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Abstract We have determined the microrheological re-
sponse of the actin meshwork for individual cells. We
applied oscillating forces with an optical tweezer to a
micrometric bead specifically bound to the actin mesh-
work of C2 myoblasts, and measured the amplitude and
phase shift of the induced cell deformation. For a non-
perturbed single cell, we have shown that the elastic and
loss moduli G¢ and G¢¢ behave as power laws f a and f b

of the frequency f (0.01<f <50 Hz), a and b being in
the range 0.15–0.35. This demonstrates that the dissi-
pation mechanisms in a single cell involve a broad and
continuous distribution of relaxation times. After add-
ing blebbistatin, an inhibitor of myosin II activity, the
exponent of G¢ decreases to about 0.10, and G¢¢ becomes
roughly constant for 0.01<f<10 Hz. The actin mesh-
work appears less rigid and less dissipative than in the
control experiment. This is consistent with an inhibition
of ATPase and reduction of the gliding mobility of
myosin II on actin filaments. In this frequency range, the
actomyosin activity appears as an essential mechanism
allowing the cell to adapt to an external mechanical
stress.
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Introduction

The cytoskeleton plays a crucial role in the cell’s
mechanical behaviour. It can withstand large stresses,
and enables the cell to resist external stresses and to
maintain its structural integrity. Also, the cytoskele-
ton’s dynamical properties and interactions with asso-
ciated proteins, especially molecular motors, makes it
an essential regulatory element in many functions such
as cell adhesion, migration and division. Moreover, the
cytoskeleton filaments can both transmit mechanical
efforts and carry chemical charges from the cell’s
periphery towards the inner cell parts and nucleus, and
thus participate in several mechanotransduction pro-
cesses (Janmey 1998). This explains why the mechani-
cal properties of the cytoskeletal network are the
subject of many experimental studies. These works
have been made possible by the development of
numerous quantitative micromanipulation techniques,
such as micropipettes (Sato et al. 1996), cell poking
(Petersen et al. 1982), shear flow cytometry (Dewey
et al. 1981; Barbee et al. 1994), atomic force micros-
copy (AFM) (Rotsch et al. 1997; Sato et al. 2000;
Alcaraz et al. 2003), microplates (Thoumine and Ott
1997; Caille et al. 2002), optical tweezers (Laurent
et al. 2002) and stretchers (Guck et al. 2001), magnetic
tweezers (Bausch et al. 1999; Wilhelm et al. 2003) and
twisters (Laurent et al. 2002; Fabry et al. 2001) and
particle tracking (Tseng et al. 2002). These techniques
are complementary, in the sense that they probe the
behaviour of the intracellular medium at different
length scales and time scales, and implement stresses
and strains of different nature and having different
orders of magnitude. Although the microtubule and
intermediate filament networks are known to partici-
pate in the response of the cellular medium(Janmey
et al. 1991; Caspi et al. 2002), many results focus on
the mechanical behaviour of the actin meshwork,
which is made possible by specifically directing the
probe towards actin filaments.
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As a consequense of the diversity of the techniques
used, one does not expect the results of the various
experiments to match exactly, but some general features
may be drawn: (1) the apparent elastic modulus that was
measured seems to decrease with the probe size (Maksym
et al. 2000), and its dispersion reflects the heterogeneous
density of the actin meshwork inside the cell (Wilhelm
et al. 2003; Yamada et al. 2000); (2) dissipation phe-
nomena inside the cell cannot be assigned to a single time
relaxation, nor to a finite number of time relaxations.
Practically, this means that it is not possible to accurately
model the cell’s mechanical behaviour by associating
several springs and dashpots, respectively accounting for
elastic restoring forces and viscous damping. In other
words, a simple picture of the cellular medium as a
Maxwell viscoelastic liquid or a Kelvin–Voigt solid, or
any finite combination of them, is not realistic. This
conclusion is supported by several microrheological
experiments. Fabry et al. (2001) have measured the
complex viscoelastic response G(f)=G¢(f)+iG¢¢(f) of
human airway smooth muscle cells submitted to an
oscillating force at frequency f. They showed that, on
average, both the storage (G¢) and loss (G¢¢) moduli
behave as the same power law f a of the frequency, in the
range 0.01<f<100 Hz. The exponent a is found
between 0.15 and 0.30. The same kind of power-law
behaviour was observed in lung epithelial cells by an
oscillating indentation experiment with AFM (Alcaraz
et al. 2003). Moreover, the free motion of particles
microinjected in a cell’s cytoplasm exhibits non-standard
sub-diffusive or super-diffusive behaviour (Tseng et al.
2002) at different time scales, which cannot be inter-
preted within a classical viscous fluid picture. These
results tend to show that the dissipation processes inside
the cell involve a continuous distribution of relaxation
times. It has also been noted that the viscoelastic
response of cells is on average similar to that of soft
glassy materials (Sollich et al. 1997; Sollich 1998), but the
elementary mechanisms possibly explaining this analogy
have not been identified.

At this stage, several questions arise. Prior to any
interpretation of the dissipative mechanisms in the actin
meshwork, a precise knowledge of the viscoelastic re-
sponse of a single cell is required. The power laws G¢,
G¢¢� f a were established by analyzing the average re-
sponse of several cells, and this averaging may mask
some individual features. It has been reported that
power laws remain valid on a cell-by-cell basis (Fabry
et al. 2003; Puig-de-Morales et al. 2004; Lenormand
et al. 2004), but no demonstrative data on single cells
have ever been published. Thus, this point still needs to
be carefully investigated.

Another key issue is to understand the origins of
the dissipation inside the cell. Considering a continu-
ous range of relaxation times, it is crucial to identify
the respective contribution to the mechanical response
of the different dissipative mechanisms, such as actin
polymerisation and depolymerisation, filament cross-
linking, and molecular motor activity. This can be

done by specifically enhancing or inhibiting one of
these processes, and measuring how the meshwork’s
viscoelastic response is affected. Concerning the
dynamics of actin filaments, it has already been shown
that the depolymerising action of cytochalasin D
makes the meshwork softer and more fluid (Fabry
et al. 2001), and prevents the cell from reorganising
over a large time scale (>15 min) after uniaxial
stretching (Thoumine and Ott 1997). Similar effects
were observed with latrunculin, an actin-disrupting
agent (Wilhelm et al. 2003; Yamada et al. 2000). On
the other hand, the role played by molecular motors is
far from being fully elucidated. Recent studies have
shown that the viscoelastic coefficient G(f) = G¢ +
iG¢¢ of in vitro actin gels also scales with frequency f
as a power law f a, where a is close to 0.75 in the
passive state (Amblard et al. 1996; Palmer et al. 1999),
and increases to 0.87 when myosin is ATP-activated
(Le Goff et al. 2002). This indicates that, in vitro, the
activity of the actomyosin complex enhances the lon-
gitudinal filament fluctuations, and makes the gel re-
sponse closer to that of a purely viscous fluid. In living
cells, adding myosin inhibitors changes the mechanical
answer to a stress under static conditions (An et al.
2002). However, to our knowledge, no study has yet
been reported concerning the frequency-dependent
microrheological response of the actin meshwork in
living cells, while specifically blocking the actomyosin
complex activity in a controlled way.

The present work brings two distinct contributions to
the discussion above. In this experimental study, we used
an optical tweezer to apply controlled mechanical forces
to the actin meshwork in C2 myoblasts, via silica mi-
crobeads bound to transmembrane integrins. Firstly, for
each individual cell, the dynamical viscoelastic response
G(f) = G¢(f) + iG¢¢(f) was measured as a function of
frequency f, in the range 0.05<f<50 Hz. We show that
power laws G¢, G¢¢� f a accurately describe the
mechanical behaviour of individual cells. Secondly, we
used blebbistatin to specifically block the myosin II
activity inside the living cell (Straight et al. 2003, Kovacs
et al. 2004). Blebbistatin has been shown to inhibit the
adenosine triphosphatase (ATPase) and the gliding
mobility of myosin II in human platelets, but it does not
modify the activity of myosin light-chain kinase. Com-
paring the individual mechanical response of control
cells and of cells treated with blebbistatin, we show that
their behaviours are noticeably different. The elastic and
loss moduli G¢(f) and G¢¢(f) of treated cells are both
smaller than for control cells. Moreover, for treated
cells, G¢(f) still exhibits a power law f a¢, but with a¢ of
the order of 0.1, smaller than for control cells. At the
same time, the loss modulus G¢¢(f) of the treated cells
remains nearly constant in the range 0.05–10 Hz, and
increases rapidly for f >10 Hz. Thus, inhibiting the
actomyosin complex by blebbistatin simultaneously in-
duces a decrease in rigidity and a more elastic behaviour
of the actin meshwork. This result shows that the
myosin activity makes the meshwork more rigid and
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more dissipative, especially in the range of time scales
larger than 100 ms.

Methods

The muscular cell line C2 (kindly provided by M.
Lambert and R.M. Mège, INSERM U440, Institut du
Fer à Moulin, Paris) was maintained in a stock callus
culture in Dulbecco¢s Modified Essential Medium with
4.5 g/l glucose, 200 mM glutamine, 20% heat-inacti-
vated FCS and penicillin–streptomycin (penicil-
lin=10,000 U/ml, streptomycin=10 mg/ml). Cells were
grown at 37�C under a humidified 5% CO2 atmosphere.
Every 3 days, just before confluent state, cells were
subcultivated in a volume of 5 ml of fresh medium. The
day before experiments, cells were detached (1% trypsin
and 1 mM EDTA) and were grown on 22·22-mm glass
coverslips coated with 5 lg/ml fibronectin.

To probe the dynamic properties of the actin cyto-
skeleton, carboxylated silica microbeads (3.47-lm
diameter, Bangs Laboratories Inc., IN, USA) were
specifically bound to integrin and used as handles to
apply mechanical stress to the cell with an optical trap.
The specific binding was achieved by coating the beads
with arginine–glycine–aspartic tripeptide (RGD),
according to the manufacturer¢s procedure (Telios
pharmaceuticals, CA, USA). To prevent non-specific
binding, coated beads were incubated in a serum-free
culture medium supplemented with 1% BSA at 37�C.
Thirty minutes before starting the experiment, the bead
suspension (50 lg/ml) was added to the cells at 37�C, in
order to bind between 1 and 5 beads to each cell (see
Fig. 1a). Unbound beads were washed away with serum-
free culture medium 1% BSA. A closed experimental
chamber was made by sealing the coverslip to a micro-
scope slide, separated by a plastic film spacer (80 to
150 lm thick). This chamber was mounted on a piezo-
electric stage (model P-780 Polytec PI), allowing con-
stant or variable displacements, in the range 0–100 Hz
(maximum excursion 80 lm). The whole set-up was
placed on the plate of an inverted microscope (Leica
DMIRB). All measurements were performed in a 37�C
thermalisation box (Life Imaging services, Switzerland).

As a blocker of the actomyosin complex, we used a
molecular tool that specifically targets myosin II. It has
been shown that blebbistatin exclusively acts on myosin
II, inhibiting ATPase and gliding motility of myosin in
human platelets (Straight et al. 2003). We prepared a 75-
mM stock solution in DMSO of (±) blebbistatin—a
racemic mixture of both enantiomers—(Fisher Bioblock
Scientific, Illkirch, France). We checked the concentra-
tion by using the extinction coefficient 7,400 M�1 cm�1

at 422 nm (Straight et al. 2003). The stock solution was
diluted 1,000 times in the culture medium in which the
cells were grown. At this concentration (75 lM), the
relative ATPase activity and the gliding filament velocity
are reduced to 5 and 20% of their initial value, respec-
tively (Straight et al. 2003).

The experiments were performed with a dynamic
optical tweezers set-up. The set-up used for optical
trapping has been described in detail elsewhere (Lenor-
mand et al. 2001), and the principle is schematically
represented in Fig. 1b. Briefly, the electric-field gradient
created by an infrared laser beam (Pmax=600 mW)
strongly focused through the oil immersion objective of
the microscope (·100, NA=1.25) generates a trapping
force on a dielectric micrometric particle, for instance a
silica or a latex microbead. In the absence of any
external force, the bead is at equilibrium at the trap
centre. The trapping force depends on the bead-trap
distance Dx, on the laser beam total power, and also on
the size and shape of the trapped object. Its precise
characterisation requires an independent calibration. A
widely used calibration method consists in trapping a
free bead and submitting it to a counterflow of known
velocity v. At the new equilibrium position Dx, the
trapping force F(Dx) equilibrates the viscous drag force,
given by the Stokes formula F=6pgRv, R denoting the

Fig. 1 a View of a C2 myoblast grown on a fibronectin-coated
coverslip. A 3.47-lm-silica bead, coated with RGD peptide,
specifically binds to the transmembrane integrins and thus can be
used as a handle to apply calibrated forces to the actin network. b
Principle of the microrheology experiment: the piezoelectric stage
makes the chamber oscillate at frequency f, while the bead is
trapped in the optical tweezer. The bead position xb and the stage
position xc are recorded with a fast camera. The viscoelastic
modulus G(f) is deduced from the complex ratio of the force
exerted by the trap F(xb) over the cell deformation xc � xb
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particle radius and g the viscosity of the surrounding
liquid.

For a cell, the force-deformation relationship is ob-
tained by applying to the experimental chamber a si-
nusoı̈dal displacement xc at frequency f, and
simultaneously trapping a bead bound to the cell
membrane in the optical trap at a fixed position. At any
time, the force exerted on the bead is related to the bead-
trap distance Dx=xb, while the cellular deformation is
measured by the relative displacement xc�xb between
the chamber and the bead. Lateral bead motion xb and
chamber motion xc are detected by using a fast camera
(Kodak SR500). A Labview program was written to
synchronously generate a sequence of successive sinu-
soidal trains at different frequencies, which control the
piezoelectric ceramic motion, and a sequence of pulses,
which trigger the image acquisition. This ensures that
the phase shift between the applied force and the mea-
sured deformation is accurately determined. Typically,
the amplitude of the stage motion is 1.55 lm, its fre-
quency f is swept from 0.05 to 41.5 Hz, and about 5–20
images are recorded during each period. The images,
sampled with a 16 bits video-acquisition card (IMAQ
PCI/PXI-1407, exposure time 2 ms), were analysed
using a pattern-matching algorithm (Imaq vision
Builder, Texas Instrument NI, USA) in which subpixel
arithmetic allows a spatial resolution of 20 nm. To avoid
a possible actin meshwork remodelling at the bead
periphery on a large time scale, or a slow drift of the
bead on the cell surface, the measurements’ total dura-
tion on the same single cell never exceeds 2.5 min.

To analyse the optical tweezers’ cytometry data, we
need a mechanical model. We consider the spherical bead
as a probe of the viscoelastic properties of the actin
cytoskeleton. The intracellular medium is assumed to be
semi-infinite, incompressible, and characterised in the
zero frequency limit either by its Young elastic modulus E
(purely elastic solid case) or its viscosity g (purely viscous
fluid case). As shown in a previous paper (Laurent et al.
2002), we have established, in the small deformation re-
gime, the linear relationships between the relative bead-
cell displacement x=xc�xb and the restoring elastic force
F exerted by the stressed medium, for different geometric
configurations. In this model, we took into account the
angle of immersion h (0<h<180�) of the bead into the
cell (this angle can be measured for each cell by video-
microscopy). In current experimental situations, it lies
between 20� and 50�. We have shown that the relation
between x and F can be written as either F=2pRE h(h) x
(purely elastic medium) or F=6pRg h¢(h) d x/d t (purely
newtonian viscous liquid). The two functions h(h) and
h¢(h) are geometric factors depending on the angle h of
immersion of the bead into the cell. For instance, when
the force F is applied tangentially to the cell membrane,
we have calculated that h(h)=[9/(4 sinh)+3 cosh/
(2 sin3h)]�1. Here, we generalise the above description
for a complex viscoelastic medium as follows: assuming
that the bead is submitted to an oscillating force F=F0

exp(2ipft) at frequency f, the displacement induced

may be written as x=x0 exp(2ipft), and the static rela-
tionship F=2pRE h(h) x is generalised into F0=2pRG(f)
h(h) x0. Here, G(f)=G¢(f) + i G¢¢(f) represents the
frequency-dependant complex elastic modulus, split into
its real part G¢ (storage modulus) and G¢¢ (loss modulus).
G¢ and G¢¢ are, respectively, the in-phase and out-of-
phase answers to an applied specific stress of amplitude
unity.

In a typical run, we measure for each single cell the
amplitude of the oscillating force applied to the cell’s
actin cytoskeleton via the trapped bead, and the induced
cell deformation, and also their relative phase shift.
From this, we deduce the complex elastic modulus G(f)
for each frequency of the sequence.

Results

Control C2 cells in culture

We have plotted for each individual cell both the elastic
modulus G¢(f) and the loss modulus G¢¢(f) as a function
of frequency f, in the range 0.05–50 Hz. An example of
such a plot on logarithmic scale is shown in the inset of
Fig. 2. For this cell, G¢ and G¢¢ behave as power laws of
the frequency, over three decades, with respective
exponents a=0.29 and b=0.33 This power-law behav-
iour is found to be valid for each individual cell; the
exponents a and b show slight variations from one cell to
the other, but they remain in the following ranges:

Fig. 2 Plots of the elastic modulus G¢ (circles) and loss modulus G¢¢
(triangles) of the cytoskeletal network versus frequency f for
unperturbed C2 cells. The inset reports the values of G¢ and G¢¢
measured for a single typical cell. The main plot represents the
geometrical averages G¢m and G¢¢m (n=21cells). The best power-
law fits G¢� f a and G¢¢� f b are also drawn. One finds a=0.29 and
b=0.33 for the single cell, am=0.19 and bm=0.25 for the average
curves. This shows that G¢(f) and G¢¢(f) are accurately represented
by power laws, with a � b, and that the dissipation mechanisms in
a single cell involve a continuous distribution of relaxation times
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0.1<a<0.4 and 0.1<b<0.5. Their average values over
21 cells are <a>=0.20±0.02 and <b>=0.29±0.04.
For each cell, the exponents a and b generally remain
close together, although most of the time b is found
slightly larger than a: on average, <b-a>=0.09±0.03.
The main graph in Fig. 2 represents the geometrical
averages G¢m(f)=[P G¢i(f)]1/21 and G¢¢m=[P G¢¢i(f)]1/21
over the same 21 cells, plotted versus frequency. G¢m and
G¢¢m also exhibit a power law versus frequency, with
respective exponents am=0.19 and bm=0.25. The mag-
nitudes of G¢m and G¢¢m may be characterised by their
geometrical averages and standard errors at f=1 Hz:
G¢m (1 Hz)=260±80 Pa and G¢¢m (1 Hz)=70±25 Pa.

Such a power-law behaviour is not unusual. In a
magnetic twisting experiment, Fabry et al. (Fabry et al.
2001) have already observed that the values of G¢ and
G¢¢, averaged over a large number of cells, vary like f a,
the exponent a@ 0.15–0.30 being the same for G¢ and G¢¢
in a first approximation. In another experiment (Lau
et al. 2003), the time-fluctuation spectrum of endoge-
nous tracers embedded in the cytoplasm and the two-
point spatial correlation spectrum were also found to
behave as power laws. In the same way, creep experi-
ments on single cells (Desprat et al. 2005) exhibit a
power-law creep response, with similar exponents a@
0.15–0.30. The significantly new result brought by our
experiment-and by the creep experiment-is that this
behaviour is clearly stated not only for an ensemble
average, but also for individual cells. Indeed, due to the
dispersion from one cell to the other, an ensemble
average generally smooths individual features, and the
average response may not reflect the different individual
responses. This does not occur in a cell-by-cell analysis.
The fact that the mechanical response of each cell is
correctly represented by power laws can be directly re-
lated to the dissipation mechanisms in the cytoskeleton.
In a discrete elements model associating springs and
dashpots, the mechanical response of a cell would reduce
to a finite sum of exponential curves and there would
exist a finite number of relaxation times in the system
(Thoumine and Ott 1997; Bausch et al. 1999). In con-
trast, a wide range of dissipation mechanisms, and thus
a continuous distribution of relaxation time, lead to
other types of responses, like power laws. This is not
surprising because in a living cell various mechanisms
contribute to cytoskeleton remodelling: dynamical
polymerisation of actin and treadmilling, filament cross-
linking and actomyosin complex activity, each of them
corresponding to specific spatial and temporal scales. Of
course, modelling the mechanical response by enough
discrete elements (of the order of six) may fit the single
cell data as well. Besides the fact that this requires more
parameters than a simple power-law fit, a small number
of relaxation times is hardly compatible with the above
picture, which involves a wide range of dissipation
phenomena. Thus, the present data, together with other
mechanical characterisations (Fabry et al. 2003; Lau
et al. 2003; Puig-de-Morales et al. 2004; Lenormand
et al. 2004; Desprat et al. 2005), rule out a possible

modelling in terms of discrete elements, and demonstrate
that the dissipation mechanisms involve a continuous
range of relaxation times.

C2 cells with blebbistatin added

The microrheological response of cells treated with
blebbistatin is significantly different from that of
unperturbed cells. The inset of Fig. 3 shows a typical
plot of G¢(f) and G¢¢(f) for an individual cell with
blebbistatin added. The elastic modulus G¢(f) still be-
haves like f a¢, but the exponent a¢=0.11 is smaller than
the exponent a@ 0.20 measured for unperturbed cells. On
the other hand, the loss modulus G¢¢ remains almost
constant in the frequency range 0.1–10 Hz, and rapidly
increases with f when f >10 Hz. The same behaviour is
observed in a sample of 15 C2 cells. The average value of
a¢ over these cells is <a¢>=0.07±0.02, and one finds
the same two regimes for G¢¢(f). This single cell behav-
iour identically reproduces the geometrical averages
G¢m(f) of G¢(f) and G¢¢m(f) of G¢¢(f), calculated over 15
cells (see Fig. 3). G¢m(f) is accurately fitted by a power
law f a¢

m, with a¢m=0.06, significantly smaller than the
exponent am=0.19 measured for unperturbed cells.
Similarly, G¢¢m(f) remains constant in the range 0.01–
10 Hz, before rapidly increasing above 10 Hz. The
magnitudes of G¢m and G¢¢m at f=1 Hz are G¢m
(1 Hz)=57±22 Pa and G¢¢m (1 Hz)=13±6 Pa, respec-

Fig. 3 Same plots of G¢ and G¢¢ as in Fig. 2, for cells treated with
blebbistatin, which inhibits the activity of the actomyosin complex.
Both for an individual cell (inset) and for the ensemble average
(main plot, n=15 cells), the exponent of the fit G¢� f a¢ is reduced,
respectively, to a¢=0.11 and a¢m=0.06. The loss modulus G¢¢ is
roughly independent of the frequency in the range 0.05–10 Hz, and
rapidly increases above 10 Hz (dashed lines are guides for the eye).
The magnitudes of G¢ and G¢¢ at f=1 Hz are about five times lower
than for control cells. This indicates that inhibiting the myosin
motor activity by blebbistatin makes the network less dissipative,
and simultaneously less rigid
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tively. Both of these values are about five times lower
than those measured for unperturbed cells. These sharp
differences between control cells and cells treated with
blebbistatin are a clear signature of actomyosin complex
activity. A detailed interpretation of these results is
proposed in the following discussion.

Discussion

Let us first comment on the power-law microrheological
response of C2 cells in control experiments. A behaviour
where both G¢(f) and G¢¢(f) vary like f a is rather com-
mon in complex viscoelastic media, like micellar and
polymer solutions, or colloidal suspensions, and reflects
the wide distribution of relaxation times in these non-
active systems. In this case, the exponent a represents the
degree of fluidity of the system: a varies from 0 for a
pure elastic solid to 1 for a pure viscous fluid. In a very
crude picture, which does not take into account the
biological activity, the intra-cellular medium can be
compared to such a complex medium. This description
seems adequate in the case of dilute in vitro actin solu-
tions (Amblard et al. 1996; Palmer et al. 1999), where
one measured a=0.75. Of course, the dynamics inside a
living cell must include the out-of-equilibrium character
of the biochemical activity. In a more elaborated ap-
proach (Fabry et al. 2001), the cytoplasm was compared
to a ‘‘soft glassy material’’, a class of disordered out-of-
equilibrium systems, including foams, slurries, and
granular materials, in which the dissipation is controlled
by active, non-viscous mechanisms (Sollich et al. 1997;
Sollich 1998). Assuming that the distribution of relaxa-
tion times in such a system is a power law, one predicts
that both G¢(f) and G¢¢(f) behave like f a, which is
compatible with experimental observations. However,
this model is based on very general assumptions, and the
link to the microscopic mechanisms regulating the
cytoskeleton dynamics is not explicit. Moreover, such a
general model cannot predict small deviations from the
standard f a law, like the fact that we measure two
slightly different exponents for G¢ and G¢¢. More phe-
nomelogical models exist, based on a linear response
theory of an active gel, and which take into account the
polymerisation/depolymerisation of actin filaments, and
the activity of molecular motors (Kruse et al. 2004).
After having included the present data, such models are
expected to be more appropriate to accurately describe
the mechanical response of the cytoskeleton’s active
meshwork.

Now we turn to the comparison between control cells
and blebbistatin-treated cells. Two main features ap-
pear: (1) the mechanical response of treated cells is closer
to a pure elastic solid, as the exponents of G¢(f) and
G¢¢(f) decrease when blebbistatin is added (from 0.19 to
0.06 for G¢ and from 0.25 to about 0 for G¢¢, at least in
the domain f<10 Hz); (2) control cells are more rigid
than treated ones, as both the magnitudes of G¢ and G¢¢
are about five times larger in the first case. This can be

understood by analysing the mechanism by which
blebbistatin inhibits the actomyosin activity. Blebbista-
tin was shown to act on myosin II by inhibiting aden-
osine triphosphatase activity (Straight et al. 2003). Thus,
with blebbistatin, ATP is less easily hydrolysed, and
remains bound to the myosin head for a longer time
than in control conditions. The effect of blebbistatin is
not only to decrease the motor activity of the myosin,
but furthermore to keep the myosin heads detached
from the actin filament for a longer time (Kovacs et al.
2004). Then, one understands that blebbistatin makes
the actin meshwork more elastic by preventing the fila-
ments gliding and inhibiting this active dissipation pro-
cess, and simultaneously less rigid by decreasing the
average number of cross-links in the meshwork. This is
in quite good agreement with our observations. It is
interesting to note that our results are also consistent
with the experiments concerning in vitro actin gels with
myosin added (Le Goff et al. 2002). In this case, when
ATP is depleted, the actomyosin complex passes from
the active state to the rigor state, and the exponent a of
the power law |G| � f a decreases. At the same time, one
observes an increase in |G|, because ATP depletion
causes myosin to remain bound to the actin filaments,
increasing the average number of cross-links and thus
the rigidity of the meshwork.

Finally, let us briefly comment on the behaviour of
G¢¢ above 10 Hz. The rapid increase in G¢¢ with fre-
quency f suggests that the dissipation in this range may
be dominated by a viscous mechanism. Adjusting the G¢¢
data above 10 Hz with a viscous damping G¢¢(f)=6pgf
leads to g� 0.07 Pa.s, a value comparable to the mea-
surements of the intrinsic viscosity of the cytosol (Ya-
mada et al. 2000; Fabry et al. 2001; Wilhelm et al. 2003).

A comparison between the mechanical behaviours of
the actin meshwork reported in Figs. 2 and 3 suggests
that most of the active dissipative mechanisms are
inhibited when blebbistatin is added. Indeed, the elastic
modulus G¢ becomes almost frequency independent,
while the loss modulus G¢¢ decreases, and meets a pure
viscous fluid behaviour at high frequency. This suggests
that, in a living cell, the activity of the actomyosin
complex is the main source of active dissipation, at least
in the frequency range (0.01–50 Hz) investigated. It is
largely responsible for the power-law behaviour mea-
sured for both G¢(f) and G¢¢(f) in control cells. Also,
modelling the mechanical contribution of this molecular
mechanism could enlight the comparison of the cyto-
skeletal meshwork with a ‘‘soft glassy material’’, because
this model is appropriate to describe out-of-equilibrium
systems, in which the stress relaxation is controlled by an
active dissipative process.

To conclude, we would like to emphasise that our
optical tweezer set-up allows one to determine the mi-
crorheological response of the cytoskeletal meshwork in
a single cell. For the first time, we discovered that the
response of a single myoblast is identical to the ensemble
average over several cells. In control experiments, both
the elastic modulus G¢(f) and the loss modulus G¢¢(f)
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behave as power laws of the frequency f, in the range
0.05–50 Hz. The two exponents are close to 0.25; how-
ever, slightly larger for G¢¢. Adding blebbistatin, which
inhibits the myosin activity, makes the meshwork
simultaneously more elastic and less rigid. Our inter-
pretation is that the filament gliding generated by the
myosin activity is the main dissipation mechanism in this
frequency range. The experimental data, both for con-
trol cells and cells treated with blebbistatin, are consis-
tent with the expected behaviour of a soft glassy
material, all the more as we have identified the principal
mechanism of active dissipation in this out-of-equilib-
rium system. We are currently expecting quantitative
predictions from more phenomenological models, which
take into account the detailed mechanisms of the cyto-
skeletal dynamics, and which should corroborate this
general description.
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