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Abstract In recent years, damage directly due to tissue
deformation has gained interest in deep pressure ulcer
aetiology research. It has been shown that deforma-
tion causes muscle cell damage, though the pathway is
unclear. Mechanically induced skeletal muscle damage
has often been associated with an increased intracellu-
lar Ca2+ concentration, e.g. in eccentric exercise (Allen
et al., J Physiol 567(3):723–735, 2005). Therefore, the
hypothesis was that compression leads to membrane
disruptions, causing an increased Ca2+-influx, eventu-
ally leading to Ca2+ overload and cell death. Mono-
layers of differentiated C2C12 myocytes, stained with
a calcium-sensitive probe (fluo-4), were individually
subjected to compression while monitoring the fluo-
4 intensity. Approximately 50% of the cells exhibited
brief calcium transients in response to compression,
while the rest did not react. However, all cells demon-
strated a prolonged Ca2+ up-regulation upon necrosis,
which induced similar up-regulations in some of the sur-
rounding cells. Population heterogeneity is a possible
explanation for the observed differences in response,
and it might also become important in tissue damage
development. It did not become clear however whether
Ca2+-influxes were the initiators of damage.
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Introduction

Pressure ulcers are localized areas of degenerated soft
tissue that develop due to prolonged mechanical load-
ing. These ulcers can either originate in the skin surface,
or within the deeper muscle layers adjacent to bony
prominences. The latter so called deep pressure ulcers,
involve deep tissue injury under an intact skin [1].

The precise damage mechanisms responsible for
the development of these wounds are still unclear.
Deformation-induced blood vessel collapse resulting in
ischaemia may cause damage [2–4], and reperfusion
upon tissue unloading can also be harmful [5, 6]. Fridén
et al. [7] and Stekelenburg et al. [8] showed that com-
pression and ischaemia together have a more damaging
effect on muscle tissue than ischaemia alone.

Experiments on single cells by Bouten et al. [9] and
on tissue-engineered muscle constructs by Breuls et al.
[10] demonstrated that deformation itself affects cell
viability. Gawlitta et al. [11] investigated the separate
contributions of different aspects of compression to
damage in an in vitro set-up. They found that defor-
mation was, in the short term, more damaging to the
cells than hypoxia. In addition, Stekelenburg et al. [12]
showed that regions of damage in muscle tissues in an
animal model corresponded to areas of maximum shear
strain in indentation tests. These findings all indicate
that tissue deformation per se leads to damage, and
hence may be an important factor in damage develop-
ment in deep pressure ulcers.
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However, the temporal pathway from muscle defor-
mation to gross tissue damage still remains unclear.
It might be suggested that elevated intracellular Ca2+
levels are involved in the initiation of deep pressure
ulcers, in a similar manner to that in skeletal mus-
cle damage. Indeed, in eccentric contraction-induced
injury, it is believed that membrane stretch leads to an
increased membrane permeability, permitting an influx
of Ca2+ ions [13, 14]. The mechanical destruction of
muscle plasma membrane, and the passive stretching
of muscle cells induced similar increases in intracellular
Ca2+ [15–18].

The similarity in histological damage patterns from
muscle indentation experiments on rats [12] and
eccentric exercise-induced damage [19], further sup-
ports the idea of stretch-induced Ca2+-influx and sub-
sequent fibre injury in pressure-induced skeletal muscle
injury. Furthermore, it is known that degrees of hypoxia
and ischaemia induce an increase in intracellular Ca2+
in their damage pathways [20, 21]. Moens et al. [22]
proposed that the ischaemic Ca2+ increase for car-
diomyocytes involved a disturbed ion homeostasis
starting with acidosis due to anaerobic metabolism.
Fredsted et al. [20] found that the increased Ca2+ con-
tent induced by anoxia was associated with a loss of
membrane integrity, further increasing Ca2+-influx.

The present study tests the hypothesis that defor-
mation leads to an increased Ca2+-influx in a similar
manner to ischaemia, although the specific mechanisms
may be uncoupled. The cellular homeostatic processes
are eventually compromised beyond which a cascade of
events will lead to cell death.

To test the hypothesis, the following questions were
addressed in the present study. Is cell death due to
compression indeed preceded by an increase in intra-
cellular Ca2+ concentration? Is there a certain compres-
sion threshold for mechanical cell damage? In order to
examine this hypothesis, a well-defined in vitro muscle
cell model subjected to deformation was stained with
both a Ca2+-sensitive dye and an indicator of cell necro-
sis. Fluorescence of these dyes was monitored while
single myotubes were compressed to reveal the Ca2+
dynamics in response to cell compression.

Materials & Methods

Cell Culture

C2C12 murine skeletal myoblasts (ECACC, Salisbury,
UK) were cultured in growth medium (GM) in an
incubator at 37◦C and 5% CO2. GM consisted of 500 ml
Dulbecco’s modified Eagle’s medium (DMEM) high

glucose with L-glutamine (Gibco, The Netherlands),
15% FBS, 2% HEPES, 1% non-essential amino
acids and 0.5% gentamicin (all from Biochrom AG,
Germany). Between passages 13 and 17, cells were
harvested and seeded in monolayers on gelatin-coated
cover glasses placed in 6-well plates at a density of
75,000 to 100,000 cells/well. After 2 days, they were dif-
ferentiated into myotubes with differentiation medium
(DM) having the same formulation as GM, except that
FBS was replaced by 2% horse serum (Biochrom AG).

Compression experiments were performed on differ-
entiation day 4, a time at which myotubes were shown
to be optimal in a pilot study.

Staining

The monolayers were stained with cell-permeant fluo-4
AM (F14201, Molecular Probes) to visualize cytosolic
Ca2+ [18, 23], and cell tracker orange CMTMR (CTO,
C2927, Molecular Probes) to visualize the cells. Fluo-4
was dissolved in DMSO to a concentration of 1 mM,
and subsequently diluted in DMEM to a final concen-
tration of 10 μM. This was supplemented with 5 μM
CTO, and cells were incubated for 25 min. Thereafter,
they were washed twice with DMEM and then incu-
bated a further 15 min to ensure complete cleavage
of fluo-4 by intracellular ester enzymes to release the
Ca2+-sensitive probe. This was performed in DM, sup-
plemented with 10 μM propidium iodide (PI, P3566,
Molecular Probes) to monitor necrosis [24]. Thereafter,
the monolayer was transferred to the experimental set-
up with 1 ml DM and a covering layer of mineral oil to
prevent medium evaporation.

Mechanical Deformation

A custom-built cell compression device for unconfined
compression of single attached cells designed in the
host laboratory was employed [25]. It consists of a
stainless steel frame resting on a motorized stage of
an inverted microscope. A cover glass with cells was
inserted in a polycarbonate cell chamber, where tem-
perature and CO2 were controlled. Cells were com-
pressed using a glass indenter having a flat surface with
a diameter of 50 μm. This indenter can be moved with
three micromanipulators within a range of 15 mm at
minimum increments of 50 nm. Fine-positioning was
achieved with piezo-actuators within a range of 100 μm
with a resolution of 5 nm.

Using a 40× magnification objective (Plan-
Apochromat 40×/0.95 corr), one or two myotubes
were selected for compression. The thickness of these
myotubes was determined from a stack of confocal
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Table 1 Overview of
experiments

∗ The variation in
compression levels can be
attributed to the differences
in height between the 2 cells.
# cells: number of compressed
cells / total number of moni-
tored cells.
t(inc-scan): time between
fluo-4 incubation and
scanning.

Series Exp # cells t (inc-scan) (min) Final deformation (%)

a 1 1 / 3 150 55
2 2 / 3 360 70/63*
3 1 / 5 150 55
4 1 / 2 420 54
5 2 / 4 90 54

b 6 1 / 5 120 78
7 1 / 6 120 71
8 2 / 9 50 50

c 9 0 / 12 105 0
10 0 / 10 60 0

images of the CTO-stained myotube. From a stack of
line scans, the height of the indenter above the cover
glass could be estimated. The indenter was then moved
using the micromanipulators to within 10 μm of the
top of the myotube to be compressed. Then the piezo-
actuators were used to apply deformation in increments
of 1 μm. After the loading experiment, the indenter
was further moved downwards in increments of 1 μm
until slight contact was made with the cover glass,
indicated by the force transducer. This determined the
height of the indenter more accurately and enabled an
estimation of the applied compression levels.

Two different compression regimes were used. In
the first set of experiments, increments of 1 μm com-
pression were applied until necrosis of the compressed
myotube (series a), a process associated with an ex-
tended scanning period. By contrast, in the second set
of experiments, larger increments of 2 to 3 μm were
applied (series b). Control experiments were conducted
in an identical experimental set-up in the absence of
compression (series c). An overview of the experiments
that have been performed is given in Table 1.

Data Acquisition and Analysis

The intensities of fluo-4, CTO and PI fluorescence were
monitored on an inverted microscope (Axiovert 100 M,
Zeiss, Germany) with a confocal laser scanning unit
(LSM 510, Zeiss, Germany) using a 40× magnification
objective. The three probes were excited with a 25 mW
Argon laser at 488 nm. For detection of fluo-4 fluores-
cence, emission was recorded between 505 and 530 nm.
Both CTO and PI fluorescence emission was measured
above 585 nm. PI could be distinguished from CTO
because the former predominantly stains the nuclei,
and this fluorescence was much more intense than
CTO fluorescence.

Time series consisted of images with a field of view of
230.3×230.3 μm2 (512×512 pixels), a scanning time of
1 s and with no delay between two consecutive images.

Data were analyzed using MATLAB. Each com-
pressed myotube was divided into several regions of
interest (ROIs), corresponding to sections of the my-
otube that were either directly subjected to compres-
sion or not (Fig. 1). Other myotubes, which remained
uncompressed, acted as controls. In the regions of in-
terest, intensities of the red (CTO and PI) and green
(fluo-4) channels were normalized to their respective
intensities in the first frame. Only relative changes in
fluo-4 intensity were studied since fluo-4 is not a ratio-
metric dye. This means that Ca2+-independent spatial
and temporal variations in intensity are superimposed
on Ca2+-dependent changes, which makes accurate
calibration hardly feasible [23].

Fig. 1 CTO image with selected regions of interest: The white
circle indicates the position of the indenter, solid white lines
indicate ROIs under the indenter, ROIs surrounded by dashed
white lines are parts of compressed tubes that are not under the
indenter, and grey lines outline tubes that are not compressed.
(scale bar 50 μm)
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Fig. 2 (a, b) Temporal
profiles of fluo-4 intensity,
exhibiting oscillations with a
decreasing amplitude at two
different time scales. All data
points are 1 s apart. (c) Two
consecutive fluo-4 images
showing a clear increase in
fluo-4 intensity. (scale bars
50 μm) (d) Three consecutive
fluo-4 images demonstrating
that transients may start at
one end of the myotube (left
arrow) and then travel to the
other end (right arrow).
(scale bars 50 μm)
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Results

Three aspects of the fluo-4 intensity were studied, i.e.
baseline fluo-4 intensity, fluo-4 transients and fluo-4 up-
regulations upon cell death. There was no systematic
pattern in baseline fluo-4 intensity either before or
during compression. Indeed, cells exhibited either no
change, a decrease or an increase in fluo-4 intensity.
However, at the point of cell death, a prolonged fluo-
4 up-regulation was evident, lasting tens of seconds.
Elevations in intracellular Ca2+ prior to cell death
were much shorter, and they will be termed tran-
sients [Fig. 2(a)–(c)]. The frequency and amplitude of
these transients varied from oscillating, high amplitude
transients to isolated, low-amplitude transients. The

difference between up-regulations and transients is
illustrated in Fig. 3, showing transients occurring
superimposed on a prolonged up-regulation of fluo-4
intensity.

Oscillatory Fluo-4 Transients

In all the experiments where the time between incuba-
tion of fluo-4 and scanning time series was less than or
equal to 2 h, at least one cell exhibited a strongly fluc-
tuating fluo-4 intensity. The oscillations were observed
in both myoblasts and fused cells with more than one
nucleus, although never in cells under compression. All
increases in fluo-4 intensity occurred throughout the
whole cell, although, in some cases, they started at one
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Fig. 3 Prolonged fluo-4 up-regulation and transients: An
up-regulation in fluo-4 intensity, lasting for more than 1 min, is
superimposed by fluo-4 transients, lasting only a few seconds

end of the cell and then traveled to the other end, as
illustrated in Fig. 2(d).

The frequency of the transients varied from only
1 or 2 transients per hour to 2 to 3 transients per
minute. Individual transients lasted up to a few seconds
[Fig. 2(b)]. The peak intensity of the transients varied
between 1.5 and 3 times the base intensity but in most
cases the amplitude gradually declined and the oscilla-
tions stopped after 20 to 50 min [Fig. 2(a)].

Fluo-4 Transients During Compression

Based on the response during compression, cells were
divided into 2 categories. One category included cells in

–20 0 20 40

cat2

cat1

time (min)

fluo–4

PI

Fig. 4 Schematic representation of fluo-4 and PI intensities in 2
categories: In category 1 (cat1), fluo-4 intensity shows transients
after an increment in compression (vertical dotted lines), and a
wide up-regulation when PI enters the cell. In category 2 (cat2),
fluo-4 intensity peaks when PI enters the cell, but there is no
response to previous compression increments

which the fluo-4 intensity increased with an increment
of compression, while the other category included cells
that did not respond to the increments. Their different
features are illustrated in Fig. 4. In both categories,
however, a wide up-regulation of fluo-4 intensity ac-
companied the influx of PI. Of the 11 cells that were
compressed, 5 could be characterized in category 1 (2
from series a and 3 from series b) and 6 in category 2 (5
from series a and 1 from series b).

Category 1: Compression-induced fluo-4 transients

In category 1, the fluo-4 intensity showed a transient
shortly after an increment in compression. It is evident
from the individual cell profiles in Fig. 5 that transients
started to occur at a compression level of approxi-
mately 30%. In most of the experiments there were
also transients before compression started, and in some
there were transients during compression that were not
directly associated with an increment in compression.

Category 2: Unresponsive fluo-4 intensity

Cells in category 2 did not show transients clearly
associated with compression increments (Fig. 6). Some
of these cells seemed very quiescent, exhibiting either
no fluo-4 transients or only a few at low amplitude.
Other cells did exhibit distinct fluo-4 transients, al-
though these were not associated with a change in
compression level.

Fluo-4 Up-regulations at Cell Death

When PI entered the nuclei, reflecting a necrotic state,
fluo-4 intensity was up-regulated for an extended pe-
riod. The profile was characterized by a steep rise and
a much slower decline, amounting to a total duration of
the up-regulation of the order of tens of seconds. Ten of
the 11 cells that died exhibited this behavior although
not necessarily in ROIs directly under the indenter. In
all cases, the PI-influx occurred within 2 min of the
onset of the Ca2+-influx.

In 80% of cases, these fluo-4 up-regulations were
accompanied by increases in fluo-4 intensity in at least
one of the surrounding cells. Figure 7 depicts the tem-
poral profiles of fluo-4 intensity in all selected cells
of experiment 8 as an example of this interaction.
However, not all the surrounding cells always partici-
pated in this intercellular Ca2+ wave, and the nature of
this Ca2+ activity could not be correlated with either
the actual distance from the compressed cell or the
pattern of previous Ca2+ fluxes. The delay between
the up-regulations in the dying cells and those in the
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Fig. 5 Category 1: Temporal profiles of fluo-4 intensities (left y-axes) and compression levels (right y-axes) in compressed
myotubes from experiments 1 (a), 3 (b), 6 (c), 7 (d) and 8 (e): This category is characterized by fluo-4 transients closely associated
with increments in compression (indicated by vertical dotted lines). Wide fluo-4 up-regulations are visible when the cells die (indicated
with a cross). Note that scales differ

surrounding cells was generally less than 15 s. There
were no recurrent differences in either amplitude or
duration between the up-regulations in the dying cells
and those in the surrounding cells.

Discussion

In recent years, skeletal muscle cell damage directly
due to tissue deformation has gained interest in the
study of deep pressure ulcer aetiology. Mechanically
induced skeletal muscle damage has often been asso-
ciated with increased intracellular Ca2+ concentrations
[13–18]. For example in Duchenne muscular dystro-
phy, muscle contraction leads to frequent occurrence of
membrane disruptions. The resulting increased Ca2+-
influx gradually becomes lethally high [26–28].

In the present study, it was hypothesized that me-
chanical deformation makes the cell membrane more
permeable, resulting in a Ca2+-influx. The cell might
accommodate for this influx by activating associated
ion pumps to remove the Ca2+ ions from the cell or,
at least, remove them to the sarcoplasmic reticulum.
It might also be proposed that at some time point
saturation of these mechanisms would result in Ca2+
overload. It is known that high Ca2+ concentrations

activate calpains and phospholipase A2, and influence
mitochondrial functioning, increasing the production
of reactive oxygen species [29]. These effects make a
Ca2+ overload a potentially harmful condition. How-
ever, the current data does not support the hypothesis.
Indeed, increments of compression induced short Ca2+

transients in approximately half of the cells, while no
response was observed in the other cells. In all cells, cell
death was accompanied by a wide fluo-4 up-regulation,
which often induced up-regulations in surrounding,
viable cells.

Differentiated C2C12 cells in monolayers were used
for the compression experiments. Monolayers were
used instead of more realistic 3D bio-artificial muscle
constructs [30] because precise levels of cell compres-
sion are difficult to determine and control within the 3D
gel constructs. The incremental increase in compression
used in the current study allows the possibility of de-
termining a compression threshold for cell damage. A
small deformation may only lead to adaptations in the
C2C12 differentiation process [31], and the extent of
stretch can influence the Ca2+ accumulation [17].

Liao et al. [18] incubated rat neonatal cardiomy-
ocytes with fluo-4, and subjected them to 90 min of 20%
passive stretch. This elicited high amplitude transients
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Fig. 6 Category 2: Temporal profiles of fluo-4 intensities (left y-axes) and compression levels (right y-axes) in compressed myotubes
from experiments 2 (a+b), 4 (c), 5 (d+e), and 8 (f): This category is characterized by a lack of response of the fluo-4 intensity to changes
in compression (indicated by vertical dotted lines). Wide fluo-4 up-regulations are visible when the cells die (indicated with a cross).
Note that scales differ

that disappeared during the first 10 min of stretch, and
a stable elevation of intracellular Ca2+ that persisted.
After 4 h of 20% stretch, the number of apoptotic cells
had significantly increased compared to the control sit-
uation. However, blocking of the stretch-induced Ca2+

elevation prevented apoptosis. A prolonged increase
in intracellular Ca2+ was not observed in the current
study. This might be due to a difference in response
between cardiomyocytes and skeletal myocytes.

Hence, no damage threshold could be defined that
marks the transition to gradual damage accumulation
due to compression. Instead, the occurrence of fluo-
4 transients could be used to determine a damage
threshold. Cells that exhibited a transient in response
to a compression increment, did this only when the
compression level was at least 30%. At the point of cell
death, there was always a wide Ca2+ up-regulation, in-
ducing Ca2+ up-regulations in some of the surrounding
cells as well. Considering the short time between this
Ca2+-influx and the PI-influx (Fig. 7), and the similar
Ca2+ up-regulations in surviving cells, it is unlikely that
this Ca2+-influx is the cause of cell death.

The spread of the wide up-regulations before cell
death was also seen by Kerkweg and De Groot [15]
when they lethally destroyed the cell membrane of

one myotube in a monolayer. Indeed this mechanically
elicited intercellular Ca2+ wave is a well-known phe-
nomenon in a variety of cells [32–35]. For example, in
C2C12 murine skeletal muscle cells in a monolayer, its
propagation results from liberation of ATP from the

10 12 14 16 18 20 22

dying cell

time (min)

Fig. 7 Temporal profiles of fluo-4 intensity in 9 tubes that were
selected in experiment 8: When the cell represented by the lowest
trace died (indicated by the vertical dashed line), the fluo-4
up-regulation in this cell is accompanied by fluo-4 up-regulations
in all other cells. There is a small delay between the up-regulation
in the dying cell and the other cells, and a longer rise time in the
latter
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mechanically injured cell [15]. However, what exactly
initiates the release of ATP is unclear. It would be
interesting to examine what the initiator of the Ca2+
wave is, and what inhibition of this pathway would do
to the cells that are involved.

Not all cells in the proximity of the compressed cells
participated in the intercellular Ca2+ wave. Distance
from the stimulated cell or previous Ca2+ dynamics
cannot explain this. Differences in differentiation state
of the cells might play a role. Lorenzon et al. [36]
characterized Ca2+ transients in C2C12 cells during
their differentiation. Both mononucleated cells and my-
otubes displayed relatively long Ca2+ transients of a few
seconds, starting from day 3 in DM. On differentiation
day 4, global spikes started to occur in a small propor-
tion of cells [36]. These spikes occur in bursts of up
to tens of minutes with varying frequency, interspersed
with inactive periods as long as tens of minutes, a
pattern that resembles the pattern of the oscillations
in the present study. Differences in the occurrence of
transients may be due to different developmental stages
of the cells. Cseri et al. [37] observed that amplitude and
kinetics of ATP-evoked Ca2+ transients also depended
on the stage of development of the myotubes. Hetero-
geneity of the cell population might thus explain the
observed behavior [38]. In addition, the time between
fluo-4 incubation and scanning [39], and fatigue of Ca2+
receptors [40] could be important.

In summary, passive deformation of differentiated
C2C12 murine skeletal muscle cells caused brief Ca2+
transients in approximately half of the cells, and no
response in the other half. This difference might be
explained by population heterogeneity, which might
also be important in the development of tissue damage.
Eventually cells became necrotic, which was accom-
panied by an increase in intracellular Ca2+. The wide
Ca2+ up-regulations in these dying cells induced similar
up-regulations in some of the surrounding, viable cells.
Ca2+ chelators, Ca2+ channel blockers and differenti-
ation markers might reveal some differences between
cells. They might also clarify whether Ca2+ transients
and up-regulations are a prerequisite of cell death or
just a side effect of cell degeneration.
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