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1. Introduction
Mechanical signals are essential for the turnover of bone 
tissue, but a complete picture of how bone cells sense and 
interpret these mechanical signals still remains elusive 
(Rubin et al., 2001, 2002). Superposition of mechanical 
signals onto habitual activity augments bone mass (Snow-
Harter et al., 1992), which may mitigate individual bone 
loss associated with aging, sedentary lifestyles, or space 
travel (Ozcivici et al., 2010a; Özcivici, 2013). Exogenous 
mechanical stimuli need not be comparable in magnitude 
to signals that are regularly experienced during habitual 
activity to be effective, as extremely low-magnitude (≤0.3 
g, 1 g = 9.81 m/s2) vibratory signals are also associated with 
anabolism in the bone through the activation of osteoblasts 
tissue when applied at high frequencies (>30 Hz) (Xie et 
al., 2006). Furthermore, low-intensity vibrations increase 
the pool of progenitor cells that reside in the bone marrow 
and guide their commitment towards osteogenesis (Rubin 
et al., 2007). Even under strong catabolic stimuli induced 
by mechanical unloading, daily applications of low-
intensity vibrations protect the progenitor cell pool in the 
bone marrow and enhance osteoblastogenesis and bone 

recovery when the catabolic stimulus is over (Ozcivici et 
al., 2010b). 

Low-intensity vibrations induce a broad range of cellular 
and molecular responses when applied to osteoblasts/
osteoprogenitors in vitro. The repertoire of responses 
includes increased proliferation, enhanced release of 
secondary messengers, induced mRNA expressions 
for osteogenic markers, and increased mineralization 
(Rosenberg et al., 2002; Tanaka et al., 2003; Batra et al., 
2005; Pre et al., 2011). Notwithstanding the beneficial 
outcomes observed for bone regeneration, cellular events 
that modulate responsiveness against low-intensity 
vibrations are still not well defined. This is in part because 
such a definition would first require an understanding of 
the governing force component that acts on the cell during 
low-intensity mechanical vibrations.

Fluid shear/drag forces acting on the cell membrane 
may be a potential candidate, as fluid shear is a more 
potent inducer of osteogenesis compared to substrate 
deformations (You et al., 2000). Another alternative 
hypothesis for the effectiveness of vibratory signals is 
the “oscillatory motion” component of these signals 
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that prescribes accelerations on the cell and subcellular 
structures (Garman et al., 2007a, 2007b; Ozcivici et al., 
2007). Recent in vitro evidence suggests that during 
oscillatory fluid shear applications, a mechanical response 
is modulated by accelerations occurring during fluid flow 
rather than drag forces acting on the cellular membrane 
(Uzer et al., 2012, 2013). 

If oscillatory accelerations and resultant motions can 
modulate mechanotransduction, cellular ultrastructural 
elements will be an important determinant for the transfer 
of prescribed motion, since transduction of mechanical 
signals in cells is mainly dependent on the cytoskeletal 
network (Ingber, 1997, 2003b; Dahl et al., 2010). Consistent 
with the idea that cytoskeletal elements are strong 
determinants of mechanotransductive pathways, chemical 
blocking of actin polymerization inhibits the response of 
bone cells to mechanical stimulation (Rosenberg, 2003). 
Similarly, molecular response to mechanical stimuli is 
augmented in progenitor cells during osteogenesis, when 
the treatment is combined with lysophosphatidic acid, an 
agent that induces rapid actin stress fiber formation (Uzer 
et al., 2013). Though cytoskeletal elements can guide the 
mechanical sensitivity of bone-forming cells during low-
intensity vibrations, it is not clear whether cytoskeletal 
elements can adapt to this oscillatory stimulus, similar to 
adaptations observed in response to fluid shear (Malone et 
al., 2007; Ponik et al., 2007).

The relationship between transmission of mechanical 
signals and cytoskeleton becomes more complex with 
the process of osteogenic commitment, because stem 
cells increase their global mechanical stiffness during 
osteogenesis (Darling et al., 2008), a process that is also 
modulated by alterations in the actin cytoskeletal network 
(Yourek et al., 2007). It is not clear whether this increase 
in prestress of cells during osteogenic commitment is 
required for a marrow stem cell to respond to mechanical 
loads, and whether quiescent (noncommitting) stem 
cells can also adapt to vibratory stimulus (Wang and Suo, 
2005; Hu and Wang, 2006). To address this question, we 

subjected D1-ORL-UVA mouse bone marrow stem cells 
to daily vertical mechanical vibrations in vitro, with or 
without chemical induction of osteogenesis, for 7 days. We 
measured the adaptation of cytoskeletal elements of bone 
marrow progenitor cells to mechanical stimulus by using 
fluorescence labeling, atomic force microscopy, and gene 
expression analysis. 

2. Materials and methods
2.1. Cell culture
Mouse bone marrow stem cell line D1-ORL-UVA 
(American Type Culture Collection, USA) was used in 
all experiments. D1-ORL-UVA cells were grown and 
maintained in Dulbecco’s modified Eagle’s medium 
(Thermo Scientific HyClone, USA) with high glucose, 
L-glutamine, and sodium bicarbonate and supplemented 
with 10% fetal bovine serum (Biological Industries, Israel) 
and 1% penicillin/streptomycin (Biological Industries), 
as instructed by the vendor. For all experiments, D1-
ORL-UVA cells were used between passages 6 and 12. 
Osteogenic induction was achieved by adding 1000 µg/
mL ascorbic acid (Sigma, USA) and 10 mmol β-glycerol 
phosphate (Sigma) to the growth medium, which induced 
clear mineralized nodules by alizarin stain in 2 weeks of 
cell culture (Figure 1). For all experiments except atomic 
force microscopy (AFM), D1-ORL-UVA cells were plated 
at a density of 1 × 104 cells/well in 6-well plates (Corning, 
USA) on a sterilized 22 × 22 cm2 glass cover slide and 
maintained in the growth medium at 37 °C and 5% 
CO2. Cells were allowed to adhere to the cover plate for 
2 days; after 2 days, growth media were either refreshed 
(for quiescence) or changed with osteogenic media (for 
osteogenesis). Culture media were changed every 3 days 
and all experiments were terminated on day 9. For AFM 
experiments, cells were grown on sterilized glass slides 
with a diameter of 1 cm.
2.2. Mechanical stimulation
In an effort to test the effects of low-magnitude vibrations 
on adult bone marrow stem cells with or without osteogenic 

Figure 1. Alizarin red staining of D1-ORL-UVA cells at 16 days of experimentation. No nodules 
were observed in quiescent cells in growth media (a), while clearly mineralized nodules of calcified 
matrix were present in cultures containing osteogenic media (b). 
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commitment, cells were either subjected to 90 Hz, 0.15 g 
vibrations for 7 days (15 min/day) under room conditions 
or received a sham treatment to eliminate the effects of 
ambient conditions. The mechanical signal used for this 
study was shown to be anabolic for bone and bone marrow 
MSCs in vivo (Ozcivici et al., 2010b). Proper sinusoidal 
signal was provided by a custom-made platform, and the 
mechanical signal quality was continuously controlled 
with a real-time accelerometer (K-Beam, Kistler, USA). 
Measurements were monitored by LabVIEW 2010 Signal 
Express (National Instruments, USA). D1-ORL-UVA cells 
that were kept in the growth media and received daily 
mechanical loading were reported as the growth vibration 
(GV) group, whereas D1-ORL-UVA cells that received 
daily sham loading were reported as the growth control 
(GC). Similarly, D1-ORL-UVA cells that were cultured 
in osteogenic media that received daily loading were 
reported as the osteogenic vibration (OV) group, while 
osteogenic D1-ORL-UVA cells that received sham loading 
were reported as the osteogenic control (OC). 
2.3. Cell growth and viability
On day 9, cover glasses were removed to a new 6-well 
plate and cells were trypsinized. The number of cells in 
the experimental and control groups was quantified using 
trypan blue dye exclusion method, where cells were diluted 
with 0.4% trypan blue dye (GIBCO, Invitrogen, USA) in 
a 1:1 ratio and counted with a Neubauer hemocytometer. 
Cell viability was analyzed via MTT assay, in which cells 
were incubated with 0.5 mg/mL MTT (Amresco LLC, 
USA) for 4 h. The incubation tetrazolium salts were 
subsequently dissolved in 600 µL of DMSO for 2 min and 
colorimetric measurements were done at 570 nm with a 
background subtraction at 650 nm.

2.4. Immunostaining and fluorescent microscopy
Cells were washed in phosphate-buffered saline (PBS) 
and fixed with 4% paraformaldehyde (PFA) for 20 min. 
PFA was triple-washed with PBS, followed by membrane 
permeabilization with 0.1% Triton X/PBS for 15 min. The 
agent was blocked with 3% bovine serum albumin in 0.1% 
Triton X/PBS for 30 min. Cells were then incubated in the 
dark with phalloidin dye (Invitrogen) for 30 min for the 
imaging of actin filaments. After gentle washing with PBS, 
cells were incubated in DAPI solution for visualization of 
nuclei. Images were acquired with an inverted microscope 
and fluorescent attachment (CKX71, Olympus, Japan). 
Micrographs of actin cytoskeleton were acquired at 647 
nm and nuclear structures were imaged at 350 nm for all 
groups with similar exposure times (Figure 2). A minimum 
of 10 sample images were used for signal intensity and 
fiber thickness analysis per condition from 3 different 
experiments. Images were analyzed using ImageJ software. 
2.5. Atomic force microscopy
The Digital Instruments MMSPM Nanoscope IV (Bruker, 
USA) was used to get AFM images. Cells were washed with 
ultrapure water and dried in ambient conditions for 10 min. 
Cells were then probed with a soft silicon cantilever with 
semiangle of 35° and 8 N/m spring constant. Locations of 
cells were detected using an optical microscope (Nikon, 
Japan), and the cantilever tip was conveniently adjusted 
above the observed cells. Cells were scanned at 1001 Hz for 
512 samples (Figures 3a and 3b). Cells were analyzed for 
average surface height, roughness of cytoplasmic regions, 
and physical characteristics of nucleus using AFM image 
processing software Gwyddion (Figure 3c). A minimum 
of 10 cell scans were used for each group that was collected 
from at least 3 separate experiments.

(a)
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(b)

(f)

(c)

(g)

(d)

(h)
 

 Figure 2. Representative fluorescent micrographs for phalloidin (red) and DAPI (blue) stains from (a, e) GC cells, (b, f) 
GV cells, (c, g) OC cells, and (d, h) OV cells. GC: Growth control, GV: growth vibration, OC: osteogenic control, OV: 
osteogenic vibration. Scale bars = 10 µm.
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2.6. Gene expression analysis
Cells were lysed and total mRNA was isolated using the 
PureLink RNA mini kit (Invitrogen, Lot 1267010). After 
verification of purity and determination of concentration 
by the ND-1000 NanoDrop (Thermo Scientific), 2-step 
real-time polymerase chain reaction (PCR) was performed. 
For reverse-transcription (RT) reaction, the RevertAid 
first-strand cDNA synthesis kit (Thermo Scientific) was 
used with 1000 ng of template RNA. cDNA samples of 
7.5 µL were loaded with 12 µL of SYBR Green (Thermo 
Scientific), 2.5 µL of forward and reverse primers of 
osteogenic markers, and cytoskeletal molecules (Table 1) 
for quantitative RT-PCR (Bio-Rad, USA), where GAPDH 
was used as the house-keeping molecule. All groups used 
3 or 4 samples for gene expression analysis.
2.7. Statistical analysis
All results are expressed as mean ± standard deviation. 
Group comparisons were done by using unpaired 
t-tests between control and vibration groups, in which 
the threshold for statistical significance was set to 5%. 
Microscopy samples (both fluorescence and atomic force) 
were maintained and measured on the same days for 
growth and osteogenic groups; therefore, comparisons 
were only made within groups. Samples that were used for 
gene expression analysis were maintained and measured 
together for all groups.  

(a)

(b)

(c)
 

Figure 3. A representative section for AFM scans of bone marrow stem cells. (a) Two-dimensional height data from the mapped 
region, (b) 3D representation of the mapped region, and (c) 2D plot of a representative height profile (shown as orange in a) 
obtained from nonnuclear cytoplasmic areas that were used for the calculation of average height and roughness of individual cells. 
Scale bar = 10 µm.

Table 1. Primers designed for the gene expression analysis of 
osteogenic markers (Runx2, OCN) and cytoskeletal elements 
(β-actin, desmin, vimentin, β-tubulin, PTK2) for D1-ORL-UVA 
mouse mesenchymal stem cells. GAPDH was used as the house-
keeping molecule for all groups.

Gene Direction Sequence

Runx2 F TCC CTG AAC TCT GCA CCA AGT

R TTC CGT CAG CGT CAA CAC CAT

OCN F CTG ACA AAG CCT TCA TGT CCA A

R GCG CCG GAG TCT GTT CAC TA

β-Actin F CTT CTT TGC AGC TCC TTC GTT

R TTC TGA CCC ATT CCC ACC A

Desmin F GTG AAG ATG GCC TTG GAT GT

R GTA GCC TCG CTG ACA ACC TC

Vimentin F ACG GTT GAG ACC AGA GAT GG

R CGT CTT TTG GGG TGT CAG TT

β-Tubulin F GAT GGG CAA CTG TAC CTG ACT G

R CTG GGC TCC TCT TGG AAT G

PTK2 F TTG GAC CTG GCA TCT TTG AT

R AGA ACA TTC CGA GCA GCA AT

GAPDH F GAC ATG CCG CCT GGA GAA AC

R AGC CCA GGA TGC CCT TTA GT
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3. Results
3.1. Cell growth and viability
In order to compare the effect of vibration on cell growth, 
cells were counted with the trypan blue dye exclusion 
method (Table 2). The number of cells in the GV group 
had increased by 13% (P = 0.05) at the end of the 7-day 
procedure compared to GC. No significant difference (P = 
0.32) was observed between OC and OV cells. MTT assays 
showed that cells belonging to the GV group demonstrated 
a small but significant (1%, P = 0.05) increase in signal 
compared to the GC group. Similarly, OV cells also showed 
3% (P < 0.01) increase in MTT signal compared to OC 
cells (Table 2).

3.2. Immunostaining and fluorescent microscopy 
In an effort to delineate cytoskeletal differences between 
groups, the histograms of fluorescence intensity 
distributions for cells treated with phalloidin (Figure 4a) 
were analyzed for mean intensity values as well as mean 
intensity values normalized to the number of counted cell 
nuclei. Images obtained from the GV group were similar 
(P = 0.37) in mean phalloidin signal intensity compared 
to the GC group. Once normalized to the number of cells 
counted with DAPI stains within corresponding images, 
GV cells showed 20% (P = 0.04) more mean intensity per 
cell compared to GC cells (Figures 4b and 4c). Furthermore, 
actin fibers in the GV group were 46% (P = 0.02) thicker 
than the fibers observed in control cells (Figure 4d). 
Intensity histograms that showed actin cytoskeletons of 
D1-ORL-UVA cells in osteogenic conditions (Figure 5a) 
were also analyzed after 1 week of culture. Signal intensity 
acquired from OV group images had 21% (P < 0.01) more 
mean intensity and 25% (P < 0.01) more mean intensity 
per cell compared to the intensity levels of the OC group 
(Figures 5b and 5c). Moreover, actin fibers in OV cells 
were 14% (P = 0.02) thicker than the fibers observed in 
OC cells (Figure 5d).
3.3. Atomic force microscopy
In order to characterize cortical cytoskeletons via surface 
roughness of cells, AFM scans for whole cells were 
performed. Average cytoplasm surface values of the GV 
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Figure 4. Immunostaining and fluorescent microscopy results of bone marrow stem cells that were maintained in quiescence.                         
(a) Average distributions of phalloidin intensity, (b) mean intensity, (c) mean intensity normalized by number of cells counted by DAPI 
stains, and (d) average fiber thickness. Results are presented mean ± SD. *: P < 0.05 between growth control and vibration groups. GC: 
Growth control, GV: growth vibration.

Table 2. Number of cells as counted by trypan blue dye exclusion 
and cell viability by MTT assay. Results are presented mean ± 
SD. *: P < 0.05 between growth control and vibration groups, 
†: P < 0.05 between growth control and vibration groups. GC: 
Growth control, GV: growth vibration, OC: osteogenic control, 
OV: osteogenic vibration.

Group Number of cells [× 105/mL] Cell viability [a.u.]

GC 0.98 ± 0.17 3.46 ± 0.05

GV 1.10 ± 0.25* 3.51 ± 0.07*

OC 1.54 ± 0.61 3.40 ± 0.06

OV 1.72 ± 0.36 3.49 ± 0.06†
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group were 98% (P < 0.01) higher compared to GC cells 
(Figure 6a). Similarly, nuclear height for GV cells was 78% 
(P < 0.01) higher than the average height of GC cells (Table 
3). No significant differences were observed between OC 
and OV cells (P = 0.72) regarding average cytoplasm 
height, but the nuclear height of OV cells was 33% (P = 
0.04) higher compared to OC cells (Figure 6b; Table 2). 
Membrane roughness measured over the cytoplasm 
surface of GV cells was similar (P = 0.10) to the GC group 
(Figure 6c), but OV cells were 22% (P = 0.04) rougher than 
OC cells (Figure 6d). 

3.4. Gene expression analysis
Gene expression patterns, as tested with real time RT-
PCR normalized to GC data, confirmed that the process 
of osteogenesis showed a significant increase in osteogenic 
markers such as Runx2 and osteocalcin (OCN), without 
any evidence related to the effect of vibrations (Figure 
7). Among ultrastructural elements, β-actin showed 
close to 2-fold increase (P = 0.01) during osteogenesis 
compared to GC cells, again without any potential effect 
from mechanical vibrations. Osteogenesis also showed 
more than 20-fold increase in the expression of PTK2 
(focal adhesion kinase) for osteogenic cells (P < 0.01) 
compared to GC cells. Interestingly, the GV group also 
showed a similar increase (P < 0.01) in the expression of 
PTK2 compared to the GC group, with similar expression 
levels to osteogenic groups. Vibrations significantly (P < 
0.01) increased Runx2 mRNA levels in D1-ORL-UVA cells 
during osteogenesis. 

4. Discussion
In this study, we identified the early effects of low-
magnitude high-frequency mechanical vibrations on the 
ultrastructural properties of bone marrow mesenchymal 
stem cells in vitro. Briefly, the daily application of 
mechanical vibrations (0.15 g, 90 Hz) increased the density 
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Figure 5. Immunostaining and fluorescent microscopy results of bone marrow 
stem cells that were chemically induced for osteogenesis. (a) Average distributions 
of phalloidin intensity, (b) mean intensity, (c) mean intensity normalized by 
number of cells counted by DAPI stains, and (d) average fiber thickness. Results 
are presented mean ± SD. †: P < 0.05 between growth control and vibration groups. 
OC: Osteogenic control, OV: osteogenic vibration.

Table 3. Nuclear height (nm) of cells as determined by AFM 
scans. Results are presented as mean ± SD. *: P < 0.05 between 
growth control and vibration groups, †: P < 0.05 between growth 
control and vibration groups. GC: Growth control, GV: growth 
vibration, OC: osteogenic control, OV: osteogenic vibration.

Group Nucleus height [nm]

GC 391 ± 103

GV 694 ± 146*

OC 480 ± 153

OV 638 ± 198†
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and thickness of actin fibers in stem cells. Vibrations also 
affected cellular morphology by increasing the cellular 
height of stem cells without osteogenic commitment 
and membrane roughness of stem cells with osteogenic 
commitment. Results also indicated an increase in 
proliferation for bone marrow stem cells after 1 week, both 
during quiescence and osteogenic commitment. Low-
intensity vibrations also increased molecular expression of 
focal adhesion kinase in quiescent stem cells, potentially 

changing cell-to-cell and cell-to-substrate interactions. 
Overall, results indicated a differential effect for 
mechanical vibrations on stem cells based on their lineage 
commitment. 

Several limitations should be acknowledged regarding 
the interpretation of our findings. Our fluorescent image 
readings of phalloidin intensities were recorded with an 
inverted microscope without any confocal capabilities; 
therefore, the results were an indicator of the ultrastructure 
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Figure 6. AFM measurement results of cell surface height for (a) quiescent and (b) 
osteogenic cells, and cell surface roughness for (c) quiescent and (d) osteogenic cells. 
Results are presented as mean ± SD. *: P < 0.05 between growth control and vibration 
groups, †: P < 0.05 between growth control and vibration groups. GC: Growth 
control, GV: growth vibration, OC: osteogenic control, OV: osteogenic vibration.
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Figure 7. Real time RT-PCR results for selected molecular markers. Expression levels 
were first normalized to GAPDH expression for corresponding groups and then to 
GC results. Results are presented as mean ± SD. GC: Growth control, GV: growth 
vibration, OC: osteogenic control, OV: osteogenic vibration.
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at the focus of the objective rather than a potential 
segmentation for the entire depth of the cells (Malone et 
al., 2007). Another limitation of our experimental design 
concerns the nature of the AFM methodology. We were 
not able to achieve the scanning of live cells in “fluid cell 
apparatus”, which is a physiologically more relevant test for 
cellular membranes (Pesen and Hoh, 2005). Therefore, our 
results regarding cell morphology and roughness should 
be treated as relative rather than absolute (Qian et al., 
2010).

Mechanical vibrations were shown to be anabolic for 
osteoprogenitor cell pools in vitro, whether the application 
of stimulus was vertical (Kim et al., 2012) or horizontal 
(Uzer et al., 2013). Our results were consistent with the 
increase in cell proliferation for quiescent stem cells, but 
we did not observe an increase in cell numbers of stem 
cells during osteogenic commitment, even though our 
results suggested increased viability. The reason for this 
discrepancy may be explained by the different natures of 
the 2 methods. Cell counting requires trypsinization and 
removal of the cells from the substrate layer. This process 
is not very efficient with osteogenic cells because a heavy 
layer of collagen matrix and the initiation of calcified 
depots trap some of the cells. MTT assay, on the other 
hand, is an in situ colorimetric experiment that requires 
little effort for the extraction of the dye. Overall, we think 
that the signal used in this study affected the proliferation 
of both quiescent cells and cells in osteogenic commitment.

Adaptive response of cells to exogenous mechanical 
signals involves critical alterations in their ultrastructural 
properties. Fibroblasts, for example, readily adapt to 
cyclic shear by reorientation and reinforcement of actin 
stress fibers (Yoshigi et al., 2005). Similarly, bone-forming 
osteoblasts adapt to unidirectional (Norvell et al., 2004) or 
oscillatory (Ponik et al., 2007) flow conditions by forming 
new stress fibers. Bone marrow stem cells also respond to 
biaxial substrate deformations by altering the cytoskeletal 
network (Sen et al., 2013). Our results indicate that 
marrow stem cells can also increase and reinforce their 
cytoskeleton in response to daily application of vertical 
oscillatory motions. This response was observed in both 
the quiescent and the osteogenic state, suggesting that 
marrow stem cells change their subcellular confirmation 
to become stiffer and probably more sensitive to additional 
loads (Ingber, 2003a). 

Similar to the responsiveness to mechanical loads, 
cytoskeletal adaptations that occur during osteogenic 
commitment of stem cells involve the reorganization of 
stress fibers and the increase of membrane roughness, 
which conspire towards increased cellular stiffness (Chen et 
al., 2010). Cellular morphology and membrane roughness 
of bone-inducing cells were shown to be associated with 
the presence of mechanical loads, as the removal of 

gravitational loads with high magnitude of environmental 
gradient (0 g using magnetic levitation) reduced the height 
and the roughness of these cells (Qian et al., 2010). Our 
results suggest that daily addition of oscillatory loads 
increases the roughness of the cellular membrane for 
marrow stem cells that commit to osteogenesis. At this 
point, it is not clear whether this change in roughness is 
caused by increased mineralization at the surface (Chen et 
al., 2010) or altered cytoskeletal properties (Yourek et al., 
2007) as a result of vibrations. 

Though whole-body vibratory signals are applied 
to the entirety of the organism in a vertical manner 
(Rubin et al., 2004; Gilsanz et al., 2006), the best loading 
condition to simulate these signals in in vitro modeling 
has not been optimized yet. Horizontal rather than vertical 
loading in vitro (Uzer et al., 2012) can generate fluid shear 
forces on cells that are physiologically relevant for bone-
lining osteoblasts (Dickerson et al., 2008; Coughlin and 
Niebur, 2012). However, recent evidence showed that 
accelerations, not fluid shear, are the key determinants for 
cellular adaptation to oscillatory loads (Uzer et al., 2013). 
While it is not clear whether horizontal accelerations have 
similar effects as those achieved by vertical loading, the 
application of vertical signals may be physiologically more 
relevant in modeling stem cell response, as these primitive 
osteoprogenitor cells usually do not reside on the bone 
surface (Mendez-Ferrer et al., 2010).  

In summary, daily high-frequency low-magnitude 
vibrations affected the cytoskeleton and the morphology 
of bone marrow stem cells during osteogenesis and 
quiescence. The increased amount and thickness of actin 
fibers indicated that stem cells became more sensitive to 
mechanical loads and that these loads can be transmitted 
more easily within the cell (Hu et al., 2005; Wang and Suo, 
2005; Hu and Wang, 2006). Increased stiffness of cells 
may further indicate that they may act as stress-absorbing 
elements and divert some of the loads that are normally 
carried by the extracellular matrix onto themselves, 
similar to the “stress shielding” observed in orthopedic 
implants (Cristofolini, 1997; Bush et al., 2006). Improved 
understanding of the reciprocal relationship between bone 
marrow stem cells and mechanical loads may help clinical 
efforts for bone regeneration through optimization of the 
required amplitude and duration of the applied signals.

Acknowledgments
Financial support from the Scientific and Technological 
Research Council of Turkey (project numbers 111T577 and 
111M604) is gratefully acknowledged. Expert technical 
help from Dr Özden Yalçın Özuysal, Dr Gülistan Meşe, 
and the İzmir Institute of Technology’s Biotechnology and 
Bioengineering Research and Application Center is also 
appreciated.  



DEMİRAY and ÖZÇİVİCİ / Turk J Biol

96

References

Batra NN, Li YJ, Yellowley CE, You L, Malone AM, Kim CH, Jacobs 
CR (2005). Effects of short-term recovery periods on fluid-in-
duced signaling in osteoblastic cells. J Biomech 38: 1909–1917.

Bush JL, Wilson JB, Vail TP (2006). Management of bone loss in 
revision total knee arthroplasty. Clin Orthop Relat Res 452: 
186–192.

Chen QA, Xiao P, Chen JN, Cai JY, Cai XF, Ding H, Pan YL (2010). 
AFM studies of cellular mechanics during osteogenic differen-
tiation of human amniotic fluid-derived stem cells. Anal Sci 
26: 1033–1037.

Coughlin TR, Niebur GL (2012). Fluid shear stress in trabecular 
bone marrow due to low-magnitude high-frequency vibration. 
J Biomech 45: 2222–2229.

Cristofolini L (1997). A critical analysis of stress shielding evaluation 
of hip prostheses. Crit Rev Biomed Eng 25: 409–483.

Dahl KN, Booth-Gauthier EA, Ladoux B (2010). In the middle of it 
all: mutual mechanical regulation between the nucleus and the 
cytoskeleton. J Biomech 43: 2–8.

Darling EM, Topel M, Zauscher S, Vail TP, Guilak F (2008). Visco-
elastic properties of human mesenchymally-derived stem cells 
and primary osteoblasts, chondrocytes, and adipocytes. J Bio-
mech 41: 454–464.

Dickerson DA, Sander EA, Nauman EA (2008). Modeling the me-
chanical consequences of vibratory loading in the vertebral 
body: microscale effects. Biomech Model Mechan 7: 191–202.

Garman R, Gaudette G, Donahue LR, Rubin C, Judex S (2007a). 
Low-level accelerations applied in the absence of weight bear-
ing can enhance trabecular bone formation. J Orthop Res 25: 
732–740.

Garman R, Rubin C, Judex S (2007b). Small oscillatory accelerations, 
independent of matrix deformations, increase osteoblast activ-
ity and enhance bone morphology. PLoS ONE 2: e653.

Gilsanz V, Wren TA, Sanchez M, Dorey F, Judex S, Rubin C (2006). 
Low-level, high-frequency mechanical signals enhance muscu-
loskeletal development of young women with low BMD. J Bone 
Miner Res 21: 1464–1474.

Hu S, Chen J, Butler JP, Wang N (2005). Prestress mediates force 
propagation into the nucleus. Biochem Biophys Res Commun 
329: 423–428.

Hu S, Wang N (2006). Control of stress propagation in the cytoplasm 
by prestress and loading frequency. Mol Cell Biomech 3: 49–60.

Ingber DE (1997). Tensegrity: the architectural basis of cellular 
mechanotransduction. Annu Rev Physiol 59: 575–599.

Ingber DE (2003a). Mechanobiology and diseases of mechanotrans-
duction. Ann Med 35: 564–577.

Ingber DE (2003b). Tensegrity I. Cell structure and hierarchical sys-
tems biology. J Cell Sci 116: 1157–1173.

Kim IS, Song YM, Lee B, Hwang SJ (2012). Human mesenchymal 
stromal cells are mechanosensitive to vibration stimuli. J Dent 
Res 91: 1135–1140.

Malone AM, Batra NN, Shivaram G, Kwon RY, You L, Kim CH, Ro-
driguez J, Jair K, Jacobs CR (2007). The role of actin cytoskel-
eton in oscillatory fluid flow-induced signaling in MC3T3-E1 
osteoblasts. Am J Physiol Cell Physiol 292: C1830–1836.

Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, MacAr-
thur BD, Lira SA, Scadden DT, Ma’ayan A, Enikolopov GN, 
Frenette PS (2010). Mesenchymal and haematopoietic stem 
cells form a unique bone marrow niche. Nature 466: 829–834.

Norvell SM, Ponik SM, Bowen DK, Gerard R, Pavalko FM (2004). 
Fluid shear stress induction of COX-2 protein and prosta-
glandin release in cultured MC3T3-E1 osteoblasts does not 
require intact microfilaments or microtubules. J Appl Physiol 
96: 957–966.

Özcivici E (2013). Effects of spaceflight on cells of bone marrow ori-
gin. Turk J Hematol 30: 1–7.

Ozcivici E, Garman R, Judex S (2007). High-frequency oscillatory 
motions enhance the simulated mechanical properties of non-
weight bearing trabecular bone. J Biomech 40: 3404–3411.

Ozcivici E, Luu YK, Adler B, Qin YX, Rubin J, Judex S, Rubin CT 
(2010a). Mechanical signals as anabolic agents in bone. Nat 
Rev Rheumatol 6: 50–59.

Ozcivici E, Luu YK, Rubin CT, Judex S (2010b). Low-level vibra-
tions retain bone marrow’s osteogenic potential and augment 
recovery of trabecular bone during reambulation. PLoS One 
5: e11178.

Pesen D, Hoh JH (2005). Micromechanical architecture of the endo-
thelial cell cortex. Biophys J 88: 670–679.

Ponik SM, Triplett JW, Pavalko FM (2007). Osteoblasts and osteo-
cytes respond differently to oscillatory and unidirectional fluid 
flow profiles. J Cell Biochem 100: 794–807.

Pre D, Ceccarelli G, Gastaldi G, Asti A, Saino E, Visai L, Benazzo F, 
Cusella De Angelis MG, Magenes G (2011). The differentiation 
of human adipose-derived stem cells (hASCs) into osteoblasts 
is promoted by low amplitude, high frequency vibration treat-
ment. Bone 49: 295–303.

Qian AR, Yang PF, Hu LF, Zhang W, Di SM, Wang Z, Han J, Gao X, 
Shang P (2010). High magnetic gradient environment causes 
alterations of cytoskeleton and cytoskeleton-associated genes 
in human osteoblasts cultured in vitro. Adv Space Res 46: 
687–700.

Rosenberg N (2003). The role of the cytoskeleton in mechanotrans-
duction in human osteoblast-like cells. Hum Exp Toxicol 22: 
271–274.

Rosenberg N, Levy M, Francis M (2002). Experimental model for 
stimulation of cultured human osteoblast-like cells by high fre-
quency vibration. Cytotechnology 39: 125–130.

Rubin C, Recker R, Cullen D, Ryaby J, McCabe J, McLeod K (2004). 
Prevention of postmenopausal bone loss by a low-magnitude, 
high-frequency mechanical stimuli: a clinical trial assessing 
compliance, efficacy, and safety. J Bone Miner Res 19: 343–351.

http://dx.doi.org/10.1016/j.jbiomech.2004.08.009
http://dx.doi.org/10.1016/j.jbiomech.2004.08.009
http://dx.doi.org/10.1016/j.jbiomech.2004.08.009
http://dx.doi.org/10.1097/01.blo.0000229360.04620.93
http://dx.doi.org/10.1097/01.blo.0000229360.04620.93
http://dx.doi.org/10.1097/01.blo.0000229360.04620.93
http://dx.doi.org/10.2116/analsci.26.1033
http://dx.doi.org/10.2116/analsci.26.1033
http://dx.doi.org/10.2116/analsci.26.1033
http://dx.doi.org/10.2116/analsci.26.1033
http://dx.doi.org/10.1016/j.jbiomech.2012.06.020
http://dx.doi.org/10.1016/j.jbiomech.2012.06.020
http://dx.doi.org/10.1016/j.jbiomech.2012.06.020
http://dx.doi.org/10.1615/CritRevBiomedEng.v25.i4-5.30
http://dx.doi.org/10.1615/CritRevBiomedEng.v25.i4-5.30
http://dx.doi.org/10.1016/j.jbiomech.2009.09.002
http://dx.doi.org/10.1016/j.jbiomech.2009.09.002
http://dx.doi.org/10.1016/j.jbiomech.2009.09.002
http://dx.doi.org/10.1016/j.jbiomech.2007.06.019
http://dx.doi.org/10.1016/j.jbiomech.2007.06.019
http://dx.doi.org/10.1016/j.jbiomech.2007.06.019
http://dx.doi.org/10.1016/j.jbiomech.2007.06.019
http://dx.doi.org/10.1007/s10237-007-0085-y
http://dx.doi.org/10.1007/s10237-007-0085-y
http://dx.doi.org/10.1007/s10237-007-0085-y
http://dx.doi.org/10.1002/jor.20354
http://dx.doi.org/10.1002/jor.20354
http://dx.doi.org/10.1002/jor.20354
http://dx.doi.org/10.1002/jor.20354
http://dx.doi.org/10.1359/jbmr.060612
http://dx.doi.org/10.1359/jbmr.060612
http://dx.doi.org/10.1359/jbmr.060612
http://dx.doi.org/10.1359/jbmr.060612
http://dx.doi.org/10.1016/j.bbrc.2005.02.026
http://dx.doi.org/10.1016/j.bbrc.2005.02.026
http://dx.doi.org/10.1016/j.bbrc.2005.02.026
http://dx.doi.org/10.1146/annurev.physiol.59.1.575
http://dx.doi.org/10.1146/annurev.physiol.59.1.575
http://dx.doi.org/10.1080/07853890310016333
http://dx.doi.org/10.1080/07853890310016333
http://dx.doi.org/10.1242/jcs.00359
http://dx.doi.org/10.1242/jcs.00359
http://dx.doi.org/10.1177/0022034512465291
http://dx.doi.org/10.1177/0022034512465291
http://dx.doi.org/10.1177/0022034512465291
http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1152/japplphysiol.00869.2003
http://dx.doi.org/10.1152/japplphysiol.00869.2003
http://dx.doi.org/10.1152/japplphysiol.00869.2003
http://dx.doi.org/10.1152/japplphysiol.00869.2003
http://dx.doi.org/10.1152/japplphysiol.00869.2003
http://dx.doi.org/10.4274/tjh.2012.0127
http://dx.doi.org/10.4274/tjh.2012.0127
http://dx.doi.org/10.1016/j.jbiomech.2007.05.015
http://dx.doi.org/10.1016/j.jbiomech.2007.05.015
http://dx.doi.org/10.1016/j.jbiomech.2007.05.015
http://dx.doi.org/10.1038/nrrheum.2009.239
http://dx.doi.org/10.1038/nrrheum.2009.239
http://dx.doi.org/10.1038/nrrheum.2009.239
http://dx.doi.org/10.1529/biophysj.104.049965
http://dx.doi.org/10.1529/biophysj.104.049965
http://dx.doi.org/10.1002/jcb.21089
http://dx.doi.org/10.1002/jcb.21089
http://dx.doi.org/10.1002/jcb.21089
http://dx.doi.org/10.1016/j.bone.2011.04.013
http://dx.doi.org/10.1016/j.bone.2011.04.013
http://dx.doi.org/10.1016/j.bone.2011.04.013
http://dx.doi.org/10.1016/j.bone.2011.04.013
http://dx.doi.org/10.1016/j.bone.2011.04.013
http://dx.doi.org/10.1016/j.asr.2010.04.012
http://dx.doi.org/10.1016/j.asr.2010.04.012
http://dx.doi.org/10.1016/j.asr.2010.04.012
http://dx.doi.org/10.1016/j.asr.2010.04.012
http://dx.doi.org/10.1016/j.asr.2010.04.012
http://dx.doi.org/10.1191/0960327103ht362oa
http://dx.doi.org/10.1191/0960327103ht362oa
http://dx.doi.org/10.1191/0960327103ht362oa
http://dx.doi.org/10.1023/A:1023925230651
http://dx.doi.org/10.1023/A:1023925230651
http://dx.doi.org/10.1023/A:1023925230651
http://dx.doi.org/10.1359/JBMR.0301251
http://dx.doi.org/10.1359/JBMR.0301251
http://dx.doi.org/10.1359/JBMR.0301251
http://dx.doi.org/10.1359/JBMR.0301251


DEMİRAY and ÖZÇİVİCİ / Turk J Biol

97

Rubin C, Turner AS, Bain S, Mallinckrodt C, McLeod K (2001). 
Anabolism: low mechanical signals strengthen long bones. Na-
ture 412: 603–604.

Rubin C, Turner AS, Muller R, Mittra E, McLeod K, Lin W, Qin YX 
(2002). Quantity and quality of trabecular bone in the femur 
are enhanced by a strongly anabolic, noninvasive mechanical 
intervention. J Bone Miner Res 17: 349–357.

Rubin CT, Capilla E, Luu YK, Busa B, Crawford H, Nolan DJ, Mit-
tal V, Rosen CJ, Pessin JE, Judex S (2007). Adipogenesis is in-
hibited by brief, daily exposure to high-frequency, extremely 
low-magnitude mechanical signals. P Natl Acad Sci USA 104: 
17879–17884.

Sen B, Xie Z, Case N, Thompson WR, Uzer G, Styner M, Rubin J 
(2014). mTORC2 regulates mechanically induced cytoskeletal 
reorganization and lineage selection in marrow derived mes-
enchymal stem cells. J Bone Miner Res 29: 78–89.

Snow-Harter C, Bouxsein ML, Lewis BT, Carter DR, Marcus R 
(1992). Effects of resistance and endurance exercise on bone 
mineral status of young women: a randomized exercise inter-
vention trial. J Bone Miner Res 7: 761–769.

Tanaka SM, Li J, Duncan RL, Yokota H, Burr DB, Turner CH (2003). 
Effects of broad frequency vibration on cultured osteoblasts. J 
Biomech 36: 73–80.

Uzer G, Manske SL, Chan ME, Chiang FP, Rubin CT, Frame MD, 
Judex S (2012). Separating fluid shear stress from acceleration 
during vibrations in vitro: identification of mechanical signals 
modulating the cellular response. Cell Molecular Bioeng 5: 
266–276.

Uzer G, Pongkitwitoon S, Ete Chan M, Judex S (2013). Vibration 
induced osteogenic commitment of mesenchymal stem cells 
is enhanced by cytoskeletal remodeling but not fluid shear. J 
Biomech 46: 2296–2302.

Wang N, Suo Z (2005). Long-distance propagation of forces in a cell. 
Biochem Biophys Res Co 328: 1133–1138.

Xie L, Jacobson JM, Choi ES, Busa B, Donahue LR, Miller LM, Ru-
bin CT, Judex S (2006). Low-level mechanical vibrations can 
influence bone resorption and bone formation in the growing 
skeleton. Bone 39: 1059–1066.

Yoshigi M, Hoffman LM, Jensen CC, Yost HJ, Beckerle MC (2005). 
Mechanical force mobilizes zyxin from focal adhesions to actin 
filaments and regulates cytoskeletal reinforcement. J Cell Biol 
171: 209–215.

You J, Yellowley CE, Donahue HJ, Zhang Y, Chen Q, Jacobs CR 
(2000). Substrate deformation levels associated with routine 
physical activity are less stimulatory to bone cells relative to 
loading-induced oscillatory fluid flow. J Biomech Eng 122: 
387–393.

Yourek G, Hussain MA, Mao JJ (2007). Cytoskeletal changes of 
mesenchymal stem cells during differentiation. ASAIO J 53: 
219–228.

http://dx.doi.org/10.1038/35088122
http://dx.doi.org/10.1038/35088122
http://dx.doi.org/10.1038/35088122
http://dx.doi.org/10.1359/jbmr.2002.17.2.349
http://dx.doi.org/10.1359/jbmr.2002.17.2.349
http://dx.doi.org/10.1359/jbmr.2002.17.2.349
http://dx.doi.org/10.1359/jbmr.2002.17.2.349
http://dx.doi.org/10.1073/pnas.0708467104
http://dx.doi.org/10.1073/pnas.0708467104
http://dx.doi.org/10.1073/pnas.0708467104
http://dx.doi.org/10.1073/pnas.0708467104
http://dx.doi.org/10.1073/pnas.0708467104
http://dx.doi.org/10.1002/jbmr.2031
http://dx.doi.org/10.1002/jbmr.2031
http://dx.doi.org/10.1002/jbmr.2031
http://dx.doi.org/10.1002/jbmr.2031
http://dx.doi.org/10.1002/jbmr.5650070706
http://dx.doi.org/10.1002/jbmr.5650070706
http://dx.doi.org/10.1002/jbmr.5650070706
http://dx.doi.org/10.1002/jbmr.5650070706
http://dx.doi.org/10.1016/S0021-9290(02)00245-2
http://dx.doi.org/10.1016/S0021-9290(02)00245-2
http://dx.doi.org/10.1016/S0021-9290(02)00245-2
http://dx.doi.org/10.1007/s12195-012-0231-1
http://dx.doi.org/10.1007/s12195-012-0231-1
http://dx.doi.org/10.1007/s12195-012-0231-1
http://dx.doi.org/10.1007/s12195-012-0231-1
http://dx.doi.org/10.1007/s12195-012-0231-1
http://dx.doi.org/10.1016/j.jbiomech.2013.06.008
http://dx.doi.org/10.1016/j.jbiomech.2013.06.008
http://dx.doi.org/10.1016/j.jbiomech.2013.06.008
http://dx.doi.org/10.1016/j.jbiomech.2013.06.008
http://dx.doi.org/10.1016/j.bbrc.2005.01.070
http://dx.doi.org/10.1016/j.bbrc.2005.01.070
http://dx.doi.org/10.1016/j.bone.2006.05.012
http://dx.doi.org/10.1016/j.bone.2006.05.012
http://dx.doi.org/10.1016/j.bone.2006.05.012
http://dx.doi.org/10.1016/j.bone.2006.05.012
http://dx.doi.org/10.1083/jcb.200505018
http://dx.doi.org/10.1083/jcb.200505018
http://dx.doi.org/10.1083/jcb.200505018
http://dx.doi.org/10.1083/jcb.200505018
http://dx.doi.org/10.1115/1.1287161
http://dx.doi.org/10.1115/1.1287161
http://dx.doi.org/10.1115/1.1287161
http://dx.doi.org/10.1115/1.1287161
http://dx.doi.org/10.1115/1.1287161
http://dx.doi.org/10.1097/MAT.0b013e31802deb2d
http://dx.doi.org/10.1097/MAT.0b013e31802deb2d
http://dx.doi.org/10.1097/MAT.0b013e31802deb2d

