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Control of Stress Propagation in the Cytoplasm by Prestressand L oading
Frequency

Shaohua Hu* and Ning Wang'

Abstract: One fundamental question in cell biology is
how mechanical stresses are distributed inside the cyto-
plasm. Recently we have developed a synchronous de-
tection approach to map cytoplasmic displacements and
stresses using yellow fluorescent protein tagged mito-
chondria as fiducial markers of the cytoskeleton (CSK) in
response to a localized load applied via an RGD-coated
magnetic bead (7). We have shown that stresses are prop-
agated to remote sites in the cytoplasm, a finding that
contradicts continuum model predictions. Here we show
that long distance force propagation in the cytoplasm
was abolished when the contractile prestress in the CSK
was lowered by relaxing agents and enhanced when the
prestress was increased by contractile agonists. Surpris-
ingly, when the loading frequency was varied from 0.03
Hz to 30 Hz, the total area of induced displacements (an
index of the extent of stress propagation) first increased
with loading frequency and then decreased with loading
frequency. These results demonstrate that the long dis-
tance force propagation in living adherent cells might be
controlled by the level of contractile prestress in the CSK
and by the loading frequency.

1 Introduction

One fundamental question in mechanotransduction is
how stresses are propagated and distributed inside the
cytoplasm. Established evidence demonstrates that in-
tegrins and focal adhesions are the major initial path-
ways of force transmission between an adherent cell and
the extracellular matrix (1-5); furthermore, the cytoskele-
ton (CSK) is known to be the primary stress-bearing el-
ements inside the cytoplasm (6). However, it is still
not clear how a localized load at the cell surface prop-
agates along the CSK lattice. Recently, using a sensi-
tive method of synchronous detection to quantify load-
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induced displacements, we have demonstrated that a lo-
calized load applied via the integrin receptors through
a RGD-coated 4.5-uym magnetic bead, leads to concen-
trated strains/stresses at cytoplasmic and intra-nuclear
sites remote from the site of the applied load (7-9). This
is a surprising finding since it departs significantly from
predictions of conventional continuum mechanics-based
cell models (10) that predict that the stress will dissipate
inversely with the square of the distance from the site
of applied load. Furthermore, we found that disrupting
filamentous actin with cytochalasin D or inhibiting the
pre-existing tension in the CSK (prestress) in the cell by
overexpressing caldesmon abolished this long distance
force propagation (7), suggesting that the prestress plays
a major role in mediating the “action at a distance” phe-
nomenon. In order to further explore the role of the pre-
stress, in this study, we altered the prestress using a num-
ber of different pharmacological agents. Invivo, cells ex-
perience mechanical loads of different frequencies. For
example, human airway smooth muscle cells in the lung
experience breathing-induced mechanical stretching at
~0.2 Hz and heartbeat-induced loading at ~1.0 Hz. We
hypothesized that loading frequency would influence the
extent of stress propagation similar to its effects on cell
stiffness if cell stiffness was a major determinant of stress
propagation. Here we examined the effects of loading
frequency on stress propagation.

2 Methods

Cdl Culture. Human airway smooth muscle cells were
isolated from tracheal muscle of lung transplant donors
and cultured using a previously published method (11).
Adenovirus vectors were used to transiently infect the
cell with YFP-cytochrome C oxidase, an enzyme locates
exclusively at the inner membrane of the mitochondria.
The detailed protocols were described previously (7).
The cells were plated sparsely on type-1 collagen-coated
dishes in serum free medium overnight before experi-
ments. Since whether stress propagation is related to cell
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cycle progression was not the focus of this project, we
limited our study to interphase cells by serum depriving
them.

Load application and synchronous detection of induced
displacements.  We applied mechanical torques via
a magnetic bead to an adherent cell in a dish under a
microscope at 37°C. Previously we showed that mag-
netic beads coated with acetylated low density lipopro-
teins (AcLDL) that bind specifically with nonadhesion
molecule scavenger receptors resulted in only localized
CSK deformation in the vicinity of the bead (4). There-
fore in this study we focused on probing the CSK via
the integrin receptors. Ferromagnetic beads (4.5-pm di-
ameter or 0.8-um diameter) coated with Arg-Gly-Asp
(RGD)-containing peptides, specific ligands for integrin
receptors, were bound to the apical surface of the ad-
herent cells for 15 min (or 5 min for a 0.8-um bead).
The beads were magnetized using a strong (1,000 G) and
short (<0.1 ms) magnetic field pulse oriented at the hor-
izontal direction. A sinusoidally varying vertical mag-
netic “twisting” field was applied at 0.03125, 0.3125,
0.83, 5, 15, or 30 Hz. The fluorescent image exposure
time was 300, 200, 100, 10, 5, 5 ms respectively. The
maximum rate of image data acquisition is not only lim-
ited by the CCD camera speed, but also by the data stor-
age speed of the computer. For example, it requires 120
ms to capture and store each 600 pixel by 600 pixel image
into our computer. To prevent data jamming and image
storage loss, time delay between any two images should
be at least 120 ms. To achieve this, an image acquisition
heterodyning strategy was used for loading frequencies
higher than 0.83 Hz (one cycle = 1.2048 sec; an 11-image
acquisition at 120 ms per image takes 1.2 sec, slightly
less than the cycle) to take advantage of the periodicity
of the cyclic loading, an approach to decrease the im-
age acquisition rate. For example, for the 5 Hz case, af-
ter the 1% fluorescent image was taken at the beginning
of the 1% cycle, the second fluorescent image was only
taken at a time that was precisely 1/10 of a cycle after
the start of the 2" cycle (i.e., 220 ms after the 1% im-
age). Therefore it took 2.2 sec (11 cycles) to complete
an 11-image acquisition at 5 Hz loading frequency. For
the 30 Hz case, the 2" image was taken at the time that
was 1/10 of a cycle from the start of 51" cycle (i.e., 136.7
ms after the 1% image). It took 1.367 sec (41 cycles) to
complete an 11-image acquisition. The resulting bead
translational displacements caused by bead rotation were
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determined by quantifying the bead center movement us-
ing an intensity-weighted-center-of-mass algorithm. The
bead lateral movement was used to calculate the corre-
sponding dynamic modulus using the established method
(12). Fluorescent image acquisition was phase-locked to
the twisting field such that 10 images are taken during
one twisting cycle. Using a cross-correlation approach,
we computed the induced displacement field by compar-
ing corresponding arrays between two images taken at
different phases during the twisting cycle. We shifted the
arrays of the second image by sub-pixel increments (1/25
of a pixel) in the Fourier-domain until the mean square
differences of the pixel-intensities between the shifted
array and the corresponding array from the first image
reached a minimum. The resolution of the displacement
measurements was ~5 nm. Intracellular traction fields
(i.e., an index of the stress field) at a focal plane were
computed from displacement fields, using the magnetic
bead displacement to estimate the cell shear modulus (7).

3 Results

3.1 The synchronous detection approach resolves
load-induced displacementsto a few nanometers

Recently we reported the method of the synchronous
detection (7). This approach is simple and straightfor-
ward. Here we describe it in some details. After a single,
4.5-um magnetic bead coated with integrin ligands was
bound to the cell surface for ~15 min (Fig. 1A) on an ad-
herent cell infected with adenovirus YFP-mitochondria
(Fig. 1B). The bead was magnetized in the horizontal di-
rection and then rotated by a sinusoidal twisting magnetic
field applied along the vertical direction. The magnetic
field was applied at a fixed frequency of 0.3 Hz. Fluores-
cent images of the cell were collected at the rate of 10 im-
ages per twisting cycle and the induced displacements of
the mitochondria that were synchronized with the input
magnetic fields were quantified using a cross-correlation
approach. The mitochondrial displacement exhibited a
phase delay relative to the input signal, indicative of vis-
coelastic behaviors (Fig. 1C). By mapping the signal to
noise (S/N) ratio for the entire field of view (Fig. 1D) and
only keeping the induced displacements whose S/N ratio
was higher than 3, we obtained the induced displacement
map of this cell (Fig. 2A). There was a large spot of
concentrated displacements ~20 pm away from the bead
(Fig. 2A), consistent with our previous report (7). Using
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The Synchronous Detection Approach
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Figurel: The synchronous detection method. A: a 4.5-um ferromagnetic bead (the black dot in the center) is bound
to the apical surface of an adherent airway smooth muscle cell. B: the fluorescent image of the cell infected with
adenovirus YFP-mitochondria. C: the input twisting current (blue line) and the displacements of a mitochondrion
(red dots) as a function of one twisting cycle. D: the map of the measured signal to noise ratio (S/N) at the peak

displacement.

the magnetic bead displacement on the cell surface to es-
timate the average cell elastic modulus, we computed an
intracellular traction map at this x-y focal plane that cor-
responded to the displacement field (Fig. 2D). Because
the true local stiffness at different sites was not known,
this apparent “stress” map was only a crude approxima-
tion of the actual local stress distribution at this x-y plane.

Using a 0.8-pm diameter RGD-coated bead to apply the
local load, we also observed the long distance force prop-
agation in the cytoplasm (Appendix, Fig. 7), suggesting
that the “action at a distance” phenomenon is not an ar-
tifact caused by the large apical focal adhesion that was
recruited to the 4.5-um bead.

3.2 Contractile prestress controls long distance force
propagation

Recently we have demonstrated that adherent human
airway smooth muscle cells exhibit significant level of

prestress under resting conditions (11, 13). We have
also shown that lowering the prestress by overexpress-
ing caldesmon in the cell or disrupting the actin CSK
with cytochalasin D completely abolished the long dis-
tance force propagation phenomenon (7). To further ex-
amine the role of prestress in force propagation, we mod-
ulated the contractile prestress with known pharmacolog-
ical agents. Increasing the prestress with contractile ag-
onist histamine (10 uM) led to time-dependent changes
in the number and patterns of focused displacements and
stresses in the CSK (Fig. 2); there were dramatic alter-
ations in the displacement and stress patterns 10 s after
histamine treatment (Fig. 2B, 2E). After 1 min of his-
tamine treatment, the displacements and stresses exhib-
ited different patterns from the patterns after 10 s his-
tamine (Fig. 2C, 2F). In contrast, decreasing the pre-
stress with bronchodilator isopreterenol (Iso) (1 uM), led
to a time-dependent decrease in the number of focused
displacements at remote sites; 2 min after Iso, there were
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Figure 2 : Elevation of contractile prestress in the CSK alters patterns of displacements/stresses. A and D: displace-
ment (A) and stress (D) maps of the cell at baseline conditions. B and E: displacement (B) and stress (E) maps
of the same cell 10 sec after contractile agonist histamine (His) treatment (1 uM). C and F: displacement (C) and
stress (F) maps of the same cell 1 min after histamine treatment. Color represents the magnitudes and white arrows
represent the directions of the displacements or stresses. Pink arrow represents the position of the magnetic bead
and the direction of bead center lateral movement. Other cells showed similar patterns.

no dramatic changes relative to the controls (Fig. 3B,
3E); 4 min after the drug treatment, there were almost no
concentrated displacements or stresses outside the vicin-
ity of the bead (Fig. 3C, 3F). Taken together, these re-
sults suggest that the prestress plays a key role in medi-
ating the force propagation along the CSK. As a control,
we continuously twisted an RGD-coated bead for 30 s
and mapped the displacements of YFP-mitochondria as
a function of time. No visible changes were detected
in the displacement maps (Appendix: compare Fig. 8
lower left image with lower right image) or in the fluo-
rescent images (Fig. 8 upper images), suggesting that the
dramatic changes observed in the displacement maps or
the stress maps in Figs. 2 and 3 were the results of the
prestress-modulating drugs.

3.3 Stresspropagation varies with loading frequency

Recently, it has been shown in several types of adherent
cells that the stiffness of the cell increases as a power-law
with the loading frequency (12). Because mitochondria
are physically connected with microtubule filament sys-
tems via motor protein kinesin and dynein (14), the dis-
placements of mitochondria are indexes of the displace-
ments or deformation of the microtubule networks. Since
the cell stiffness increases with loading frequency; in
other words, the magnetic bead displacement decreases
with loading frequency for a given load, we hypothe-
sized that, if the cell stiffness was a major determinant of
stress propagation in the CSK, the displacements of YFP-
mitochondria should decrease with loading frequency in
a similar manner. To test this hypothesis, we quantified
the peak displacements of the mitochondria in response
to loading frequencies varying from 0.03 to 30 Hz.
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Displacement Map

Figure 3 : Inhibition of contractile prestress in the CSK decreases the extent of stress propagation. A and D:
displacement (A) and stress (D) maps of the cell at baseline conditions. B and E: displacement (B) and stress (E)
maps of the same cell 2 min after relaxing agent isopreterenol (Iso) treatment (1 uM). C and F: displacement (C)
and stress (F) maps of the same cell 4 min after Iso treatment. Color represents the magnitudes and white arrows
represent the directions of the displacements or stresses. Pink arrow represents the position of the magnetic bead
and the direction of bead center lateral movement. Other cells showed similar results.

ok
o

= ® Baad
5 0.4 4 A PoakMito
e
= ]
@ 0.3
: t
o 0.2 4 E
o % ;
=%
R
2 : s 2z I}
0.0 1 ! v
0.01 0.1 1 10 100

Loading Frequency (Hz)

Figure 4 : The peak displacements of the mitochondria
(open triangles) and the lateral displacements of the mag-
netic bead center (closed circles) as a function of loading
frequency. It is clear that bead displacements decrease
much more rapidly with frequency than peak mitochon-
drial displacements. N = 8 cells at 0.03 Hz, 24 cells at
0.3, 0.83, and 5 Hz, and 13 cells at 15 and 30 Hz.

As expected, the magnetic bead displacement (Dpead) de-
creased with the loading frequency (f) (Fig. 4, circles).
On the log-log scale this dependence was linear, indicat-
ing a power law behavior. A linear regression line fit in
a log-log plot shows that logDpead = -0.655 - 0.133logf.
Hence the power-law exponent of frequency is -0.133.
Since the magnetic bead displacement is inversely pro-
portional to the cell stiffness for a given applied torque,
these data are consistent with the published data of in-
creasing power-law dependence of stiffness (exponent
~0.2) with loading frequency (12).

Interestingly, the peak magnitudes of the YFP-
mitochondria displacement (Do) decreased only
slightly in response to loading frequency (Fig. 4, trian-
gles). A linear regression line fit in a log-log plot shows
that 10gDpijto = -1.041 - 0.032logf. The exponent of fre-
quency is -0.032. Since mitochondria displacements are
fiducial markers of microtubule displacements and de-
formation, these data suggest that the peak microtubule
displacements and deformation are much less sensitive
to loading frequency than the shear stiffness is.

To examine the effect of loading frequency on stress
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Figure 5 : The effect of loading frequency on force propagation areas in an representative cell (the same cell as
in Appendix Fig. 9). It appears that the total area of displacements increased first with loading frequency and
then decreased with frequency, although there were still apparent displacements at distances > 20 um? at 30 Hz.
Note that the displacement scales are different at different frequencies. Color represents the magnitudes and white
arrows represent the directions of the displacements. Pink arrow represents the position of the magnetic bead and

the direction of bead center lateral movement.
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Figure 6 : The total area of load-induced displacements
as a function of loading frequency. It appears that the dis-
placement area increased first and then decreased with
loading frequency. The loading frequency was varied
randomly. N = 8 cells at 0.03 Hz, 24 cells at 0.3, 0.83,
and 5 Hz, and 13 cells at 15 and 30 Hz.

propagation, we varied the loading frequency from 0.03
to 30 Hz and quantified the total area of induced dis-
placements, i.e., sum of all the pixel areas of the induced
mitochondria displacements that have an SIN>3. This
total area is the area of the mitochondria that has been
displaced by the magnetic bead and reflects how exten-
sive the stress propagates in the cytoplasm: the greater
the area, the more extensive the stress propagates. Fig.
9 shows the cell/bead images and fluorescent images of
a representative cell. There were no visible changes in
fluorescent images or bead images at different frequen-
cies. However, surprisingly, as the loading frequency
increased from 0.03 Hz to 30 Hz, the total area of the
induced displacements, first increased at 0.3 Hz to 117
um?, did not change much at 0.8 Hz, and then decreased
monotonously from 0.8 to 30 Hz (Fig. 5). The summa-
rized data are shown in Fig. 6.
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4 Discussion

The major findings of this study are that long distance
force propagation in the cytoplasm is modulated by the
contractile prestress of the CSK and by the loading fre-
quency.

By what mechanisms do living cells transmit and trans-
duce surface mechanical forces is a central question in
cell mechanics. Although different models have been
proposed, the underlying mechanism of mechanotrans-
duction still remains unclear. The proposed cell mechan-
otransduction models can be classified into two cate-
gories: Indirect: ATP concentration model (15); inter-
cell spacing/EGF concentration model (16); Direct: non-
specific membrane deformation model (17, 18); adhe-
sion molecule/CSK model (3, 5, 19-22). In the adhe-
sion molecule/CSK model, the current focus is on the
activation of focal complexes at the force application site
and the subsequent diffusion or translocation of signaling
molecules from the site of force application into the deep
cytoplasm or the nucleus. This idea is built on the as-
sumption that a local force only leads to a local deforma-
tion, a well-known behavior of conventional engineering
materials, and is consistent with continuum model pre-
dictions. Our recent experimental evidence in living ad-
herent cells, demonstrates, however, that a local force can
be propagated to remote sites, far away from the loading
site (7-9), representing dramatic departures from these
conventional model predictions. Importantly, we have
shown that disrupting the actin CSK, reducing the pre-
stress by over-expressing caldesmon, or inhibiting actin
bundle formation by plating the cells on nonspecific sub-
strate such as poly-L-lysine, all led to abolishment of the
“action at a distance” phenomenon (7).

In this study, we have further shown that when the con-
tractile prestress in the CSK is modulated with specific
contractile agonists or relaxing agents, the patterns of
stress-induced displacements and stresses are altered dra-
matically. When the prestress is lowered by the relax-
ing agent isopreterenol, the “action at a distance” phe-
nomenon disappears and the cell behaved just like a con-
ventional engineering material. In contrast, when the
prestress is elevated with contractile agonist histamine,
the number of concentrated displacements/strains in-
creases. These results strengthen the previous findings
and are consistent with the notion that CSK contractile
prestress plays a major role in mediating the “action at

a distance” behavior. These data are consistent with our
previous findings that tensed actin bundles play a key role
in mediating the long distance force propagation (7, 9).

By what mechanism does the prestress modulate the dis-
tribution of the displacements in the CSK? Recently we
have proposed a tensed actin bundle model to explain
the “action at a distance” behavior (23). This model
is built on the idea that a tensed actin bundle or a pre-
stressed stress fiber has a modulus that is much higher
than the modulus of the surrounding CSK matrix such
that a force propagating along the tensed bundle does
not decay as rapidly in space as homogeneous materi-
als do. The length scale of force propagation is propor-
tional to square root of ratio of the actin bundle modulus
to the CSK matrix modulus. This model is supported
by recent experimental data from Sato’s group who have
demonstrated that the modulus of a single stress fiber is
~1 MPa (24) whereas the modulus of the CSK matrix is
only ~1 KPa. From these data, the length scale of force
propagation is estimated to be ~70 pm in living adherent
cells that have actin bundles (23). If our model is valid,
our current data suggest that these prestress-modulating
drugs may preferentially increase/decrease the tension in
the actin bundles/stress fibers much more than they mod-
ulate the tension in the rest of the CSK matrix (23). The
reason is that if histamine (or isopreterenol) increase (or
decrease) the tension in the actin bundles/stress fibers in
the same proportion as it does to the CSK matrix tension,
then there will be no preferential stiffening of the actin
bundle/stress fiber relative to the CSK matrix, and thus
no modulation of the extent of force propagation. Future
experiments are needed to test this preferential stiffening
idea directly. Since these prestress-modulating drugs al-
ter the crosslinking of myosin and actin, we cannot rule
out the possibility that the long distance force propaga-
tion is also partially facilitated by crosslinking of myosin
and actin. However, the increase in the number of fo-
cused displacements/strains after histamine treatment ap-
pears to be much less than the presumed increase in the
number of crosslinked myosins and actins based on the
increase magnitudes in the contractile forces (11), sug-
gesting that the crosslinking of myosin and actin may be
necessary but not sufficient for long distance force prop-
agation.

Fabry et al. (12) demonstrated a few years ago that
stiffness of living adherent cells exhibits weak “power
law” (power exponent ~0.2) dependence on loading fre-
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Figure 7 : A 0.8-um diameter RGD-coated magnetic bead induced focused displacements at sites remote from the
bead. A: the bright field image of the cell with the bead in the center. B: the fluorescent image of the same cell. C: the
load-induced displacement map. D: the computed 2D apparent stress map. Note that there was a large concentration
of displacements/stresses ~ 6um away from the bead, whereas nearby mitochondria were not displaced, suggesting
specific stress propagation pathway in the cytoplasm of the cell. Color represents the magnitudes and white arrows
represent the directions of the displacements. Pink arrow represents the position of the magnetic bead and the
direction of bead center lateral movement. Other cells showed similar patterns. Scale bars =5 pum.

quency and they likened this behavior to that of a soft
glass. Stamenovic et al. (25) have described an em-
pirical relationship between the prestress and the expo-
nent of the power law. We speculated that stress propa-
gation in the CSK would be dependent on loading fre-
quency in a similar manner if the stiffness of the cell
is a major determinant of force propagation. However,
we have found that, for a given prestress, the peak mi-
tochondria displacements (an index of peak microtubule
displacements/deformation) decrease much more slowly
with loading frequency for a fixed applied stress than the
bead displacements do. This is consistent with previous
findings that microtubules contribute only a small frac-
tion to the prestress and stiffness of the cell in highly
spread cells (13). The bead displacement is a mea-
sure of cell stiffness that includes contributions from
cell membrane, focal adhesion proteins, F-actin network,
and other CSK (microtubules and intermediate filaments)
networks. At the loading frequency of 30 Hz, the magni-

tudes of the bead displacements approach those of peak
mitochondria displacements (Fig. 4), suggesting that the
membrane/focal adhesion/actin network complex might
be the primary structures responsible for the stiffness-
frequency response at frequencies from 0.03 to 30 Hz.

Surprisingly, when the applied loading frequency is var-
ied from 0.03 Hz to 30 Hz, the total induced displace-
ment area, which is an index of the extent of stress
propagation in the cytoplasm, did not exhibit a mono-
tonic decrease with frequency as the bead displacements
do. Rather, the total displacement area increased first
from ~60 pum? at 0.03 Hz to ~120 pm? at 0.3 Hz and
then decreased with frequency to a value of ~18 pm?
at 30 Hz (Fig. 6). On the other hand, the finite ele-
ment analysis (7, 10) of a homogeneous elastic mate-
rial predicts that the total (comparable) displacement area
would be ~10 um?, assuming 10% bead area was embed-
ded. Therefore, as the loading frequency increases, the
induced displacement area appears to approach that of



Control of Stress Propagation in the Cytoplasm by Prestress and Loading Frequency

57

¥ [m)

Figure8: A control cell at baseline conditions exhibits little changes in fluorescent images or displacement images.
Left images: the fluorescent image (top left) and the displacement map (lower left) of the cell at time 0. Right
images: the fluorescent image (top right) and the displacement map (lower right) of the cell 30 sec after a local
load applied at 0.3 Hz and 50 Gauss. Color represents the magnitudes and white arrows represent the directions of
the displacements. Pink arrow represents the position of the magnetic bead and the direction of bead center lateral

movement.

continuum model predictions. However, since mitochon-
dria displacements are only fiducial markers of the CSK
displacements/deformation, displacements of some CSK
structures were likely not measured. Thus these mito-
chondria displacement areas could be a significant under-
estimate of the true areas of the CSK that were deformed.
Nevertheless, our conclusion on the relative change of the
displacement area in response to loading frequency may
still hold. Importantly, there appears to be a major dis-
tinction between the living cell behavior and the contin-
uum model prediction: although the total displacement
area was much lower at 30 Hz than at 0.3 Hz, there were
obvious displacements at remote sites (>20 um from the
loading site) at 30 Hz loading frequency (Fig. 5), sug-
gesting that the long distance force propagation behavior
was still present even at this relatively high loading fre-
quency, consistent with our experimental results in pre-
vious studies (7-9), and consistent with our recent model
predictions (23) that the prestress in the actin bundles is
the key determinant of how far a force can propagate.

At this time we do not know the underlying mecha-
nism for the biphasic behavior on loading frequency. We
speculate that, however, at loading frequencies >5 Hz,
the dissipative/frictional nature of the CSK lattice and
its crosslinkers might hinder lateral propagation of the
stresses from the actin bundle to the rest of the CSK
such that the microtubule filaments that are in the vicin-
ity of (but not very close to) the actin bundle are not de-
formed/displaced. Therefore, the total displacement area
is decreased. However, since the contractile prestress in
the actin bundles does not change much, the stress is
still able to be propagated to long distances along the
actin bundle to displace/deform those microtubules that
are very close to the bundle. Since microtubules near
the focal adhesions may not depend on actin bundles to
transmit stresses, we suggest that this is why peak mito-
chondria displacements very close to the magnetic bead
do not decrease very much with loading frequency.

At the low loading frequency of 0.03 Hz, each loading
cycle is ~30 sec. There are ten fluorescent images per
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Figure 9 : The fluorescent images and the bright field
images (inserts) of a representative cell when loading fre-
quency varies. There is no apparent bleaching or obvious
changes in cell shape or bead position at different load-
ing frequencies. Scale bar is 5 um for both the fluorescent
image and the bright field image.

cycle. Thus the duration between an image and its subse-
quent image (for image cross-correlation analysis) is ~3
sec, long enough for significant CSK remodeling to oc-
cur. When the threshold of 3 of the signal-to-noise ratio
was used to filter out the noise, it is likely that some sig-
nals were also filtered out together with the remodeling-
associated displacements. Therefore, it is possible that
the measured displacement area at 0.03 Hz is an underes-
timate of the true value. Nevertheless, the conclusion that
the total mitochondria displacement area (or the extent
of stress propagation) varies with loading frequency in a
biphasic manner may not change. It is interesting to note
that the loading frequencies (0.3-0.8 Hz) that induce the
maximum displacement area fall within the physiologic
range (0.2-1.0 Hz) that these cells experience in vivo.

When a mechanical stress is applied to a living cell, it
will induce biochemical and biological changes in the
cell (26, 27). The challenge is to separate the direct me-
chanical displacement/deformation from stress-induced
structural changes such as CSK remodeling. Our results
suggest that at loading frequencies higher than 0.3 Hz,
the synchronous detection approach is relatively robust
and the effect of CSK remodeling on stress-induced dis-
placement measurements is very small (Fig. 8). When
the local load was applied for more than 10 min, how-
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ever, we observed some subtle changes in the displace-
ment patterns (not shown). These subtle changes could
be due to spontaneous bead movements as a result of fo-
cal adhesion dynamics, CSK dynamics, membrane ruf-
fling, stress-induced CSK remodeling, or a combination
of all these. Future work is needed to determine which of
these plays what role at what time.

Our results are consistent with a recent study that visual-
izes long distance propagation of Src activation in living
cells in response to a localized load (26). It will be inter-
esting to determine to what degree the location and the
extent of Src activation depend on the cytoskeletal pre-
stress or by loading frequency. It also remains to be seen
if other cytoplasmic molecules and nuclear molecules
can be directly activated by a localized load of physio-
logic magnitudes applied at the cell surface.

Our current study suggests that one cannot predict the
stress propagation patterns of the cell simply from the
rheological properties of a living cell. Unlike the stiff-
ness of the cell that increases weakly with loading fre-
quency, the extent of stress propagation exhibit a bipha-
sic behavior (first increase and then decrease) with load-
ing frequency. Regional connectivity differences of the
CSK and local prestress variability in the CSK may ex-
ert significant influences on the stress distribution in the
cytoplasm in response to a localized load on the cell sur-
face. The stress propagation patterns could determine the
specific sites of intracellular biochemical activities and
the overall biological response from the cell.
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Appendix A:  Sub-micrometer bead loading also
leads to long-distance force propaga-
tion

Previously, we showed evidence of long distance force
transmission in the CSK in response to a localized load
(7). One question is, however, whether this “action at
a distance” is the artifact of large focal adhesion at the
cell apical surface induced by the 4.5-um bead. To
address this question, we coated 0.8-um ferromagnetic
beads with RGD-peptides and added the beads to the cell
apical surface for ~5 min. A single bead on a cell in-
fected with adenovius YFP-mitochondria was located via
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the microscope (Fig. 7A, 7B). After magnetization in
the horizontal direction, a 0.83-Hz sinusoidal torque (25
gauss; specific torque = 2.5 Pa) was applied via the bead
in the vertical direction. The induced displacement map
showed distinct, concentrated displacements at sites ~5-
7 pm away from the bead (Fig. 7C). Assuming that the
bead was 50% embedded, we estimated that the area of
integrin clustering induced by this sub-micrometer bead
is ~ 1 um?. This result showed that a localized load ap-
plied via clustered integrin receptors of 1 um? could also
be propagated to long distances along the CSK in the
cytoplasm. From the bead displacement we estimated
that the cell shear modulus was ~423 Pa. Assuming
that the average cell shear modulus was 423 Pa, we com-
puted an intracellular traction map (Fig. 7D) at this focal
plane (~2 um above the cell base) in response to the sub-
micrometer bead loading.

When mechanical properties of a material or a cell are
probed, a key issue is: what is the probe size relative
to the length scale of materials to be probed. In a liv-
ing adherent cell, the persistent length of actin filaments
is ~15 pm, of intermediate filaments ~1 pm, of micro-
tubule filaments ~6 mm. Thus the probe size should be
~1-5 um if one is interested in probing mechanical prop-
erties of the CSK lattice. We have demonstrated in this
study that a submicrometer bead also induces an “action
at a distance” phenomenon, consistent with the previous
findings using a 4-um bead. It is possible, however, if the
probe size is <<100 nm, much smaller than the length
scale of the CSK network, only very local cytosolic prop-
erties or single filament properties (if the bead is attached
to the filament) rather than the CSK network properties
can be probed.
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