusetts) scripts.
�Post displacement data were collected using a per-
sonal computer with data acquisition card (National
Instruments, Austin, Texas). Resting and active
mBAM forces were calculated based on standardized
�post deflection data obtained.

mBAM Histological Analysis. mBAMs were fixed at
the end of each experiment with 2% (v/v) formal-
dehyde in phosphate-buffered saline for 30 min, and
either whole-mount stained for fused muscle fibers
using an antibody to sarcomeric tropomyosin25 or
embedded in paraffin, and longitudinal and cross-
sections cut. Myofibers in sections were stained with
an antibody to myosin heavy chain.25 In both immu-
nocytochemical staining procedures, mBAMs or
cross-sections were blocked with serum, incubated
with primary antibody, followed by biotinylated anti–
mouse IgG and avidin-biotinylated complex coupled
to horseradish peroxidase (ABC Elite Kit; Vector,
Burlingame, California). Development was with 3,3�-
diaminobenzidene (DAB) to produce a brown pre-
cipitate. Myofiber cross-sectional areas were mea-
sured using the interactive feature of the KS300
Image Analysis System (Zeiss) to trace the diameter
of each positively stained fiber on randomly selected
areas of the slides and calculate cross-sectional areas.

Myosin Isoform Analysis. Total mBAM RNA was pre-
pared with a Ribopure kit (Ambion, Austin, Texas).
Taqman gene expression assays (Applied Biosystems,
Foster City, California) were used to detect the follow-
ing myosin heavy chain transcripts: adult fast IId (Myh1,
Mm01332489_m1), adult fast IIa (Myh2, Mm-
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00454991_m1), embryonic (Myh3, Mm01332463_m1),
adult fast IIb (Myh4, Mm01332518_m1), adult slow
(Myh7, Mm00600555_m1), and perinatal (Myh8,
Mm01329512_m1), with mouse GAPDH as an endoge-
nous control. Reactions were performed in triplicate with
Taqman one-step reverse-transcriptase polymerase chain
reaction (RT-PCR) master mix (Applied Biosystems) on a
7500 Fast Real-Time PCR system (Applied Biosystems).
Data analysis was performed with Sequence Detection
Software v1.3.1 (Applied Biosystems) and Microsoft Excel
for Mac. Expression of the different myosin heavy chain
isoforms was calculated by using the delta (Ct) relative to
GAPDH.

Effect of Known Drugs. IGF-1. Recombinant hu-
man insulin-like growth factor I (rhIGF1, Sigma) was
diluted in a low serum differentiation medium
(2.5% horse serum in DMEM containing penicillin-
streptomycin) to a concentration of 100 ng/ml, a
level shown to maximally induce BAM myofiber hy-
pertrophy in vitro.27

Atorvastatin. Atorvastatin (Lipitor; Pfizer, New
London, Connecticut) was suspended in DMSO at a
concentration of 12.5 mM and diluted further into
differentiation medium for testing on mBAMs. All
atorvastatin test media, including the no-atorvastatin
control medium, contained the same final concen-
tration of DMSO (0.2% v/v or less).

For all drugs tested, mBAMs were incubated with
test medium containing the specified concentration
of drug beginning on day 6 or 7 postcasting, with
daily media changes for the duration of each exper-
iment. mBAMs were electrically stimulated just prior
to the first addition of the drug test medium and
every 1–2 days thereafter.

Statistical Analysis. Means and standard error of
the means were calculated and t-test statistical anal-
yses performed using SigmaStat software (Systat Soft-
ware, San Jose, California), with a P-value less than
0.05 considered statistically significant. Power analy-
ses were performed using GraphPad StatMate 2.00
software (San Diego, California).

RESULTS

Measurement of mBAM force generation was based
on the degree of flexion of the �posts (Fig. 2A). For
a �post of radius R and length L, cast from PDMS
material with a known elastic modulus (E), the mo-
ment of inertia (I) is given by I � 1⁄4�R4 and force
based on �post deflection � by the formula: F
� 3EI�/L3 � 3�ER4�/4L3.3 Since all of the pa-
rameters in the equation are known, it can be used

to fit the force displacement curves using E as the
only fitting parameter. �Posts of varying heights and
radii were vacuum cast on a PDMS calibration plat-
form (Fig. 2B) and �post deflections analyzed as a
measure of force with a customized displacement-
force measurement device. Forces of 5 �N sensitivity
could be determined with 2%–3% variability in re-
petitive manner since the �posts returned to their
initial position after the force was released. �Posts
with radii from 150–350 �m were horizontally dis-
placed at 0.2 mm from their tops in 1–5 �m steps at
a rate of 1–3 mm/min and the force required for
deflection measured. The �N of measured force for
the deflected �posts compared well with the values
calculated from the formula for all �post radii (Fig.
2C,D).

The mBAMs generated passive (resting) forces
beginning on day 1 postcasting that were capable of
flexing the �posts to different extents based on their
radii. As expected, the 150-�m radius �posts were
deflected to the greatest degree (Fig. 3A), with the
tips of the �posts almost touching by day 4 postcast-
ing (i.e., total �post deflection of �4 mm) while the
350-�m radius �posts were deflected inward by only
150–200 �m. �Posts with radii between 150 and 350
�m were deflected to intermediate amounts. The
calculated resting forces generated by the mBAMs
based on �post deflections is comparable to resting
forces measured previously with larger (20-mm
long) macroBAMs using electronic force transducers
when corrected for cell number and tissue volume.25

The macroBAM resting force values measured with
electronic force transducers indicated that the rest-
ing force plateaued around 6–10 days after BAM
casting25 and a similar result was obtained for the
smaller mBAMs when measured by the �post deflec-
tion assay (Fig. 3B). In subsequent experiments ap-
propriate �post radii (350–400 �m) were selected
for the measurement of active tetanic forces when
the mBAMs were electrically stimulated, but with
minimal �post deflection by resting tension. �Posts
of 350–400 �m radius were then tested for hysteresis
and creep at 37°C. With 10 repetitive deflections of
0.5 mm at 100 �m/s, mean mechanical hysteresis
was 6.5% � 1.55% (mean � SE, n � 10, see Suppl.
Fig. 1) and creep was less than 1% after 100 deflec-
tions. Stress–strain curves for 350–400 �m radius
�posts were compared for molds cast from two sep-
arate batches of PDMS and hysteresis was found to
be within 1%. �Posts of this radius thus result in
reproducible repetitive deflections and accurate ac-
tive force measurements in response to electrical
stimulation of the mBAMs could be made (see be-
low).
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In preliminary experiments electrical stimulus
parameters were optimized for mBAM maximal iso-
tonic tetanic force generation (i.e., active force)
based on previous studies with 20-mm-long macro-
BAMs (Lee et al., unpublished results), and these
parameters were used in the present study (Fig. 4A,
see Suppl. Video 1). mBAMs returned to their start-
ing position within several seconds after the stimulus
ended, representing a larger hysteresis for the
mBAM tissue than for the PDMS �posts, as previ-
ously shown for macroBAMs.25 Rest periods of 5–10
min between tetanic stimuli were necessary for full
active force recovery (representing muscle force re-
covery time). Reproducible repetitive measurements

could thus be performed on the same mBAMs 5–6
times when the stimuli were spaced 10 min apart.
mBAMs generated increasing levels of active force
when electrically stimulated as the myoblasts differ-
entiated into organized postmitotic muscle fibers
and expressed sarcomeric proteins (Fig. 4B). mBAM
contraction in response to electrical stimulation was
seen beginning 5–6 days postcasting, i.e., 3–4 days
after switching to differentiation medium. Maximal
active force of the mBAMs reached a plateau after
6–8 days postcasting and could be maintained at this
level for at least another 5–7 days (Fig. 4B). Myofi-
bers in the differentiated mBAMs expressed multiple
myosin heavy chain transcripts as determined by

FIGURE 2. Force measurement with flexible �posts. (A) Mechanical model correlating �post displacement (	) with force (F). (B) A �post
calibration platform (a) with �posts of varying radii and lengths. The arrow indicates a �post 100�m radius and 3.0 mm high, with the
�post height to the right going from 3.5 mm to 4.5 mm in 0.5 mm increments. (b–d) Enlargements of �posts of 75 �m, 150 �m, and 350
�m radius, respectively. (C) Force versus displacement curves. The distance of �post deflection was determined using either an attached
electronic caliper (10 �m displacement resolution) or a stereomicroscope and digital imaging motion detection system (2 �m displace-
ment resolution). The dashed curves in the graph are fits to the above equation for �posts of 150–350 �m radii and the experimentally
determined data shown with symbols. (D) Force vs. �post radius curves. The �posts of varying radius were displaced by a defined
distance (� � 22, 320, 766, 1,000 �m) and the force required to deflect the �posts was measured. The symbols in the figure represent
actual measurements and the dashed curves are fits to the above equation.
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Q-PCR, including embryonic, perinatal, slow, fast
IIb, and fast IId (Fig. 5).

To validate the �post deflection system for po-
tential compound screening for new drugs that in-
crease/decrease myofiber strength, the effect of
known compounds on the active force-generating
ability of the mBAM postmitotic muscle fibers was
examined. Active force measurements in response
to compound addition were performed once the

passive force had plateaued. To minimize the po-
tential contribution of unfused myoblasts to a
drug’s effect, the mBAMs were preincubated for 3
days (days 2–5 postcasting) with the cell prolifer-
ation inhibitor cytosine arabinoside. Clonally de-
rived myoblasts were also used to eliminate the
potential effects of proliferating fibroblasts. Repet-
itive active force measurements were performed
following myofiber differentiation when the

FIGURE 3. Resting mBAM Forces. (A) Day 4 mBAMs attached to �posts of varying radii as indicated above each well. Caps on �posts
have been dyed black for better visualization of post deflections. �Posts in all the wells were the same distance apart at the beginning
of the experiment. After 4 days in vitro the mBAM attached to the 150-�m posts (lower right well) has contracted to deflect the posts to
a small overall distance apart, with the tips of the �posts almost touching, whereas the 350-�m �posts (upper left well) were deflected
only 150–200 �m from their starting position. The caps prevented the mBAMs from sliding off the top of the �posts. (B) Time course of
resting force generation postcasting on 4.5-mm tall �posts with a radius of 350 �m. Each bar is the mean � SEM of four mBAMs. There
was no significant difference in resting forces from day 4 to day 10 when the active forces were measured.

FIGURE 4. mBAM active force generation. (A) Example of �post displacement in response to a maximum tetanic electrical stimulus.
Prestimulus and 1-s poststimulus are shown along with simple illustrations. Circles in photographs mark the �post top images (also see
Suppl. Video 1 online). (B) Time course of mBAM maximum tetanic force generation with time after casting. mBAMs were electrically
stimulated every 2–3 days, �post deflection measured optically, and active force generation calculated. Results are means � SEM from
four separate experiments with n � 8–18 per timepoint. Error bars are smaller than symbols where not seen.
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mBAM active force had plateaued (days 6 –12 post-
casting, Fig. 4B) so that the cumulative effects
of the compound on differentiated myofiber
strength/weakness could be determined.

The effect of the well-established skeletal muscle
anabolic factor insulin-like growth factor-1 (IGF-1)21

was tested first. For 2D monolayers of skeletal myo-
fibers, incubation with 100 ng/mL IGF-1 for 3–7 days
resulted in myofiber hypertrophy based on increased
myofiber diameters.27,33 IGF-1 at this concentration
was found to significantly increase mean mBAM
myofiber cross-sectional area by 41% after 6 days
(Fig. 6A). Active mBAM force generation was signif-
icantly increased by 2 days after addition of IGF-1 to
the medium and continued to increase for the next
2–4 days to levels 2–3-fold greater than control
mBAMs (Fig. 6B). Similar results were obtained in a
second experiment. The effect of a skeletal muscle
catabolic factor was tested next. When atorvastatin
was added to the mBAMs there was a concentration-
and time-dependent decrease in active force gener-
ation, even at levels as low as 0.01 �M (Fig. 6C), a
level close to reported circulating plasma levels for
the drug. Histologically, at 0.10 �M atorvastatin
caused significant myofiber necrosis (Fig. 6D). The
�post deflection system was thus able to reproduc-
ibly respond to both an anabolic and catabolic factor
by an increase or decrease in active force generation,
respectively.

DISCUSSION

We show that PDMS can be vacuum cast into thin
flexible �posts of varying heights and diameters,
with reproducible stress–strain characteristics for tis-

sue-engineering applications. An ECM-containing
cell mixture was bioengineered into contractile tis-
sue around the caps positioned at the top of the
�posts and was maintained in this position in a
contractile state for several weeks. Electrical stimula-
tion of the tissue, coupled to an imaging motion
detection system that captured the �post deflec-
tions, could be used to accurately calculate active
force generated by the muscle tissue. This system
thus provides a new, reproducible, nondestructive
technique for active force measurements of contrac-
tile tissue-engineered constructs over extended time
periods, and when coupled with the robotic technol-
ogies used for HTS provides a unique physiological
assay for screening compound banks for new drugs
affecting skeletal muscle strength.

Primary murine skeletal muscle myoblasts were
tissue-engineered into mBAMs using standard tissue
culture methods and, when differentiated into post-
mitotic myofibers, expressed both adult and embry-
onic myosin heavy chain isoforms at approximately
similar levels. The percent of the adult fast myosin
heavy chain transcripts was �4-fold higher than
adult slow myosin transcripts. The relative expres-
sion of the adult myosin isoforms in the mBAMs is
thus similar to a 7–8-month-old adult fast murine
muscle5; however, whereas adult fast muscle in vivo
expresses only moderate levels of the embryonic
myosin isoform, the mBAMs expressed a high level
of this isoform (40% of the total). Thus, the nonin-
nervated mBAM myofibers in vitro are not fully dif-
ferentiated into true adult fast or slow fiber isotypes
and they will likely exhibit differences in the mBAM
response to anabolic/catabolic compounds com-
pared to adult muscle in vivo. However, mBAM ac-
tive force measurements are likely to be a potential
useful predictor of a compound’s in vivo effect on
muscle fiber strength in some neuromuscular dis-
eases.

To validate the potential of this approach for
detecting compounds that affect myofiber force-gen-
erating ability, a known anabolic factor—IGF-1—was
tested. IGF-1 was used in a low serum differentiation
medium at a concentration previously shown to max-
imally induce BAM myofiber hypertrophy in vitro.27

Myofiber diameters increased by 41% after several
days of incubation while active force increased to a
significantly greater extent (2–3-fold). These results
are interesting since they show a clear disconnect
between myofiber size increase and increased active
force generation. This indicates that IGF-1 is increas-
ing muscle force by mechanisms in addition to in-
creased myofiber size, possibly by also increasing

FIGURE 5. Relative myosin heavy chain isoform gene expres-
sion in mBAMs. Adult fast IId (Myh1), adult fast IIa (Myh2),
embryonic (Myh3), adult fast IIb (Myh4), adult slow (Myh7), and
perinatal (Myh8) were detected by quantitative PCR and expres-
sion (mean � SEM) depicted as percent relative to GAPDH.
Expression profiles represent a 12-day postcasting mBAM.
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contractile protein synthesis or organization into sar-
comeres.

Dose-dependent skeletal muscle pain and weak-
ness are the main side effects of the cholesterol-
lowering statins, affecting 7% of patients on statin
monotherapy, and causing serious myositis and
rhabdomyolysis in 0.2%–0.3% of the patient popu-
lation.31,32 Statins induce muscle weakness by un-
known mechanisms, but several in vitro studies have
reported adverse effects on 2D monolayers of skele-
tal myofibers, including histological abnormalities at
1 �M,20 increased myofiber apoptosis at 0.5 �M,13

and myofiber mitochondrial toxicity at 100 �M.14

These concentrations are significantly above the se-

rum levels found in patients on statin mono-
therapy.10 Our system was used to test for potential
adverse effects of atorvastatin on mBAM active force
generation and histomorphometry in a concentra-
tion range more comparable to that seen in treated
patients. A decrease in mBAM active force was seen
within 1–3 days at high atorvastatin concentrations
(2.5–25 �M) and 3–5 days at lower, more physiolog-
ical levels (0.01 �M). The results reflect an advan-
tage of using a repetitive long-term and nondestruc-
tive drug-screening assay technique such as the
�post deflection system where effects on active force-
generating ability accumulate slowly over time. Also,
since the time course kinetics of mBAM active force

FIGURE 6. Drug-induced modulation of mBAM active force. Insulin-like growth factor-1 increased myofiber size (A) and active force
generation (B). mBAMs were allowed to differentiate for 6–7 days postcasting and then IGF-1 (100 ng/ml) was added to the wells. Values
in (A) are the mean � SE of 67–77 myofiber area measurements per group (n � 6 mBAMs/group). Each point in (B) is the mean � SE,
n � 6 mBAMs per group. (C) Atorvastatin decreased mBAM active force generation in a time–concentration-dependent manner.
Atorvastatin at different concentrations was added to the tissue culture medium starting on day 6 postcasting. Active force was measured
once every 48 h and values calculated relative to initial active force at day 6 (100%). Each point is the mean � SE, n � 3–6 mBAMs per
group and the black lines represent the cubic polynomial regression fit of the data for each concentration. (D) Degenerating myofibers
(arrows) after exposure to 0.1 �M atorvastatin for 4–5 days. Whole-mount mBAMs were immunostained for sarcomeric tropomyosin (dark
gray) similar to those in Figure 1E. Scale bar, 50 �m.

Drug-Screening Platform MUSCLE & NERVE April 2008 445



responses to IGF-1 and the statins are different, the
advantage of measuring multiple timepoints in a
screening assay is evident. The statin effect is quite
dramatic, with loss of almost all active force and
significant histological damage to the myofibers dur-
ing the time course measured. This was unexpected
since atorvastatin is a relatively safe and effective
drug in humans. The adverse effects found may be
due to an increased sensitivity of murine muscle to
statins or to the differences in the drug’s pharmaco-
kinetics and biodistribution in vitro compared to in
vivo. Adverse event screening may be of particular
interest for statin drugs since an increase in current
recommended doses appears to have enhanced car-
diovascular benefits.30 This may require the develop-
ment of modified cholesterol-lowering compounds
that do not exhibit significant adverse skeletal mus-
cle effects.16 Our results do highlight the utility of
using mBAM tissue-engineering technology as one
of several in vitro screening technologies for analyz-
ing compounds that positively or negatively affect
skeletal muscle force-generating ability.

HCS screening with tissue-engineered mBAMs
will be slower and more variable than current mo-
lecular, biochemical, or cell-based HTS assays be-
cause of the relatively complicated nature of the 3D
engineering technology and the physiological na-
ture of the assay; but the physiological nature of the
mBAM active force assay may be more predictive of
a drug’s effect at the tissue level. To reduce well-to-
well variability, the force-generating ability of each
mBAM is measured before the addition of any test
compound; thus, each mBAM serves as its own inter-
nal control. A power analysis performed on the data
accumulated from experiments similar to those de-
scribed in this article, where each mBAM is its own
internal control, indicates that for a sample size of
six wells per compound concentration, a 10%
change in active force will result in statistical signif-
icance at the P � 0.05 level. Greater sample sizes
could be utilized if smaller changes than 10%–20%
are to be examined. Positive hit determination will
also be enhanced by the inclusion of both positive
(e.g., IGF-1) and negative (e.g., atorvastatin) con-
trols on each 96-well plate in a random fashion, as
suggested for more reliable HTS results.19

The current �post deflection system can be ad-
vanced on several fronts. The results outlined in this
study utilized mBAMs containing immature postmi-
totic murine muscle fibers without either proliferat-
ing myoblasts or fibroblasts, both of which would be
significant targets for future drug screening of com-
pounds affecting muscle strength. The myofiber
only mBAMs used in the current work provide base-

line data that can be followed up in future studies
with the addition of proliferating myoblasts and fi-
broblasts to the tissue-engineering process. Similar
technology can also be utilized in the future for
screening tissue-culture medium or other tissue-en-
gineering components (e.g., ECM) that stimulate
the differentiation of the myofibers into more adult-
like fast or slow phenotypes. Finally, the �post de-
flection system can utilize primary human muscle
cells (as obtained in muscle needle biopsies) as a
potentially more reliable predictor than rodent pri-
mary muscle cells or muscle cell lines of a com-
pound’s effect in future clinical trials. mBAMs might
also be tissue engineered from progenitor myoblasts
isolated from different patient populations with var-
ious neuromuscular disorders for specific disease
targeting of a potential drug. Drugs can be selected
for enhancing muscle force generation to treat dis-
orders such as the muscular dystrophies, sarcopenia
of the elderly, or muscle disuse.

In summary, physiological-based HCS for muscu-
lar disease with the �post deflection system and
tissue engineering technologies may provide a new
in vitro model for basic science research and for
information-rich, physiologic data for future drug
discovery and toxicity screening.
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