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Rapid vinculin exchange dynamics at focal adhesions in
primary osteoblasts following shear flow stimulation
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Abstract

The adaptor protein vinculin plays a key position in the formation of focal adhesions and regulates cell attachment. To study
the turnover of vinculin in bone-derived cells, we expressed green fluorescent protein-tagged vinculin in primary bovine os-
teoblasts and examined the appearance of focal adhesions in cells exposed to laminar shear flow. Already 20 sec after application
of shear stress fluorescently labelled focal adhesions became visible as small flashing dots at the periphery of cells. The number
of newly formed focal adhesions per individual cell increased continuously over approximately 300 sec and then remained rela-
tively stable. The assembly of focal adhesions in shear stress-stimulated osteoblasts was accompanied by a transient rise in intra-
cellular calcium levels. The mean assembly time of an individual focal adhesion plaque was 32.2+2.2 sec and the mean
disassembly time was 60.5+6.0 sec. The recruitment of vinculin to nascent focal adhesions was in the same range as the recovery
half-life of GFP-vinculin at stable focal adhesions (13.0+2.0 sec). These data show that accumulation of GFP-vinculin in newly
formed focal adhesions and its exchange from pre-existing, mature plaques are both rapid processes that occur in mechanically

stimulated osteoblasts within less than one minute.
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Introduction

Bone has a remarkable ability to adjust its mass and archi-
tecture in response to a changing mechanical environment.
Living bone is permanently undergoing remodelling processes,
which allow for a continuous fine tuning of the amount and
spatial organization of calcified tissue in response to mechan-
ical strain'. A variety of types and magnitudes of mechanical
stimuli ranging from micro-gravity to hyperphysiological
loads, including fluid shear, tensile and compressive strains,
gravity and vibration, have been shown to influence bone cell
metabolism®”. In cooperation with embedded osteocytes, 0s-
teoblasts lining bone surfaces at sites of new bone formation
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are key players that change the matrix secretion and subse-
quent calcification upon mechanical stimulation®”.

The mechanisms by which mechanical stresses evoke bio-
logical responses in bone have been proposed to involve (a) di-
rect deformations of cells via structural deformation of the bone
matrix, (b) load-induced changes in the flow of interstitial fluid
in canaliculi of osteons, or (¢) streaming potentials®. Load-in-
duced cell deformations and fluid shear stresses act directly on
the apical cell surface. Bundles of actin filaments, which ter-
minate at sites of rigid contacts between the cell and its sur-
rounding microenvironment, may transmit mechanical forces
acting on the apical membrane to the interior of the cell. The
close contact of bone cells to matrix proteins requires at the in-
tracellular site that transmembrane integrins are coupled to the
actin cytoskeleton via components that are concentrated in focal
adhesions such as talin, vinculin, paxillin and a-actinin’'?. The
physical linkage of transmembrane receptors to the intracellular
cytoskeleton may function as part of the mechanosensor that
activates intracellular signalling pathways'*">. There is a grow-
ing body of evidence suggesting that cytoskeletal proteins have
important roles in detecting and coordinating responsiveness
to mechanical signals and that they communicate these signals
to change bone metabolism?>'¢. Cytoskeletal rearrangements



Figure 1. Experimental set-up for studying living osteoblasts under
continuous laminar fluid shear stress. Osteoblasts were transfected
with an expression plasmid coding for green fluorescent protein
(GFP)-fused to vinculin and placed in a parallel-plate laminar flow
chamber connected to a perfusion pump. Usually, cells were exposed
to laminar shear flow of 1.5 N/cm? for 1 min and observed before and
up to 30 min after stimulation using a fluorescence microscope
equipped with appropriate fluorescence filters. Images from time se-
ries were captured and visualized using standard image software.

within focal adhesions provide a putative mechanism by which
cell-matrix interactions could transduce and integrate the effects
of strain into an intracellular response. The proposed role of
focal adhesion components in mechanotransduction between
the extracellular matrix and the cytoskeleton may go far beyond
morphological changes and induce long-lasting alterations in
gene expression profiles and matrix synthesis.

To better understand the dynamic features of focal adhe-
sions in bone cells on a molecular level, we studied the forma-
tion, structural stability and dynamic exchange rate of vinculin
at focal adhesion sites in primary osteoblasts exposed to shear
stress. The data presented here demonstrate the fast formation
and subsequent disassembly of focal adhesions in shear stress-
stimulated osteoblasts. Moreover, we revealed the rapid accu-
mulation and turnover of vinculin at focal adhesions in
mechanically stressed primary osteoblasts. This unexpected
high exchange rate of vinculin reflects the fast emergence of
these transient, highly versatile adhesive structures at the cell-
matrix interface.

Materials and methods

Cell culture and transfection

Bovine primary osteoblasts were prepared using an outgrowth
method"’. Briefly, periosteum pieces from bovine ulnae and radii
were obtained at the local slaughterhouse and all soft tissue was
removed. The periost pieces were placed under sterile conditions
in Petri plates for 3-4 weeks. Cells were cultured in BGJb medium

L. Tan et al.: Vinculin in shear-stressed osteoblasts

with Fitton-Jackson modification supplemented with 10% foetal
calf serum in a humidified atmosphere of 5% CO,/95% air at
37°C. The outgrowth of cells led to a homogeneous culture of
bovine primary osteoblasts. Osteosarcoma cells of the MG63 cell
line were obtained from the American Tissue Culture Collection
and grown in RPMI 1640 medium (Sigma)'®. Cells were trans-
fected with a pEGFP-C1 expression vector coding for a fusion
protein of green fluorescent protein (GFP) and vinculin under the
transcriptional control of the human cytomegalovirus immediate
early promoter (Tova Volberg, Weizmann Institute, Israel). Trans-
fection was carried out with the Nanofectin kit (PAA) according
to the manufacturer’s recommendations.

Shear flow stimulation

For direct localization of GFP-tagged vinculin, transiently
transfected bovine primary osteoblasts cells were placed in a
parallel-plate fluid chamber connected with a perfusion pump
(Figure 1)". Usually, cells were incubated with 10 mM HEPES
in Ham’s medium (Biochrom) and pre-exposed to shear stress
of 0.04 N/m? before they were stimulated for 1 min with lami-
nar shear flow of 1.5 N/m?. Cells were observed for 30 min
after stimulation using phase contrast microscopy and direct
fluorescence imaging in an inverse Nikon Diaphot fluorescence
microscope equipped with appropriate fluorescence filters.
Fields of view for image acquisition were chosen in central re-
gions of the plate where a fully developed laminar flow existed
and GFP-vinculin-expressing cells were present. Images were
obtained with a Xillix CCD camera and further processed with
the software program Image-Pro-Plus (Media Cybernetics).

Immunocytochemical staining

The intracellular distribution of vinculin in mechanically
stimulated and unstimulated osteoblasts was determined by
means of immunocytochemistry. Cells were either exposed to
laminar fluid shear stress using 1.5 N/m? or left untreated.
Cells were fixed with acetone/methanol (1:1) at -20°C and per-
meabilized with 0.2% Triton X-100 in phosphate-buffered
saline (PBS). After three washes in 0.1% Triton X-100/PBS,
monoclonal anti-vinculin antibody (Sigma) was added and in-
cubated overnight at 4°C. The samples were washed three
times in 0.1% Triton X-100/PBS and then incubated with flu-
orescein isothiocyanate (FITC)-labelled secondary antibody
for 60 min at room temperature. Finally, samples were rinsed
three times with water and mounted in fluorescence mounting
medium. Fluorescence microscopy was performed using a
Nikon Diaphot fluorescence microscope and filters selectively
detecting FITC/GFP. The mean life time of a single focal ad-
hesion in shear stress-stimulated cells was determined by
means of the half-width of the half amplitude method sepa-
rately for the assembly and disassembly of focal adhesions.

Traction measurement and force calculation

Bovine primary osteoblasts were grown on collagen-coated
flexible polyacrylamide sheets with embedded fluorescent
marker beads at a density of 3000 cells/cm* 22", The substrate
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contained 2% of a 1:3 mixture of 0.2 um and 0.5 pm fluores-
cent latex microbeads (FluoSpheres, Molecular Probes). A vol-
ume of 12 pl was used for substrates covered with round
coverslips (14 mm diameter). Coverslips were coated with
type-I collagen as described by Wang and Pelham®. The me-
chanical properties of the gel allowed the cell to deform the
substratum. The gel relaxed and the marker beads resumed
their initial position when the cell was removed. Bead dis-
placements were extracted automatically from the fluorescence
micrograph time series. Deformations of the substrate were
calculated as a matrix of vectors by comparing the fluorescent-
light patterns caused by the embedded beads in the presence
and absence of the cell*'*. For force calculations the LIBTRC
software based on a Linux platform obtained from Dr. Micah
Dembo (Boston University, MA, USA) was used”**.

Measurement of calcium concentrations

Intracellular calcium concentrations were measured in o0s-
teoblasts grown on glass coverslips. Briefly, cells were incu-
bated for 90 min with either 3 uM Fluo-3/AM or 3 uM
Calcium Green 1/AM (both obtained from Molecular Probes)
in Ham’s medium supplemented with 10 mM HEPES®. The
dye-loaded cells were excited at 488 nm and the fluorescence
was measured through a long-pass filter (510 nm) on an in-
verted microscope. Intracellular Ca** concentrations were
measured before and after shear stress application or treatment
with 5 uM thapsigargin (Molecular Probes). The increase in
intracellular Ca** concentrations in response to cell stimulation
was detected in groups of 10-20 dye-loaded cells, which were
randomly selected in each experiment.

Fluorescence recovery after photo-bleaching (FRAP)

FRAP studies were conducted on live osteoblasts expressing
GFP-tagged vinculin. A LSM510 inverted confocal laser scan-
ning microscope (Carl Zeiss Jena) with a x100/1.3 objective was
used with an argon laser (A=488 nm) as excitation source. Re-
gions of interest (ROIs) containing one or several focal adhe-
sions were bleached for 10-30 sec by high-intensity laser
application. The time course of the fluorescence recovery of
GFP-vinculin was tracked by an attenuated monitoring beam
each for 130 sec. Fluorescence intensity differences between un-
bleached ROI and adjoining bleached ROI were calculated and
used for an exponential curve fitting to estimate recovery times
of GFP-tagged vinculin. For determination of the recovery half-
life, the normalized recovery curve was fitted to a single expo-
nential recovery model using the equation: F,= F-(FF, e,
where F/ is the fluorescence intensity at time #, Fis the final flu-
orescence at the plateau phase, F, is the initial fluorescence ex-
trapolated to =0 after photobleaching, and k=In 2/t, .

Results

To visualize the subcellular distribution of vinculin in shear
flow-stimulated bone-derived cells, we exposed primary os-
teoblasts and osteosarcoma-derived MG63 cells to laminar
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Figure 2. Intracellular localization of native and recombinant GFP-tagged
vinculin in primary bovine osteoblasts and osteosarcoma-derived MG63
cells, before (C,E,G,I) and after exposure to shear flow (A,B,D,FH.J).
Cells expressing a GFP-tagged fusion protein of vinculin were stimulated
with laminar shear flow of 1.5 N/m? and subsequently either fixed for im-
muncytochemical labelling (A,B) or proceeded for direct microscopical
observation (C-J). (A,B) Immunocytochemical staining of endogenous
vinculin in stimulated cells using monoclonal anti-vinculin antibody and
fluorescein isothiocyanate (FITC)-labeled secondary antibody. (C-F) Dis-
tribution of GFP-tagged vinculin in transfected osteoblasts and MG63
cells, before (C,E) and after stimulation (D,F). (G-J) Phase contrast mi-
croscopical imagines of the corresponding cells shown in C-F. Note that
the cell-type specific staining pattern of vinculin did not differ between
the native protein and its recombinant GFP counterpart and that vinculin
redistributed to focal adhesions upon mechanical stimulation.

shear flow of 1.5 N/m*. Before and after 30 min stimulation
we followed vinculin redistribution by means of two independ-
ent fluorescence techniques, namely immunocytochemical la-
belling of endogenous vinculin and transfection of an
expression plasmid coding for vinculin fused to green fluores-



Figure 3. Traction force measurements in primary bovine osteoblasts
(A) and osteosarcoma-derived MG63 cells (B) grown on collagen-
coated flexible polyacrylamide sheets with embedded fluorescent
marker beads. For force calculation, substrate deformations of cells
were quantified by marker bead displacement. Images were taken
from time-lapse acquisitions and the spatial distribution of traction
forces within each cell was determined as a matrix of vectors. The
arrow lengths above each cell indicate a traction force value of 0.1
N/cm? (A) and 0.06 N/cm? (B), respectively.

cent protein (GFP). Indirect immunofluorescence staining with
a monoclonal anti-vinculin antibody revealed a homogeneous
distribution of endogenous vinculin in the cytoplasm of both
cell types, while in the nucleus, positive immunolabelling was
missing (Figure 2A,B). The intensity of cytoplasmic vinculin
labelling was similar in both cell types. Besides this pancellu-
lar cytosolic fluorescent signal, we detected vinculin in dis-
crete spots corresponding to focal adhesion plaques at the
cell-matrix interface following shear flow exposure. The as-
sociation of vinculin with focal adhesions was most prominent
in spreading bovine primary osteoblasts and was less intense
in MG63 cells, which usually displayed a more spheroidal, less
flattened cell shape. In MG63 cells the number of focal adhe-
sions per single cell and the spatial extent of each individual
focal adhesion plaque were frequently reduced as compared
to those in primary osteoblasts (Figure 2A ,B).

The expression of GFP-vinculin in bone-derived cells
closely resembled the partitioning of the native vinculin in two
independent intracellular pools (Figure 2C-F). After mechan-
ical stimulation a patchy staining pattern associated with focal
adhesions and a homogeneous distribution throughout the cy-
tosol leaving out the nucleus were observed (Figure 2D.F).
Again, we found that MG63 osteosarcoma cells displayed sig-
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nificantly fewer and smaller focal adhesions at the substratum,
both before and after stimulation. Interestingly, upon shear
flow stimulation GFP-tagged vinculin concentrated in streak-
like structures at the periphery of the cells (Figure 2D F). The
accumulation of vinculin in these focal adhesions was usually
more prominent in primary osteoblasts than in MG63 cells.
Phase contrast microscopy confirmed that primary osteoblasts
exhibited a higher number of focal adhesions, which appeared
as black elongated structures oriented in the direction of stress
fibres or as round dots at the edge of the cell (Figure 2G-J).

We then calculated traction forces of unstimulated bone-de-
rived cells cultivated on collagen-coated flexible polyacryl-
amide sheets containing fluorescent marker beads by analyzing
substrate deformation. Traction forces applied by the cell were
quantified by the displacement of the fluorescent marker beads
embedded in the gel**°. The spatial distribution of traction
forces was analysed by comparing the fluorescence light pat-
terns obtained from embedded beads in the presence or ab-
sence of cells. The data were presented as a matrix of vectors
within the cell**. The most prominent deformations were found
at the edge of the cell (Figure 3). The mean traction forces in
stationary phase transmitted by primary osteoblasts were gen-
erally higher as compared to MG63 cells (2.5 uN/cell versus
0.5 uN/cell; n=23 each; p=0.015).

Additionally, we examined the role of intracellular calcium
transients in shear stress-stimulated osteoblasts. Calcium
Green-1 and Fluo3-AM-loaded cells were exposed to two mag-
nitudes of fluid shear stress (1.5 and 3.0 N/cm?, respectively)
and the changes in the intracellular Ca** concentrations were
monitored microscopically using the calcium indicator dye. At
both stress magnitudes applied, we detected a significant ele-
vation in intracellular Ca** levels. However, the rise in the cy-
toplasmic Ca®* concentrations tended to be low and transient
with only an 1.1-fold elevation as compared to resting cells.
The shear stress-induced Ca®* peak lasted up to 150 sec after
shear stress stimulation. In control experiments, we treated cells
with 5 uM of the tumour promoter thapsigargin, which specif-
ically inhibits endoplasmic reticulum Ca®*-ATPases and,
thereby, depletes intracellular calcium stores®’. Within 15 sec
of stimulation with thapsigargin, a detectable peak in the cy-
tosolic and, even more, the nuclear Ca** concentration was ob-
served. We observed a 1.3-fold rise in the cytoplasmic
fluorescence signals in response to stimulation with thapsigarin.

We next investigated the time course of shear stress-induced
focal adhesion assembly in primary osteoblasts grown in par-
allel-plate flow chambers. In subconfluent layers of cells ex-
pressing GFP-vinculin, time-lapse image sequences were
acquired at 10 sec intervals for 10 min before and after the
onset of steady unidirectional shear stress (1.5 N/m?), which
was applied by a perfusion pump for 1 min. Observations of
the GFP fluorescence signals together with phase contrast mi-
croscopy allowed the monitoring of the dynamic assembly of
focal adhesions in stressed cells (Figure 4). Phase contrast mi-
croscopical images demonstrated that the gross cell morphol-
ogy including shear stress-induced edge ruffling and
lamellipodial protrusions were indistinguishable from trans-
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Figure 4. Effects of shear stress on the distribution of vinculin in pri-
mary bovine osteoblasts. (A) Time series of focal adhesion formation
in a GFP-vinculin-expressing osteoblast exposed to laminar fluid
shear stress. Osteoblasts were transfected with an expression plasmid
coding for GFP-tagged vinculin and placed in a parallel-plate fluid
chamber to allow the application of constant laminar shear flow (1.5
N/m? for 1 min). Fluorescence micrographs depict the intracellular
distribution of a representative single cell before and at the indicated
times given in seconds after shear stress application. (B) Time course
of the integrated fluorescence intensity in a typical individual focal
adhesion site. From the average time profile of a single focal adhesion
flash, a formation time of 32.2+2.2 sec and a mean disassembly time
of 60.5+6.0 sec were calculated.
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fected and adjacent non-transfected cells. Within 10 sec of the
onset of shear stress application, lamellipodial extensions ap-
peared at the rim of the cells and, after a delay of approxi-
mately 20 sec beginning with the start of the stimulation (time
zero), fluorescently labelled focal adhesion plaques were vis-
ible, which appeared as flashing dots at the periphery of cells
(Figure 4A). Green fluorescent protein-tagged vinculin accu-
mulated at focal adhesion plaques in distinct punctate spots
and not in streak-like elongations. The number of newly
formed vinculin-positive focal adhesions sites per individual
cell increased continuously over approximately 300 sec. The
number of focal adhesion complexes per individual cell then
reached a plateau phase and, after 400-500 sec, decreased
slowly until the end of the observation period. Despite the
changing number of focal adhesions, the spatial extent of each
individual focal adhesion plaque remained remarkably uniform
at different times after stimulation. We found that the de-novo
assembly and growth of focal adhesions in shear stress-ex-
posed osteoblasts were rather fast processes. Using time-lapse
video recording, the mean assembly time of an individual focal
adhesion plaque was measured to be 32.2+2.2 sec and the
mean disassembly time was 60.5+6.0 sec (Figure 4B).

Finally, we assessed the exchange rate of GFP-vinculin at
mature focal adhesion plaques as a measure of focal adhesion
turnover using FRAP analysis. Single focal adhesions local-
ized at the periphery of the cell were bleached by high-inten-
sity laser irradiation and the recovery of GFP fluorescence was
monitored over a period of 130 sec. The measured recovery
half-life of GFP-vinculin ranged from 10.4 sec to 16.4 sec with
a mean and standard deviation of 13.0+2.0 sec (Figure 5). This
compared well with the estimated formation time of focal ad-
hesions in shear stress-stimulated osteoblasts, as described
above (see Figure 4B). Thus, the accumulation of GFP-vin-
culin in newly formed focal adhesions and its recruitment to
pre-existing mature plaques are both rapid processes that occur
in less than 1 minute.

Discussion

In the study presented, we investigated the dynamic assem-
bly of focal adhesion sites in primary bovine osteoblasts ex-
posed to mechanical strain. Fluorescent imaging of
GFP-tagged vinculin was used to record the formation of ad-
hesion sites in cultivated osteoblasts stimulated with fluid
shear stress and to estimate the vinculin exchange rate in pre-
existing adhesion sites. The major finding of our study is the
rapid recruitment of GFP-vinculin to both newly formed as
well as stationary focal adhesion sites in primary osteoblasts.
We found that the accumulation of GFP-vinculin in de-novo
formed and stable focal adhesions occurred within the same
range as determined from time-lapse recordings and FRAP
analyses, respectively. Using different fluorescence tech-
niques, we calculated the half-lives of both processes to be less
than 60 sec, indicating that GFP-vinculin is incorporated with
high exchange rates in both nascent and mature focal adhesion
sites. From our data it appeared as if the homogeneously dis-
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Figure 5. Rapid exchange of vinculin from focal adhesions in osteoblasts as revealed by FRAP analysis. Fluorescence recovery after photo-
bleaching was performed in cultured osteoblasts expressing GFP-tagged vinculin. Regions of interest (ROIs) containing one or several focal
adhesions were bleached by high-intensity laser irradiation and the recovery of GFP-vinculin fluorescence was monitored for 130 sec. (A) The
micrographs show the ROl in a target cell before (left), immediately after (middle) and 60 sec after bleaching (right). (B) Typical fluorescence
recovery curve of a bleached ROI with an exponential fitting of the data.

tributed vinculin in the cytosol functions as an exchangeable
pool for the assembly of immature and the maintenance of ma-
ture focal adhesion sites. The measured rapid accumulation
and exchange rates of focal adhesion-associated vinculin in
osteoblasts point to a structural role of vinculin in cellular
processes engaged in the attachment to extracellular matrix
components”!'!1628,

There is a growing body of evidence demonstrating the role
of vinculin and other focal adhesion-associated proteins in co-
ordinated cell adhesion and migration, but most of these stud-
ies were performed in cells other than bone-derived cells®!'*,
Vinculin has been assigned a key position regulating focal ad-
hesion formation and turnover in a variety of cells''. Numerous
studies have shown that focal adhesion sites couple the actin
network to extracellular matrix molecules, thereby generating
tractional forces for cell locomotion and morphological
changes that accompany cell movement on the substra-
tum*'***3! Qur data on traction forces in two different bone-
derived cell types are consistent with previous observations

showing that the orientation of focal adhesions is collinear
with the direction of force application on the extracellular ma-
trix*'?*'. The number of focal adhesions per cell and the mag-
nitude of traction forces appeared to correlate with each other:
primary osteoblasts frequently showed more focal adhesion
sites per individual cell and generally displayed higher traction
forces as compared to osteosarcoma-derived MG63 cells.
Based on FRAP analyses and mathematical simulation,
Wolfenson et al. have identified the juxtamembrane region sur-
rounding focal adhesions as an intermediary layer with a gra-
dient of focal adhesion proteins that enables efficient
regulation and reorganization of focal adhesions*. Recently,
Mohl and colleagues have demonstrated a correlation between
vinculin exchange dynamics and adhesion strength during mat-
uration of focal contacts in keratinocytes'”. For nascent focal
adhesions in moving keratinocytes, the authors determined a
higher exchangeable vinculin fraction and lower recovery half-
life as compared to stable focal adhesions of stationary cells.
Additionally, they reported that, in these cells, the fraction of
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stably incorporated vinculin increased with cell forces and de-
creased with vinculin phosphorylation. Because in our study
we did not attempt to distinguish between different maturation
states of focal adhesion sites, we are unable to confirm these
findings in osteoblasts.

Additionally, we addressed the role of calcium in os-
teoblasts exposed to fluid shear stress. We found that os-
teoblasts sensitive to shear stress reacted with a low and
transient increase in intracellular calcium levels. These weak
flow-induced calcium peaks occurred simultaneously with the
appearance of newly formed focal adhesions at the periphery
of the cells. In thapsigargin-treated osteoblasts we detected a
higher rise in intracellular Ca** concentrations, which was
most prominent in the nucleus, suggesting that Ca** can rapidly
diffuse between the cytoplasm and nucleoplasm. However, the
functional role of calcium in the de-novo assembly of focal
adhesions remains to be elucidated. Particularly, it will be in-
teresting to know if changes in the intracellular calcium con-
centration are required for the orchestrated assembly and
disassembly of vinculin-containing focal adhesions™.

In summary, our data demonstrate the rapid recruitment of
vinculin to nascent and mature focal adhesions in cultured os-
teoblasts upon exposure to shear stress. Although focal adhe-
sions are relatively stable structures and the amount of
incorporated vinculin is remarkably constant over time, vin-
culin exchanges at high rates from an unbound cytosolic pool
to an ordered clustering at focal adhesions, and vice versa. The
accumulation of vinculin in focal adhesions upon stimulation
with shear stress is accompanied by a transient and weak re-
lease of intracellular calcium.
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