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Abstract—To study the effects of compressive straining
muscle cell deformation and damage anin vitro model system
was developed. Myoblasts were seeded in agarose const
and cultured in growth medium for 4 days. Subsequently,
cells were allowed to fuse into multinucleated myotubes fo
days in differentiation medium, resulting in a population
spherical myoblasts~50%!, spherical myotubes~35%!, and
elongated myotubes~15%! with an overall viability of 90%. To
evaluate cell deformation upon construct compression half-c
shaped constructs were compressed up to 40% strain and
resulting cell shape was assessed from confocal scans thr
the central plane of spherical cells. The ratio of cell diamet
measured parallel and perpendicular to the axis of compres
was used as an index of deformation~DI!. The average DI of
myoblasts decreased with strain level~0.9960.03, 0.7060.04,
and 0.5660.10 at 0%, 20%, and 40% strain!, whereas for
myotubes DI decreased up to 20% strain and then rema
fairly constant ~0.9960.06, 0.5560.06, 0.5060.11!. The dis-
crepancy in DI between spherical myoblasts and myotube
20% strain was explained by the relative sensitivity of the c
membrane to buckling, which is more pronounced in the m
tubes. Sustained compression up to 24 h at 20% strain res
in a significant increase in cell damage with time as compa
to unstrained controls. Despite differences in membrane bu
ling no difference in damage between myoblasts and sphe
myotubes was observed over time, whereas the elongated m
tubes were more susceptible to damage. ©2001 Biomedical
Engineering Society.@DOI: 10.1114/1.1349698#

Keywords—In vitro model, Muscle cell, Compression, Ce
deformation, Cell damage.

INTRODUCTION

Studies of soft tissues under mechanical loading h
shown that muscle tissue is highly susceptible to loc
ized compression, eventually leading to tissue degen
tion in the form of pressure sores.1,4,5,14,32 This tissue
degeneration starts at the cellular level and is charac
ized by nuclear pyknosis and an early disintegration
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the contractile proteins in the cells, followed by inflam
matory reactions.7,10,20,32 Although it is clear that both
the magnitude and duration of compression affect ce
lar breakdown, the underlying mechanisms whereby
sue compression results in cell damage are poorly un
stood. Muscle tissue can be conceived as consisting
three major components, which are differently affect
by mechanical loading: the muscle cells, the surround
extracellular matrix, and blood and lymph vessels. P
vious studies on the etiology of pressure sores have
cused on the last two components, which determine
mechanochemical environment of the cell. From the
studies it was hypothesized that tissue damage occur
a consequence of impaired perfusion and transport
metabolites to and from the cell. However, this theo
can only partly explain the onset of tissue damage a
has, to date, not been fully verified.14,15,21,40We hypoth-
esize that sustained deformation of the muscle cells
the tissue plays a significant role in the damage proc
Indeed cell deformation triggers a variety of effects, su
as local membrane stresses, volume changes, and m
fications of cytoskeletal organization, which may be i
volved in early cell damage, whereas changes in
mechanochemical environment of the cell may indu
additional damage. It has been shown that when s
jected to tensile or shear strains, the response of mu
cells to deformation is of major importance to mecha
otransduction, i.e., the process by which muscle c
detect and respond to their mechanical environment.11,38

A comparable response might be expected for comp
sive straining.

As it is clearly not possible to examine the effects
sustained cell deformation during compressive strain
intact tissue independently of other factors~such as
blood perfusion!, an in vitro system involving cultured
muscle cells has to be developed. Such a system ena
improved control of experimental conditions and offe
the potential for reproducible, well-characterized co
structs. An appropriate system must allow application
clinically relevant levels of strain, preferably in a non
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154 BOUTEN et al.
contact manner to avoid influencing cell damage.In vivo
studies have demonstrated damage to muscle tissu
compressive strains of up to 40%.13,34 In addition, it is
important to use a culture system that mimics the thr
dimensional~3D! tissue environment of the cells. Unde
in vitro condition muscle cells can be maintained
monolayer but, in this state, the typical 3D ‘‘tissue
configuration is absent. Finally, the system must all
quantification of cell deformation during compressi
loading. The present study utilizes anin vitro 3D model
system consisting of cultured muscle cells embedded
agarose gel. Agarose has been successfully used
construct for the study of strain-induced chondroc
deformation.17,27,23–25 Strain applied to the translucen
agarose gel will result in deformation of the living cel
seeded within it, which can be visualized using confo
laser scanning microscopy. The gross material beha
of agarose/chondrocyte constructs has been characte
as viscoelastic in nature up to large strains.22,24,27There-
fore, the gross behavior of the agarose/muscle cell c
structs was also assumed to be viscoelastic. The aim
the present study were to characterize the newly de
oped system, to assess cell deformation within the s
tem at clinically relevant strains, and to study the co
sequences of sustained cell deformation in terms of
damage.

MATERIALS AND METHODS

Muscle Cell Seeded Agarose Constructs

The established C2C12 mouse skeletal myoblast
~ECACC, Porton Down, UK! was used for the study
The myoblasts were seeded at low densities (2 – 33104

cells cm22! and grown in monolayer culture in tissu
culture flasks~Falcon, Becton Dickinson, Oxford, UK!.
The cells were cultured in a 37 °C, 5% CO2 humidified
incubator and fed with fresh growth medium every
days. Growth medium consisted of Dulbecco’s Modifi
Eagle’s Medium ~DMEM, Gibco BRL, Paisley, UK!
supplemented with 15% (v v21) heat-inactivated feta
bovine serum~Gibco BRL!, 200 mM L-glutamine~ICN
Biomedicals, UK!, 1% (v v21) nonessential amino aci
solution ~3100, Gibco BRL!, 20 mM HEPES~Gibco
BRL!, and a penicillin/streptomycin dual antibiotic solu
tion at 5000 IU/5 mg ml~ICN Biomedicals!. The myo-
blasts were maintained in continuous passage u
trypsinization of subconfluent cultures~;70%–80% con-
fluency,;63104 cells cm22!. The experiments reporte
were performed utilizing myoblasts of passages 10–
which retain the ability to differentiate into matur
myotubes.2

To enable the application of compressive strai
myoblasts were seeded within agarose constructs. A
low gelling temperature agarose suspension~Type VII,
Sigma Chemical Co., Poole, UK! in Earl’s balanced sal
at

a

r
d

-
f

-
-

l

solution was melted by autoclaving and subsequen
cooled to 37 °C on rollers. The agarose suspension
then added to an equal volume of a cell suspension
concentration of 43106 myoblasts ml21 in growth me-
dium to yield a final concentration of 23106 myoblasts
ml21 in 3% agarose. The agarose/cell suspension
plated in sterilized Perspex moulds and gelled at 4 °C
20 min. Using a specially made punch, the gel was co
into identical cylinders~4 mm diameter35 mm high!,
which were incubated in growth medium for 4 days
allow the cells to divide and proliferate. Subsequent
the constructs were cultured in a differentiation perm
sive medium, consisting of DMEM plus 2% (v v21)
Horse Serum~Gibco BRL!, to induce fusion and myo-
genic differentiation of the cells into multinucleate
myotubes.2 The differentiation medium was replaced e
ery 3 days. After 8 days in differentiation medium
equivalent to day 12 in culture, the final cell number d
to proliferation and subsequent fusion was approximat
13106 cells ml21. By then the constructs contained
mixture of myoblasts and multinucleated myotubes. T
latter either rounded up in the agarose gel or adopted
elongated, rod-shaped morphology. The rounded mu
nucleated cells are hereafter referred to as ‘‘spher
myotubes,’’ whereas the rod-shaped cells are referre
as ‘‘elongated myotubes.’’ The final cell concentratio
allowed the assessment of cell deformation of sin
cells, without interference of adjacent cells.

Cell differentiation and morphology was monitored b
light and phase contrast microscopy using an Olymp
IM microscope~Olympus Optical, UK!. Cell viability in
the model system was determined using the trypan b
exclusion test.

Assessment of Cell Deformation

At different stages of the culture protocol the mo
phology of two of the isolated muscle cell subpopu
tions ~spherical myoblasts and spherical myotube!
within the agarose was examined at gross const
strains of 0%–40%. For this purpose cell/agarose cy
ders were cut longitudinally to produce half-core shap
constructs, each with a flat surface suitable for micr
copy. The cells within the agarose were stained with
viable fluorescent probe Calcein-AM~Cambridge Bio-
Science, Cambridge, UK!. Calcein-AM diffuses across
the cell membrane into the cytoplasm of viable ce
where it is hydrolyzed by intracellular esterase to rele
the fluorescent Calcein. The excitation and emiss
spectra of Calcein are similar to those of fluoresce
with an optimal excitation wavelength of 490 nm and
optimal emission wavelength of 520 nm. The musc
cells were stained en bloc by incubating the specimen
a 5 mM solution of Calcein-AM in either growth me
dium ~day 4! or differentiation medium~day 8, day 12!



s
ion

ned
rig
ed
-
e,

and
ion
re
rig

ar-
ed

of
m
ge

ell
on-
ere
ach
eri
nt,
oss
xi-

n
of

15

40
as
in
s

gle
ed
nta
as

rain
ol
our
for-

era-
re-
se

ible.
ci-

he
ys-

ita-
at
n-

-
r

of
sly

de
lf-

cal

st
.13
tio
e-
-

155Muscle Cell Deformation and Damage in Compressed Agarose
at 37 °C, 5% CO2 for a minimum of 4 h. The specimen
were subsequently rinsed in fresh DMEM in preparat
for microscopy.

The half-core constructs were subjected to unconfi
uniaxial compression, using a specially designed test
that allows the cells within the agarose to be visualiz
using confocal microscopy.23 The rig, represented sche
matically in Fig. 1, consists of a stainless steel fram
which rests on the stage of an inverted microscope,
a plunger for compression of specimens in a direct
perpendicular to the microscope axis. A single half-co
shaped construct was placed on a coverslip in the
with the flat surface down and the longitudinal axis p
allel to the axis of the plunger. The plunger is controll
by a micrometer head that is graduated at intervals
0.01 mm, corresponding to a strain of 0.2% for the 5 m
long specimens. To prevent dehydration and shrinka
the construct is maintained in a bath of DMEM.

To study the influence of culture medium and c
fusion on cell dimensions at 0% strain separate c
structs, cultured to day 4, day 8, and day 12, w
mounted in the test rig in the unstrained state. In e
construct the dimensions of 15 myoblasts and 15 sph
cal myotubes were measured. In a second experime
construct cultured to day 12 was subjected to a gr
compressive strain of 20%, applied at a rate of appro
mately 20% min21. A 10 min period of stress relaxatio
of the construct was permitted, prior to measurements
cell dimensions on a group of 15 myoblasts and
spherical myotubes~group approach!. This procedure
was repeated on a separate construct compressed by
strain. In a third experiment a single cell approach w
adopted in which changes in cell shape were followed
individual cells. A construct cultured for 12 days wa
mounted in the test rig and the dimensions of a sin
myoblast or myotube were determined in the unstrain
state. The construct was then subjected to increme
strains of 10%, 20%, 30%, and 40%. The same cell w
measured to determine its dimensions at each st
level, after a 10 min period of relaxation. This protoc
was repeated using further constructs until a total of f
myoblasts and four myotubes were measured. All de

FIGURE 1. Schematic representation of test rig used to com-
press cell seeded agarose constructs.
,

-
a

%

l

mation measurements were performed at room temp
ture. Since these were relatively short-term measu
ments the effect of temperature on cell viability, agaro
properties, and cell shape was expected to be neglig

A confocal laser scanning microscope and its asso
ated image analysis software~Molecular Dynamics Ltd.,
Sevenoaks, UK! was used to visualize and measure t
fluorescent cells within the constructs. The confocal s
tem is based around an inverted microscope~Diaphot
1000, Nikon UK Ltd.! using a340 oil immersion, 0.55
numerical aperture objective. The argon ion laser exc
tion was set at 19 V and either 3% or 30% full power
488 nm, with emission recorded above 510 nm. A co
focal pin hole aperture of 50mm was used with a pho
togain of 32 or 34 and a photomultiplier tube detecto
voltage of 600 V.

Individual muscle cells were visualized at a depth
50–100mm into the agarose construct using a previou
described confocal technique described by Knightet al.23

To review briefly, a single horizontal scan was ma
through the center of a fluorescently stained cell. A ha
maximum intensity threshold was applied to the confo
image and the full width half-maximum~FWHM! diam-
eters ~in mm! of each cell were measured parallel (X)
and perpendicular (Y) to the compression axis of the te
rig. Measurements were made with a precision of 0
mm corresponding to one pixel. Subsequently, the ra
of the cell X and Y diameters was determined as a d
formation index ~DI!, as indicated in Fig. 2 and em
ployed in previous studies.17,23,27 Alternatively, cell de-

FIGURE 2. Assessment of deformation of muscle cells using
confocal microscopy „see Ref. 23 ….
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156 BOUTEN et al.
formation was quantified in terms of cell strain~percent!
in the directions parallel and perpendicular to compr
sion. In this case cell strains are given by

ex5
Xu2Xs

Xu

3100

and

ey5
Yu2Ys

Yu

3100,

whereXu andYu are the diameters of the unstrained c
and Xs and Ys are the diameters of the strained ce
Since the measurement of cell strain requires the di
eters of the same cell under both strained and unstra
conditions, it is only applicable in the third deformatio
experiment using a single cell approach. Both techniq
produce accurate and highly reproducible measures
deformation for spherical cells in a simple way.23 Defor-
mation of nonspherical cells, i.e., the elongated m
tubes, was not quantitatively assessed in the pre
study, but since the spherical cells predominate in t
system ~see Results section!, the measurements o
spherical cells provide a good estimation of cell def
mation in response to gross straining of the construc

Assessment of Cell Damage

To study cell damage in response to sustained c
pression cylindrical constructs cultured up to day
were subjected to 20% gross strain for periods of 1, 2
12, and 24 h. This level of strain, corresponding to
normal construct stress of about 4.3 kPa, was cho
because of the difference in membrane buckling betw
myoblasts and myotubes under these conditions~see Re-
sults section! and the clinical relevance for pressure so
development.1,14,20,32

For each time period 16 constructs were placed
right in a central position in appropriate wells of a 2
well testing plate~Costar Corporation, Cambridge!. This
testing plate was positioned in a specially designed
straining device~Dartec, Stourbridge, UK!.28 The device
consists of an incubator~Herraeus Instruments, Wolver
hampton, UK! within a loading frame and enables ind
vidual constructs to be loaded via 11 mm long flat-end
indenters, either statically or dynamically, in unconfin
compression. A standard load cell and linear varia
displacement transducer are used to control load ap
cation via a central rod, attached to a removable mou
ing plate incorporating 24 indenters. Movement of s
lected indenters can be restricted by a clamp
mechanism, whereas other indenters are allowed to m
freely. In this way eight constructs were subjected
20% compressive strain~20% min21!. The other con-
-
d

f

t

-

-

e

structs were treated as unstrained controls, subjected
to a tare strain of 0.8% due to the mass of the inden
~2 g!. Each cylinder was incubated at 1 ml differentiatio
medium and kept under standard culture conditions d
ing the straining protocol. At time zero and at the end
each time period, constructs were removed and fixed
4% paraformaldehyde in 0.1 M sodium cacodylate. T
constructs were then dehydrated through a series of
cohol and xylene concentrations, cut vertically throu
their center and embedded in wax. Four 5-mm-thick
slices, about 200mm apart, were taken from both halve
of two representative constructs. These slices w
stained with Harris’s haematoxylin and eosin and exa
ined for cell damage using an Olympus BH-2 light m
croscope under a random blind procedure. Cell dam
was assessed from evidence of membrane disruptio
nuclear pyknosis or fragmentation.7,10 The number of
viable and damaged cells was counted across the fiel
view in a raster formation and expressed as percen
of total cell number. Cells were further categorized
myoblasts, spherical myotubes, elongated myotubes,
the relative damage in the respective subpopulations
culated as a percentage of the total number of cells
subpopulation. For each time period a minimum of 2
cells were evaluated in this way for both strained a
unstrained constructs.

Data Analysis

Deformation Studies.The shapes of spherical myoblas
and myotubes were assessed from the FWHM diame
of each cell. Although it is accepted that the edge ide
tification in the confocal images is not well defined in a
cells ~Fig. 4!, it is anticipated that any inaccuracies
diameter measurements were limited by the use of gr
averages and a single observer. In the first two exp
ments the DI values for both myoblasts and myotub
were normal in distribution. Hence, differences in D
between the two cell types were tested with an unpai
Student’s t tests. Analysis of variance~ANOVA ! was
used to determine the effect of culture medium and c
fusion on cell shape in the unstrained state on day 4
and 12 constructs. The effect of strain level on DI
spherical myoblasts and myotubes was also asse
with ANOVA. In the third deformation experiment indi
vidual cells were tracked to study cell shape in respo
to increased compression. Because of the limited num
of cells that was examined in this experiment, compa
sons between DI,ex , and ey of different cells and in
different constructs were not subjected to statistical
ferential tests.

Damage Studies.ANOVA was used to test the effect o
straining period on the total percentage of cell damage
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157Muscle Cell Deformation and Damage in Compressed Agarose
well as the differences in cell damage between the th
subpopulations. Unpaired Student’s t tests were use
compare damage in strained and unstrained construct
all cases the 0.05 level of significance was used.

RESULTS

Cell Seeded Agarose Constructs, Effect of Culture
Period

The culture protocol for muscle cell seeded agar
constructs was performed using single cell suspens
with viabilities of at least 96%. During the 12-day cu
ture protocol cell viability gradually decreased, but a
ways exceeded a value of 90%. Representative ph
contrast micrographs of muscle cells in agarose at
ferent stages of the culture protocol are presented in
3. Constructs up to day 4 contained only spherical m
blasts, although an increasing number of cell clust
were observed. By day 4, the constructs generally c
sisted of 50% individual myoblasts and 50% clusters
up to 20 myoblasts@Fig. 3~A!#. After switching the cul-

FIGURE 3. Phase contrast photomicrographs of muscle cells
in agarose at different stages of the cultural protocol. „A…

Individual myoblasts and clusters of myoblasts „day 4 …, „B…

spherical myotube „day 8 …, and „C… snaked-up elongated
myotube „day 12 …. Magnification: Ã600.
n

s

e

.

ture medium to differentiation permissive medium, th
cell clusters gradually started to fuse into spherical@Fig.
3~B!# and, less frequently, elongated or rod shaped my
tubes @Fig. 3~C!#. By day 12, the constructs containe
approximately 50% myoblasts, 35% spherical myotub
and 15% elongated myotubes. A horizontal scan throu
the center of a myoblast and a spherical myotube in
unstrained construct is shown in Fig. 4~A!.

The mean cell diameters and DI values of spheric
myoblasts and myotubes in unstrained constructs at d
4, 8, and 12 are given in Table 1. All DI values wer
close to unity and there were no group differences b
tween DI values at the three times in culture. This su
gests that both cell types adopted a spherical shape in
unstrained state. Myoblast diameters ranged from 8.9
15.8 mm and there was a slight, but nonsignificant in
crease in diameter between day 4 and 12. Spherical m
tubes were consistently larger than myoblasts and gr
significantly with time spent in culture (p,0.01). Be-
tween days 8 and 12 spherical myotubes had appro
mately doubled in diameter. Although no quantitativ
assessment was performed, the elongated myotubes
peared to be slightly longer in day 12 constructs com
pared to day 8, with lengths ranging from about 50
150 mm.

Cell Deformation

Figure 4 shows typical examples of horizontal conf
cal scans through the center of muscle cells at 0%, 20
and 40% construct compression. The scans sugge
that all myoblasts and some myotubes deformed from

FIGURE 4. Horizontal confocal scans through the center of
muscle cells. Note the buckling at the equators of the cells
during straining. „A… Myoblast and rounded myotube in an
unstrained construct, „B…,„C… myoblasts at 20%, and 40%
construct strain, and „D…,„E… myotubes at 20%, and 40% con-
struct strain.
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TABLE 1. Diameters „X,Y… and DI of myoblasts and spherical myotubes at 0% strain at different
stages of the culture protocol „meanÁsd ….

Myoblasts Myotubes

X (mm) Y (mm) DI X (mm) Y (mm) DI

Day 4 11.061.5 11.361.6 0.9760.04 N/Ab N/A N/A
Day 8 12.262.0 12.262.0 1.0060.04 22.863.2a 23.664.2a 0.9760.08
Day 12 12.361.8 12.361.8 0.9960.03 48.0611.9a 48.9611.9a 0.9960.06

aSignificant difference between diameters of myoblasts and myotubes.
bN/A: not appropriate.
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spherical to a more ellipsoid morphology when the co
structs were compressed to 20% strain. About 90%
the myotubes, however, showed localized buckling
this level of strain, appearing as a pointed apex at
equators of the horizontal cell sections. Further, thr
dimensional reconstruction from a series of horizon
scans revealed that buckling of the myotubes also
curred along the midmeridian running between bo
equators. Hence the cells presented a UFO-shaped
phology. At 40% strain all myotubes and most myobla
had adopted this morphology.

Changes in cell shape were quantitatively assesse
groups of cells using the DI. For myoblasts DI decreas
significantly with the level of strain, reaching mea
~6standard deviation! values of 0.7060.04 and 0.56
60.10 at 20% and 40% strain, respectively~Fig. 5!. In
myotubes a marked, significant decrease in DI was
served when the construct was compressed to 20% s
~0.5560.06!, but little further decrease was measur
when the strain was increased to 40%~0.5060.11!. At
20% strain the DI of myotubes was significantly smal

FIGURE 5. Deformation indices „meanÁstandard deviation …

of myoblasts and myotubes measured in 12 constructs com-
pressed to 0%, 20%, and 40% strain. #: DI of myoblasts at
20% strain differs significantly from DIs at 0% and 40% strain
„pË0.05…, ##: DI of myoblasts at 40% strain differs signifi-
cantly from DI at 0% strain „pË0.01… and DI at 20% strain
„pË0.05…, * : DIs of myotubes at 20% and 40% strain differ
significantly from DI at 0% strain „pË0.05…, and §: signifi-
cant difference between DIs of myoblasts and myotubes at
20% strain „pË0.05….
r-

n

n

than that of myoblasts, whereas at 40% strain no sign
cant difference in DI between the two cell types w
found ~Fig. 5!.

Experiments on single cells confirmed the findin
identified using the group approach. Thus, some m
tubes were observed to buckle at 20% compress
strain, whereas the onset of buckling in myoblasts
curred at higher levels of 30% and 40% strain. Furth
values for DI measured in single cells follow a simil
trend to that using the group approach. Table 2 summ
rizes the mean cell strains and deformation indices
individual cells followed during gross compression of t
construct up to 40%. Cell strains in the direction
compression (ex) correlated well with the applied con
struct strain, for both myoblasts and myotubes. By co
trast, strains inY direction (ey) were variable for both
cell types and did not correlate with the level of co
struct strain.

Cell Damage

For all straining periods the total percentage of c
damage was significantly higher in strained constru
than in unstrained controls. Cell damage in strained c
structs increased significantly with time of compressi
from 43.4%~1 h! to 96.2%~24 h!, whereas cell damage
in unstrained controls remained constant over time w
an average value of 28.5%62.5% ~Fig. 6!. At time zero
the percentage damage was 23.8%63.0%. When cor-
rected for damage in unstrained controls, the mean
crease in damage due to sustained compression
12.5%, 23.9%, 30.8%, 44.6%, and 67.2% for the resp
tive time periods.

Table 3 summarizes cell damage in the three s
populations, calculated as a percentage of the total n
ber of cells. For all three subpopulations the percent
damage was significantly higher in strained constru
than in unstrained controls. Damage to the spher
myoblasts and spherical myotubes increased fairly
early with period of compression and, with the excepti
of constructs strained for 2 and 12 h, no significa
difference in the amount of damage was found betwe
these two sub-populations. After 24 h of straining nea
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TABLE 2. Cell strains „ex ,ey… and DI of myoblasts and spherical myotubes in agarose at five
different compressive strains „meanÁsd ….

Strain (%)

Myoblasts Myotubes

ex (%) ey (%) DI ex (%) ey (%) DI

0 0 0 0.9960.04 0 0 1.0160.08
10 9.162.0 25.062.0 0.8460.03 9.311.1 24.110.9 0.8560.10
20 20.463.2 210.360.8 0.6960.05 19.864.2 232.661.0 0.5560.07
30 28.767.2 230.4110.1 0.5460.07 29.663.8 244.469.1 0.5160.06
40 36.9610.4 239.6611.9 0.5060.08 37.266.4 247.868.5 0.4860.08
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all spherical cells were damaged. The elongated my
tubes were particularly sensitive to damage. Up to 4 h of
straining the percentage damage to these cells was
nificantly higher than in the other subpopulations an
after 12 h of compression all elongated myotubes we
damaged.

DISCUSSION

Muscle tissue consists of three components, t
muscle cells, the surrounding extracellular matrix, an
blood and lymph vessels, each responding distinctly
mechanical loading. Muscle degeneration in the form
pressure sores starts at the cellular level and it is hypo
esized that sustained deformation of the muscle ce
during tissue compression plays a major role in this pr
cess. To evaluate the effects of sustained cell deform
tion independently of other factors a novel three
dimensionalin vitro model system, consisting of muscle
cells seeded and cultured in agarose was develop
Characterization of the model system indicated a hi
proportion of cell viability throughout the culture proto
col, although most of the myoblasts and multinucleate
myotubes adopted a spherical shape in the agarose
In addition, the typical cross-striated appearance a
spontaneous contractility often seen in monolayers
C2C12 cells31,35 was not observed. In alternative system
where fully differentiated day 8 or day 12 myotube
obtained from monolayers were seeded directly into ag

FIGURE 6. Percentage cell damage in uncompressed and
compressed „20% strain … cell seeded agarose constructs.
-

-

-

.

l.

rose similar, mostly spherical, cell morphologies we
observed, but at significantly lower cell viabilitie
~,70%! ~unpublished results!. The rounding-up of the
muscle cells in agarose is possibly due to the absenc
fibers, such as found in collagen gels, which are requi
for cell anchorage. Collagen gel, however, is not suita
as scaffold for maturating muscle cell cultures.29,37

Therefore, alternative scaffolds based on the work
Vandenburghet al.39 are being developed for futur
studies.8

Although the muscle cell/agarose system is a limit
representation ofin vivo muscle tissue it represents
simple, reproducible model to test our hypothesis on
damaging effects of compressive strain-induced mus
cell deformation. Since high levels of cell viability ar
critical in these studies, the system is very useful for t
specific purpose. A major advantage of mounting mus
cells in a scaffold such as agarose is that the constr
can be compressed to clinically relevant levels of stra
using the specially designed test rig, which enables
ing cells to be easily visualized and measured with c
focal microscopy. Moreover, the system allows deform
tion of cells without contacting the cells, which is no
possible in alternative systems for compressive strain
of cells.19,33,36,41

Evaluation of the culture protocol showed that my
blasts started to fuse and differentiate into myotubes a
a change of culture medium. This method of cell fusi
has been described for C2C12 myoblasts in monolay
by Bainset al.,2 although the fusion rate is lower in th
present 3D system. This is probably due to the low
degree of cell confluence in the agarose constructs.
diameters of the multinucleated myotubes increased
nificantly from day 8 to day 12 in culture~Table 1!, but
remained stable thereafter~results not presented!. In ad-
dition, the relative amounts of muscle cell subpopu
tions remained unchanged after 12 days in cultu
Therefore, day 12 was chosen as the end stage of
culture protocol.

The mechanical stability of the agarose gel with tim
in culture was not evaluated in the present study. Ag
ose forms hydrophilic gels and water uptake and sw
ing may possibly change the overall mechanical prop
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TABLE 3. Cell damage in the three muscle cell subpopulations in the model system, calculated
as percentage of the total number of cells per subpopulation in strained and unstrained

constructs.

Time (h)

% damaged myoblasts
% damaged spherical

mytobes
% damaged elongated

myotubes

Unstrained Strained Unstrained Strained Unstrained Strained

0 23.6 N/Aa 28.4 N/A 42.1 N/A
1 28.2 43.9 35.7 44.0 63.2 83.3
2 36.6 44.7 26.3 61.5 50.0 87.0
4 25.0 61.0 24.3 67.7 35.0 92.9

12 26.4 72.7 32.1 93.1 43.5 100.0
24 26.3 95.7 29.7 95.0 37.5 100.0

aN/A: not appropriate.
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ties of the material. Previous studies, however, ha
demonstrated that the mechanical properties of 3% a
rose constructs remain stable for periods up to sev
weeks and are not affected by the presence of chon
cytes within the agarose.9,17 It seems reasonable therefo
to assume that the muscle cell/agarose constructs re
mechanically stable over the complete culture peri
Nevertheless care must be taken when making abso
comparisons with other studies on cell deformation
agarose. The heterogeneous character of the muscle
agarose constructs due to the presence of different
morphologies and myoblast clusters will give rise to
different local mechanical environment than evident
chondrocyte/agarose constructs.18 The description of the
complex mechanical environment around the mus
cells in response to a relatively homogeneous const
strain requires the development of a multiscale fin
element model.8 By prescribing a damage threshold f
muscle cells, obtained from the present experiments
others, it will be possible to predict the amount a
location of cell damage in response to gross compres
strain.

In the experiments examining cell deformation bo
the single cell approach and the group approach resu
in similar cell shapes and hence similar values of DI
equivalent strain levels. When the agarose constru
were compressed, the seeded muscle cells exhibite
marked deformation. In myoblasts an increase in gr
construct strain of up to 40% produced a significa
decrease in DI~Fig. 5, Table 2!. This trend is consisten
with previous studies on the deformation of spheri
chondrocytes in agarose.17,23,27 The DI of myotubes, by
contrast decreased significantly up to 20% strain,
remained stable thereafter. The marked deformation
myotubes at 20% strain, associated with a lower m
DI value compared to myoblasts~Fig. 5!, might be at-
tributed to the early onset of buckling at the equators
the myotubes. This process is indicated by the la
increased value forey associated with a decrease in t
DI at 20% strain~Table 2!. By contrast myoblasts dem
-
l
-

in

e

ll/
ll

t

d

a

onstrated buckling at strains above 30%. Hence, at
highest construct strains, both cell types demonstra
buckling and their DI was equally affected by th
changes in cell shape and localized buckling. Thus,
use of the deformation index should be limited to t
assessment of cell shape from a sphere to an ob
ellipse. When assessing more complex cell shapes
deformations, including those in buckling cells and elo
gated myotubes, techniques such as digital image co
lation and 3D image reconstruction need to be applie6

If the cells were to be assumed to behave like inco
pressible solids, any change in cell diameter in the
rection of compression (X) would be equal to the squar
of the reciprocal of the change in the mutually orthog
nal directions (Y and Z). This assumption was calcu
lated to be appropriate for theX and Y diameters of
myoblasts and myotubes at the level of 10% constr
strain, prior to any bucking of the cells~Poisson’s ratios
approximately 0.5!. At 30% and 40% construct strai
Poisson’s ratios were larger than 1.0, albeit with a li
ited data set, for both cell populations. This question
the earlier assumption at these higher strain levels.

Despite the difference in sensitivity to buckling
20% strain no clear difference in cell damage betwe
myoblasts and spherical myotubes was observed o
time. Buckling probably occurs as a consequence of h
local stresses in the cell membrane. The higher sens
ity of myotubes to buckling compared to myoblasts m
be due to either their larger diameters, the reorganiza
of nuclei within them or the associated mechanical inh
mogeneity. It has been shown that, given an equal m
brane thickness, the sensitivity of fluid filled spheres
localized buckling increases with sphere diameter.16 Liu
et al.30 performed extensive studies on the deformat
of fluid-filled spherical microcapsules with diamete
comparable to the spherical myotubes~65 mm!. The au-
thors used a theoretical model consisting of a nonlin
elastic membrane filled with incompressible flu
~Mooney–Rivlin material behavior! to calculate the ten-
sion profile in the membrane, expressed as stress per
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length of the deformed surface. Experiments showed
compression up to 60% strain of individual microca
sules between two parallel plates caused buckling
finally bursting of the polymeric membrane at the equ
tors of the cell. Membrane rupture was evident wh
tension was highest at the equators, i.e., at the burs
points, reaching a value of 1.04 N mm21. It is conceiv-
able therefore that buckling at the equators of deform
muscle cells may eventually lead to membrane ruptu
However, the level of 20% strain used in the present c
damage experiments might not be sufficient to cause
direct damage to the membrane. Furthermore, cell d
age in the present study was assessed from evidenc
membrane disruption and nuclear pyknosis or fragm
tation, but no distinction was made between these
markers. Hence, a direct relationship between buck
and membrane damage still needs to be established

In addition to membrane properties, the local defor
ability of biological cells such as buckling depends
the integrity of the cytoskeleton.33 As the typical cross-
striated appearance of muscle cells could not be dete
in all three subpopulations in the present study it mig
be argued that these cells are devoid of a bundled
crofilament organization in agarose. Further, it is m
likely that the integrity of the cytoskeleton is affected b
the absence of an extracellular matrix. This aspect m
be considered when interpreting the damaging effects
sustained cell deformation.

The percentage of cell damage in the develop
model system was significantly enhanced in strained c
structs and increased with time of compression for
three subpopulations. This increase in cell damage w
compression period is consistent with well-establish
relationships between tissue comparison and damage
rived from animal models.7,14,20,32Despite differences in
experimental setup and degree of compression, th
models indicate significant tissue damage after 2 h of
sustained compression, which increases thereafter. D
age assessment in these studies typically involves his
ogy of excited tissue to examine for signs of cellu
necrosis, whereas the markers used to assess cell da
in the present study may involve both apoptosis a
necrosis.12

In the damage experiments the percentage of via
cells in unstrained controls~71.5%62.5%! was lower
than in the model characterization experiments~viability
.90%!. This is probably due to the fixation process
the constructs in the damage experiments and the di
ent markers used for assessing cell viability in the
spective studied. There was no evidence that the
strain applied to the control constructs led to any sign
cant decrease in cell viability, since cell viability in un
strained controls was not different from that in time ze
values~76.2%63.0%!.
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The level of 20% construct strain used in the c
damage experiments corresponds to a gross aga
stress of about 4.3 kPa. This level of compression
been considered as a causal factor for pressure so
since it is traditionally quoted as the capillary closin
pressure.26 Surface pressures applied to the skin in e
cess of this value will produce a degree of ischaem
and, if applied for a sufficient period of time, may lea
to damage in the form of pressure sores.3,14,20,32Several
arguments, however, challenge this theory. Capillary c
sure depends on local stresses and strains inside the
sue and not just on global pressures applied to the s
Second, although relationships between surface press
and blood flow or oxygen tension have been studi
threshold levels associated with tissue damage are
well established.1,14,15,20,32 In addition, soft tissues can
remain viable for extended periods of time without blo
supply during surgical procedures. We therefore hypo
esized that sustained deformation of the cells inside
tissue is an important component of cell damage rega
less of the level of nutrient and oxygen supply. T
significant differences in cell damage between strain
and unstrained controls in the present study support
hypothesis. Since predisposing factors for cell dama
such as oxygen and nutrient supply to the constru
were equal for strained and unstrained construct, the
formation of the constructs and the associated cells
considered as the trigger for cell damage. The mec
nisms whereby deformation causes cell damage, h
ever, remain unclear. Apart from direct trauma to cellu
structures, such as the cell membrane, diffusion thro
the deformed construct and across the deformed
membrane may be impaired, particularly when consid
ing large molecules.28 To obtain an improved insight into
the etiology of compressive strain-induced cell dama
future studies should focus on structural, mechanical,
biochemical changes in response to sustained cell
deformation.

In conclusion, we have described a simple model s
tem for the study of compressive strain-induced mus
cell deformation and damage underin vitro conditions.
The system is easy to produce and highly reproducib
Due to its mechanical stability over time it is suitable
study the effects of sustained cell deformation. At lev
up to 20% strain the deformation of spherical cells c
be determined with relatively simple two-dimension
measurements of the deformation index, whereas o
techniques need to be developed to assess deformati
larger strains and in more complex cell shapes. Althou
the system is at present a limited representation ofin
vivo muscle tissue, it is valuable for studying compre
sive strain-induced cell damage such as evident in p
sure sores.
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