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The application of pulsed, low intensity ultrasound is emerg-
ing as a potent therapy for the treatment of complex bone frac-
tures and tissue damage. Ultrasonic stimuli accelerate fracture
healing by up to 40% and enhance tendon and ligament healing
by promoting cell proliferation,migration, andmatrix synthesis
through an unresolved mechanism. Ultrasound treatment also
induces closure of nonunion fractures, at a success rate (85% of
cases) similar to that of surgical intervention (68–96%) while
avoiding the complications associated with surgery. The regula-
tion of cell adhesion necessary for wound healing depends on
cooperative engagement of the extracellular matrix receptors,
integrin and syndecan, as exemplified by the wound healing
defects observed in syndecan- and integrin-knock-out mice.
This report distinguishes the influence of ultrasound on signals
downstreamof the prototypic fibronectin receptors,�5�1 integrin
and syndecan-4, which cooperate to regulate Rac1 and RhoA.
Ultrasonic stimulation fails to activate integrins or induce cell
spreading on poor, electrostatic ligands. By contrast, ultrasound
treatment overcomes thenecessity of engagement or expressionof
syndecan-4 during the process of focal adhesion formation, which
normally requires simultaneous engagement of both receptors.
Ultrasound exerts an influence downstream of syndecan-4 and
PKC� to specifically activate Rac1, itself a critical regulator of tis-
sue repair, and to a lesser extentRhoA.The ability of ultrasound to
bypass syndecan-4 signaling, which is known to facilitate efficient
tissue repair, explains the reduction in healing times observed in
ultrasound-treatedpatients. By substituting for one of the key axes
of adhesion-dependent signaling, ultrasound therapy has consid-
erable potential as a clinical technique.

Therapeutic approaches to the treatment of tissue wounds
and bone fractures differ from the treatment of pathogen infec-

tions, tumor development, or genetic disorders. Effective
wound therapy should be noninvasive, by definition, to avoid
causing further tissue damage and should augment intrinsic
healing processes without inducing excessive cell proliferation
or extracellularmatrix (ECM)3 synthesis that lead to scarring or
malformation. The advantages of accelerating repair are signif-
icant, since they not only improve patient comfort but also
reduce the risk of infection following injury or surgery. A recent
advance in this area has been the application of low intensity,
pulsed ultrasound to a wound area, through transducers cou-
pled to the skin via awater-based gel. The physiological benefits
of this approach to bone fracture healing have been startling,
with the healing times of tibial and radial fractures reduced by
almost 40% (1, 2) and the maximum torque of healed femurs
significantly enhanced following ultrasound treatment (3).
Ultrasound is particularly beneficial for the treatment of non-
union fractures, which do not heal without intervention and are
traditionally treated by surgical pinning of the bone. Ultra-
sound treatment results in the closure of 85% of nonunion frac-
tures, a figure that is similar to the surgical success rate (68–
96% of cases), but avoids the complications associated with
surgery (4). Since 6.2 million fractures are reported annually, in
the United States alone (5), ultrasound has tremendous poten-
tial as a therapeutic device. Nevertheless, since the biological
mechanism of action of ultrasound is unclear, it is currently
only used on a small number of patients.
Although the clinical benefits of ultrasound therapy have

been established, surprisingly little is known about the cellular
mechanism by which ultrasound accelerates healing. Bone
repair can be conveniently divided into successive stages of
inflammation, callus formation, and remodeling, and ultra-
sound exerts a particular influence over the inflammation and
early callus formation stages, increasing deposition of ECM
proteins, such as collagen and aggrecan (6). Optimization of the
inflammatory response raises the possibility that ultrasound
could also become a viable strategy for enhancing tissue regen-
eration. Although investigations into this hypothesis have not
been rigorous enough to be conclusive, results from a small trial
of patients with venous leg ulcers suggest that healing fre-
quencymight be improved by ultrasound (7), and in other stud-
ies, both the final tensile strength of healed rat tendons (8) and
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the rate of healing of rat knee ligaments (9) were improved by
ultrasound treatment. The potential to augment a range of
healing processes implies that the benefits of ultrasound ther-
apy could bemuch broader than is currently appreciated.Ultra-
sound stimulation has been shown to activate a number of cel-
lular signaling pathways, including those involving Erk (10),
focal adhesion kinase (11), and vascular endothelial growth fac-
tor (12), and it culminates in enhanced ECM synthesis (6) and
cell proliferation (13). However, extensive gaps in the literature
covering this relatively new field make it difficult to piece
together an understanding of how any of the individual signals
affect cell behavior.
The processes that constitute tissue healing (proliferation,

migration, differentiation, and ECM synthesis) each depend on
signals activated during cell adhesion to the ECM. Cell adhe-
sion ismediated by engagement of transmembraneECMrecep-
tors of the integrin and syndecan families. Integrins interact
with ECMmolecules, such as fibronectin, through a direct pro-
tein-protein association (14), whereas syndecans bind to the
polybasic regions of ECM molecules via glycosaminoglycan
chains, which are covalently attached to the syndecan extracel-
lular domain (15). There are examples of functional synergy
between a number of integrin-syndecan pairs (16), and wound
healing defects have been described in a number of syndecan-
and integrin-knock-out mice (17–21). The most thoroughly
characterized synergy exists between �5�1 integrin and synde-
can-4, and both are overexpressed on fibroblasts and endothe-
lial cells surrounding a dermal wound (22, 23). There is exten-
sive evidence that cooperative signaling by �5�1 integrin and
syndecan-4 is necessary for focal adhesion formation during
spreading on fibronectin (24, 25), and the influence of each
receptor on the small GTPases Rac1 and RhoA, which regulate
membrane protrusion and cytoskeletal contraction, respec-
tively (26, 27), has been identified as convergence points (28–
30). Syndecan-4 determines GTP loading of Rac1, via PKC�
(29), whereas �5�1 integrin regulates the association of GTP-
bound Rac1 with the plasma membrane, which is necessary for
the activation of downstream effectors (30). Consequently,
simultaneous engagement of �5�1 integrin and syndecan-4 at
the leading edge of a cell causes localizedmembrane protrusion
and focal complex formation, resulting in directionalmigration
toward exposed ECM that is critical for wound closure.
In the present study, we examine the effect of ultrasound on

adhesion-dependent signaling and demonstrate that ultra-
sound can drive focal adhesion formation on a minimal inte-
grin-binding ECM. We find that ultrasound acts by activating
Rac1 and is capable of doing so in the absence of activation or
expression of syndecan-4 or PKC�. The ability of ultrasound
stimulation to bypass the syndecan-4 signaling axis for Rac1
regulation provides a novel insight into themode of action of an
emerging clinical therapy that warrants further investigation.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Mouse monoclonal antibodies
raised against vinculin (Sigma), Rac1, fluorescein isothiocya-
nate-conjugated paxillin, PKC�, PKC�, and PKC� (BD Trans-
duction Laboratories) were used according to the manufactur-
er’s instructions. Mouse monoclonal antibody raised against

active human �1 integrin (12G10) was used as described previ-
ously (31). Rat monoclonal antibody raised against inactive
human �1 integrin (mab13) was a gift from Ken Yamada
(National Institutes of Health, Bethesda, MD). Cy2- and Cy3-
conjugated anti-mouse IgGswere purchased fromStratech Sci-
entific, and Alexa Fluor680-conjugated anti-mouse IgG and
TRITC-conjugated phalloidin were from Invitrogen. Recombi-
nant fibronectin polypeptides encompassing type III repeats
6–10 (50K) and 12–15 (H/0) were expressed as recombinant
polypeptides, as described previously (32), and poly-L-lysine
was purchased from Sigma. The plasmid encoding the GST-
PAK-1 CRIB domain was a gift from Professor Kozo Kaibuchi
(Nagoya University School of Medicine, Japan).
Cell Culture—The generation of immortalized wild-type and

syndecan-4�/� mouse embryonic fibroblasts (MEFs) has been
described previously (29). To allow expression of the large T
antigen, the MEFs were cultured at 33 °C in Dulbecco’s modi-
fied Eagle’s medium (Sigma) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine and 20 units/ml interferon-�
(Sigma). Primary human foreskin fibroblasts, passage number
8–25, were cultured at 37 °C in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 4.5 g/liter
glucose, 1mM sodiumpyruvate, 2mM L-glutamine, 0.1mMnon-
essential amino acids, minimal essential medium vitamins, and
20 �g/ml gentamycin. 1–2 days before each experiment, cells
were passaged to ensure an active proliferative state. K562
human lymphocytes were cultured in RPMI 1640 (Lonza) sup-
plemented with 10% fetal bovine serum, 2 mM L-glutamine.
Cell Spreading and Adhesion Complex Formation Assays—

For immunofluorescence, 13-mm diameter glass coverslips,
placed into 6-well plates, were derivatized for 30minwith 1mM
sulfo-m-maleimidobenzoyl-N-hydrosuccinimide ester (Per-
bio). For spreading on mab13 monoclonal antibody, coverslips
were precoated with 10 �g/ml goat anti-rat IgG Fc fragment
(Stratech Scientific). For biochemical assays, 6-well tissue cul-
ture-treated plastic plates (Corning Glass) were coated directly
with ligand. Coverslips or dishes were coated for 2 h at room
temperature with 10 �g/ml 50K, H/0, poly-L-lysine, or mab13
in Dulbecco’s PBS containing calcium and magnesium (Lonza)
and blockedwith 10mg/ml heat-denatured bovine serum albu-
min for 30 min at room temperature (33). Equivalent ligand
coating between glass and plastic was tested by enzyme-linked
immunosorbent assay using the anti-fibronectin monoclonal
antibody 333 (34). As described previously, cells were treated
with 25�g/ml cycloheximide (Sigma) for 2 h, to preventde novo
synthesis of ECM and other syndecan-4 ligands, without com-
promising cell migration or signaling (29, 35). Cells were
detached with 0.5 mg/ml trypsin, resuspended in Dulbecco’s
modified Eagle’s medium, 25 �g/ml cycloheximide, plated at a
density of 1 � 105 cells/well, and allowed to spread at 37 °C for
2 h. Prespread cells were treated with 200 nM BIM (Calbio-
chem) for 30 min if appropriate and then stimulated with 10
�g/ml H/0 (40 min) or ultrasound (20 min), with or without
pharmacological inhibitors, before fixing or preparing lysates.
For extended time course experiments, ultrasound was only
applied for the first 20 min of stimulation, in keeping with clin-
ical ultrasound regimes, and cellswere thenmaintained at 37 °C
for the remainder of the duration, allowing the response to
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develop. For immunofluorescence, cells were fixed with 4%
(w/v) paraformaldehyde, permeabilized with 0.5% (w/v) Triton
X-100 diluted in PBS, and blocked with 3% (w/v) bovine serum
albumin in PBS. Fixed cells were stained for vinculin and actin,
mounted in Prolong�Antifade (Invitrogen), and photographed
on an Olympus BX51 microscope using a �60 numerical aper-
ture 1.40 PlanApo objective and Photometrics CoolSNAP ES
camera. Images were compiled and analyzed using ImageJ soft-
ware. The total area and integrated density of adhesion com-
plexes per cell were calculated by recording the area of fluores-
cence intensity above an empirically determined threshold,
following rolling ball background subtraction. The same
threshold was used for all conditions within a single
experiment.
Ultrasound Stimulation—6-well plates containing pre-

spread MEFs were mounted onto an array of six 2.5-cm diam-
eter ultrasound transducers (Exogen 2000; Smith and Nephew
Inc., Memphis, TN), the bases of the wells coupled to the trans-
ducers using water-based gel (Exogen). The transducers gener-
ated 30 mW cm�2 (spatial average temporal average) pulsed
ultrasound with a 1.5-MHzwave frequency, pulsed at 1 kHz for
a duration of 20 min.
Flow Cytometry—For analysis of integrin activity by flow

cytometry, K562 suspension cells were stimulated with ultra-
sound for 20 min, followed by centrifugation and resuspension
in ice-cold medium. Cells were stained with primary antibody
(12G10), diluted to 10 �g/ml in Dulbecco’s PBS containing cal-
cium andmagnesium (Lonza), 0.02% (w/v) sodium azide on ice
for 1 h. The cells were washed with PBS, 1% (v/v) fetal bovine
serum, followed by 10 �g/ml secondary antibody diluted in
PBS, 10% (v/v) fetal bovine serum for 30 min. For manganese
stimulation, all antibodies andwash bufferswere supplemented
with 1 mM MnCl2. Cells were then fixed with 2% (w/v)
paraformaldehyde and analyzed on a Dako Cyan flow cytome-
ter, using an excitation wavelength of 488 nm. A 530/30-nm
bandpass filter was used to detect the emissions.
Rac1 Activation Assays—Active Rac1 was affinity-purified

from lysates prepared in 20 mM HEPES (pH 7.4), 10% (v/v)
glycerol, 140 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v)
sodium deoxycholate, 4 mM EGTA, 4 mM EDTA, 1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride, 50 �g/ml aprotinin, 100
�g/ml leupeptin using 300 �g of GST-PAK CRIB domain
immobilized on agarose beads. Active GTPase was eluted in
SDS-sample buffer, resolved by SDS-PAGE, and transferred to
nitrocellulose. Transferred proteins were detected using the
Odyssey Western blotting fluorescent detection system (LI-
COR Biosciences UK Ltd.). This involved blocking the mem-
branes with casein blocking buffer (Sigma) and then incubating
with the anti-Rac1 primary antibody diluted 1:1000 in blocking
buffer, 0.1% (v/v) Tween 20. Membranes were washed with
PBS, 0.1% (v/v) Tween 20, and incubated with Alexa Fluor 680-
conjugated anti-mouse IgG diluted 1:5000 in blocking buffer,
0.1% (v/v) Tween 20. After rinsing the membrane, proteins
were detected using an infrared imaging system that allowed
both an image of themembrane and an accurate count of bound
protein to be recorded. Equivalent loading between time points
was confirmed by blotting the crude lysate for vinculin. The
significance of changes in Rac1 activity was established using

paired Student’s t tests of normally distributed small samples
(n � 5–10).
RhoA Activation Assays—A commercially available Rho

enzyme-linked immunosorbent assay was purchased from
Tebu-bio and used according to the manufacturer’s instruc-
tions. Briefly, this involved capturing GTP-RhoA from clarified
cell lysate in a 96-well plate coated with the Rho-binding
domain of rhotekin. Captured RhoA was then cross-linked to
the plate and detected by sequential incubations with an anti-
RhoA primary antibody and a horseradish peroxidase-conju-
gated secondary antibody. The relative amounts of bound
RhoAwere thenmeasured by developing the platewith a horse-
radish peroxidase-sensitive dye, stopping development with
dilute sulfuric acid and recording absorbance at 490 nm using a
multiscan plate reader. Initial lysis steps were performed on ice
and completed within 10min to limit hydrolysis of boundGTP.
Equivalent loading between time points was confirmed by total
protein assay. The significance of changes in RhoA activity was
established using paired Student’s t tests of normally distrib-
uted small samples (n � 5–10).
Solid Phase Binding Assays—96-well plates were coated with

goat anti-human �1-Fc (1:500 dilution in PBS; Stratech Scien-
tific) overnight at 4 °C. Washed wells were coated for 2 h at
room temperature with Fc-tagged �5�1 integrin extracellular
domain, purified fromCHOcell supernatant (36), before block-
ing for 1 h at room temperaturewith 10mMTris-Cl, pH 7.4, 150
mM NaCl, 1% (w/v) bovine serum albumin. After blocking, the
plates were washed three times with 10mMTris-Cl, pH 7.4, 150
mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 0.1% (w/v) bovine serum
albumin and stimulated with ultrasound for 20 min, prior to a
3-h incubation with 10 �g/ml biotinylated 50K diluted in wash
buffer and in the presence of 10 �g/ml 12G10 as appropriate.
Bound 50K was detected using extravidin-horseradish peroxi-
dase, diluted 1:500 in wash buffer, and the plate was devel-
oped for 30 min using 0.1% (w/v) 2,2�-azinobis(3-ethylbenz-
thiazoline-6-sulfonic acid) in 0.1 M sodium acetate, 0.05 M

NaH2PO4, pH 5.0, 0.01% H2O2 (v/v). Absorbance readings
were measured at 405 nm using an Opsys MR plate reader
(Dynex Technologies).
RNAi Knockdown of PKC�—An siRNA duplex of sequence

(sense) GAAGGGUUCUCGUAUGUCAUU (with ON TAR-
GETTMmodification for enhanced specificity) and an siGLO�,
nontargeting control duplex were purchased from Dharmacon
(Thermo Fisher Scientific). 0.8 nmol of oligonucleotide was
transfected into a 90% confluent 75-cm2 flask of wild-type
MEFs using LipofectamineTM 2000 reagent (Invitrogen). After
24 h, the cells were passaged and then used for experiments
after a further 24 h. Expression of PKC� was tested byWestern
blotting.
Cell Migration—MEFs were spread on 50K-coated plates at

3 � 104 cells/well for 1.5 h before stimulation with ultrasound
for 20min or 10�g/mlH/0. Time lapse imageswere captured at
10-min intervals for 12 h on a LeicaASMDWmicroscope using
a �5 numerical aperture 0.15 Fluotar objective and Photomet-
rics Cascade II EM CCD camera, at 37 °C and 5% CO2. The
migration paths of all nondividing, nonclustered cells were
tracked using Image J software to calculate the speed (distance/
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time) and the persistence (linear displacement of a cell/total
distance migrated).

RESULTS

Ultrasound Bypasses Syndecan-4 to Induce Focal Adhesion
Formation—The adhesion of cells to fibronectin initiates a
range of signaling cascades that result in organization of the
cytoskeleton and the recruitment of molecules, including
talin, vinculin, and paxillin, to integrin clusters to form focal
adhesions. The formation of focal adhesions can be
enhanced by the application of low intensity, pulsed ultra-
sound (37), which has led to the hypothesis that ultrasonic
stimuli might modify or substitute for signals from ECM
receptors. More incisive studies of ECM receptor function
have revealed that engagement of syndecan-4, in addition to
�5�1 integrin, is necessary for focal adhesion formation on
fibronectin (24, 25, 34). Therefore, we investigated whether
ultrasound had a specific effect on either of these receptors
or the pathways lying downstream. In order to differentiate
between effects on �5�1 integrin or syndecan-4, MEFs were
assayed for the ability to spread and form focal adhesions on
recombinant ligands of �5�1 integrin and syndecan-4. To
prevent the synthesis of de novo matrix that might compro-
mise the interpretation of these experiments, protein syn-
thesis was blocked by treatment with cycloheximide. As
described previously (34), MEFs plated onto a recombinant
50-kDa fragment of fibronectin (50K), encompassing the
binding sites for �5�1 integrin (38), failed to form lamellipo-
dia with vinculin or paxillin-containing focal adhesions
unless stimulated with a soluble syndecan-binding fragment
of fibronectin, comprising type III repeats 12–15 (H/0) (Fig.
1B). Stimulation of MEFs, prespread on 50K, with low inten-
sity (30 mW cm�2), pulsed ultrasound (1.5 MHz wave fre-
quency, 1 kHz pulse frequency) for a duration of 20 min (Fig.
1A) resulted in the formation of lamellipodia with prominent
focal adhesions that were strikingly similar to those formed
in response to syndecan-4 engagement (Fig. 1B). The per-
centage of cells containing focal adhesions following stimu-
lation with ultrasound was comparable with cells treated
with H/0 and in both cases considerably higher than
unstimulated cells (p � 0.0016 and p � 0.0092, respectively).
The percentage of focal adhesion-positive cells was not
improved further by the application of both stimuli com-
pared with cells exposed to ultrasound or H/0 alone (Fig.
1C). Focal adhesion formation in response to H/0 or ultra-
sound was quantified further by measuring the total adhe-
sion area per cell and revealed comparable responses to H/0
and ultrasound stimuli (Fig. 1D and Fig. S1A). Similar results
were obtained from analysis of primary human fibroblasts
(Fig. S1, C and D). Measurements of total integrated density
of focal adhesions within a cell, which reflects the extent of
vinculin clustering as well as area, also revealed no signifi-
cant difference between H/0- or ultrasound-stimulated cells
(Fig. 1E), and neither did measurements of focal adhesion
length (Fig. 1F). These experiments demonstrate that ultra-
sound stimulation induces the formation of focal adhesions
that are morphologically indistinguishable from those
formed in response to syndecan-4 engagement by the ECM.

The ultrasound stimulus was characterized further by vary-
ing both the intensity andduration of stimulation. The relation-
ship between ultrasound intensity and focal adhesion area fol-
lowed a sigmoid curve with an inflection point of 21.4 � 0.7
mW cm�2 (Fig. 1G). When MEFs were stimulated for varying
times, a similar threshold-limited responsewas observed. Thus,
focal adhesion area was significantly greater following 8 min of
stimulation (p � 2 � 10�6) but not after just 6 min of stimula-
tion (p � 0.104) (Fig. 1H). To ensure that the observed differ-
ences in adhesion contact formation were dependent on reach-
ing a stimulus threshold rather than the time required for
development of focal adhesions, MEFs were also fixed 20 min
after the 2–10-min stimulation period and yielded the same
result (data not shown). The concept of commitment to adhe-
sion contact formation at a specific ultrasound threshold is
consistent with in vivo investigations into the therapeutic ben-
efits of ultrasound treatment, where the reductions in healing
times following 30–50 mW cm�2 ultrasound were not
improved by increasing ultrasound intensity to 100 mW cm�2

(39).
Having found that ultrasound stimulation could substitute

for the presence of a syndecan-4 ligand to promote focal adhe-
sion formation,we examined cells devoid of syndecan-4 expres-
sion, to assess whether ultrasound was acting on syndecan-4
itself. MEFs isolated from the syndecan-4 knock-out mouse
formed focal adhesions in response to ultrasound, although,
predictably, they did not respond to the soluble syndecan-4
ligand (Fig. 2A). Scoring cells for focal adhesion formation (Fig.
2B) and measurements of focal adhesion area (Fig. 2C and Fig.
S1B), integrated density (Fig. 2D), and adhesion length (data
not shown) revealed that the ultrasound-induced focal adhe-
sions formed by syndecan-4-null MEFs were similar to those
formed by wild-type MEFs. These experiments demonstrate
that ultrasound acts by triggering a signal downstream of syn-
decan-4, thus dispensing with the contribution of one of the
coupled prototypic fibronectin receptors normally required for
focal adhesion formation.
The mechanism by which syndecan-4 and �5�1 integrin

cooperate during focal adhesion formation is not fully
resolved, and it is possible that there is direct receptor cross-
talk, whereby ligand-bound syndecan-4 activates the inte-
grin itself. Previous investigations have shown that ultra-
sonic induction of molecules such as nitric-oxide synthase
can be blocked by inhibiting integrins (40), which led us to
test the activation state of �1 integrin following ultrasound
stimulation. Activity of �1 integrin on the cell surface was
measured by flow cytometry using a monoclonal antibody,
12G10, that specifically recognizes an activation epitope of
human �1 integrin (31). The staining of K562 lymphocytes
with 12G10 could be enhanced by activating the integrin
with a salt solution containing 1 mM Mn2� rather than 1 mM
Ca2�, 0.5 mM Mg2� (Fig. 3A). However, ultrasound stimula-
tion had no effect on 12G10 binding in either condition (Fig.
3A; data not shown); nor did ultrasound improve the ability
of isolated, purified integrin to bind 50K ligand in a solid
phase binding assay, although driving integrin activation
using 12G10 did (Fig. 3B). Similarly, ultrasound had no effect
on integrin activity in a biological context. Integrin ligands
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FIGURE 1. Ultrasound stimulates focal adhesion formation independently of syndecan-4 engagement. A, schematic representation of the ultrasound
wave form. B, wild-type MEFs were spread on 50K for 2 h before stimulating with syndecan-4 ligand (H/0) for 40 min either with (closed bars) or without (open
bars) ultrasound for 20 min. Fixed cells were stained for paxillin (green) and vinculin (red). Bar, 10 �m. C, 400 cells/condition were scored for focal adhesion
formation. Total focal adhesion area (D) or total focal adhesion-integrated density (E) of 25–35 cells/condition was measured using image J software. F, average
focal adhesion length of 20 cells/condition. G, focal adhesion area of MEFs stimulated with a range of ultrasound intensities. H, focal adhesion area of MEFs
stimulated with ultrasound for a range of durations. Error bars, S.E. Significance values are as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001. Images and analyses
are representative of experiments performed on at least three separate occasions.
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are known to support cell spreading in the absence of synde-
can-4 engagement, yet ultrasound did not enhance the rate
of integrin-mediated spreading of MEFs on 50K (Fig. 3C).
Furthermore, MEFs adhering to poly-L-lysine, through weak
electrostatic interactions, were less well spread than those
spread on fibronectin or 50K and were unaffected by ultra-
sound, indicating that the adhesive properties of the cell
were not enhanced (Fig. 3D). In the absence of an integrin
ligand, the syndecan-4 ligand, H/0, supported only weak cell
attachment, and ultrasound stimulation was unable to sub-
stitute for signals downstream of the integrin to promote cell
spreading (Fig. 3E). Collectively, these experiments demon-
strate that, although ultrasound acts downstream of synde-
can-4 to complement integrin-mediated adhesion, it does
not activate the integrin directly. Finally, to test whether
integrin activity was necessary for ultrasound-induced focal
adhesion formation, fibroblasts were plated onto a mono-
clonal antibody that maintains �1 integrin in an inactive con-
formation (mab13). These cells spread but failed to form
focal adhesions in response to ultrasound (Fig. 3F), indicat-
ing that active integrin is an absolute requirement for focal
adhesion formation in response to either ultrasound or syn-

decan-4 engagement. In summary,
these experiments indicate that
ultrasound acts on a signal down-
stream of syndecan-4, rather than
�5�1 integrin, and equally impor-
tantly that activation of both path-
ways is necessary for focal adhe-
sion formation.
Ultrasound Activates Rac1—

Studies in vivo have defined a
major role for syndecan-4 in
wound healing. Expression of syn-
decan-4 is up-regulated in fibro-
blasts and endothelial cells follow-
ing dermal injury (23), whereas the
closure of dermal wounds is
retarded in the syndecan-4 knock-
out mouse (17). The ability of
ultrasound to activate pathways
downstream of syndecan-4 corre-
lates well with the ability to reduce
healing times (1, 2, 9). Syndecan-4
is understood to facilitate efficient
wound closure by locally activat-
ing the small GTPase, Rac1, in
response to exposed matrix (29).
Active Rac1 drives membrane pro-
trusion and the formation of nas-
cent focal complexes and, as a con-
sequence, causes persistent cell
migration over a fibrillar matrix.
To assess the effect of ultrasound
stimulation on Rac1, MEFs pre-
spread on 50K were stimulated
with either H/0 or ultrasound, and
active Rac1 was affinity-precipi-

tated from lysates over a time course. Stimulation of MEFs
with ultrasound or the soluble syndecan-4 ligand induced
similar waves of Rac1 activity that peaked at 30 min (Fig. 4, A
and B). In addition, stimulation of syndecan-4-null MEFs
with ultrasound caused an enhanced wave (Fig. 4D), despite
the cell line already having constitutively elevated levels of
GTP-Rac1, in comparison with wild type MEFs (29, 41). In
order to replicate the therapeutic regimes, cells were stimu-
lated with ultrasound for a maximum of 20 min in these
experiments, and then lysates were harvested after a further
delay if appropriate. This approach means that there are two
possible interpretations of these data, first that ultrasound
triggers a wave of Rac1 activity, as detected upon engage-
ment of syndecan-4, or second, that ultrasound causes acti-
vation of Rac1 that simply decays after removal of the stim-
ulus. To distinguish between these possibilities, Rac1 activity
was measured in cells that had been stimulated with ultra-
sound for the full 0–60 min and revealed a wave of activity
similar to that elicited by the other treatments (Fig. 4C).
Based on these data, it is possible to hypothesize that the
therapeutic effect of ultrasound may be due to the transient
activation of Rac1 that, in combination with localized inte-

FIGURE 2. Ultrasound stimulates focal adhesion formation independently of syndecan-4 expression.
Syndecan-4�/� MEFs were spread on 50K for 2 h before stimulating with syndecan-4 ligand (H/0) for 40 min
either with (closed bars) or without (open bars) ultrasound for 20 min. A, representative cells stained for vinculin
(green) and actin (red). Bar, 10 �m. B, 400 cells/condition were scored for focal adhesion formation. Total focal
adhesion area (C) or total focal adhesion integrated density (D) of 25–35 syndecan-4�/� cells/condition was
measured using image J software. Error bars, S.E.; significance values are as follows: *, p � 0.05; **, p � 0.01; ***,
p � 0.001. Images and analyses are representative of experiments performed on at least three separate
occasions.
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grin engagement, would drive directional cell migration. The
transient nature of Rac1 activation makes it unlikely that the
efficacy of ultrasound therapy would improve with longer
treatment periods, since the necessary threshold for initia-
tion of a wave of Rac1 activity is achieved within the 20-min
treatment period.
Rac1 regulation is closely coordinated with the regulation

of the antagonistic GTPase, RhoA, particularly during cell
spreading on fibronectin, where Rac1 activation correlates
with RhoA suppression to allow membrane protrusion (42).
The effect of ultrasound on Rac1 and cytoskeletal organiza-
tion, coupled to the fact that RhoA has been found to be
necessary for ultrasound-stimulated phagocytosis (43), led
us to examine RhoA regulation in response to ultrasound.
Ultrasound stimulation caused a slight, transient increase in
RhoA activity (Fig. 5A), unlike syndecan-4 engagement,
which induced suppression of RhoA activity (Fig. 5B) (28).
The response to ultrasound was modest in comparison with
stimulation with serum (42) or suppression by H/0, suggest-
ing that RhoA is not the primary target of ultrasound action.
It is notable that syndecan-4 is essential for ECM-induced
Rac1 regulation (29) but is only one of the contributors
toward RhoA regulation (28). This means that parallels can
be drawn between syndecan-4 and ultrasound signaling
pathways insofar as Rac1 appears to be a primary target of
both pathways.
Ultrasound Action Is Independent of PKC�—Regulation of

Rac1 by syndecan-4 is known to be mediated by PKC� (29),
which is activated by direct association with the syndecan-4
cytoplasmic domain (44). The possibility that PKC� might
be the target of ultrasound during Rac1 regulation was tested
using siRNA knockdown and pharmacological inhibitors.
Spread MEFs transfected with a nontargeting, control oligo-
nucleotide responded to ultrasound by activating Rac1 over
a similar time course to untransfected MEFs (Fig. 6A).
Reduction of PKC� expression to less than 20% by RNAi
(Fig. 6B), blocked syndecan-4-mediated Rac1 activation in
response to H/0 (Fig. 6D) (29) but did not block Rac1 activa-
tion in response to ultrasound (Fig. 6C). In the same way,
treatment of MEFs with the PKC inhibitor, 200 nM bisin-
dolylmaleimide I (BIM), prevented H/0-induced (Fig. 6F) but
not ultrasound-induced Rac1 activation (Fig. 6E), demon-
strating that ultrasound exerts its influence downstream of
the syndecan-4/PKC� signaling cascade. The PKC�-inde-
pendent nature of ultrasound action was also manifested
during focal adhesion formation. MEFs transfected with the

FIGURE 3. Ultrasound does not elicit its effect through integrin activa-
tion. A, flow cytometry of K562 cells following ultrasound stimulation using
monoclonal antibody 12G10, which recognizes an activation epitope of
human �1 integrin. 1 mM manganese was used as a positive control to drive

integrin activation. Green, IgG control; black, 12G10 with calcium/magnesi-
um; blue, 12G10 with calcium/magnesium plus ultrasound; red, 12G10 with
manganese. B, binding of biotinylated 50K to isolated, purified �5�1 integrin
in a solid phase assay either with (closed bars) or without (open bars) a 20-min
ultrasound stimulation or the addition of the activating antibody 12G10.
C, rate of integrin-mediated spreading of control (open circles) or ultrasound-
stimulated (closed circles) MEFs. The area of 150 cells was measured using
Image J software. Error bars, S.E. D and E, the areas of MEFs plated onto poly-
L-lysine, H/0 or 50K for 120 min were unaffected by stimulation with ultra-
sound. Bar, 50 �m. F, fibroblasts spread on 50K or the inhibitory �1 mono-
clonal antibody, mab13, and stimulated with ultrasound were stained for
vinculin (green) and actin (red). Bar, 5 �m. Error bars, S.E. Each result is repre-
sentative of three independent experiments.
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nontargeting control oligonucleotide responded to both H/0
and ultrasound stimuli by forming vinculin-containing focal
adhesions (Fig. 7, A, B, and D). Reduction of PKC� expres-
sion by RNAi blocked the syndecan-4-mediated response to
H/0 (Fig. 7, B and C) but did not prevent focal adhesion
formation in response to ultrasound (Fig. 7, C and D). Like-
wise, pharmacological inhibition of PKC activity with BIM
blocked focal adhesion formation in response to H/0 but not
ultrasound (Fig. 7, E–G). Collectively, these experiments
demonstrate that low intensity pulsed ultrasound can trigger
the activation of Rac1 and the formation of focal adhesions

through a mechanism that is independent of the syndecan-
4/PKC� signaling cascade.
Ultrasound and Syndecan-4 Engagement Exert Similar

Influences over Cell Migration—We have demonstrated that
stimulation of cells with ultrasound or syndecan-4 ligand
causes transient activation of Rac1 over similar periods. We
hypothesized that the activation of Rac1 would enhance cell
migration, leading to the reduction in healing times detected
in vivo (1, 2, 9). The effect of ultrasound and syndecan-4
engagement on cell migration was tested by tracking cells
plated onto 50K and then stimulated with ultrasound or H/0.
The speed of cell migration was unaffected by stimulation
(Fig. 8A). However, the persistence of cell migration was
enhanced significantly (p � 0.036 and 0.015) in response to
ultrasound and H/0, respectively (Fig. 8, B and C). The

FIGURE 4. Ultrasound causes syndecan-4-independent Rac1 regula-
tion. Rac1 activity was measured by effector pull-down assays in combi-
nation with quantitative Western blotting using fluorophore-conjugated
antibodies. Wild-type MEFs (A–C) and syndecan-4-null MEFs (D) were pre-
spread on 50K for 2 h and stimulated with H/0 for 0 – 60 min (A) and ultra-
sound for up to 20 min, followed by an appropriate delay (B and D) or by
ultrasound for 0 – 60 min (C). In all cases, lysates were prepared 0 – 60 min
after the start of stimulation. Equivalent loading between experiments
was confirmed by blotting crude lysates for total vinculin. Graphs are rep-
resentative of 5–10 individual experiments. Error bars, S.E. Significance
values are as follows: *, p � 0.05.

FIGURE 5. Ultrasound stimulates a modest increase in RhoA activation.
RhoA activity was measured using a G-LISATM RhoA activation assay. Wild-
type MEFs were prespread on 50K for 2 h before stimulating with
ultrasound (A) or H/0 (B) and preparing lysates over a 90-min time co-
urse. Error bars, S.E. Significance values are as follows: *, p � 0.05; **, p �
0.01. Graphs are representative of 12 and six individual experiments,
respectively.
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increase in persistence is consistent with earlier reports that
engagement of syndecan-4 augments directionality of
migration, both in cell-based assays (29) and in vivo (45). In
this experiment, we confirm that ultrasound can indeed sub-
stitute for syndecan-4 engagement in a functional role. By
overcoming the need for one of the branches of ECM-de-
pendent signaling, particularly the branch that is specific to
wound healing, ultrasound therapy represents a major step
forward in clinical practice without the need to overcome
the side effects that often hamper drug development.

DISCUSSION

In this study, we demonstrate that the stimulation of cells
with a low intensity ultrasound device, induces a wave of
Rac1 activity and focal adhesion formation and overcomes
the need for syndecan-4 expression. Phylogenetic analyses
have suggested that duplication of the syndecan gene in
mammals occurred during the evolution of high order func-
tions, such as wound healing (46). The model is supported by
the specific wound healing defect of the syndecan-4 knock-
out mouse (17), and it would be interesting to test whether
the defect is overcome by treatment of the knock-out mouse
with therapeutic ultrasound. It is striking that ultrasound-

induced signals appear to substitute for components of a
dedicated healing mechanism, rather than modifying the
behavior of an integrin that is fundamental to cell survival.
The connection from Rac1 signaling to wound healing is well
established, and activation of Rac1 facilitates membrane
protrusion and the migration of cells in culture (26, 27).
Activation of Rac1 in response to ultrasound would allow the
designation of a dominant lamella, which is a key step in
directional cell migration (47). In vivo, conditional inhibition
of Rac1 in the keratinocytes of transgenic mice resulted in
impaired wound re-epithelialization (48), whereas expres-
sion of constitutively activated Rac1 in smooth muscle accel-
erated the closure of skin wounds by 2-fold (49). Conse-
quently, the advantage of transiently activating Rac1 in
patients using ultrasound is clear, and it avoids the small
risks of tumor transformation that might arise if Rac1 were
to be constitutively activated by pharmacological treatment
(50).
The effects of ultrasound thatwe describe are independent of

expression of syndecan-4 and PKC�, indicating that ultrasound
either exerts its influence downstream of these components of
the canonical syndecan-4 cascade or activates an entirely sepa-

FIGURE 6. Ultrasound-stimulated Rac1 regulation occurs independently of PKC�. Rac1 activity was measured by effector pull-down assays in combination
with quantitative Western blotting using fluorophore-conjugated antibodies. Wild-type MEFs transfected with a nontargeting control siRNA (A), an siRNA
specific to PKC� (C and D), or treated with 200 nM BIM for 30 min before and throughout stimulation (E and F) were prespread on 50K for 2 h and stimulated with
ultrasound (A, C, and E) or H/0 (D and F) over a 60-min time course, before preparing lysates. Equivalent loading between experiments was confirmed by
blotting crude lysates for total vinculin. Error bars, S.E. Significance values are as follows: *, p � 0.05. B, expression levels of PKC�, PKC�, or PKC� following RNAi.
Analyses are representative of 5–10 independent experiments.
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rate signaling cascade. The absence of RhoA suppression dem-
onstrates that ultrasound does not recapitulate a complete
adhesive response and does not target a molecule that is com-
mon to both Rac1 and RhoA regulation, downstream of synde-
can-4. Gaps in our understanding of ECM receptor-dependent
GTPase regulation prevent us from testing the activation of
molecules downstream of PKC�, but an alternativemechanism
involving force-dependent Rac1 activation in response to ultra-
sonic vibration is an attractive model.
Different forms of mechanical stress exert differing influ-

ences onGTPase signaling and therefore allow us to draw some

conclusions about the mechanism
of ultrasound action. Cytoskeletal
rigidity shifts the Rac1-RhoA equi-
librium in favor of RhoA, since
matrix stiffness couples RhoA to its
downstream effector, ROCK (51),
and equibiaxial stretch inhibits Rac1
activity and lamellipodia formation
(52). In the current study, we
detected Rac1 activation and the
formation of lamellipodial focal
adhesions, and it therefore follows
that ultrasound does not act by
causing gross distortion of the
extracellular matrix. In contrast to
the stretch effect, shear flow causes
the activation of Rac1 and down-
stream signals that include PAK and
NF-�B (53). It is interesting that
NF-�B activity has been found to
mediate an increase in cyclooxygen-
ase-2 expression in response to
ultrasound stimulation (54), and it is
possible that these previously char-
acterized effects of ultrasound are a
direct consequence of the Rac1 acti-
vation that we describe here. The
similarity between the effects of
ultrasound and shear flow could
indicate that ultrasound acts by
causing the movement of tissue
fluid on a microscopic scale. The
density of extracellular matrix in
skin prevents rapid displacement of
tissue fluid, but it is possible that
vibration of the cellular milieu trig-
gers similar signals. Whether the
cell senses ultrasonic vibrations by
resonation of the actin cytoskeleton
remains an open question. It is diffi-
cult to determine whether disrup-
tion of the actin cytoskeleton affects
ultrasound-specific signals, since
cytoskeletal integrity is critical to
integrin-mediated adhesion. Treat-
ment of MEFs with pharmacologi-
cal actin inhibitors, such as cytocha-

lasin D, caused cell rounding and blocked focal adhesion
formation in response to ultrasound or fibronectin stimuli
(data not shown), even at low concentrations, but the fact that
cytochalasin D itself influences the activities of Rac1 and RhoA
(42, 55) makes such experiments difficult to interpret. There-
fore, the major challenge now is to identify molecules immedi-
ately upstreamof Rac1, whichwill complete the chain and allow
us to resolve the precisemechanism of ultrasound action. Iden-
tification of the point of ultrasound action will not only allow
refinement of therapeutic ultrasound routines during fracture
healing and alleviate concerns over possible side effects but will

FIGURE 7. Ultrasound-induced focal adhesion formation is independent of the syndecan-4-PKC� signal-
ing axis. MEFs transfected with a nontargeting control siRNA (A) or an siRNA specific to PKC� (C) or treated with
200 nM BIM throughout (E) were prespread on 50K for 2 h prior to stimulation with H/0 or ultrasound, followed
by fixing and staining cells with vinculin (green) and actin (red). Bar, 5 �m. Focal adhesion area was quantified
for 20 cells/condition using Image J software (B, D, F, and G). Error bars, S.E. RNAi and BIM results are represent-
ative of two and three independent experiments, respectively.
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allow us to reassess the full potential of ultrasound therapy in
both fracture and tissue repair.
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