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Rheological characterization of cells using passive particle tracking techniques can yield substantial infor-
mation regarding local cellular material properties. However, limited work has been done to establish the
changes in material properties of mechanically-responsive cells that experience external stimuli. In this
study, cardiac fibroblasts plated on either fibronectin or collagen were treated with cytochalasin,
mechanically stretched, or both, and their trajectories and complex moduli were extracted. Results dem-
onstrate that both solid and fluid components were altered by such treatments in a receptor-dependent
manner, and that, interestingly, cells treated with cytochalasin were still capable of stiffening in response
to mechanical stimuli despite gross stress fiber disruption. These results suggest that the material prop-

Actin erties of cells are dependent on a variety of environmental cues and can provide insight into physiological

and disease processes.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Characterizing the physical properties of biological cells is
crucial for understanding and modeling cellular and tissue re-
sponse to mechanical stimuli. Since cells can be considered
glass-like materials, rheological analysis characterizes cells based
on their fluid- and solid-like characteristics. Most work on rheo-
logical characterization of cells uses external probes, such as
AFM [1-3], magnetic twisting [4-6] or micromanipulation [7-
11], or optical stretching [12,13]. These techniques have various
advantages, but the results can be overrepresentative of the cor-
tical cytoskeleton and cell membrane and not of the cell interior.
These methods also suffer the disadvantage that interpretation of
mechanoresponses can be ambiguous because these techniques
invariably impose mechanical stresses to the cells to measure
their deformation.

Particle-tracking microrheology (PTM) is a technique developed
to characterize mechanical properties of cell interiors, based on
tracking small objects, such as beads. PTM yields the bead mean-
squared displacement (MSD) over a range of lag times, and by fit-
ting an appropriate model to the MSD, the complex modulus can
be determined [14-20]. PTM is advantageous because after the
beads are introduced, there are no further mechanical stimuli nec-
essary for readout; thus this technique is ideally suited for exam-
ining the changes in the properties of living cells in response to
mechanical stimuli.
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PTM has been used in a variety of cell studies, including charac-
terization of nuclear connections by the cytoskeleton [21], deter-
mination of prestress development [22], measurements of
responses to cell-cell adhesion [23], characterization of 3D-
matrix-embedded cells [14], and distinguishing primary from stem
cells [24]. However, despite the importance of cell properties in re-
sponse to physical forces, few studies have used PTM to character-
ize such responses. One study determined that cytoplasmic
stiffening occurs in response to fluid shear in 3T3 cells [25], and an-
other study established that alveolar epithelial cells exhibit dimin-
ished stiffness when stretched [26]. Many stretch sensitive cells,
such as cardiac fibroblasts, have not been well-examined using
PTM. While the molecular mechanotransduction of these cells is
more extensively studied [27-29], the physical properties of the
cells themselves are still not well-characterized. Cardiac fibroblast
mechanotransduction is crucial for regulating heart properties,
especially in remodeling in response to cardiovascular diseases.
Thus, it is essential to understand how cell properties may be influ-
enced by external perturbations.

Because actin is essential for regulating cellular rheological prop-
erties, we hypothesize that cardiac fibroblasts would exhibit dimin-
ished MSD in response to mechanical stretch application. Further,
increases in MSD would accompany cytochalasin treatment due to
disruption of the actin network. Finally, combining cytochalasin
and stretch would be materially similar to cytochalasin treatment
alone, given that a good deal of mechanoresponse is governed by in-
tact actin networks. In this study, we quantitatively characterize
rheological responses in primary cardiac fibroblasts to test
these hypotheses and further determine whether there is recep-
tor-dependence on such responses, since cardiac fibroblasts engage
more than one type of adhesion molecule in vivo.


http://dx.doi.org/10.1016/j.bbrc.2012.12.044
mailto:hayden.huang@columbia.edu
http://dx.doi.org/10.1016/j.bbrc.2012.12.044
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

M.Y. Shen et al./Biochemical and Biophysical Research Communications 430 (2013) 1028-1033 1029

2. Methods
2.1. Cell culture

Cardiac fibroblasts were isolated from neonatal rat pups and
maintained in high glucose Dulbecco’s Modified Eagle’s Medium
(Sigma, St. Louis, MO) supplemented with 10% FBS and penicillin/
streptomycin. Fibroblasts were maintained at 37 °C in a 5% CO,
environment. Cells were plated on either plastic cell culture dishes,
or flexible silicone membranes, the latter coated with 5 ug/ml
fibronectin (Life Technologies, Grand Island, NY) or 0.2 mg/ml col-
lagen (Sigma). Cells were assayed at 70-80% confluence, one to two
days post plating. All animal work was done with the approval of
the Institute of Comparative Medicine.

Actin was disrupted using cytochalasin D (cytD, Life Technolo-
gies) at 1 uM for an hour. The results from cytD disruption were
compared to a DMSO-treated vehicle control.

2.2. Bead introduction

0.5 um diameter fluorescent carboxylate-modified micro-
spheres (Life Technologies) were ballistically injected into cells fol-
lowing the Helios Gene Gun system protocol (Bio-Rad, Hercules,
CA). Cartridges coated with beads were inserted into the Gene
Gun system and pressurized helium was used to propel the beads
at the cells. The pressure was chosen such that beads become
embedded within the cells while preserving viability (~250 psi).
Cells were then washed with HBSS and left to recover before imag-
ing. For membrane experiments, cells were trypsinized and re-
plated on flexible silicone membranes after recovery.

2.3. Actin stain

Cells were fixed with a 4% paraformaldehyde solution and per-
meabilized with 0.1% Triton-X-100. Actin was stained using Alexa
Fluor 488 phalloidin (Life Technologies) based on manufacturer’s
protocol. Images were acquired under identical imaging conditions
and were brightness/contrast enhanced together for clarity.

2.4. Cell stretch

A custom-built stretch device was used to stretch cells plated
on silicone membranes at a rate of 1 Hz with a 5% applied uniform
biaxial strain, inside the cell culture incubator. Cardiac fibroblasts
were stretched for either one or 24 h, after which the cells were
immediately assayed. For both stretch and actin disruption, cells
were stretched and dosed with cytD for an hour for short-term
experiments, and stretched for 23 h and then stretched and dosed
with cytD for the last hour for long-term experiments.

2.5. Microrheological analysis

The beads within cells were imaged using an inverted fluores-
cence microscope (Olympus, Center Valley, PA) using a 40x NA
0.6 objective, and videos of the cells were taken at a frame rate
of 15 frames/s for 1000 frames. The beads were tracked using a
custom MATLAB script. The trajectory was used to calculate the
mean squared displacement (MSD) using Eq. (1).

MSD = (Ar?(1)) = ((r(t + T) = 1(t))*) (1)

Noise resulting from stage shift during video acquisition was
attenuated by subtracting average probe movement throughout
the image sequence. To eliminate vibration-induced noise, MSDs
were fit to a second-degree curve. This noise was generally not sig-
nificant, as the R? of the fit exceeded 0.98 in all cases. These

smoothing algorithms eliminated small fluctuations that occasion-
ally resulted in a negative MSD-versus-lag time slope. At frequen-
cies where G’ or G” was non-physical, the solid or loss modulus was
taken to be zero, respectively.

To compare the complex moduli, the MSD standard errors were
processed through the GSER model [16,30]. Plots showing MSD de-
pict error bars showing standard errors associated with MSD. G
and G’ results are presented at 1 Hz as the mean plus a range: that
is, as G' (Gjpy, Ghg) and G” (Gy,,,, Gpy) corresponding to the range
based on the MSD standard errors. Statistical testing was done
via t-test on the MSDs at 1 Hz.

3. Results
3.1. Effects of receptor-specific actin disruption

Incubating fibroblasts plated on cell-culture dishes in 1 puM
cytochalasin D for an hour resulted in a higher bead MSD com-
pared to that for cells incubated in DMSO, at all frequencies
(p<0.0001 at 1 Hz, Fig. 1A). G’ was zero at all analyzed frequencies
for cytD-treated cells, but was 0.1 Pa (0.04, 0.13) for the DMSO-
treated cells (at 1 Hz), indicating that actin disruption leads to a
decrease in solid-like behavior of the cells. However, cell viscous
properties was also altered by cytD treatment; G” decreased from
6.4 Pa (5.6, 7.5) to 1.3 Pa (1.2, 1.4) with actin disruption.

Because we wanted to assess the stretch response of these cells,
we also plated fibroblasts on flexible silicone membranes and trea-
ted them with DMSO and cytD. With flexible silicone membranes,
we engaged primarily collagen or fibronectin receptors via mem-
brane coating. Thus, these experiments provide an opportunity to
assess receptor-dependent changes in cell properties and re-
sponses to actin disruption.

With DMSO treatment, we found that collagen-plated cells
exhibited higher MSDs at all frequencies, compared to fibronec-
tin-coated cells (p <0.0001 at 1 Hz, Fig. 1B). Both collagen- and
fibronectin-plated cells exhibited low G, with G’ =0 for fibronec-
tin-plated cells and 0.2 Pa (0.2, 0.3) for collagen-plated cells. These
values are comparable to G’ for cells plated in the plastic dishes.
When fibronectin-plated cells were treated with cytD, their MSDs
increased across all frequencies (p < 0.0005 at 1 Hz). However, col-
lagen-plated cells that were treated with cytD exhibited mild
changes in MSD mostly at the lower time lags, where the MSD
dropped, and were mostly unchanged at moderate and higher time
lags (p > 0.05 at 1 Hz). For both adhesion molecules, cell G was
zero with cytD treatment. For collagen-plated cells, the range of
G" shifted slightly from 3.3 Pa (3.1, 3.6) to 3.3 Pa (2.9, 3.7), indicat-
ing little change in viscous properties. On fibronectin, however, cell
G" dropped from 7.0 Pa (6.3, 7.8) to 1.2 Pa (1.0, 1.6) with cytD
treatment.

These data demonstrate that rheological properties of cells ex-
hibit receptor-dependencies, and further, that the response of
cells to actin disruption also depends on the receptors being en-
gaged. It appears that engaging collagen renders the fibroblasts
somewhat insensitive to cytD treatment. These data also show
that both solid and fluid components are affected by cytD
treatment.

3.2. Cellular response to mechanical stretching

The fluid dominance of cardiac fibroblasts observed thus far
may result from the absence of mechanical stimuli these cells
experience in vivo. In hearts, cardiac fibroblasts are under persis-
tent stretch and thus the static in vitro characterization of these
cells may not be representative of their in vivo state. To determine
if cellular properties change in response to mechanical stretch,
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Fig. 1. (A) Cardiac fibroblasts plated on plastic cell culture dishes exhibit a significant increase in MSD under cytochalasin D (cytD) treatment. (B) Cells plated on fibronectin-
coated (FN) silicone membranes exhibit significant increases in bead MSD upon cytD treatment. However, cells plated on collagen-coated (Coll) membranes exhibited more
subtle changes in bead MSD. These results suggest that cell rheology is receptor-dependent.

cardiac fibroblasts were plated on both fibronectin and collagen
coated membranes and stretched at 5% strain for one hour
(Fig. 2A). For fibronectin-plated cells, MSD did not change signifi-
cantly with 1 h of stretch (p >0.05 at 1 Hz). G’ was zero both at
baseline and after one hour of stretch. G” shifted from 7.0 Pa (6.3,
7.8) to 7.2 Pa (5.6, 10.0). Collagen-plated cells, however, exhibited
more dramatic changes in response to stretch, with a large shift in
MSD (p <0.0001 at 1 Hz), accompanied by an increase in G’ from
0.2 Pa (0.2, 0.3) to 2.3 Pa (1.9, 2.8). G” also increased from 3.3 Pa
(3.1, 3.6) to 7.8 Pa (7.1, 8.7). Thus, cell material mechanoresponse
also exhibits strong receptor dependency.

We next stretched cells for 24 h, to assess whether alterations in
material properties would continue to develop. Collagen-plated
cells rounded up and were mostly unusable for rheological analy-
sis. Fibronectin-plated cells exhibit significant decreases in MSD
with 24 h of stretch (p <0.0001 at 1 Hz, Fig. 2B). Consistent with
this change in MSD, G’ increased from 0 to 6.6 Pa (6, 7.3) with
24 h of stretch; G” increased from 7 Pa (6.3, 7.8) to 15.6 Pa (14.5,
16.8). These results show that for fibronectin-plated cells, in-
creased stretch duration leads to an increase in both solid and loss
moduli.

3.3. Actin-disrupted response to mechanical stretching
Because the actin cytoskeleton is a crucial part of both the cell’s

material properties and its capacity of response to mechanical
stimuli, disruption of actin using cytD can be expected to attenuate
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the observed increase in G* in response to applied stretch. It is thus
a reasonable hypothesis that if cells were treated with cytD con-
currently with a single hour of stretch, that the cells would appear
similar to cells treated with cytD without stretch. Further, if cells
were stretched for 24 h and dosed with cytD for the last hour of
stretch (from hours 23 to 24), that much of the mechanically-
induced reinforcement of the cells would be lost, resulting in cells
that were similar to unstretched cells or to cytD-treated cells.

To assess the effect of stretch and/or cytD treatment on stress
fiber organization, we performed actin fluorescence labeling using
phalloidin (Fig. 3). Regardless of membrane coating adhesion mol-
ecule, stretching the cells for either one or 24 h (the latter for fibro-
nectin-plated cells only) led to reinforcement of actin, with slightly
elevated intensities and increased alignment. Although there was
no preferred fiber direction among different cells, each cell exhib-
ited more uniform fiber alignment. Disruption with cytD resulted
in global loss of fibers and the presence of focal deposits. Cells that
were treated with cytD and stretched did not show any recovery of
the stress fibers. These results indicate that cells do not exhibit
large-scale stress fiber recovery, even with stretch, lending support
to our hypothesis.

We next performed microrheological characterization of the
same conditions. Collagen-plated cells treated with cytD concur-
rently with one hour of stretch exhibited an MSD similar to that
of cells that were stretched (with DMSO), with some frequency-
dependent differences (p > 0.05 at 1 Hz, Fig. 4A). Compared to un-
stretched, cytD-treated collagen-plated cells, G’ was unchanged at
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Fig. 2. (A) Stretching cardiac fibroblasts for one hour on collagen coated membranes results in a consistent decrease in bead MSD. However, for fibronectin-plated cells, there
was no obvious change in MSD with the application of one hour of stretch. (B) Stretching cardiac fibroblasts for 24 h on fibronectin-coated membranes results in a significant
frequency-dependent decrease in bead MSD, compared to either unstretched or 1 h-stretched cells.
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Fig. 3. Actin stain of cardiac fibroblasts plated with collagen and treated with (A)
DMSO only, (B) cytD, (C) one hour of stretch, and (D) one hour of stretch with cytD.
In the control (A), stress fibers exhibit polygonal distribution and varying fiber
angles. Under applied stretch (C), stress fibers appear more aligned and the
polygonal distribution appears attenuated. With cytD treatment (B,D) no fibers are
observed; only focal deposits scattered throughout the cell. Similar staining of actin
of cardiac fibroblasts plated on fibronectin and treated with (E) DMSO, (F) cytD, (G)
one hour of stretch, (H) one hour of stretch with cytD, (I) 24 h of stretch, and (J) 24 h
of stretch with cytD treatment during the last hour show similar patterns as for
collagen-plated cells. Strong actin fiber alignment and reinforcement is observed in
the 24 h stretched cells, which disappear with cytD treatment. Scale bar shown in
panel F=20 pm.

0 Pa, but G” increased from 3.3 Pa (3.0, 3.7) to 5.7 Pa (5.0, 6.6) with
one hour stretch with cytD treatment.

Fibronectin-plated cells treated with cytD concurrently with
one hour of stretch exhibited a bead MSD plot comparable in shape
(close to a straight line) to cells treated with cytD alone, only
shifted down (p < 0.05 at 1 Hz, Fig. 4B). Compared to unstretched,
cytD-treated fibronectin-plated cells, G’ remained unchanged at
0 Pa, but G” increased from 1.2 Pa (1, 1.6) to 3 Pa (2.5, 3.8) when
stretched with cytD for an hour. The 1h collagen and fibronec-
tin-plated cell data strongly suggest that treatment with cytD,
while disruptive, does not completely eliminate the cellular rein-
forcement response to mechanical stretch.

To assess whether disruption of the actin cytoskeleton can
attenuate or eliminate existing mechano-reinforcement of actin,
cells (plated on fibronectin) were stretched for 24 h, with cytD
added during the last hour of stretch. Cells treated this way exhib-
ited comparable bead MSDs to cells that were stretched for 24 h
without actin disruption, with some frequency-dependent differ-
ences (p>0.05 at 1Hz, Fig. 4C). When comparing unstretched,
cytD-treated cells to stretched, cytD-treated cells, G’ increased
from 0 to 7 Pa (5.8, 8.9) and G”, from 1.2 Pa (1.0, 1.6) to 10.3 Pa
(8.2, 14.0). In fact, cells stretched for 24 h with the last hour in cytD
were more stiff but less viscous compared to cells stretched for
24 h with the last hour in DMSO, the latter of which had G’ of
6.6 Pa (6, 7.3) and G” of 15.6 Pa (14.5, 16.8).

4. Discussion

The major conclusions of this study are that (1) cell rheological
properties are receptor and mechanical-stimuli dependent, (2)
both solid-like and fluid-like characteristics change in response
to external stimuli, and (3) despite global actin disruption that
clearly eliminates visible stress fibers, local cell properties at inter-
mediate-to-long time frames are still sensitive to mechanical stim-
uli. Regarding the third point, the significance of these results is
that mechanically conditioning cells may exert some level of local
protection against global disruption. Thus, even when stress fibers
are disrupted, some level of cell mechanosignaling can still occur,
and there is still microscale reinforcement.

If we use the actin ‘cage’ model for examining microrheology,
we hypothesize that there are different actin subnetworks in cells.
When baseline networks are disrupted, cells appear softer and less
viscous across a wide frequency range, due to enhanced bead
mobility. By itself, mechanical stimuli reinforces the baseline net-
works, leading to diminished bead mobility. For short durations
of applied stimuli, these reinforcements are vulnerable to cytD dis-
ruption. Thus, the MSD-time lag relationship for fibronectin-plated
cells changes from a curve to something closer to a straight line
with cytD treatment. With short-term mechanical stretch concur-
rent with cytD treatment, the MSD shifts lower but remains closer
to a straight line, suggesting that the actin ‘cage’ is still mostly
missing (Fig. 4B). When mechanical stimuli are used to precondi-
tion cells prior to actin disruption, however, new subnetworks
may be generated that appear to be less prone to disruption by
cytD, thereby leading to maintenance of a curved MSD-time lag
relationship (Fig. 4C). It is clear, then, that the material behavior
of cells is considerably more sophisticated than a passive glassy
material in the presence of external stimuli.

Physiologically, the results from this study may help explain
certain responses in cardiac remodeling. In cases where increased
loading occurs, such as those that follow myocardial infarction or
induced pressure overload, our results suggest that the short-term
response of fibroblasts via collagen is greater than when compared
to fibronectin. However, extended loading when engaging the
collagen receptors may be inimical to fibroblast health, as
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Fig. 4. (A) Cardiac fibroblasts plated on collagen and treated with CytD during one hour of stretch exhibited a bead MSD comparable to DMSO-treated controls, with some
frequency dependence. There was a significant decrease in bead MSD compared to CytD treated cells, indicating that actin disruption did not eliminate the capacity for cells to
reinforce in response to mechanical stretch. (B) Cells plated on fibronectin-coated membranes and treated with CytD during one hour of stretch also exhibited bead MSD
decrease compared to CytD treatment alone. (C) Cells plated on fibronectin-coated membranes and stretched for 24 h and treated with CytD during the last hour of stretch
exhibited an extension of the 1 h trends; showing a decrease in MSD to levels comparable to DMSO-treated control cells, with some frequency-dependent differences.

demonstrated by the altered cell morphology and detachment
when loaded for 24 h. Thus, one would expect that fibroblasts
would tend to favor a more fibronectin-based environment over
longer times, which is consistent with both increased fibronectin
in general tissue remodeling and earlier upregulation of fibronectin
compared to collagen in cardiac cells [31-34]. These results thus
suggest that collagen receptors may engage short-term responses,
whereas fibronectin receptors engage longer-term remodeling
behavior. Interestingly, collagen-plated cells appear to be more
insensitive to cytD disruption, perhaps because cells plated on col-
lagen had low stiffness at baseline. It may be that the local actin
cages are not well-formed when only collagen is engaged, thus ren-
dering the cell less vulnerable to cytD effects but capable of greater
reinforcement in response to mechanical stimuli. Another signifi-
cant conclusion from this study is that changes at the microscale
can be very dramatic without any obvious changes at the gross ac-
tin-labeling level, underscoring the need for techniques such as
PTM for examining these changes.

Left unresolved in this study is the precise role of the fluid-like
component of cell properties. The changes in the loss modulus may
be indicative of alterations to cell cytoplasmic viscosity; the
mechanism by which the cell alters this property is not well-
characterized. In this study, we limited statistical analyses to prop-
erties at 1 Hz. A wider frequency range would be helpful in deter-
mining potential components that may contribute to cellular
properties. Further work assessing the effects of a combination of
ligands, different strains or shear stresses may also be illuminating.

We demonstrated that cell properties are sensitive to a variety
of plating conditions and external stimuli, and that mechanically

conditioning cells may impart some form of enhanced mechanical
state that persists despite gross actin disruption. Such changes to
cell properties underscore the need for more systematic examina-
tion of cellular material responses and creates the opportunity for
linking cellular properties to physiological and disease processes.
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