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Abstract of the Dissertation
Role of Fluid Shear Modulation on Bone Cell Metabolism during HighFrequency Oscillatory Vibrations
by
Gunes uzer
Doctor of Philosophy
in
Biomedical Engineering
Stony Brook University
2012
Human, animal and cell studies indicate that the application of vibrations can be
anabolic and/or anti-catabolic to bone. Dynamic oscillations create a complex
mechanical environment which generates forces not only through accelerations
but also through fluid forces. The specific mechanical signal which cells respond
has not been identified, in-part because the generated fluid shear is coupled
with the magnitude of the applied acceleration in most in vivo and in vitro
studies. Looking at how these two mechanical parameters previously proposed
to drive the cellular response to vibration – fluid shear and accelerations, act
together is critical for understanding their effects on bone cell metabolism.

iii

Overall aim of this dissertation was 1) Quantify the vibration-induced
fluid shear stresses in vitro and test whether the separation of two mechanical
parameters is possible to identify mechanical information carried by vibrations
into both macro and cellular level. 2) Determine the possible interactions
between vibration-induced mechanical information (acceleration, fluid shear,
frequency) that would modulate cellular response to vibrations.
Our data demonstrated that peak shear stress can be effectively
separated from peak acceleration by controlling specific levels of vibration
frequency, acceleration, and/or fluid viscosity. Role of vibration specific
mechanical components were further investigated using osteoblasts, osteocytes
and mesenchymal stem cells.

Fluid shear did not have a profound effect on

vibration response of cells. Consistently across all the experiments, groups with
lower fluid shear stress elicited higher or equal responses when compared to
groups with higher fluid shear. Cellular mechanosensitivity to vibrations were
specific to level of cell maturation/cytoskeletal remodeling and frequency. Level
of cytoskeletal development was dependent on accelerations but not to fluid
shear. When compared to accelerations, fluid shear induced smaller cellular
deformations.
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In conclusion, results presented in this dissertation indicated that cells
can exclusively sense and respond to accelerations in the presence of fluid shear
stresses. Results suggest that response of cells to vibrations induced signals
converge on the forces created on the cytoskeleton, rather than independently
affecting the cellular response. There exists a relationship exists between
frequency, signal strength and cytoskeletal adaptation, offering that nonpharmacological potential of vibration treatment for bone loss can be directed
towards cell specific populations.
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Figure 2.1. Experimental and computational methods used to describe fluid
motions at the well bottom. (a) Schematic of the Particle Image
Velocimetry (PIV) setup. A high-speed camera recorded the motions of
1µm red fluorescent polystyrene particles vibrating within a fluid filled
chamber attached to a microscope slide. Fluid shear was quantified by
comparing the motion of the slide surface to the particle motions
measured at 37.5µm distance intervals. (b) A fluid filled cell culture well
was modeled as viscous fluid within a rigid well with the Finite Element
Method (FEM). Vibration induced fluid shear at the bottom of the well was
calculated by computing the relative velocity between wall and fluid
assuming linear velocity gradients.
Figure 2.2. Shear rates between fluid and the well bottom as determined by PIV.
PIV showed a steep non-linear increase in shear rate towards the surface of
the glass slide (bottom of the well).
Figure 2.3. Motions of the well and the fluid as determined by speckle
photography (a) Displacement of the well, during 1g, 60Hz oscillatory
motions. (b) Elevation of the fluid surface near the side-wall of the well
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(vertical red line in inset) as a function of vibration frequency. Non-linear
surface motions at frequencies around 10Hz are indicative of resonance
behavior. (c) Upon completion of one full oscillatory cycle, out-of-phase
fluid displacements relative to the well demonstrated sloshing behavior are
visualized in the mid-sagittal plane of the well.
Figure 2.4. Fluid velocities and shear stress determined by FEM (a) Velocity
profile of the rigid well (solid-red), fluid velocity (dashed-red), and fluid
shear at Point B (see Figure 4b) during a 60Hz, 1g oscillatory motion. The
phase difference between the well and the fluid was

radians. (b) The

velocity profile of the viscous fluid at t=0.005s during the 1g, 60Hz
oscillatory motion of the rigid well (in black). Shown is a mid-sagittal plane
of the well. Points A, B, and C were used to compare relative fluid velocities
against the linear solution depicted in Table 2.1. (c) Histogram with the
distribution of fluid nodes subjected to a given level of fluid shear at
t=0.005s. In spite of spatial non-uniformity, approximately 75% of the well
surface received shear stresses within 20% of the peak shear stress
magnitude.
Figure 2.5. Validation of FEM simulations by PIV. Comparison of shear rates
between FEM and PIV at heights of 150, 300, 450 and 600µm from the well
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bottom. Measurements were taken in a well with a total fluid height of
5mm.
Figure 2.6. Modulation of fluid shear by vibration parameters. Peak fluid shear
stress was modulated by vibration acceleration magnitude and vibration
frequency, demonstrating that different combinations of frequency and
acceleration can produce identical shear stress values.
Figure 2.7. Change in COX-2 expression of MC3T3-E1 cells exposed to five
different frequencies under low-shear (0% dextran) and high-shear (6%
dextran) conditions. Fluid shear for each frequency is represented by
horizontal black bars. Shear at 10Hz could not be quantified because of
resonance behavior of the fluid at this frequency. P<0.05: * against 0Hz, †
against10Hz, ‡ against 30Hz, § against 60Hz, ¥ against 100Hz.
Figure 3.1. For mRNA and mineralization (Ca2+) experiments cells were plated at
18,000cell/cm2 and for proliferation cells were plated at 750cells/cm2.
Vibration effects on early osteogenesis at day 1, proliferation at day 3,
cytoskeletal remodeling at day 7 and mineralization at day 13 were
assessed.
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Figure 3.2. Calcification of cells were determined by alizarin red staining at day
16 after 13 days of vibration. Cells were kept in osteo-inductive medium for
14 days and were vibrated with seven different vibration parameters.
p<0.05: *against non-vibrated control.
Figure 3.3. Cell proliferation characterized by total cell number at day three after
two days of vibration. Culture plates were not coated (a) or coated with
0.15mg/ml collagen (b). p<0.05: *against non-vibrated control.
Figure 3.4. Gene expression after one day of vibration: Change in RUNX-2(a),
OPG(b) and RANKL(c) expression of MC3T3-E1 cells exposed to three
different mechanical signals under low-shear (Normal) and high-shear (6%
dextran) and increased cell prestress (LPA) conditions. p<0.05: *against
non-vibrated control.
Figure 4.1. FE model of an adherent cell was constructed to predict the vibration
induced nucleus motions. Vibration induced accelerations and fluid shear
were evaluated in separate dynamic simulations to compare the nucleus
motions induced. During fluid shear simulations contact surface was fixed
and forces applied to membrane in a sinusoidal manner. During
acceleration simulations contact surface was subjected to dynamic
sinusoidal accelerations the horizontal plane.

xii

Figure 4.2. MLO-Y4 cells were vibrated with four different vibration parameters.
(a) GJIC+ cells were determined via flow cytometry following 1hr of
incubation at 37oC in 5%CO2. (b) Vibrated MLO-Y4 cells can communicate
farther as determined by microscope images. p<0.001: ***against nonvibrated control.
Figure 4.3. mRNA expression determined 1hr after cell communication. Vibration
induced increases in GJIC were accompanied by decreases in C-FOS and
increases in RANKL. p<0.05: *against non-vibrated control. p<0.001:
***against non-vibrated control.
Figure 4.4. Gap junction function in both donor (MC3T3) and acceptor (MLO-Y4)
cells were blocked by 75µM of 18α-GA. Compared to non-blocked groups
(Normal), groups treated with 18α-GA showed significant decreases in
GJIC+ cell number. p<0.001: ***against non-vibrated control, p<0.0001: #
against non-vibrated control.
Figure 4.5. mRNA and protein levels of Cx43 were determined 1hr after vibration
treatment. Following vibration treatment no changes were observed in
mRNA or protein levels of Cx43.
Figure 4.6. Akt signaling was blocked in MLO-Y4 cells with siRNA two days prior
to vibration treatment. Following either (a) 30Hz-1g or (b) 100Hz-1g there
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was no difference between vibrated and control siRNA groups. (c) Blocking
gap junction function only in MLO-Y4 cells decreased the GJIC similarly but
the difference between control and vibration samples were preserved.
p<0.01: **against non-vibrated control. p<0.001: ***against non-vibrated
control.
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Chapter 1

INTRODUCTION
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Introduction to Bone Metabolism

Bone provides the protection and mechanical support to the whole body and
creates a framework in which muscles can accomplish work. It is also an integral
part of mineral homeostasis, blood and immune cell production. Bone is
continuously eroded and rebuilt by a process called remodeling. Remodeling is a
dynamic process where cells form new bone (osteoblast) and resorb old bone
(osteoclast). The remodeling process starts with osteoclasts forming resorption
lacunae, followed by osteoblasts which fill the lacunae with new bone.
Remodeling is affected by many factors such as hormone levels and age,
however perhaps the most important factor is the mechanical demands on the
bone structure. This mechanical regulation of remodeling is likely orchestrated
by resident cells in the bone tissue.

Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) originate from stem cells of the
mesoderm during embryologic development, creating mesenchymal tissue
including bone, cartilage, fat and muscle. MSCs are multipotent progenitor cells
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that can differentiate into adipocytes,

1

osteoblast,

2

chondrocytes,

3

and

cardiomyocytes. 4 In the bone marrow MSCs position themselves on periosteal
surfaces and near vasculature.5 Their close contact with hematopoietic cells, the
source of osteoclasts and their ability to express receptor activator of nuclear
factor kappa-B ligand (RANKL) suggests that they play a regulatory role in
osteoclastogenesis.

6

In bone, MSCs are ultimately responsible for rejuvenating

osteoblast and osteocyte cell populations. For example, in mice, negative impact
of disuse on the population size of MSC can hinder regenerative capacity and
limit bone recovery during reambulation.7, 8 Lineage commitment of MSCs can be
differentially regulated by both mechanical and biochemical factors. For
example, the application of compressive forces increase expression of
chondrogenic genes including aggrecan (ACAN), type II collagen (COL-2), SOX-9
and bone morphogenic protein 6 (BMP-6).

9, 3

On the other hand forces that

induce elongation such as tensile strain10, 11 or laminar fluid flow12 induce the
osteogenic phenotype. Early osteogenic commitment is controlled by two early
osteogenic markers, Osterix (OSX) and Runt-related transcription factor 2 (RUNX2). Both are transcription factors required for bone formation 13, 14 and regulate
commitment of undifferentiated MSCs to the osteogenic lineage. Interestingly,
mechanical induction of osteogenic phenotype decreases adipogenic potential of
MSCs both in vitro15 and in vivo.16 These results suggest that lineage

3

commitment of MSCs that ultimately determine bone homoeostasis and
regeneration may be strongly influenced by mechanical signals.

Osteoblasts , Osteocytes and Osteoclasts
Osteoblasts are originated from the MSC lineage in the marrow cavity.
Differentiation of MSCs to the pre-osteoblast stage is predominantly mediated
by RUNX-2

17, 13

and OSX.14 During the pre-osteoblasts stage, cell has the ability

to proliferate and factors related to activator-protein-1 (AP-1) such as C-FOS
believed to suppress the further differentiation and accelerate proliferative
capacity.18-21 Pre-osteoblasts expressing OSX are also responsible from
maintaining RANKL levels in mature mice.22 As the maturation continues from
the pre-osteoblast to osteoblast phenotype, production of
fibronectin,23,

24

collagen,25,

26

interstitial

osteocalcin,27 bone sialoprotein (BSP),28 and

alkaline phosphatase (ALP)29 are observed. The last step in osteoblast maturation
is the terminally differentiated state called the osteocyte. Osteocyte
differentiation starts as the osteoblast is entombed by new bone formation.
E11w/gp38 is the earliest osteocyte selective protein found in differentiating
osteoblasts.30 Other selective osteocyte proteins include SOST and dentin matrix
protein 1 (DMP-1). 31-33
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Osteoblasts are mechanosensitive and they are the effector cells that
regulate local bone remodeling. Osteoblasts respond to a wide variety of forces
including fluid flow,34-36 substrate strain37,

38

and vibrations.39,

40

Mechanical

signals positively regulate many aspects of osteoblast function including
proliferation,41

mineralization42

and

inhibition

of

osteoclastogenesis.38

Mechanical signals also regulate β-catenin levels through Akt, Wnt, and cAMP
signaling pathways.

43-45

In turn β-catenin controls many cellular functions such

as cyclooxygenase-2 (COX-2) levels. COX-2 is a mechanically inducible enzyme
which is responsible from prostaglandin E2 (PGE2) production, COX-2 deficient
mice shown greatly decreased fracture healing and reduced MSC differentiation.
Osteocyte’s organized spatial distribution led to the hypothesis that they
are the sensor cells that drive the responses of effector cells (osteoblast,
osteoclast)46. Osteocytes can relay local mechanical and biochemical signals to
other cells through gap junctions47, 48 or membrane bound hemi channels.49 For
example deletion of RANKL from osteocytes mutes any osteoclastic activity and
causes severe osteopetrosis. 50, 22 It is widely accepted that pressure gradients as
caused by of tissue strains and intramedullar pressure creates fluid flow in and
out of the lacunar-canalicular network and these flow patterns are sensed by
osteocytes.

51, 52

Interestingly, osteocytes are more sensitive to fluid shear
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compared to less differentiated cells.53,

54

Osteocytes respond to fluid flow by

increasing the length of their dendrites through expression of E11w/gp38, the
earliest osteocyte selective protein.33 Suggesting osteocyte differentiation
selectively increases the cellular mechanosensitivity.
Osteoclasts are bone specific multi nucleated macrophages created by
the fusion of macrophage precursors near the resorption surface. They were first
found in the presence of osteoblastic cells from marrow cultures. 55 The two
most critical factors for osteoclastogenesis are colony stimulating factor 1 (CSF1)56, 57 and RANKL.58 Expression of other transcription factors also required for
osteoclast function, for example mice lacking the c-fos component of AP-1
protein complex develop osteopetrosis59 which can be rescued by nuclear factor
of activated T-cells (NFAT).60 Activation of surface receptors on osteoblasts such
as prostaglandin E2 (PGE2) , transforming growth factor β

(TGF-β)

and

interleukin 1 (IL-1) can potentiate effects of RANKL on osteoclast function.61
Osteoprotegerin (OPG)62, 63 on the other hand binds to the RANK receptor thus
inhibiting the RANKL-RANK interaction. Therefore the RANKL/OPG ratio is used
by many researchers to determine the rate of osteoclastogenesis.64, 65

6

Mechanical Environment of Bone

The dynamic mechanical environment is essential for healthy bone homeostasis.
Bone as a tissue and at the cellular level can sense and undergo adaptation to
daily loading events that induce matrix deformations,66-70 accelerations,71-76
muscle activity77-79 , fluid flow42,

80, 44, 81, 52

and changes in intramedullary

pressure.82-84
During locomotion, the bone matrix encounters strains ranging from
2000 to 3500µε.85 These matrix strains can directly be sensed by entombed
osteocytes, or osteoblasts and osteoclasts on bone surfaces86-88. Within the bone
marrow compartment, endothelial surfaces share a mechanical connection with
the bone marrow and therefore, it is likely that matrix strains not only sensed by
cells on bone surfaces but also by osteoprogenitor cells residing within one to
three cell layers distance89 through cellular and vascular connections.
Secondary mechanical signals are also triggered by dynamic strains in the
bone. Due to bone’s porous structure, local strain concentrations create
pressure gradients and induce local fluid flow in and out of bone. Fluid flow
maybe an important regulator during development90, 91 and potent stimulus for

7

many cell types including endothelial cells,

92, 93

neurons,94 osteoblasts,

41, 95, 96

osteoclasts97 and osteocytes.98 Relatively low strains (400µε) are capable of
producing fluid flow within the lacunar-canalicular network as high as 5Pa in
vivo.99 Osteocytes were implicated as the most sensitive bone cells because of
their osteocyte processes within lacunar-canalicular network which may enhance
fluid shear sensitivity.100, 99 However, as evidenced in vitro,101, 102, 97, 44 other cell
types that reside on or in proximity of bone surfaces such as osteoblasts,
osteoclasts, progenitor cells and cells from the hematopoietic origin can also
sense the strain derived fluid flows.
Bone compartments that trabecular bone resides in are filled with bone
marrow. Within the bone marrow, small motions at the interface between
marrow and bone can generate a fluid shear that is essentially independent from
strain derived fluid flow.103 It is likely that the barrage of extremely small strains
encountered during daily activities104 will cause shear stresses at the bone
marrow interfaces103,

105

but will not cause large pressure gradients for

interstitial fluid flow. Bone marrow is a important source of hematopoietic cells
and also contains mesencymal

stem cells.106,

107

Hematopoietic red bone

marrow coexists with fatty yellow bone marrow. The viscosity for red marrow
was found to be much higher (400cP) than fatty marrow (40cP).108 Implying that
fluid shear at the bone-marrow interface can change dramatically because of
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viscosity.109 Red and fatty bone marrow can replace one another110 and
conditions such as aging and osteoporosis have shown to increase fat tissue
volume in the marrow, while depleting the bone.111 Aside from a negative
indicator bone of health, a decrease in the bone marrow viscosity due to
increased fat infiltration will also decrease the overall fluid shear stress, further
contributing to the pathological conditions by decreasing the potency of daily
mechanical input.

Bone Cell Mechanotransduction and Cytoskeleton

Mechanotransduction refers to the mechanisms by which cells convert
external stimuli into intracellular signals. Many cell types are mechanosensitive
including but not limited to endothelial cells,112-114 myocytes,115,
chodrocytes,117,

118

116

fibroblasts,119 mesengial cells120 and lung cells.121 Cells can

respond to forces such as, fluid shear, pressure, matrix deformation, substrate
stiffness and activate redundant intracellular pathways such as mitogen
activated protein kinases (MAPK), G proteins or β-catenin signaling.

9

By attachments attachment to the outside world many cells to sense
their mechanical environment which constitutes an integral and first step of the
mechanotrasduction process. Integrins are integral membrane proteins that
connect the extracellular matrix to the cytoskeleton.

122

Structure of integrin

consists of non-covalently bound α and β heterodimer subunits. Extracellular
domain is composed of a ligand binding head that is connected to two legs that
tether into the intracellular domain. A total of 18 α and 8 β subunits were
identified giving rise to 24 unique integrins.

123

In osteoblasts, the β1 subunit

appears to be dominant while the α subunit can be found from α1 to α5 and αv.124
The extra cellular domain heads of integrins can bind to ECM components
including collagen, fibronectin, laminin and vitronectin. 123 Integrins play a role in
stabilizing tissue architecture

125

, attachment126,

127

and differentiation.24 In

calvarial osteoblasts αvβ3 mediate interactions with fibronectin, critical for both
morphogenesis and differentiation.24 Integrins sense the stiffness of the ECM by
changing their binding affinity

128

and change the linked cytoskeleton.129 Fluid

flow also increased the β1 integrin expression

41

and activated αvβ3, which co-

localized with Src,130 Implying that integrins can play an active role in cellular
mechanotransduction.
Integrins connect the ECM to a bundle of actin fibers called stress fibers,
and the points of contacts are called focal adhesions.

10

131

At the focal adhesion

sites number of proteins have been identified that facilitate structural and
biochemical roles. These proteins include including focal adhesion kinase (FAK)
132, 133

, paxilin134 and talin.132 Most of these proteins are involved in, “outside-in”,

signaling that convert mechanical cues coming from integrin attachment sites
into biochemical signals that will initiate the mechanotransduction cascade. FAK,
vinculin and paxilin knockout mice are embryonic lethal.135-138 Furthermore,
paxilin deficient fibroblasts show abnormal focal adhesions and are defective in
lamellipodium formation.

136

In both cardiomyocytes

115

and osteoblasts139

mechanical stretch activates MAPK through autophosphorylation of tyrosine 397
by FAK. Once activated FAK interacts with src and ras family proteins.
Ultimately all integrins share a mechanical connection through the
cytoskeleton. The cytoskeleton forms a physically and biochemically connected
network within the cell. This dynamic network functions as an organizing
structure and generates forces to guide cell movement, shape and
differentiation.

The cytoskeleton is composed of three main components

intermediate filaments, microtubules and actin fibers.
Intermediate filaments acts as stabilizers of the cytoskeleton, they play a
role in resisting shear stress140 and provide stiffness to the cell nucleus

125

.

Microtubules are the stiffest of the three building blocks of the cytoskeleton and
can form long tracks that span the length the cell. During mitosis, these long and
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stiff networks assemble into radial arrays that function as central hubs and
facilitate intracellular transport. It is not entirely clear if microtubules are directly
involved in mechanosensory functions. However, microtubules are known to
buckle under compressive loads in cells141 and these compressive loads can
increase the overall curvature and create fractures in microtubules. The
relationship between microtubule fracture and intracellular forces suggests a
regulatory mechanism.142 Additionally, microtubules act to stabilize the
cytoplasm and nucleus.

143

When endothelial cells were stretched by pulling

actin filaments, removal of functional microtubules resulted in the release of
normal restriction of nuclear movement,125 suggesting that microtubules may
indirectly be involved in mechanosensory functions by protecting nucleus from
extreme deformations. Experimental evidence regarding the regulatory function
of microtubule integrity on mechanosensing is not clear. For example, when
microtubules were disrupted by colchicine, fluid flow increased cell sensitivity to
further by increasing PGE2 release in osteoblast cells.144 A different study,
however, showed muting of the PGE2 response.145 Showing that microtubules
play a role in mechanotransduction but the mechanism by which the regulation
is controlled is unknown.
Through focal adhesions, the actin cytoskeleton maintains a constant
contact with the ECM.131 Dynamic interaction between integrins and actin stress
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fiber formation bestows the actin network a unique sensitivity to mechanical
signals.146 Actin cytoskeleton driven cell spreading, shape and tension are
important for cell mechanotransducton147-149 and are may play a critical role in
the osteogenic commitment of MSCs.150 Mechanically or biochemically driven
GTPase activity has been shown to regulate actin polymerization and
contractility.151, 148 Polymerization of new actin filaments is largely modulated by
actin related protein (Arp) 2/3 complex which acts as a nucleation core.152
Function of Arp2/3 complex is tightly regulated by the Wiskott-Aldrich syndrome
(WAS) family of proteins (WASP, N-WASP and SCAR) which enable rapid
polymerization.

152-154

Arp/23 complex and WAS family proteins also play a role

in binding newly formed actin filaments to the existing actin network.

155, 156

Aside from creating a new formation of actin cytoskeleton, Rho GTPases such as
RhoA, Ras and CDC42A are important regulators of cell tension and may
therefore be a powerful agents of mechanotransduction.

157

RhoA activity

increases the cell tension through its effector protein Rock, activating myosin
light chain kinase, which in turn, activates the dimerized motor protein myosin
II.158 These finding are significant because mechanical cues such as fluid flow and
strain and even ECM compliance have been shown to consistently regulate RhoA
activity and stress fiber formation. 151, 159, 160
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Early experiments with bone cells showed that stress fiber formation is a
common response to laminar fluid flow.161 However, laminar fluid flow regimes
do not reflect physiological loading scenarios. Not surprisingly, physiologically
more relevant loading cases such as oscillating fluid flow does not create
prominent stress fibers.151 Both laminar and oscillating flows support a similar
phenotype.

162

Perhaps the more interesting function of RhoA mediated stress

fiber formation lies in its function of mechanosensing. In airway smooth muscle
cells, integrin bound surface deformation of 0.4µm (peak) deformed the nucleus
and stress propagation within the cell was controlled by intracellular stress
levels.

163

These results suggest that mechanical forces not only increase

intracellular stress

favoring osteogenesis,150

but also intracellular stress

amplifies the efficiency of the force transfer within the cells. Very interestingly,
RhoA and focal adhesion activity increases the effectiveness of the mechanical
stimuli. 160
Even small local deformations to the cytoskeleton can have global
implications to the cells. The cytoskeleton is a tensegrity structure meaning it is
under constant tension/compression balance. Thus even small changes in force
balance should be compensated by the whole structure. Consistent with the
hypothesis, fluid flow induced deformations in a single cell were weakly
correlated with direction of the flow.

164
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The tensegrity model also predicts

instantaneous and non-linear cell stiffening under magnetically induced
membrane deformations.

165, 166

These key studies open up a new perspective

where mechanical signals are the first signals that propagate through the whole
cell body even earlier than biochemical signals. These forces may use a prestressed cytoskeleton as a conduit since the force will choose the path of least
resistance. This suggests that, irrespective of the mechanical input a cell
receives, it converts the input to stress throughout the whole cytoskeleton.
The nucleus is positioned in the middle of all the cell activity and
mechanical signals transferred by the cytoskeleton ultimately reach to the
nucleus as the cytoskeleton mechanically couples the chromosome and the cell
membrane.167 The nuclear envelope is connected to the interior of nucleus by
lamina.167 Forces are be transmitted via the cytoskeletal network to the nuclear
envelope and from there via lamin network to chromatin. 168 Sun proteins in the
inner nuclear membrane extend through the lipid bilayer and connect with
Nesprin-1 and Nesprin-2 to F-actin at the outer nuclear membrane. 169 Nesprins
maintain the connection between cytoskeleton and inner nucleus. Cells with
impaired Nesprin 1, Nesprin 2 or Nesprin 3 functionality exhibit decreased
mechanical stiffness.170 Nuclei in HeLa cells under shear stress show upregulation
and redistribution of A-type lamins to the nuclear periphery, which in-part are
responsible from common cell stiffening.
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The ability of instantaneous

mechanical transfer of forces into the nucleus was found to be specific to
integrins and the actin cytoskeleton.143, 125, 166 These findings suggest that, similar
to integrin related proteins, the proteins connecting the cytoskeleton to the
nucleus are also mechanically sensitive and should be considered as a
mechanosensory site.

Regulation of Bone by Mechanical Vibrations

During daily activity measurements of peak strain amplitudes on the load
bearing bones across different species (horse, dog, pig, fish, sheep, lizard and
others), the bones encountered similar strain levels, ranging from 2000 to
3500µε.172, 173 This well defined strain range suggests that bone cells are adapted
to sense a certain range of mechanical signals. High resolution measurements of
strains in dog, sheep and turkey104 revealed that in addition to rare high
magnitude strains, lower magnitude strains have a much larger and continuous
presence throughout the day. It is likely that these very small vibrations (<10 µε)
encountered daily are a result of muscle activity.77 The negative relationship
between muscle activity and age

174

bears the question do the continuous

presence of small vibrations in-part contributes to the homeostasis and
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mechanosensitivity of the bone? For example, although not directly answering
the question, differences between the effectiveness of exercise regimes in
younger175 and older79 adults points to a possible interplay between daily
presence of small vibrations and mechanoregulation of bone. Consistent with
the hypothesis that low level vibrations can modulate mechanoregulation of
bone, the application of broad frequency (0-50Hz) mechanical vibration with a
maximum peak of 300µε were shown to potentiate the effectiveness of low
frequency (3Hz) strains of 3000µε in vitro.75 Additionally, the application of small
broad frequency signals alone were more efficacious in increasing ALP activity
and osteocalcin expression of osteoblasts when compared to much larger low
frequency strains, demonstrating that low magnitude vibrations are an essential
part of bone metabolism.
Recent evidence from preliminary clinical studies reveals that the
application of low magnitude high frequency vibrations can be anabolic or anticatabolic to bone. In healthy women with low BMD, the application of vibrations
of 0.3g at 30Hz increased the trabecular bone in the lumbar vertebrae (2.1%)
and cortical bone in the femoral midshaft (3.4%) compared to non-vibrated
controls.176

Similarly in an another study conducted with postmenopausal

women, vibrations of 0.2g at 30Hz for 10min/day showed a benefit of 2.13% in
the femoral neck, 1.5% in spine and 3.5 % in overall BMD when compared to
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non-vibrated subjects.177 Vibrations of 0.3g and 90Hz showed strengthen the
cortical bone structure in children with cerebral Palsy.76 Additionally following 6
weeks of bed rest, vibrations were able to halt the deterioration of postural
control and partially retain flexion strength by 46.2% compared to non-vibrated
controls. 178 While the observed anabolic outcomes of low magnitude vibrations
in human subjects are important to underline its non-pharmacological
applications for the intervention of bone loss, there exists a gap of information
that’s has to be addressed by animal and cell studies regarding the mechanism(s)
of action activated by the vibrations.
Resident cell populations are ultimately responsible for the fate of the
bone structure, whether it is a pathological or an anabolic outcome. A disuse rat
model, one month hind limb suspension decreased the bone formation rate in
the proximal tibia by 92% compared to the age match group. The application of
0.25g, 90Hz vibrations restored the bone formation rate to control levels. 179 A
subsequent murine study of limb disuse, three weeks of hind limb unloading
caused 51% bone loss in the proximal tibia. During disuse, bone loss was
facilitated by both a decrease in osteoblast and an increase in osteoclast
numbers on the bone surfaces. Disuse induced decreases were partially rescued
by vibrations of 0.2g, 90Hz. Interestingly, vibrations also retained the resident
bone marrow stem cell population during disuse. Receiving vibrations only in the
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first three weeks was more beneficial compared to receiving vibrations only
during the three week reambulation period,7 suggesting that vibrations may
retain rejuvenative capacity of stem cells and mitigate disuse induced bone loss.
Vibrations also play an important role in progenitor cell fate and are
capable of biasing fat and bone metabolism. For instance, mice fed by high fat
diet show a marked increase in fat accumulation and bone loss. 180 During a high
fat diet, the application of 0.2g, 90Hz signals increased the MSC population by
46%, which was accompanied by a 72% increase in total RUNX-2 levels in the
bone marrow and 27% decrease in PPARγ levels. This biasing towards
osteogenesis was able to suppress visceral adipose tissue formation by 28%, and
increase trabecular bone volume fraction in the tibia by 11%.16 Similar biasing
towards osteogenesis in the expense of adipogenesis was also evident on MSCs
directly subjected to 0.7g, 90Hz vibrations in vitro.181
Most if not all resident cell types of bone have been shown to directly
sense and respond to vibrations including osteoblasts,

182, 183, 39, 184, 185, 40, 75

,

osteocytes186 and MSCs.181, 187, 188 Available evidence reveals that vibrations may
indirectly affect the function of other cells. Excitation of osteocytes using
vibrations of 0.15g acceleration with varying frequencies of 30, 60 and 90Hz
modulate the RANKL expression. Conditioned medium taken from osteocytes
were able to inhibit bone resorbtion of osteoclasts.186 Another study showed the
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matrix produced by osteoblasts under the vibration treatment was much more
beneficial for the osteogenic commitment of MSCs when compared to nonvibrated controls.183 However, during application of vibrations, the degree of
interaction between different cell compartments is poorly understood. For
example an in vivo study showed using GFP labeled MSCs that, applications of
0.2g, 90hz signals decreased the adipogenesis of MSCs by 17%.189 However, it is
not possible to infer from the results if the MSCs directly respond to vibrations
and limit adipogenesis or mechanosensitive osteoblasts created a bone surface
that is more favorable for osteogenesis to bias the available MSC pool.

Cell Mechanosensitivity to Vibrations
Perhaps, one of the ways to predict the vibration induced interaction cascades
within bone is to start with the identification of the mechanical information
created by the vibrations and the sensitivity of different cells to varying
mechanical information. This mechanical mapping could provide a first
approximation for the origin of mechanical regulation and interactions within the
bone. For example proliferating osteoblasts were more sensitive to 20Hz
vibrations while differentiating osteoblasts favored 60Hz.40 Similarly in vivo
studies showed that 90Hz signals that increase osteoblast driven bone formation
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rates179 were much more efficient compared to 45Hz signals.190 Suggesting that,
it is unlikely that strains are responsible for the vibration bound responses.
Consistent with the hypothesis, in the absence of functional load bearing,
applying vibrations results in strain magnitudes as low as 2 µε and still retains
their efficacy.

191

It has been suggested that other internal mechanisms such as

nucleus motion can be sensed by the cells. 182, 71, 192 Since the nucleus is directly
connected with the cell‘s cytoskeleton, it can readily transfer the forces within
the cell. It can be expected that the forces originating from nucleus motion can
easily transfer to the other mechanosensitive sites within the cell. This approach
could explain why different cells favor different vibration frequencies since
efficiency of force transfer and harmonic oscillation properties of cells depends
directly on the mechanical properties of the cytoskeleton and nucleus which, in
turn, depend on cooperative interactions between microfilaments, intermediate
filaments and microtubules

143

. Additionally, without a functional cytoskeleton,

vibrations fail to elicit any cellular response to mechanical signals.185
Another major player in the mechanical information shared by bone cells
is the fluid shear. Computational studies reveal that the bone surfaces in contact
with the bone marrow will be subject to significant fluid shear stresses (0.5-5Pa)
even during vibrations as small as 0.1g.103, 105 Based on the geometry and the
composition of the bone marrow these fluid shear forces may posses an ability
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to alter the mechanical environment of bone marrow.

In a clinical study

conducted in healthy men, following 60 days of bed rest, high magnitude
vibrations were able to protect the vertebral bone marrow from the fatty
infiltration. 193 Since red bone marrow posses higher viscosity compared to fatty
marrow,108 these results suggests an indirect protection of mechanical signals
within the bone marrow through viscosity.
Overall, the studies listed above suggest that vibrations deliver complex
mechanical information to the cells. However, only a few studies either
analyzed109, 194, 195 or simplified182, 186, 196 the complex mechanical environment
created by the vibrations while majority of the literature neglected the role of
different forces at the cellular level. In this dissertation we examined the
mechanical information carried by vibrations at the cellular level and studied the
cellular mechanosensitivity to those various mechanical signals across different
bone cells.

Objectives of Hypotheses

The main objective of this study is to identify the mechanical information carried
into the cells by vibrations and interaction between vibration induced forces in
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regulating bone cell function. This objective was addressed using following
hypothesis and research questions.
Hypothesis 1. (a) In vitro vibrations will exert fluid shear stress on monolayer of
cells.
(b) Both vibration frequency and vibration induced fluid shear can in-part
modulate cellular response.
Research Questions
(1) Does the vibration induced fluid shear be controlled by fluid viscosity and
vibration parameters in an in vitro system?
(2) Does fluid shear generated by vibrations alter transcriptional levels of
cyclooxygenase-2 (COX-2), a gene implicated in regulating mechanically
induced bone formation?

Hypothesis 2. (a) Vibration induced fluid shear is not necessary to enhance
mesenchymal stem cell (MSC) differentiation and cytoskeletal remodeling
(b) Cell sensitivity to vibrations can be promoted via actin stress fiber formation.
Research Questions
(1) Does vibration modulate the MSC proliferation, mineralization and early
osteogenic commitment during application of vibrations?
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(2) Does stronger cell attachment and cytoskeletal remodeling potentiate the
cell responsiveness to vibrations?
Hypothesis 3. (a) Application of high frequency accelerations induce larger
relative nucleus motions compared to fluid shear.
(b) Vibrations will increase the gap junctional intracellular communication (GJIC)
independent of fluid shear through Akt dependent pathway.
Research Questions
(1) Do vibrations create nucleus motions similar to the fluid shear?
(2) Does fluid shear modulate the GJIC in osteocytes during vibrations?
(3) Does the communication can be blocked by blocking the function of gap
junctions or Akt pathway?
(4) Does the cellular prestress characterized by overall cell stiffness modulate
the cell response to vibrations or fluid shear?
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Chapter 2

SEPARATING FLUID SHEAR STRESS FROM
ACCELERATION DURING VIBRATIONS IN VITRO:
IDENTIFICATION OF MECHANICAL SIGNALS
MODULATING THE CELLULAR RESPONSE
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Abstract
The identification of the physical mechanism(s) by which cells can sense
vibrations requires the determination of the cellular mechanical environment.
Here, we quantified vibration-induced fluid shear stresses in vitro and tested
whether this system allows for the separation of two mechanical parameters
previously proposed to drive the cellular response to vibration – fluid shear and
peak accelerations.

When peak accelerations of the oscillatory horizontal

motions were set at 1g and 60Hz, peak fluid shear stresses acting on the cell
layer reached 0.5Pa. A 3.5-fold increase in fluid viscosity increased peak fluid
shear stresses 2.6-fold while doubling fluid volume in the well caused a 2-fold
decrease in fluid shear. Fluid shear was positively related to peak acceleration
magnitude and inversely related to vibration frequency.

These data

demonstrated that peak shear stress can be effectively separated from peak
acceleration by controlling specific levels of vibration frequency, acceleration,
and/or fluid viscosity. As an example for exploiting these relations, we tested
the relevance of shear stress in promoting COX-2 expression in osteoblast like
cells. Across different vibration frequencies and fluid viscosities, neither the level
of generated fluid shear nor the frequency of the signal were able to consistently
account for differences in the relative increase in COX-2 expression between
groups, emphasizing that the eventual identification of the physical
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mechanism(s) requires a detailed quantification of the cellular mechanical
environment.

27

Introduction

Exposure to vibrations is ubiquitous during daily activities and includes externally
generated signals such as road noise during car rides197 or internal signals such as
muscular vibrations generated during postural activities.174 Because of the
physiologic nature of the signal, it may not be surprising that a large number of
tissues and cell types are capable of responding to vibrations. Exploiting this
cellular mechano-sensitivity at high-frequencies, benefits of vibrations have been
suggested for a wide range of applications – from athletic training198 to the
treatment of Parkinson’s199 or cardiovascular diseases.200 The potential anabolic
and anti-catabolic effects of vibrations on the musculoskeletal system to
maintain and enhance tissue quality and quantity have received particular
attention,201,

190, 202

facilitated by the high level of transmissibility of the

oscillatory signal (20 to 90Hz) through the lower and axial skeleton (> 90%
transmissibility at ankle and knee).203
The physical mechanisms by which cells can perceive and respond to lowintensity vibrations are largely unknown. In bone, accelerations of up to 0.5g
induce matrix deformations of less than 10με, at least two orders of magnitude
below those strains that are typically considered osteogenic when the frequency
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of the mechanical signal is less than 10Hz.204 Emphasizing that matrix
deformations are unlikely required in the mechanotransduction of vibrations,
low-intensity vibrations applied as simple oscillatory motions to freely moving
limbs (“shaking”), rather than induced by whole-body vibrations against the
gravitational force of the body, result in matrix strain magnitudes of less than
1με.71 That vibrations can engender a biologic response even at these extremely
small deformation magnitudes192 suggests that the deformation-response
relation proposed for lower frequency mechanical signals205 does not apply to
high-frequency mechanical signals.77
While the extremely small deformations associated with low-level
vibrations are insufficient to create pressure gradients large enough to cause
local fluid flow in the matrix or canalicular system,52 oscillatory accelerations will
generate relative motions between cells and the surrounding fluid because of
density differences. Thus, cells residing in most tissues and cavities will be
subjected not only to accelerations transmitted from the vibrating device but
also to fluid shear. As both fluid shear and direct forces acting on the cell have
been suggested as modulators of mechanotransduction, it becomes necessary to
decouple them for identifying their respective roles in driving the biologic
response to vibrations.
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Exploiting the opportunities of cell culture systems to investigate the
underlying

mechanisms,

distinct

cell

types

including

osteoblasts, 182

osteocytes,186 myoblasts,206 chondrocytes,207 or progenitor cells181 have been
shown to respond to vibrations in vitro. While providing important data on the
biologic response of cells to vibrations, the identification of the specific
component(s) of the vibratory signal that modulates the response requires the
quantification of the cellular mechanical environment. Here, we mechanically
characterize an in vitro model of vibrations in which, similar to in vivo vibrations,
cells are exposed to both accelerations and fluid shear forces. As an example of
using this model, we collected data from osteoblast like MC3T3-E1 cells to test
whether fluid shear generated by high-frequency oscillations may alter
transcriptional levels of cyclooxygenase-2 (COX-2), a gene implicated in
regulating mechanically induced bone formation.208, 209
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Materials and Methods
Experimental design
To generate in vitro fluid shear magnitudes similar to those estimated in vivo,105
cell culture plates were oscillated in the horizontal, rather than vertical,
direction. Horizontal oscillations may engender fluid shear by sloshing, similar to
recently analyzed fluid filled structures such as road tankers 210 or nuclear reactor
design.211

The mechanical environment of cells during in vitro vibrations,

including fluid motions and fluid shear, was measured with particle image
velocimetry (PIV) and modeled with the finite element method (FEM). Speckle
photography, an analytical sloshing model, and PIV were used to validate the
FEM. Fluid shear within an oscillating cell culture well was determined as a
function of vibration magnitude, frequency, fluid viscosity, and total fluid volume
in the well. Fluid viscosity was altered by the addition of dextran to the culture
medium44 and measured by a viscometer (ASTM D455). All data were quantified
in a sagittal plane through the center of the well that was positioned in the
direction of the imposed oscillatory motion. Shear was reported primarily in the
horizontal direction because of the horizontal alignment of the cell layer and the
much smaller values for vertical shear.
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Vibrating stage
A stage was constructed capable of transmitting the sinusoidal oscillations from
the actuator at frequencies between 10-400Hz and peak accelerations up to 1.8g
(400Hz) or 3g (10Hz). However, frequencies above 250Hz created secondary
vibrations of the whole system which were eliminated by selecting 100Hz as the
maximal frequency. A linear actuator (NCM15, H2W Technologies Inc., CA)
controlled by a signal generator was attached to a platform mounted onto a
linear frictionless slide (NK2-110B, Schneeberger GmbH, Germany) which
horizontally constrained the motion. An accelerometer (CXL10, Moog Crossbow
Inc., CA) attached to the oscillating platform recorded accelerations in three
orthogonal directions in real-time.

Up to three 24-well cell culture plates

(CLS3527, Corning, NY) were firmly secured to the platform to avoid any
secondary vibrations.

Particle image velocimetry (PIV)
PIV was used to experimentally measure vibration induced fluid velocity
gradients and the resultant shear rates in the close vicinity of the cell layer at
37.5, 75, 112.5, and 150µm from the well bottom for a well filled with 2.5mm of
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fluid. A well filled up to 5mm fluid was used to validate shear rates calculated by
FEM at 150, 300, 450 and 600µm from the well bottom. A glass fluid chamber
was fixed on a single glass slide, attached to the actuator and mounted under a
fluorescent microscope. One-micron fluorescent polystyrene microspheres
(Fluorospheres-580/605, Invitrogen, CA) served as markers for tracking motions
during 60Hz vibrations. Microspheres were uniformly distributed at the bottom
of the fluid chamber at a concentration of 37x10 6/cm2 to establish a reference
coordinate system on the bottom of the well. In the absence of fluid in the well,
the vibration (60Hz) induced motion of the slide was visualized and recorded
(250fps) with a high-speed camera (Motion-scope, Redlake Digital Imaging
Systems, FL) using a 20X objective (Fig. 2.1a). The absence of fluid increased the
fluorescent signal intensity of the polystyrene beads, enabling the verification of
the sampling rate by comparing it to 500fps. Motions recorded at 250fps were
not different from those recorded at 500fps. Fluid containing 40,000 spheres/ml
to reach fill heights of either 5mm (1000µl fluid) or 2.5mm (500µl fluid) was then
added and particle motions were tracked at the horizontal planes specified
above (250fps). Acceleration was varied through the output voltage of the
function generator. Above 0.6V, our ability to accurately track particles
decreased considerably due to total particle travel being larger than field of
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view. Thus, 0.6V was used as the maximal voltage, corresponding to 0.86g at a
vibration frequency of 60Hz.

Finite element modeling (FEM)
FEM (Abaqus 6.9.1, Simula, RI) was used to determine the 3D fluid flow field
within the modeled cell culture well and to investigate how changes in vibration
frequency, acceleration magnitude, fluid viscosity and fluid volume alter flow
patterns (Fig. 2.1b). To accommodate the computational resources, the distance
between fluid nodes was set to 150µm, creating 861,888 fluid nodes. Fluid shear
acting on the bottom of the well was calculated through the relative velocity
magnitude between the bottom and the adjacent fluid layer. To maintain
continuity of velocity between the bulk motion of the fluid and the bottom (Fig.
2.1b), a linear velocity gradient between the wall and the first fluid layer was
assumed similar to Couette flow,212
 (y) 

 (Vw  Vf )
h

(1)
,

where τ(y)= fluid shear, μ= viscosity, Vw= velocity of well bottom, Vf= fluid
velocity, and h= distance between fluid layer and the well bottom. Results were
obtained for vibration frequencies of 30, 60, 75, and 100Hz, acceleration
magnitudes of 0.01, 0.1, 0.5, and 1.0g, and normal (0% dextran) and viscous
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mediums (6% dextran). Data acquired at a level of 150µm from the well bottom
were extrapolated to the cell vicinity of 37.5µm from the bottom through the PIV
defined spatial gradient pattern (Fig.2.2).
The model was validated by comparing shear rates between FEM and PIV
at 150, 300, 450 and 600µm from the well bottom. Further validation of FEM
was performed by comparing bulk motions of the fluid to speckle photography
and an analytical sloshing model.

Speckle photography
Speckle photography213-215 was performed to quantify the motion of the well and
the relative motion of the fluid within the well during high-frequency
oscillations. An acrylic well was casted (18mm wide and 2mm deep), filled with
culture medium (α-MEM, Invitrogen, CA) to reach 5mm in height and attached to
a horizontally vibrating plate. Mixtures of silicon carbide (SiC) and talc speckles
ranging in size from 3 to 20μm were suspended in the medium to facilitate the
tracking of fluid motions throughout the well. The well was vibrated at 60Hz and
1g acceleration. A high-speed camera (Motion-scope, Redlake Digital Imaging
Systems, FL) recorded motions of the vibrating well section and its fluid at
250fps.

During the analysis, two consecutive frames (720x630pixels) were

35

extracted and segmented into sets of 16x16 pixel sub-images. The displacement
vectors for the speckles within the sub-image were determined with a two-step
fast Fourier transform algorithm.215

Linear sloshing analytical model
A linear wave theory solution was used to analytically describe the fluid motions
caused by the horizontal oscillations.216 Briefly, we assumed that the fluid will
have a relative velocity u  φ with respect to the well during oscillations. The
relative velocity potential of a fluid φx, y; t  with a depth (H) in a rectangular
container with a width of 2a that is vibrating horizontally at an acceleration of
Gx (t ) is,


φ( x, y ; t )   C n (t ) sin(α n x ) cosh(α n ( y  H ))
n 0

(1)

where Cn can be determined by the following differential equation.
  2ζ ω C  ω 2C 
C
n
n n n
n n

( 1)n 12
 (n  1,2,...)
G
2
α n a cosh(α nH )

Here, αn = (2n-1)π/2a and wn = αngtanh(αn H) are the nth wave number
and natural frequency, respectively. ζn is a damping ratio to simulate the
viscosity of the fluid. Taking the partial derivative of the velocity potential
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(2)

φx, y; t  with respect to x and y yielded the relative velocity of the fluid in the
well at any given time t. Input parameters were: H=5mm, a=7mm, ζn=1,
G=9.81m/s2 and w=367.99 rad/s (60Hz). At n>3, the higher-order terms did not
significantly contribute to the solution and, therefore, n=3 was used.

In vitro COX-2 experiments
As an application of the model developed above, we tested whether increasing
fluid shear, independent of the peak acceleration that the cell receives, increases
COX-2 gene expression levels in osteoblast like MC3T3-E1 cells. COX-2 is an
enzyme that directly produces PGE2 and thereby plays a key role in mechanically
induced bone formation.208, 209 Inhibition of COX-2 and PGE2 blocks new bone
formation by mechanical signals in vivo.217 Cells were subjected to vibrations for
30min at frequencies of either 10, 30, 60 or 100Hz in standard or viscous
medium that contained 6% dextran (n=9 / group). The peak acceleration of the
sinusoidal oscillatory signal was selected as 1g because data from our model
indicated that this acceleration level can generate fluid shear stresses that are
similar to those generating a MC3T3-E1 response in previous fluid shear
investigations.151,
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Experiments were performed at a fluid height of 2.5mm

within each well to maintain optimal oxygen diffusion (Corning Inc.). Cells in the
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control groups were subjected to identical procedures as those in the vibration
groups but the oscillating stage was not turned on.
MC3T3-E1 cells (CRL-2593, ATCC, Manassas, VA) were cultured in culture
dishes (100mm, Corning Inc., NY) using α-MEM supplemented with 10% fetal
bovine serum (FBS, Gibco, CA) and 1% Penicillin-Streptomycin (PS, Gibco, CA)
and incubated at 37oC, 5% CO2. Medium was changed every 48h. Cells were subcultured prior to reaching confluence. Cells were then seeded in 24-well plates
(CLS3527, Corning Inc.) using 0.5ml of culture medium at a density of 140,000
cell/ml. Cells were then incubated at 37oC and 5% CO2 for 24h to facilitate
attachment. Prior to exposure to the mechanical signal (1g peak acceleration at
10, 30, 60, or 100Hz), the fluid in each well was aspirated out and cells were
supplied with new culture medium containing 2% FBS and 1%PS. Fluid shear was
modulated by increasing the viscosity of the culture medium via the addition of
6% (w/v) dextran (Molecular Weight ~70,000, Sigma, Lot#0001352455). Upon
vibrating the cell culture dishes for 30 minutes, all fluid was aspirated from the
wells and cells were supplemented with a culture medium without dextran
containing 2% FBS and 1% PS. In an preliminary experiment to evaluate temporal
response, COX-2 shown to peak within one hour and return back to control
levels after three hours. To add up the total time after vibrations to one hour,
cells were returned to incubator for 30 minutes.
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Following a 30min incubation period at 37oC and 5% CO2, cells were
treated with 600ml of TRIzol (Ambion, TX) and stored at -80oC. Total RNA was
isolated (RNeasy Mini Kit, Qiagen, CA) and its quality and concentration were
determined (NanodropND-1000, Thermo Scientific, NY). Upon reverse
transcription (High Capacity RNA to cDNA kit, Applied Biosystems, CA), qPCR was
performed (Step-One Plus, Applied Biosystems, CA) using Taqman primer probes
(Applied Biosystems, CA) for COX-2 (Mm_00478374_m1_Ptgs2) and 18S
(Mm_03928990_g1_Rn18s) that served as referent. Expression levels were
quantified with the delta-delta CT method.218 Experiments were repeated three
times with n=3 each. Results were presented as mean ± SEM. Differences
between groups were identified by one-way analysis of variance (ANOVA)
followed by Newman-Keuls post-hoc tests. P-values of less than 0.05 were
considered significant.

Results
Mechanical signals in the immediate vicinity of the cell layer
Particle image velocimetry (PIV) allowed the quantification of fluid velocities in
close proximity of the well bottom. In wells filled up to 2.5mm, the shear rate
between layers at 37.5, 75, 112.5 and 150µm from the bottom of the well was
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non-linear (R2=0.99 for 2nd degree polynomial fit, Fig.2.2), reaching peak shear
stresses of up to 0.47Pa at 37.5µm and 0.15Pa at 150µm. Increasing fluid fill
height from 2.5mm to 5mm decreased the shear rate almost 2-fold as a result of
decreased relative fluid velocity, from 163 to 79sec-1.g-1.

Bulk motion of the fluid within the well
Data from the accelerometer and speckle photography confirmed that the
horizontal oscillation of the well was sinusoidal with an amplitude of 152±8.2µm
(Fig. 2.3a). By step-wise decreasing the oscillation frequency from 60 Hz to 10Hz
and measuring the free surface elevation near the side wall of the well, the
resonance frequency was determined to be equal or smaller than 10Hz (Fig.
2.3b).

Thus, frequencies at 30Hz or above did not induce large nonlinear

motions typically observed at resonance.219-222

Speckle photography also

quantified the oscillation-induced relative motion of the fluid within the well.
The relative displacement of fluid within the well was 7.1µm±1.3 µm on average,
corresponding to a phase shift of

radians over a 60Hz, 1g cycle (2π) (Fig.

2.3c). This phase shift matched the results from the FEM that was

radians

(Fig. 2.4a), corresponding to 7.5µm of fluid displacement. As visualized by
speckle photography, the oscillatory motion caused the direction of the fluid
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displacement vectors to shift to a vertical direction near the side wall, justifying
the selection of a previously described two-dimensional linear model of fluid
sloshing in a horizontally oscillating well.216
Bulk fluid motion was compared between the analytical closed-form
solution and the FEM to test for potential discrepancies. Relative fluid velocities
quantified at three random points within the well (Fig. 2.4b) were in good
agreement between the two methods even though the analytical model was 2D
and not 3D (Table 2.1). Similar to speckle photography (Fig. 2.3c), horizontal
components of the relative fluid velocities determined by FEM decreased in the
vicinity of the walls (Fig. 2.4b). The inhomogeneity of the flow field was reflected
in the histogram of fluid shear stress magnitudes in a plane 150µm from the well
bottom wall at t=0.005sec (π/4). 70% of the fluid nodes in a vertical plane
experienced fluid shear between 0.10 and 0.08Pa with shear at the remaining
fluid nodes decreasing to 0.01Pa at the side wall (Fig. 2.4c). The central region of
the well was subjected to maximal fluid shear values. At 150µm from the well
bottom, peak fluid shear stresses in the center reached up to 0.13Pa during a
60Hz, 1g vibration cycle (Fig. 2.4a). There were also vertical motions of the fluid
surface due to sloshing. However, the vertical motions of the fluid surface did
not propagate to layers in the proximity of the cells (well bottom) and peak
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vertical fluid shear was at least two orders of magnitude smaller than peak
horizontal fluid shear.

Modulation of fluid shear stress via viscosity, acceleration and frequency
FEM defined how changes in vibration frequency, acceleration magnitude, fluid
viscosity and fluid volume modulated fluid shear in the vicinity of the cell layer.
For a fill height of 5mm, shear rates showed an excellent agreement between
FEM and PIV at distances up to 600µm from the bottom (Fig. 2.5). Similar
agreement was observed at 2.5mm fluid fill height. For instance at 150mm from
bottom wall, FEM showed a shear rate of 150 sec-1.g-1, compared

to the

experimental shear rate of 163 sec-1.g-1.
To increase fluid shear without altering any variable defining the
vibratory signal, fluid viscosity of the medium was increased. The addition of
every 3% (v/w) dextran approximately doubled the fluid viscosity from 1.05cP at
0%, to 2.12cP at 3% and 3.58cP at 6% dextran. Independent of the applied
frequency and acceleration, the greater viscosity of the fluid slightly decreased
fluid shear rates because of greater fluid density. However, the modest decrease
in shear rates was over-compensated by the large increase in fluid shear
resulting from the greater fluid viscosity. For example, the resulting peak fluid
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shear stresses measured at 150µm from the well bottom increased from at
0.13Pa at 0%, to 0.22Pa at 3%, and 0.33Pa at 6% dextran during 60Hz, 1g
oscillations.
Increasing vibration frequency nonlinearly increased fluid shear. At an
acceleration magnitude of 1g, fluid shear stress at 30Hz (0.94Pa) decreased by
70% when raising signal frequency to 100Hz. Increasing acceleration magnitude
linearly increased fluid shear. At a vibration frequency of 60Hz, the fluid shear
stress increased an order of magnitude from 0.047Pa to 0.47Pa when the
acceleration magnitude was increased from 0.1g to 1g (Fig. 2.6).

Modulation of COX-2 mRNA levels by vibration frequency, acceleration and fluid
viscosity
COX-2 mRNA expression was determined after a 30min exposure to a signals of
1g peak acceleration at four different frequencies (10, 30, 60 and 100Hz). Cells
were oscillated in fluid viscosities of 1 or 3.5cP, corresponding to 0 and 6%
dextran solutions. Cells did not lift off the well bottom during vibrations in either
medium. Compared to controls, all frequencies significantly increased COX-2
gene expression except the 60Hz, 6% dextran group (Fig. 2.7). In standard culture
medium viscosity, COX-2 transcriptional level were the highest in the 100Hz
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group (p<0.01). This difference in COX-2 could not be attributed to an increase in
fluid shear since fluid shear stress was the smallest at 100Hz (0.28Pa). Increasing
the viscosity from 1cP to 3.5cP via the addition of dextran greatly increased fluid
shear stress; at an oscillation frequency of 30Hz, peak fluid shear at the well
bottom increased from 0.94Pa to 2.6Pa. While control COX-2 levels were not
significantly different between the 0% and 6% dextran groups, COX-2 levels
increased less with vibrations in the more viscous medium. In contrast to the
relatively similar COX-2 levels across the frequency spectrum in normal culture
medium, there was a trend towards lower COX-2 expression in the higher
frequency groups in the 6% medium; COX-2 expression in the 10Hz and 30Hz
groups was significantly greater (p<0.001) than in the 60Hz and 100Hz groups
(Fig. 7).

Discussion
Particle image velocimetry and finite element modeling were used to
characterize mechanical signals, in particular fluid shear, that the cell layer in a
culture well experiences during high-frequency vibrations. FEM, speckle
photography, and an analytical sloshing model characterized the motion of the
bulk flow. Cellular fluid shear stress was modulated by fluid viscosity, fluid
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volume, vibration frequency and acceleration. At 30Hz and 1g, shear stresses
reached up to 1Pa. Tripling vibration frequency decreased shear more than 2fold while decreasing acceleration magnitude to 0.1g reduced shear by an order
of magnitude. To highlight potential applications of this model, we tested
whether vibration induced fluid shear in pre-osteoblasts drives the expression of
a gene known to be responsive to low-frequency fluid shear. In regular culture
medium, the group that experienced the smallest amount of fluid shear (100Hz)
showed the greatest increase in COX-2 expression. Increasing fluid viscosity and
fluid shear muted, rather than increased, COX-2’s response to vibrations. Within
this high fluid shear (viscosity) group, shear stress was negatively associated with
vibration frequency and there was a trend towards greater COX-2 transcriptional
levels with greater shear stresses.

The absence of consistent associations

between COX-2 and the mechanical variables considered here indicates that the
physical mechanism by which pre-osteoblasts sense and respond to highfrequency mechanical signals in vitro is not defined by fluid shear or signal
frequency.
Several limitations should be considered when interpreting our findings.
The full-field velocity solutions for the well showed that shear stress is
distributed spatially non-uniform with the greatest stresses at the center. While
this heterogeneity precludes determination of the precise level of any given
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mechanical parameter that cells responded to during vibrations, it allows
conclusions regarding the change in the cellular response when altering vibration
parameters. Micron-sized surface features of the cell may alter local fluid shear
gradients

223

but the resolution of PIV was not sufficient to capture these local

variations. Thus, shear stresses quantified here via linear assumptions may
slightly underestimate the true shear magnitudes experienced by cells. Lastly,
the 10Hz vibration group was included in the cell culture experiments but the
non-linear fluid sloshing effects at this frequency did not permit an accurate
assessment of fluid shear. Thus, cells subjected to 10Hz oscillations in either the
normal or dextran medium experienced much greater shear levels than the
higher-frequency groups and may give an indication of the cellular response to
the maximal level of fluid shear that our in vitro system can generate at a given
acceleration magnitude.
Cell culture studies using vibrations as mechanical input for regulating
cell activity are becoming increasingly popular.224, 186, 196, 184, 207, 206 While these
studies have been defining the biochemical response of the cell, the physical
mechanism by which the signal is sensed and transduced is typically neglected.
Primarily based on in vivo investigations, direct and indirect mechanisms have
been suggested including out-of-phase acceleration of the cell nucleus 192 or fluid
shear.52 Unlike in vivo experiments in which these variables are difficult to
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separate, the mechanical characterization of our horizontally oscillating cell
culture system demonstrates that this can be readily achieved in vitro. Vibrating
the cells horizontally represents a physiologically more relevant model by
creating substantial amounts of fluid shear compared to vertical vibration which
primarily generates fluid shear by straining the well wall but not by vertical
motions.225 A model capable not only of generating but also of precisely
controlling fluid shear is critical for studying many cell types/tissues including
bone in which the high viscosity of the bone marrow and the geometry of the
surrounding trabecular bone can give rise to significant fluid shear during
vibrations in vivo.105
In contrast to the frequently used parallel plate assumption, 35
experimental data showed that fluid shear stress magnitude spatially increased
nonlinearly towards the cell layer, perhaps a consequence of the high frequency
of the fluid motion which behaved like a harmonic oscillator.216 Because the
bone marrow cavity is entirely filled with fluid, the sloshing motion created by in
vitro oscillations is different from fluid motions in vivo. The fluid within the bone
marrow, however, is 40 to 400 times more viscous than water, 226 linearly raising
fluid shear caused by fluid motions. Thus, even though the space in the marrow
cavity is fully filled and fluid motions induced by vibrations are much smaller
than generated here, the resulting fluid shear stresses are significant. 105 In
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contrast, vibrations produce only negligible fluid shear in a fully filled cell culture
well,182, 186, 196 precluding comparisons to the in vivo mechanical environment.
While increasing the in vitro viscosity of the fluid will increase shear, the viscosity
of bone marrow cannot be modeled by the addition of dextran because of cell
death at high dextran concentrations.227 Thus, the large difference between in
vitro and in vivo fluid viscosities necessitates an in vitro model that raises fluid
motions in an open well to generate levels of fluid shear similar to those
encountered in vivo.
The most comprehensive analysis of vibration induced fluid shear stress
in vivo was performed with a computational model based on mixture theory.105
In this model, accelerations applied to a bone induce strain in the bone matrix
which, in turn, leads to fluid shear. In this study, fluid shear was positively
correlated with both viscosity and vibration frequency. In our study, fluid shear
was also positively correlated with viscosity but in contrast, a negative
correlation was observed between fluid shear and vibration frequency. This
discrepancy is likely accounted for by differences in how confounding variables
were treated. In our model, we kept acceleration magnitude constant when
increasing vibration frequency, causing a decrease in peak fluid velocity and
resulting fluid shear. In the previous study, however, matrix strain was kept
constant when frequency was increased. As the conservation of momentum
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dictates that all inertial forces have to be balanced with strains, increasing the
frequency decreases peak velocity (i.e., linear momentum). Thus, matrix strains
can only remain constant if linear momentum is increased, implying that
acceleration magnitudes increased concomitantly with frequency in their model.
Our model however separated the role of accelerations from frequency and
derived fluid shear stresses from relative motions of the fluid rather than from
relying on very small matrix deformations.
Our COX-2 expression data from cells subjected to relatively low-shear in
normal culture medium showed that shear stress was unrelated to vibration
induced differences in transcriptional activity. These results are similar to those
from in vivo low-intensity vibration studies, demonstrating that bone has the
ability to sense vibrations over a wide range of frequencies76 and that higherfrequency vibrations generating less fluid shear, rather than more, can be more
effective in initiating new bone for a given peak acceleration.190 Increasing the
viscosity of the medium by adding dextran significantly increased shear stress at
all frequencies. For these high-shear conditions and in contrast to the low-shear
conditions, the vibration induced increase in COX-2 expression was moderately
associated with the level of shear generated, consistent with an in vivo study in
which the application of large-magnitude vibrations produced a skeletal
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response that was dependent on shear stress (i.e., acceleration magnitude) to
which the cells were exposed .72
Previous studies that demonstrated a frequency-dependency of COX-2
expression in bone cells used completely filled and sealed containers, largely
eliminating fluid shear.182, 186 Here, using an in vitro system that allowed us to
generate fluid shear magnitudes similar to those experienced in vivo (0.12Pa),105 we showed that amplifying fluid shear 2.6-fold via dextran decreased
and not increased, COX-2 transcriptional levels. The differential response
between the two distinct viscosity groups was independent of differences in
osmolarity as COX-2 levels in the two control groups were identical. Ostensibly,
the lower responsiveness in the higher viscosity group could be attributed to
decreased chemotransport.228 In low-frequency fluid shear studies, 0.5-1Pa are
required to elicit a biologic response in osteoblast like cells in vitro,229 but the
typically used pulsating or continuous flow profiles may provide a more potent
stimulus to cells than oscillating flow generated here.35 Further, a cell’s
responsiveness to flow may decrease at high frequencies.230 As peak shear
generated at 30Hz in normal medium was at least 0.94Pa and no influence of
shear on COX-2 was observed, our data suggest that fluid shear must reach
levels of at least 1Pa for fluid shear to play a significant role in defining the
cellular response to vibrations.
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The only group in which vibrations did not increase transcriptional levels
of COX-2 was the 60Hz, 6% dextran group. In the 0% dextran 60Hz group, the
COX-2 response was not abolished but merely lower than for the other
frequencies and, therefore, cells clearly have the ability to respond to this
specific frequency. It is entirely possible that the (unknown) mechanism which
senses and orchestrates the cellular response to vibrations is less sensitive to a
60Hz frequency. Considering that the COX-2 response was greater at 100Hz than
at 60Hz at both dextran concentrations, it is also possible that this cellular
mechanism is particularly sensitive to 100Hz vibrations (e.g., cytoskeletal
resonance231), and that the lack of a response in the 60Hz group, 6% dextran
group merely follows the downward trend in cellular responsivity defined by the
10Hz and 30Hz signals.

Previous studies indicated that the cellular

responsiveness to mechanical signals can be increased by incorporating rest
periods, independent of signal frequency.67,
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Whether the addition of rest

period could normalize the COX-2 response in the 60Hz, 6% dextran group
remains to be determined.
In summary, we characterized the mechanical environment of cells in
vitro during horizontal vibrations that exposed cells not only to oscillatory
accelerations but also to oscillatory fluid shear. In this system, fluid shear can be
controlled precisely and independently by acceleration magnitude, vibration

51

frequency, fluid viscosity and fluid volume and may allow for the potential
identification of the specific mechanical parameter(s) that cells respond to
during the exposure to vibrations. As an example of an application of this
system, we subjected an osteoblast-like cell line to four different frequencies
under two distinct fluid viscosities. Under low viscosity conditions, fluid shear
was a poor predictor of the molecular response. Under high fluid shear
conditions, shear stress emerged as a variable that may have played at least a
role in modulating COX-2 expression levels. These data suggest that other
mechanical factors such as the out-of-phase acceleration of the cell nucleus182, 71
may need to be considered for investigating oscillatory mechano-transduction in
cells. The identification of these mechanical factor(s) and their effects and
interactions under different vibration conditions will be critical to advance our
understanding of the mechanisms by which cells in different tissues respond to
high-frequency mechanical signals.
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Tables
Table 2.1. Comparison between the linear and finite element solutions at
different spatial locations as specified in Figure 3 during 60Hz, 1g
oscillations. Results are represented as percentages of the peak well
velocity of 0.027m/s.

Point A

Point B

Point C

Linear Solution

98.6%

72.6%

20.7%

Finite Element

88.5%

70.4%

15%
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Figures

Figure 2.1. Experimental and computational methods used to describe fluid
motions at the well bottom. (a) Schematic of the Particle Image
Velocimetry (PIV) setup. A high-speed camera recorded the motions of
1µm red fluorescent polystyrene particles vibrating within a fluid filled
chamber attached to a microscope slide. Fluid shear was quantified by
comparing the motion of the slide surface to the particle motions
measured at 37.5µm distance intervals. (b) A fluid filled cell culture well
was modeled as viscous fluid within a rigid well with the Finite Element
Method (FEM). Vibration induced fluid shear at the bottom of the well was
calculated by computing the relative velocity between wall and fluid
assuming linear velocity gradients.
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Figure 2.2. Shear rates between fluid and the well bottom as determined by PIV.
PIV showed a steep non-linear increase in shear rate towards the surface of
the glass slide (bottom of the well).
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Figure 2.3. Motions of the well and the fluid as determined by speckle
photography (a) Displacement of the well, during 1g, 60Hz oscillatory
motions. (b) Elevation of the fluid surface near the side-wall of the well
(vertical red line in inset) as a function of vibration frequency. Non-linear
surface motions at frequencies around 10Hz are indicative of resonance
behavior. (c) Upon completion of one full oscillatory cycle, out-of-phase
fluid displacements relative to the well demonstrated sloshing behavior are
visualized in the mid-sagittal plane of the well.
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Figure 2.4. Fluid velocities and shear stress determined by FEM (a) Velocity
profile of the rigid well (solid-red), fluid velocity (dashed-red), and fluid
shear at Point B (see Figure 4b) during a 60Hz, 1g oscillatory motion. The
phase difference between the well and the fluid was
radians. (b) The
velocity profile of the viscous fluid at t=0.005s during the 1g, 60Hz
oscillatory motion of the rigid well (in black). Shown is a mid-sagittal plane
of the well. Points A, B, and C were used to compare relative fluid velocities
against the linear solution depicted in Table 2.1. (c) Histogram with the
distribution of fluid nodes subjected to a given level of fluid shear at
t=0.005s. In spite of spatial non-uniformity, approximately 75% of the well
surface received shear stresses within 20% of the peak shear stress
magnitude.
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Figure 2.5. Validation of FEM simulations by PIV. Comparison of shear rates
between FEM and PIV at heights of 150, 300, 450 and 600µm from the well
bottom. Measurements were taken in a well with a total fluid height of
5mm.
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Figure 2.6. Modulation of fluid shear by vibration parameters. Peak fluid shear
stress was modulated by vibration acceleration magnitude and vibration
frequency, demonstrating that different combinations of frequency and
acceleration can produce identical shear stress values.
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Figure 2.7. Change in COX-2 expression of MC3T3-E1 cells exposed to five
different frequencies under low-shear (0% dextran) and high-shear (6%
dextran) conditions. Fluid shear for each frequency is represented by
horizontal black bars. Shear at 10Hz could not be quantified because of
resonance behavior of the fluid at this frequency. P<0.05: * against 0Hz, †
against10Hz, ‡ against 30Hz, § against 60Hz, ¥ against 100Hz.

60

Chapter 3

VIBRATIONS MODULATE PROLIFERATION AND
OSTEOGENIC COMMITMENT OF MESENCHYMAL
STEM CELLS IN THE PRESENCE OF PRESTRESS

61

Abstract
Consistent across studies in humans, animals and cells, the application of
vibrations can be anabolic and/or anti-catabolic to bone. The physical
mechanism that modulates the vibration-induced response has not been
identified, in part because putative mechanisms including fluid shear and
acceleration are difficult to separate in vivo. Recently, we developed an in vitro
model in which acceleration magnitude and fluid shear can be controlled
independently during vibrations. We hypothesized that, vibration induced fluid
shear is not necessary to enhance mesenchymal stem cell (MSC) differentiation
and cytoskeletal remodeling and that cell sensitivity to vibrations can be
promoted via actin stress fiber formation. Adipose derived human MSCs were
subjected to vibration frequencies and acceleration magnitudes that induced
fluid shear stress ranging from 0.04Pa to 5Pa. Vibrations applied at 0.15g to 2g
accelerations at both 100Hz and 30Hz. After 13 days, mineralization was greater
in stimulated groups than in controls. The enhanced mineralization was not
correlated with fluid shear in 100Hz vibration groups where fluid shear levels
were low (< 1 Pa). At 30Hz, there was a trend towards a increase in
mineralization with increasing acceleration and fluid shear. Early gene expression
data showed that in the absence of actin stress fiber formation, mechanical
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vibrations were not sufficient to induce osteogenesis. However, increasing cell
tension with lysophosphatidic acid enabled mechanical vibrations to upregulate
RUNX-2 mRNA levels. Mechanically induced remodeling of the actin cytoskeleton
correlated with increasing acceleration magnitude at mRNA level. These results
showed that fluid shear was not necessary in vibration induced osteogenesis and
accelerations alone increase cytoskeletal remodeling which may play a role in
cellular mechanosensitivity.
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Introduction
Low-level vibrations have been recognized as a mechanical signal than can be
anabolic and/or anti catabolic to calcified tissue both in vivo and in vitro.

7, 39

Studies show that the vibrations can modulate mechanical adaptation of bone in
a frequency specific

190

or a dose dependent

181

manner. Because of the stiffer

skeleton, vibrations can be readily transmitted through calcified tissue from the
site of induction over long distances
bearing sites including spine,

232

203

as shown by the responses on load

femur and tibia.
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Interestingly, vibrations

found to be more specific to the trabecular bone compared to cortical regions. 74
However, the mechanical environment that a cell within the matrix or within the
bone marrow perceives and responds to is unknown, precluding the
interpretation of site specific signal-response data on vibration induced
regulation of bone metabolism.
Strains induced by low-level vibrations

233

are at least two orders of magnitude

smaller than those required to elicit a response when the signal frequency is
much lower.

88

Considering that vibrations applied during non-weight bearing

retain their efficacy in the presence of extremely small deformations (~1µε), 71 it
is unlikely that matrix deformations are critical for cells sensing the mechanical
signal. However, drag forces resulting from dynamic accelerations may produce
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physiologically relevant levels of fluid shear on bone/fluid interfaces.

103, 105

Inside the bone marrow cavity and in trabecular regions, the level of shear is
highly dependent on marrow viscosity which can change dramatically during
aging and osteoporosis, fatty bone marrow replaces red marrow that has a 10fold smaller viscosity.

108, 110, 111

Changes in the magnitude of fluid shear during

vibrations could modulate the function of resident bone cells and ultimately
influence the mechanical adaptation of bone. For example using osteoblasts, we
previously showed that during vibrations, increasing the fluid shear over 1Pa by
changing the viscosity could reverse the frequency response of mRNA levels of
COX-2,

234

a mechanically inducible enzyme which is responsible from PGE2

mediated bone repair and MSC differentiation. 235
Cells have specialized elements to sense mechanical stimuli, such as
primary cilia for sensing fluid shear.

236

However it is entirely possible that cells

can generally sense mechanical signals through a common element. As a
continuous structure between chromosome and cell membrane, the
cytoskeleton is a likely candidate for transmitting mechanical cues within a cell.
167

Instantaneous mechanical coupling between cell membrane and cytoskeleton

was demonstrated by magnetically twisting integrin bound beads.

166

Cytoskeleton elements can distribute the local deformations to create global
deformations
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not necessarily limiting the propagation of mechanical
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information to “outside-in”. 238, 168 Ostensibly, vibrations that cause out-of-phase
movement of the denser and stiffer nucleus may be capable of initiating similar
mechanotransduction cascades through cytoskeleton when compared to fluid
flow. From this mechanistic viewpoint, the efficacy of different mechanical
inputs directly depends on the efficiency of force transfer through the
cytoskeleton. Interestingly, cytoskeleton can act as a mechanosensory site and
directly modulate the force transfer by changing the prestress state of the cell
based on mechanical environment
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including fluid flow,151 matrix

deformation160 or substrate stiffness.239
To understand the contribution of the fluid shear to the effects of
vibrations on the osteogenic differentiation of MSCs, we used a previously
developed in vitro method that can control the fluid shear cells subjected to
during high frequency vibrations. We hypothesized that, vibration induced fluid
shear is not necessary to enhance mesenchymal stem cell (MSC) differentiation
and cytoskeletal remodeling and that cell sensitivity to vibrations can be
promoted via actin stress fiber formation.
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Materials and Methods
Experimental design
Throughout the manuscript we divide the mechanical forces created by
application of vibrations to two different main components, accelerations and
vibration induced fluid shear stress. While accelerations is a direct measure of
vibration magnitude, as shown previously, vibration induced fluid shear stress is
a function of

vibration frequency, acceleration and fluid viscosity 234. For

simplicity we refer vibration induced fluid shear stress as fluid shear. To
investigate whether fluid shear contributes to the response of MSCs exposed to
vibrations, parameters that generate a broad range of fluid shear values were
selected. Three different accelerations, 0.15g, 1g, and 2g were applied at two
different frequencies (30Hz and 100Hz) to create similar fluid shear conditions at
different vibration magnitudes. Furthermore, we incorporated 6% (v/w) dextran
into cell culture media to increase in fluid shear independent of vibration
parameters (Table 3.1). At day 1 mechanosensitivity of early RUNX-2, RANKL and
OPG mRNA expressions to increasing fluid shear or accelerations were assessed
with or without actin stress fiber formation. Additionally the effects of vibration
on cytoskeletal remodeling were profiled using a PCR array at day 7.
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Mechanically-induced cell proliferation and mineralization were assessed at days
3 and 16, respectively (Fig. 3.1).
Cell culture
The commercially available adipose derived MSCs (18yr old female, Lifeline
Technologies, Walkersville, MD) were cultured in standard flasks

(75cm2,

Corning Inc., NY) at a density of 5,000 cell/ cm2 using Stemlife basal medium
(Lifeline Technologies) supplemented with penicillin-streptomycin (PS, Gibco,
CA) and incubated at 37oC, 5% CO2. Medium was changed every 48h. Cells were
sub-cultured prior to reaching 70% confluence. For all experiments, only cells of
passage four or less were included.
For the experiments utilizing osteogenic differentiation, osteogenic medium
(Osteolife complete osteogenic medium, Lifeline technologies). All the other
experiments used Stemlife basal medium (Lifeline Technologies) unless stated
otherwise, which we refer to as normal medium.

Application of vibrations and determination of fluid shear
The vibration system that horizontally oscillated the cells is described in detail
elsewhere240. Briefly, an actuator (NCM15, H2W Technologies Inc., CA) capable
of producing frequencies between 10-100Hz and peak accelerations of up to 2g
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was attached to a stainless steel plate mounted on a linear frictionless slide
(NK2-110B, Schneeberger GmbH, Germany). Up to three 24 or 96-well cell
culture plates can be vibrated simultaneously with this system.

Vibration

treatment was applied for 30 minutes at 0.15, 1, or 2g peak vibration
magnitudes using 30 and/or 100Hz signals across all experiments. Vibrations
were applied at room temperature. Control samples were handled exactly the
same except vibration was not applied. Out-of-phase sloshing of cell culture
medium during vibrations was calculated using previously constructed and
experimentally validated finite element model.234 Using full-field velocity
distribution within cell culture well fluid shear was calculated. Level of generated
fluid shear correlates positively with vibration magnitude (acceleration) and
negatively with vibration frequency.

Calcification assay
Forty-eight hours prior to commencing an experiment, cells were seeded at a
density of 18,000 cells/cm2 in 24-well plates. Osteogenic factors were introduced
after 48 hours. Vibration treatment was applied using both 30 and 100Hz signals
for a total of seven groups (n=5 / group). After 13 days of vibration cells were
fixed with 70% ethanol for 1 hour and stained with 40mM alizarin red S (Sigma-
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Aldrich, St Louis, MO). Cells were de-stained with Cetylpyridinium chloride
(Sigma)

and

the

concentration

of

total

dye

was

quantified

using

spectrophotometer at 590nm.

Cell proliferation assay
Cells were seeded on 24 well plates with or without 0.15mg/ml rat tail Collagen I
(Cell Applications Inc., CA) at a density of 750 cells/cm2. Collagen was
implemented to create stronger integrin attachment
cell responsiveness.

160

241

which might enhance

After allowing attachment for 24 hours, vibration

treatment was applied using both 30 and 100Hz signals (n=4 / group). Cell
number was determined with a XTT cell proliferation assay (ATCC, VA) 24 hours
after two days of vibration treatment.

Gene profiling assay
In the first set of mRNA experiments, we investigated the immediate effects of
large changes in fluid shear and increased cell pre-stress after one time
application of vibrations on mRNA levels and cell viability. Fluid shear was
controlled by vibration magnitude or by changing fluid viscosity via dextran
(Molecular Weight ~70,000, Sigma) which facilitated acceleration independent
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increase of fluid shear. LPA (lysophosphatidic acid, Cayman chemical, MI) was
used to create rapid actin stress fiber formation within two hours. Cells were
plated at 18,000 cell/ cm2. After 46 hours, the medium from each well was
aspirated and replaced with mediums containing either normal medium, normal
medium + 6% (w/v) dextran or normal medium + 125uM LPA. Dishes were then
incubated at 37°C and 5% CO2. After two hours, cells were exposed to vibrations
once for 30min at 0.15, 1, or 2g peak acceleration magnitudes at 30Hz (n=6 /
group). mRNA levels of RUNX-2, RANKL and OPG were determined immediately
after vibration treatment.
In the second set of mRNA experiments we investigated the
longer term relation between cytoskeletal remodeling and fluid shear.
Cells were vibrated for 6 days (n=3/group). Since only cells that
undergoing cytoskeletal remodeling (normal medium + 125uM LPA) was
responsive to vibrations, long term remodeling of cytoskeleton was
facilitated by culturing the groups in osteogenic medium. 24h after last
vibration treatment, samples within each group were pooled and mRNA
levels for 84 genes controlling cytoskeletal remodeling were profiled
using commercially available PCR array (Human cytoskeleton regulators,
Qiagen, CA)
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RNA extraction and qPCR
Cells were lysed with 600ml of TRIzol (Ambion, TX) and stored at -80oC. Total
RNA was isolated (RNeasy Mini Kit, Qiagen, CA) and its quality and concentration
were determined (NanodropND-1000, Thermo Scientific, NY). Upon reverse
transcription (High Capacity RNA to cDNA kit, Applied Biosystems, CA), RT-PCR
was performed (Step-One Plus, Applied Biosystems, CA) using Taqman primer
probes (Applied Biosystems, CA) for RUNX-2, RANKL, OPG and GAPDH that
served as referent. Expression levels were quantified with the delta-delta CT
method 218 and results were reported relative to non-vibrated control.

Statistical analysis
Data were presented as mean±SEM. Differences between groups were identified
by one-way analysis of variance (ANOVA) followed by Student-Newman-Keul
(SNK) post-hoc tests. P-values of less than 0.05 were considered significant.

Results
Fluid shear is not necessary for the vibration induced osteogenesis
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Measuring total mineralization allowed us to compare level of osteogenic
differentiation induced by different combinations of mechanical signals (Fig. 3.2).
The range of fluid shear generated by out-of-phase motion of the cell culture
medium and the vibrating cell culture well during vibrations was between
0.04and 1.88Pa. Many studies use 1Pa fluid shear stress for mechanical
stimulation in vitro, and thus fluid shear magnitudes smaller than 1Pa were
considered low. At day 16, low fluid shear groups at 100Hz (0.15g, 1g, and 2g)
showed significantly higher mineralization compared to the non-vibrated control
(p<0.001). No dependence of mineralization on acceleration was observed
between 2g and 0.15g groups. At 30Hz, increasing acceleration from 0.15g to 1g
and to 2g elicited larger increases in fluid shear (0.14, 0.98 and 1.88Pa,
respectively) compared to the same acceleration increases at 100Hz. 0.15g
(0.14Pa) and 1g (0.98Pa) groups showed a trend of higher mineralization but
were not significantly different than non-vibrated control. 2g (1.88 Pa) showed
the highest mineralization and was significantly higher than the control, 0.15g
and 1g groups. Interestingly, even though there was a large fluid shear difference
between 100Hz-0.15g (0.14Pa) and 30Hz-2g (1.88Pa) groups, no difference in
mineralization was observed.

73

Sensitivity of cell proliferative response to acceleration is reduced with stronger
cell attachments
The total cell numbers were measured at day three after two days of vibration
treatment at 100Hz and 30Hz using 0.15g, 1g, and 2g accelerations. Inspection of
cells under a microscope did not show any detachment or dead cells. Both 100
Hz and 30Hz groups showed a significant decrease in proliferation with
increasing acceleration (Fig. 3.3a). The total cell number difference between
0.15g and 2g groups was 43% (p<0.001) and 54% (p<0.001) in 100Hz and 30Hz
groups, respectively. The same experiments were repeated using collagencoated plates (type I) to test whether the stronger cell attachments would
change the cell proliferation response or not. With the addition of collagen, the
total number of cells decreased 20% (p<0.05), in the control group possibly due
to decreased mobility via better cell attachment (Fig. 3.3b). Groups vibrated at
100Hz remained significantly different compared to non-vibrated control.
Collagen coating reduced the cell’s sensitivity to acceleration, reducing the gap
between 0.15g and 2g groups by half, down to 24% (p<0.05), which was the only
significant difference within 100Hz treatment groups. In 30Hz, differences
between 0.15g and 2g groups was 53% (p<0.001), essentially retaining those
results observed without collagen coating.
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Osteogenic mRNA levels increased by mechanical signals in the presence of
increased cell tension
To investigate the immediate mRNA regulation of MSCs we looked at immediate
gene expression patterns between different fluid shear values. During previous
experiments, 100 Hz groups did not induce large differences in fluid shear,
mineralization and cell proliferation. During short term mRNA experiments we
employed only 30Hz signals, providing broader range of fluid shear values
compared to 100Hz. Cells were vibrated at 0.15g, 1g or 2g accelerations. Under
normal culture medium conditions RUNX-2 and OPG were not significantly
different than control groups (Fig. 3.4a-b). RANKL expression significantly
increased in all groups (p<0.01) but did not correlate with fluid shear (Fig.3.4c).
To reveal fluid shear regulation, we increased the fluid shear 2.8-fold
independent of vibration parameters via increasing fluid viscosity. Cells remain
viable after viscosity treatment as determined by a live/dead cell assay. The 2.8fold increase in fluid shear was insufficient to upregulate RUNX-2 expression
levels. However, increased fluid shear elevated OPG in all three groups relative
to controls without any significant differences between 0.39Pa, 2.36Pa and 5.2Pa
fluid shear magnitudes (Fig. 3.4b). RANKL was also elevated by 23% to 214% with
increasing fluid shear. The greater increase in RANKL when compared to OPG
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effectively increased the RANKL/OPG ratio and highest increase in RANKL/OPG
coincided with the highest fluid shear (Fig. 3.4c).
The fact that RUNX-2 was not up-regulated in either normal nor elevated
fluid shear levels across different accelerations (0.15g, 1g, 2g) raised the
question whether increased cytoskeletal tension is required for the osteogenic
commitment. LPA increased the number of actin stress fibers after two hours of
incubation (Fig. 3.4). Mechanical signals were able to stimulate RUNX-2
expression when exposed to LPA (Fig. 3.4). The largest response relative to nonvibrated controls was 32% (p<0.001) at 0.15g which was significantly greater
than both 1g (p<0.01) and 2g (p<0.05), not correlating with fluid shear. OPG
expression was also higher compared to non-LPA. OPG expression was the
greatest in the 0.15g group; 36% greater than the non-vibrated control (p<0.001)
(Fig. 3.4b). RANKL expression showed no response to vibration compared to nonvibrated control.
Mechanically induced cytoskeletal remodeling is modulated by accelerations
Since cell pre-stress, but not fluid shear, enabled mechanical signals to modulate
osteogenic mRNA expression, we further explored the connection between
cytoskeletal development and vibrations by utilizing a PCR array to quantify 84
key cytoskeleton regulator genes. We treated cells with osteo-inductive medium
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for 6 days in which cells were also vibrated at 0.15g, 1g and 2g accelerations at
frequencies of 100Hz and 30Hz. A total of 25 genes showed a response to
vibrations (>2-fold). Genes were further subdivided into 9 functional categories
(Table 3.2). Of these 25 genes, 22 of them were related to actin remodeling. For
both frequencies, there was a trend of increase in actin network regulators with
increasing acceleration magnitude (Table 3.2). Largest up-regulation response
was observed in Wiskott-Aldrich syndrome (WAS) protein, a critical regulator of
Arp2/3 complex242,

153

enabling rapid actin fiber formation152-154 and binding

newly formed actin filaments to the existing actin network

155, 156

. Averaged

across 100Hz and 30Hz groups WAS gene was up-regulated by 6.8, 27.8 and
41.5-fold by increasing acceleration magnitude. Across different frequencies,
acceleration driven changes in WAS were retained despite the large differences
in fluid shear

Discussion
We investigated the vibration driven osteogenesis and proliferation of MSCs
using accelerations of 0.15g, 1g and 2g at frequencies of 100Hz and 30Hz.
Selected vibration parameters induced fluid shear between 0.04Pa and 1.88Pa.
To reveal the potential modulation of fluid shear on vibration response, fluid
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shear was further increased up to 5Pa using dextran. In early cell differentiation,
accelerations up to 2g and fluid shear up to 5Pa were unable to up-regulate
RUNX-2 mRNA levels. MSCs became sensitive to mechanical signals after LPA
induced actin stress fiber formation. Following the stress fiber formation, 0.15g
group with smallest fluid shear (0.04Pa) showed the biggest increase in RUNX-2.
After 6 days of vibration in osteo-inductive medium, 84 regulatory genes for
cytoskeletal re-modeling was profiled. Vibrations exclusively up-regulated actin
related genes (22 out of 25) and actin remodeling was positively correlated with
the increases in the acceleration magnitude. After 13 days of vibration there was
a significant increase in mineralization with vibrations. In 100Hz groups which
elicited low fluid shear (<1Pa), all acceleration showed a similar increases in
mineralization. At 30Hz that employed relatively high fluid shear values (0.14 to
1.88Pa), we saw a trend of increasing mineralization with increased acceleration
and fluid shear.
Interestingly, 100Hz-0.15g and 30Hz-2g groups had large differences
between fluid shear (0.04Pa vs 1.88Pa) without any apparent differences in
mineralization, demonstrating that vibrations can increase the level osteogenic
differentiation of MSCs independent of fluid shear. Lower mineralization were
observed in 30Hz-0.15g and 30Hz-1g groups compared 100Hz-0.15g and 100Hz1g groups, perhaps due to a cycle number dependent response. 232, 190 However
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we cannot rule out the possibility that mineralization increase 30 Hz-2g
groups were influenced by relatively high fluid shear stress (1.88Pa).
Unfortunately as opposed to short term experiments (1 day) during long
term experiments we cannot use dextran to independently change fluid
shear and accelerations. As the changes in osmotic pressure were shown
to change the cell function.243 Due to this limitation we cannot reliably
say if the changes in 30Hz-2g groups were influenced acceleration
magnitude or the vibration induced fluid shear.
Changes in cytoskeletal remodeling induced by acceleration
magnitude were not sufficient to explain mineralization results. For
example at 100Hz, all acceleration magnitudes showed a similar
mineralization even though the cytoskeletal remodeling was 2-fold lower
in 0.15g when compared to 1g and 2g groups. Additionally cytoskeletal
remodeling between 30Hz-1g and 30Hz-2g groups were similar even
though mineralization of 30Hz-2g group was significantly higher than
30Hz-1g group. Our results show that increases in acceleration can
explain the increases in cytoskeletal remodeling. However, interaction
between acceleration magnitude and cytoskeletal remodeling the in
regulating the mineralization response was not clear.
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In

proliferation

experiments,

we

observed

trends

similar

to

mineralization experiments. 100Hz groups tend to show smaller differences
differences between groups, emphasizing a frequency dependent response.
Within 30Hz groups there were larger differences between groups with
increasing acceleration and fluid shear. Interestingly, the sensitivity of 100Hz
groups to acceleration was decreased in the presence of collagen which
promoted stronger cell attachment.241 The magnitude of the response of
collagen group at 0.15g was almost doubled compared to the non-collagen
group, implying that by making it easier for cells to attach via collagen, the
efficacy of low magnitude vibrations could be modulated.
Without the use of any induction medium or pharmacological agents, an
increase in fluid shear alone did not elicit any osteogenic mRNA expression. It is
somewhat inconsistent with other flow studies. However most other studies
either used either low frequency or laminar flow profiles that might be more
effective compared to higher frequencies.230 Additionally we did not use any
coatings such as fibronectin that might positively influence the cell signaling.
When we employed LPA which resulted in rapid actin stress fiber formation, we
saw an up-regulation of both RUNX-2 and OPG while there were no changes to
RANKL expression. Our data shows that without osteogenic factors, high
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frequency vibrations and induced fluid shear alone were not sufficient to
induce osteogenic differentiation.
The RANKL/OPG ratio, reflective of the influence of MSCs on
osteoclastogenesis, was increased with the application of vibrations
during one day mRNA experiments. First of all, demonstrating that even
though vibrations did not elicit osteogenic response, vibrations were
sensed and responded by MSCs. Interestingly, opposite to osteogenic
changes, vibrations increased RANKL/OPG ratio only without LPA
treatment. When cytoskeletal remodeling was increased via LPA,
vibrations increased RUNX-2 and OPG and RANKL expression was muted,
effectively decreasing RANKL/OPG ratio. Perhaps this could represent a
distinct cell response towards mechanical signals when the cell prestress
is low. Suggesting that MSCs could modulate osteoblastogenesis better
when attached to a stiff surface that will support increased cell tension.
239, 246

However MSCs may be better modulating osteoclastogenesis6

when not committed to osteogenesis and residing in a softer substrate
such as bone marrow.
The mechanism by which the actin stress fiber formation
increased the positive mechanical regulation of RUNX-2 expression may
be attributed to the increased tension within the cell.
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247, 248

LPA

activates RhoA mediated increase in cell tension through myosin II

158

inducing

osteogenic differentiation. Mechanistically, cell tension positively correlates with
efficiency of force transfer163, 165 since a tenser cytoskeleton will provide a path
of least resistance for mechanical signals. Following 6 days of vibration
treatment, genes important for myosin light chain, RhoA, and ARP2/3 complex
function was up-regulated. Up-regulation in cytoskeletal remodeling was
dependent on acceleration magnitude, implying that vibrations may play a role
in increasing the cellular mechanosensitivity.
In this study, we showed that vibrations can modulate MSC metabolism
and fluid shear was not necessary for vibration induced changes. In 100Hz
groups, cells responded to vibrations in the presence of negligible fluid shear
stress (0.04Pa). Mechanically driven early osteogenic commitment of MSCs was
regulated by the cytoskeleton. Early gene expression data shows osteogenesis
was not induced by mechanical cues in the absence of actin bundling.
Interestingly, we found that the signal with the smallest fluid shear produced the
largest increase in RUNX-2 and OPG. After 6d of vibrations in osteo-induction
medium, up-regulation in the regulatory genes for cytoskeletal remodeling
correlated with acceleration but not fluid shear. However, cytoskeletal
remodeling alone did not correlate with the long term mineralization. While
group subjected to the greatest fluid shear elicited the highest overall response,
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greatly different levels of fluid shear generated a very similar response in
other vibration groups. Overall our results show that altering the level of
acceleration/frequency and fluid shear results in similar responses,
perhaps suggesting that all these mechanical cues trigger a common
mechanism that is yet to be identified.
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Tables
Table 3.1. Peak fluid shear values during high frequency vibrations. Columns
represent acceleration magnitudes where ‘g’ is earth gravitational field
(9.81 m/s2) and rows represent signal frequency and dextran
concentrations.

0.15g

1g

2g

100Hz (no dextran)

0.04 Pa

0.28 Pa

0.56 Pa

30Hz (no dextran)

0.14 Pa

0.94 Pa

1.88 Pa

30Hz (6% dextran)

0.39Pa

2.63 Pa

5.26 Pa
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Table 3.2. After 6d of vibration in osteogenic medium, 84 gene PCR array was
used. Total of 25 genes showed a response to vibrations (>2-fold). Genes
were subdivided into 9 functional categories. For both frequencies,
greatest mRNA response was observed under 1g and 2g conditions. For
clarity only genes showed a response bigger than 4-fold and functional
groups shown in the table.
Genes
ARHGEF11
AURKC
CDC42
CDK5R1
CYFIP2
LIM-K2
MAP3K11
MARK2
NCK2
PPP1R12B
RADIXIN
WAS
WASL
Functional Categories
Actin Remodeling
Calmodulin / Calcineurin:
Cell Motility / Migration:
Cell Projections:
Cell Shape, Size, Polarity

100Hz
0.15g
1g
2g
1.27 2.50
2.47
1.75 3.03
3.80
2.05 2.97
3.35
1.58 6.87
6.20
2.37 11.47 13.13
1.28 2.59
2.39
1.71 2.26
2.06
1.30 3.08
3.23
1.59 2.96
2.99
2.38 3.27
2.44
2.68 4.22
3.83
N/A 26.84 39.97
2.11 2.57
2.77

30Hz
0.15g
1g
2g
1.26 5.60 5.95
1.57 5.61 9.62
2.02 4.64 4.34
0.77 4.70 13.53
2.24 23.15 18.70
1.03 3.28 6.68
1.62 5.65 5.17
0.98 3.59 4.76
1.49 5.53 6.70
1.95 4.73 4.95
2.02 3.93 3.67
6.88 27.60 43.03
1.91 4.72 3.07

1.63
1.15
1.58
1.85
1.66

1.80
1.21
1.45
1.75
1.58

3.82
1.94
2.18
3.34
4.24
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4.47
1.79
2.21
3.42
4.66

5.48
4.12
3.26
5.34
8.04

5.92
3.41
3.10
4.54
7.14

Cytokinesis
Cytoskeleton Adaptor Activity:
G-Protein Signaling:
Kinases & Phosphatases:
Microtubules:
Overall mRNA Activity

1.64
1.61
1.53
1.57
1.58
1.58

2.54
2.65
4.78
2.27
6.87
3.46

2.83
2.68
5.99
2.25
6.20
3.65

1.38
1.65
1.98
1.46
0.77
1.50

4.60
3.67
7.10
3.55
4.70
4.99

6.17
4.03
7.52
3.99
13.53
5.93

Figures

Figure 3.1. For mRNA and mineralization (Ca2+) experiments cells were plated at
18,000cell/cm2 and for proliferation cells were plated at 750cells/cm2.
Vibration effects on early osteogenesis at day 1, proliferation at day 3,
cytoskeletal remodeling at day 7 and mineralization at day 13 were
assessed.
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Figure 3.2. Calcification of cells were determined by alizarin red staining at day
16 after 13 days of vibration. Cells were kept in osteo-inductive medium for
14 days and were vibrated with seven different vibration parameters.
p<0.05: *against non-vibrated control.
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Figure 3.3. Cell proliferation characterized by total cell number at day three after
two days of vibration. Culture plates were not coated (a) or coated with
0.15mg/ml collagen (b). p<0.05: *against non-vibrated control.
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Figure 3.4. Gene expression after one day of vibration: Change in RUNX-2(a),
OPG(b) and RANKL(c) expression of MC3T3-E1 cells exposed to three
different mechanical signals under low-shear (Normal) and high-shear (6%
dextran) and increased cell prestress (LPA) conditions. p<0.05: *against
non-vibrated control.
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Chapter 4

VIBRATIONS INCREASE GAP JUNCTIONAL
COMMUNICATION IN OSTEOCYTES
INDEPENDENT OF FLUID SHEAR
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Abstract
When applied at high frequencies, bone can sense and respond to mechanical
signals of extremely small magnitude. During the application of vibrations, cell
populations within the bone will be subjected not only to acceleratory motions
but also to fluid shear as a result of fluid-cell interactions. We studied whether
vibrations can induce cellular deformations that are different from fluid shear
and whether those vibrations can affect osteocyte communication independent
of fluid shear. A finite element (FE) model of a cell was used to estimate the
cellular deformation during dynamic vibration and fluid shear events. Different
vibration parameters were selected to vary accelerations between 0.15g to 1g
and frequencies between 30Hz to 100Hz. Vibration parameters can modulate
the mechanical environment of cells, including vibration induced fluid shear, as a
function of acceleration/frequency. Osteocyte like MLO-Y4 cells were subjected
to four different vibrations and effects of increased fluid shear on gap junctional
intracellular communication (GJIC) were investigated. FE model showed that the
dynamic acceleration caused larger relative nucleus motions when compared to
fluid shear. On average, vibrations increased GJIC communication between
osteocytes by 25%. Observed effects of vibration were independent of fluid
shear as there were no differences in GJIC between the different vibrated
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groups. Vibration induced increases in GJIC were not associated with altered
connexin 43(Cx43) mRNA and protein levels but were dependent on Akt
activation. These results demonstrate that

vibrations enhanced GJIC

independent of fluid shear stress. During vibrations, accelerations induced larger
nucleus motions when compared to fluid shear stress. Observed increases in
GJIC were not correlated with the magnitude of nucleus motions or fluid shear
stress, suggesting that osteocytes were highly sensitive to low magnitude
vibrations.
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Introduction
Functional communication between resident bone cells is critical for the
coordination of bone remodeling. This coordination is in-part facilitated by gap
junctions that connect intracellular domains of adjacent cells via transmembrane
channels. By enabling ions and intracellular signaling molecules to pass through,
gap junctions play an important role in cell signaling and tissue function in
various organ systems.

249-253

Connexins regulate signaling among various bone

cell populations and modulate overall osteogenic potential.

254, 255

Connexin 43

(Cx43) is the most common connexin in bone, found virtually in all bone cells
including osteoblasts, osteoclasts, marrow stormal cells and osteocytes.

256-258

For example, osteoblasts isolated from calvaria of Cx43-null mice display
reduced differentiation and mineralization. 259 Additionally Cx43 can be found as
open ended hemi-channels that can secrete molecules such as NO, PGE2 and
Ca2+.260, 261
Gap junctional intercellular communication (GJIC) is important during cell
mechanotransduction. Both fluid shear stress and mechanical strain were shown
to increase GJIC between bone cells.262, 263, 245 Osteocytes, the most abundant
bone cells that are present throughout the matrix, are well positioned to
effectively use GJIC to communicate mechanically derived responses. Consistent
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with this hypothesis of osteocytes being sensory cells that orchestrate the
responses of the osteoblastic and osteoclastic effector cells46, 264, 265, mechanical
perturbation of osteocytes has been shown to regulate osteoblast function
through gap junctions.266 This result suggest that GJIC plays an important role
relaying the mechanically derived signals to other cells such as osteoblasts

48

or

vice versa.
Although mechanical signals can directly modulate Cx43 function through
integrin connections,267 fluid flow and mechanical stretch also increase Cx43
protein levels and phosphorylation. 268-271 Mechanical regulation of Cx43 appears
to be largely mediated through β-catenin signaling. In bone, GJIC activity on
osteocytes was ERK1/2 dependent

47

and ERK1/2 activity was sufficient to

phosporylate LRP6 and induce β-catenin

272

Additionally fluid flow273 has been

shown to inhibit glycogen synthase kinase-3 (GSK-3), a critical component of the
β-catenin degradation complex, which leads to upregulation of COX-2 and PGE2
activity through Akt signaling.273 Akt activation is regulated through integrins274
and focal adhesion kinase (FAK)275 in response to mechanical signals.
Interestingly, vibrations also regulate β-catenin levels through inhibition of GSK-3
independent of Wnt/Lrp signaling.181 These results suggest vibrations have a
potential to protect β-catenin degredation through Akt dependent pathyway
which could in turn modulate GJIC.
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Although vibrations have been shown to be anabolic or anti/catabolic to
bone,71,

190, 186, 7, 181

the specific physical mechanism by which vibrations are

sensed is unknown. Vibrations create a complex mechanical environment as a
function of acceleration magnitude and frequency. Among other mechanical
effects, vibrations induce significant fluid shear on trabecular bone surfaces103,
105

in the absence of significant matrix strain levels.71, 192 We previously showed

that the fluid shear stresses during in vitro vibrations depend on peak velocity
which is a function of frequency and acceleration.

234

In addition to fluid shear,

dynamic accelerations were implicated to cause out of phase motions of the
nucleus. 71 Consistent with the hypothesis that vibrations can be sensed through
nuclear motions, when fluid shear was eliminated, PGE2 and NO responses of
pre-osteoblast cells were shown to be acceleration rate dependent.182 However
it is not clear how the specific components of vibrations affect the cellular
response when applied simultaneously. Here we investigated if the vibrations
increase GJIC and whether the changes are related to a specific component of
the vibrations. We hypothesized that application of high frequency accelerations
induce larger relative nucleus motions compared to fluid shear and will increase
the GJIC independent of fluid shear through Akt dependent pathway.
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Materials and Methods
Experimental design
We asked whether vibrations could induce cellular deformations that are
different from fluid shear and whether those vibrations could affect osteocyte
communication independent of fluid shear. Finite element (FE) model of an
adherent cell was used to estimate the relative nucleus motions during dynamic
accelerations and vibration induced fluid shear. Vibrations were applied at
accelerations of 0.15g and 1g and at frequencies of 30Hz and 100Hz. We used
previously established methods to quantify vibration induced fluid shear
stresses234. Fluid shear stresses corresponding to vibration parameters were of
0.04Pa, 0.14Pa, 0.28Pa and 0.94Pa (Table 4.1). Computational data were then
used to correlate cellular responses with vibration induced nuclear
deformations. In our in vitro cell model we used osteocyte like MLO-Y4 cells. To
investigate whether vibrations increase the GJIC in osteocyte like MLO-Y4 cells,
we used a dye transfer assay by parachuting271 calcein stained MC3T3 cells.
MC3T3 cells were used as donor cells due to their ability to create functional gap
junctions with MLO-Y4 cells within 15 minutes.48 Cells were vibrated using same
parameters used in FE simulations. Following the vibrations, the percentage of
total GJIC positive MLO-Y4 cells (GJIC+) and Cx43 protein levels were compared
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to non-vibrated controls using flow cytometry analysis. Cell to cell
communication through gap junctions were verified with a gap junction inhibitor
18α-glycyrrhetinic acid (18α-GA) and microscope. Furthermore, to assess the
involvement of Akt activation in the mechanical regulation in GJIC, osteocytes
were transfected with AKT-1 siRNA prior to vibrations.

Finite element modeling of a cell
FEM (Abaqus 6.9.1, Simula, RI) was used to model an adherent cell and estimate
nuclear deformations during vibrations via dynamic stress analysis. The cell
geometry was adopted from previous models of adherent cells.80,

165

The cell

contact radius was 19.2µm, cell height was 7.6µm. The nucleus was modeled as
an ellipsoid with major axis of 7.5 µm and minor axis of 2.5 µm. Selected cell
dimensions were comparable to the confocal images of osteocytes within the
lacunar–canalicular network.276
The modeled cell was comprised of three parts: the cell membrane, cytoplasm
and nucleus. Since the mechanical vibrations applied at a frequency of 30Hz or
higher, well below measured viscoelastic relaxation times of about 40s,277
material properties were assumed to be elastic. Density ratios (1:1.2:0.4) were
approximated from refractive index measurements between the cytoplasm,
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nucleus and cell membrane (triglyceride), respectively.278, 279 The density of the
cytoplasm was assumed to be 50% greater than that of water (1500kg/m 3). The
bending modulus of cell membrane was 1.17x10-19N.m. 280 Nuclear stiffness was
set at 6kPa277 based on atomic force microscopy (AFM) measurements on
osteoblast. Since the nucleus was found to be four time stiffer than the
cytoplasm,281 cytoplasm stiffness was set to 1.5kPa. Simulations were also
repeated for 50% and 300% of original material properties.
To estimate the nucleus motion under accelerations and fluid shear
stress, two different sets of simulations were used (Fig. 4.1). During acceleration
simulations, the surface of cell attachment was subjected to sinusoidal motions
in a horizontal plane with the accelerations of 0.15g and 1g at frequencies of
30Hz and 100Hz. For fluid shear simulations, the surface of cell attachment was
fixed so that it could not move. Dynamic forces with a sinusoidal profile
corresponding to the vibration induced fluid shear magnitudes (Table 4.1) were
applied to the cell membrane. Total force applied to the cell membrane was
estimated from the fluid shear stress. At 0.94Pa fluid shear, for example, the
total tangential force acting on the cell surface was 0.94pN/µm 2 x 1470µm2 =
1381.8pN, where 1470µm2 is the total surface area of the cell. Total force was
equally divided between all 5768 elements on the cell membrane. Nuclear
motion was selected as an outcome variable and defined as the relative motion
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between the nucleus center and the cell contact surface in the direction of the
vibration motion (horizontal).

Cell culture
MLO-Y4 cells were graciously donated by Dr. Lynda F. Bonewald. Cells were
cultured in 75cm2 cell culture flasks (BD Biosciences, San Jose, CA) at a density of
5000cell/cm2. α-MEM (Invitrogen, NY) supplemented with 2.5% fetal bovine
serum (FBS, Gibco, CA), 2.5%bovine calf serum (BCS, Thermo Scientific, IL) and
1% Penicillin-Streptomycin (PS, Gibco, CA) was used as cell culture medium.
MC3T3 cells were plated at 5000cell/cm2 in 100mm cell culture dishes (Corning
Inc., NY) and maintained in α-MEM supplemented with 10%FBS and 1%PS. All
cells were maintained at 37oC and 5% CO2 and passaged at 70% confluency.

Application of high-frequency oscillations and determination of fluid shear
The horizontal vibration system supplying the various mechanical signals is
described in detail elsewhere.240 Briefly, an actuator was attached to a linear
frictionless slide. This system can simultaneously vibrate up to three 24-well cell
culture plates.

Vibrations applied at peak magnitudes of 0.15 or 1g were

combined with either a 30 or 100Hz frequency to result in four distinct
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mechanical regimes. Cells were exposed to each of these regimes for 30min at
room temperature. Control samples were handled exactly the same except that
the actuator was not turned on. During vibrations, out-of-phase sloshing of cell
culture medium within the well was determined using an experimentally
validated finite element model.234 The differences between cell culture well and
fluid velocities was utilized to estimate fluid shear stress at the cell surface. Fluid
shear stresses corresponding to vibration parameters were 0.04Pa (100Hz0.15g), 0.14Pa (30Hz-0.15g), 0.28Pa (100Hz-1g) and 0.94Pa (30 Hz-1g).

Parachute assay
MLO-Y4 cells were seeded in 24-well plates (CLS3527, Corning Inc.) coated with
0.15mg/ml rat tail Collagen I (Cell Applications Inc., CA) using 0.5ml of culture
medium at a density of 10,000 cell/cm2. Cells were incubated for 72 hours to
reach 80-90% confluency. Four hours prior to vibration treatment, MC3T3 cells
(70% confluent) were stained with 1 μM calcein AM for 30min according to the
manufacturer’s instructions (L-3224, Invitrogen) and returned to the incubator.
MLO-Y4 cells were vibrated for 30min. Immediately after vibration, donor
MC3T3 cells were parachuted on top of MLO-Y4 cells with a ratio of 1:500 in
0.5ml of MLO-Y4 culture medium. Plates were returned to the incubator for 1hr
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to allow GJIC. After 1hr cells were processed for either flow cytometry or RNA
extraction. Experiments were repeated at least three times with a sample size of
six per group. Analysis were done after results from individual experiments were
pooled (minimum n=18/group).

Flow cytometry
After 1 hr incubation of donor and acceptor cells, 24-well plates were trypsinized
(Gibco) using 0.3ml for 4 minutes and the reaction was stopped by adding equal
volume of culture medium. Cells in suspension were stored on ice and
immediately carried to flow cytometry for processing.

For flow cytometry

readings, FACScan (BD) capable of reading calcein (495/515 nm) spectra was
used. A total of 5000 live cells were read. Along the fluorescence intensity scale
cells who fell between negative controls (no calcein) and positive controls (only
donor cells) were selected as GJIC positive cells (GJIC+). The effects of vibration
treatment were quantified by obtaining the % difference of total GJIC+ between
vibration groups and non-vibrated controls. Flow cytometry analysis were done
using Flowjo software package (Tree Star Inc., OR). Results were also validated
with an inverted fluorescent microscope (Zeiss, NY).
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18α-glycyrrhetinic acid
For the experiments using gap junction blocker 18α-GA (G8503, Sigma, MO),
10mM stock solutions were prepared in DMSO. Prior to experiments gap
junction activity of both MLO-Y4 and MC3T3 cells were blocked for three hours
using 75µM 18α-GA diluted in culture medium. Groups with blocker were
maintained in cell culture mediums containing 75µM 18α-GA at all times
(n=6/group). After that point the samples were treated the same as normal
experimental groups.

Connexin 43 protein levels
To quantify the changes in the unphosphorylated Cx43 levels following the
vibration treatment, unstained MC3T3 cells were parachuted using the same
parachute assay protocol. 1hr after the vibration cells were re-suspended in
DPBS and incubated with 10µM Cx43 mouse monoclonal antibody conjugated
with Alexa Fluor 488 (138388, Invitrogen) for 1hr at 37 oC. FACScan (BD) flow
cytometer were used to quantify total number of labeled cells compared to nonvibrated controls (n=5/group).
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Blocking Akt activity with siRNA
siRNA duplex-Lipofectamine RNAiMAX complexes were prepared by mixing 6
pmol AKT-1 siRNA duplex (s659, Ambion, NY) and 1 µl Lipofectamine RNAiMAX
(13778030, invitrogen) in 98 µl Opti-MEM (Gibco) and incubating at room
temperature for 20 minutes. 24 hr after plating MLO-Y4 cells according to
experimental protocol, cell medium was supplemented with 100µl siRNA
complex making the final concentration of siRNA 6nM and incubated for 48
hours(n=6/group). After that point the samples were treated the same as normal
experimental groups.

RNA extraction and qPCR
Cells were lysed with 600ml of TRIzol (Ambion, TX) and stored at -80oC. Total
RNA was isolated (RNeasy Mini Kit, Qiagen, CA) and its quality and concentration
were determined (NanodropND-1000, Thermo Scientific, NY). Upon reverse
transcription (High Capacity RNA to cDNA kit, Applied Biosystems, CA), RT-PCR
was performed (Step-One Plus, Applied Biosystems, CA) using Taqman primer
probes (Applied Biosystems, CA) for, C-FOS, Cx43 (GJA-1), RANKL, SOST and
GAPDH that served as referent. Expression levels were quantified with the deltadelta CT method218 and results were reported relative to non-vibrated control.
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Statistical analysis
Results were presented as mean ± SEM. Differences between groups were
identified by one-way analysis of variance (ANOVA) followed by Newman-Keuls
post-hoc tests. P-values of less than 0.05 were considered significant.

Results
Vibrations induced nuclear motions are frequency, acceleration and stiffness
dependant
We estimated the level of nuclear motion using an FE model of an adherent cell.
Nuclear motions were estimated for both acceleration magnitude and vibration
induced fluid shear (Table 4.2). The nuclear motion of the cell was acceleration
magnitude dependent. When averaged over 30Hz and 100Hz, nucleus motion
was 127nm in 0.15g and 780nm in 1g groups. Compared across two frequencies,
the difference between 30Hz-0.15g and 30 Hz-1g was 27% larger when
compared to 100Hz counterparts which implies some degree of frequency
dependency. Nuclear motion was inversely proportional to the cell stiffness.
When averaged across all groups, decreasing the cell stiffness 50% increased the
nuclear motion 229%±17.3 while increasing the stiffness 300% decreased the
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nuclear motion by 67.4%±2.61. Additionally relative differences between groups
were stiffness dependent. At 6kPa nucleus stiffness, 30Hz-1g group had 17%
more nuclear motion than 100Hz-1g; when stiffness was decreased 50% or
increased 300%, 100Hz-1g was 16% and 21% larger than 30Hz-1g, respectively.
The nuclear motions caused by vibration induced fluid shear were much smaller
compared to accelerations. At 30Hz-1g a group with largest fluid shear (0.94Pa)
nuclear motion caused by fluid shear was 80-fold smaller than acceleration
induced nuclear motion. At 100Hz-0.15g, the group with smallest fluid shear
(0.004Pa), acceleration based nuclear motion was 3000-fold bigger than fluid
shear induced nuclear motion.

Vibration increases GJIC in osteoblastic cells
The total number of calcein positive cells was measured after 1h incubation
following 30min of vibration exposure. Cells were vibrated at four different
conditions: 0.15g and 1g acceleration magnitude at either 30Hz or 100Hz
frequency. Vibrations significantly increased the number of GJIC+ cells in all
groups (p<0.001) compared to non-vibrated controls (Fig. 4.2a). Compared to
controls, 30Hz-1g group showed the biggest increase (33.2%±4.87, p<0.001).
When differences between vibration groups were compared, no significant
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differences were observed. Results from qualitative microscope images showed
that with vibration treatment, GJIC+ cells were located further away from the
donor cells (Fig. 4.2b), suggesting a vibration induced increase in the transfer
efficiency of gap junctions. Observed increases in GJIC were accompanied by a
decrease in C-FOS mRNA expression (p<0.001). RANKL was only significantly
higher in 100 Hz-1g group (p<0.05) with an increase of 20% compared to control.
SOST gene was detected in control group but not in vibration groups (Fig. 4.3).
We confirmed that the observed GJIC was facilitated through gap junctions by
blocking gap junctions for three hours with 18α-GA gap junction blocker.
Blocking the gap junction function effectively blocked the observed GJIC
(p<0.0001) (Fig. 4.4).

Vibration induced GJIC is not dependent on Cx43 expression but controlled by Akt
signaling
We tested whether the observed increase in GJIC was related to an increase in
Cx43 mRNA or protein levels. 1hr after vibration treatment, mRNA expression for
Cx43 was unchanged compared to non-vibrated controls (Fig. 4.5a). Quantifying
unphosphorylated Cx43 between control and vibration groups showed that the
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Cx43 protein levels were not significantly different between vibration and
control groups (Fig. 4.5b).
We asked the question whether the vibration induced GJIC signaling influenced
by Akt signaling. The AKT-1 gene was knocked out from MLO-Y4 cells using
siRNA. Vibrations were applied at the two conditions that showed the largest
response in previous experiments (30Hz-1g and 100Hz-1g). After knocking out
the AKT-1 gene from only MLO-Y4 cells, when averaged over two groups, GJIC+
cells decreased 35% compared with non-vibrated, normal controls (p<0.001)
(Fig. 4.6a-b). After siRNA application there was no difference between vibration
and control groups, demonstrating that silencing Akt signaling abolished the
vibration induced increase in GJIC.
Results were further confirmed in a separate experiment using the 30Hz-1g
group. Gap junctions were blocked in MLO-Y4 cells by 18α-GA. When only MLOY4 cells were blocked there was a 35%±3 decrease in control (p<0.001) and
26%±2.2 in vibration (p<0.01) groups when compared to non-blocked
counterparts. Interestingly, vibrated 18α-GA group, had 28%±2.4 higher (p<0.01)
GJIC+ cells compared to non-vibrated 18α-GA group. (Fig. 4.6c) This suggests that
the vibration induced increase in GJIC was controlled by Akt activation since
blocking Cx43 function by by 18α-GA only reduced the overall response but did
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not diminished the vibration induced differences between control and vibration
groups.
Vibration induced GJIC does not does not correlate with fluid shear
Although the number of GJIC+ cells were not significantly different between
vibration groups, we tested which outcome variable best explain the observed
differences. We correlated the results from GJIC experiments with mechanical
variables from our in vitro system.

Mechanical variables include vibration

induced fluid shear, accelerations magnitude and nuclear motions estimated
from both acceleration and fluid shear FE simulations. Non parametric Spearman
Rank correlation tests were used to assess the statistical dependence between
two variables. Nuclear motion from accelerations were significantly correlated
with the observed GJIC differences between groups (ρ=0.28, p=0.016). Although
the correlation coefficient was very small, none of the other variables were
significantly correlated with GJIC experiments.

Discussion
We investigated the effects of vibrations on the osteocyte GJIC. During the
vibration treatment cells were subjected to both accelerations and fluid
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shear.103, 234 We included vibration groups that created fluid shear up to 0.94Pa,
which is a widely used fluid shear value for fluid flow experiments.42, 51, 98, 282 An
FE model of an adherent cell was used to compare nucleus motions caused by
accelerations and fluid shear. Accelerations induced much larger nucleus
motions compared to fluid shear stress. All the vibration groups showed
significant increases in GJIC activity compared to non-vibrated controls. The
additional mechanical input from fluid shear did not change the increases in
GJIC+ cells between groups. For example GJIC+ cells were not significantly
different between lowest fluid shear group (0.04Pa, 100Hz-0.15g) and highest
fluid shear group (0.94Pa, 30Hz-1g). These results demonstrate that
accelerations can active cell mechanotransduction when fluid shear is negligible.
We previously reported using pre-osteoblasts that changing the
frequency or fluid shear independently can change the level of cellular response.
240

However using osteocytes, we did not find any GJIC differences between

different

frequencies

or

fluid

shear

values.

If

one

considers

mechanotransduction as a response to forces generated within the cells whether
it is result of fluid shear or nuclear motions, osteocytes appear to have a lower
threshold for mechaniosensing. Consistent with this hypothesis, osteocytes have
been shown to be more responsive to fluid shear when compared to less
differentiated cells53. Although the reason for this increased sensitivity is not
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clear, our FE model show decreased nuclear motions as the stiffness increases,
perhaps a measure of how much energy is absorbed by cytoskeleton. Osteocytes
have more extensively developed cytoskeleton compared to pre-osteoblasts and
MSCs and are therefore stiffer.277 In fact stiffer cytoskeleton transfer the forces
more effectively into the nucleus,
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suggesting that osteocytes are not only

better at sensing fluid shear, but also other mechanical signals because they
facilitate a more efficient force transfer through cytoskeleton.
A dynamic FE model of an adherent cell was used to understand the
cellular

deformations

during

vibrations.

However

there

were

many

simplifications and assumptions regarding the geometry and material properties
of the cell. For example the large difference between fluid shear and
acceleration induced nuclear motions could change significantly based on
nucleus size, geometry and density. Our results at best provide a first
approximation in identifying dynamic deformations within the cell during
vibrations.
Nuclear motions predicted by the FE model can also induce forces on the
cytoskeleton which in turn might activate mechanotransduction pathways
including integrin related signaling. Akt signaling plays an important role in
activating cytoskeleton related cellular sensing and preserving cellular β–catenin
levels in response to mechanical signals.43, 92, 283, 275, 160, 284 Previously, it has been
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shown that the increase in β–catenin levels can increase Cx43 levels. Our results
suggest that the vibration related increase in GJIC was independent of Cx43
protein or mRNA levels. When gap junction function was blocked in osteocytes,
there was a decrease in overall GJIC but the differences between the vibration
and control groups were not diminished. The differences between vibration and
control were only diminished when Akt signaling was knocked down with siRNA
treatment. This implies that the vibrations can increase Cx43 function as a
downstream of Akt signaling. Previously, retention of β-catenin

shown to

increase gap junction related Ca2+ wave propagation speed in myocytes, which
happened simultaneously with Cx43/ β-catenin colocalization.285 Perhaps similar
mechanisms play a role in enhancing Cx43 function in osteocytes.
In this study we showed that independent of the changes in the fluid
shear, vibrations can change GJIC in osteocytes. This increase was dependent on
the increase in Cx43 function through Akt signaling. Our results imply an
increased communication between bone cells with vibrations. Interestingly
previous studies shown that vibrations can increase the cell sensitivity to other
mechanical75 as well as biochemical signals39, suggesting that in addition to
anabolic187 and anti-catabolic181 effects of vibration they can also provide more
efficient signaling within bone tissue.
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Tables
Table 4.1. Peak fluid shear values during high frequency vibrations. Columns
represent acceleration magnitudes where ‘g’ is Earth gravitational field
(9.81 m/s2) and rows represent signal frequency.

0.15g

1g

100Hz

0.04 Pa

0.28 Pa

30Hz

0.14 Pa

0.94 Pa
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Table 4.2. Relative nuclear motions predicted by FE model. Nuclear motions
during vibrations were estimated for both acceleration magnitudes and the
fluid shear stress using two different dynamic simulations. Accelerations
create larger nucleus deformation when compared to fluid shear. Nucleus
motions depend on frequency and cell stiffness and amplitude.
Frequency

100Hz

30Hz

Nucleus
stiffness
3kPa

Acceleration
magnitude
0.15g
1g
352nm 1840nm

0.04Pa
0.096nm

0.14Pa
-

0.28Pa
6.72nm

0.94Pa
-

6kPa

137nm

717nm

0.044nm

-

3.08nm

-

18kPa

45nm

283nm

0.013nm

-

0.924nm

-

3kPa

258nm

1554nm

-

3.36nm

-

22.50nm

6kPa

117nm

844nm

-

1.54nm

-

10.34nm

18kPa

37nm

226nm

-

0.46nm

-

3.10nm
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Fluid shear stress

Figures

Figure 4.1. FE model of an adherent cell was constructed to predict the vibration
induced nucleus motions. Vibration induced accelerations and fluid shear
were evaluated in separate dynamic simulations to compare the nucleus
motions induced. During fluid shear simulations contact surface was fixed
and forces applied to membrane in a sinusoidal manner. During
acceleration simulations contact surface was subjected to dynamic
sinusoidal accelerations the horizontal plane.
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Figure 4.2. MLO-Y4 cells were vibrated with four different vibration parameters.
(a) GJIC+ cells were determined via flow cytometry following 1hr of
incubation at 37oC in 5%CO2. (b) Vibrated MLO-Y4 cells can communicate
farther as determined by microscope images. p<0.001: ***against nonvibrated control.
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Figure 4.3. mRNA expression determined 1hr after cell communication. Vibration
induced increases in GJIC were accompanied by decreases in C-FOS and
increases in RANKL. p<0.05: *against non-vibrated control. p<0.001:
***against non-vibrated control.
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Figure 4.4. Gap junction function in both donor (MC3T3) and acceptor (MLO-Y4)
cells were blocked by 75µM of 18α-GA. Compared to non-blocked groups
(Normal), groups treated with 18α-GA showed significant decreases in
GJIC+ cell number. p<0.001: ***against non-vibrated control, p<0.0001: #
against non-vibrated control.
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Figure 4.5. mRNA and protein levels of Cx43 were determined 1hr after vibration
treatment. Following vibration treatment no changes were observed in
mRNA or protein levels of Cx43.
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Figure 4.6. Akt signaling was blocked in MLO-Y4 cells with siRNA two days prior
to vibration treatment. Following either (a) 30Hz-1g or (b) 100Hz-1g there
was no difference between vibrated and control siRNA groups. (c) Blocking
gap junction function only in MLO-Y4 cells decreased the GJIC similarly but
the difference between control and vibration samples were preserved.
p<0.01: **against non-vibrated control. p<0.001: ***against non-vibrated
control.
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Chapter 5

CONCLUSIONS
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Summary

Vibrations are an integral part of healthy bone homoeostasis. Clinical studies as
well as animal and cell models showed that cells can respond to vibrations.
Mechanical information provided by vibrations is complex and should be
represented by multitude of parameters. Therefore, during vibrations cells not
only subjected to accelerations and frequency but also secondary mechanical
signals such as vibration induced fluid shear. This notion brings up an important
question of what is the primary mechanical information carried by vibrations and
how this information is sensed? However, lack of standard terminology within
the literature, makes it difficult to paint a unified picture for the efficacy and
cellular sensing mechanisms of vibration therapy. In this dissertation I examined
mechanical information carried by vibrations both macro and cellular level.
Furthermore, premise of interactions between vibration induced mechanical
signals that would modulate the cellular mechanotransduction was tested across
different bone cells.
In second chapter using experimental and computational methods we
characterized the vibration induced fluid shear as a function of acceleration and
frequency. We separated the fluid shear component from acceleration and
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frequency by modulating fluid viscosity. Therefore, during horizontal vibrations
we determined the exact fluid shear stress distribution at any given vibration
parameter. Osteoblast responded to vibration in a frequency dependant manner
by increasing mechanically inducible COX-2 mRNA levels. Increasing fluid shear
reversed the frequency dependency. Neither frequency nor fluid shear
consistently accounted for the observed changes, emphasizing that other
variables including out-of-phase motions of the nucleus may play a role in the
cellular response to vibrations.
Results from third chapter showed that actin cytoskeleton plays a critical
role in regulating mechanically induced osteogenesis. Undifferentiated MSCs
sensed and responded to vibrations. However, no immediate osteogenic
response was observed prior to actin remodeling. When studied over long term
cultures, cytoskeletal remodeling in response to vibration treatment were largely
predicted by the acceleration. Comparing low and high fluid shear groups
demonstrated that fluid shear was not necessary for the mineralization and
proliferation

responses

of

MSCs.

Additionally,

cell

proliferation

and

mineralization showed a decrease when vibration frequency was decreased.
Interestingly, frequency dependent decreases in proliferation and mineralization
were compensated by the increases acceleration and fluid shear.
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During fourth chapter, we hypothesized that application of accelerations
induce larger relative nucleus motions compared to fluid shear and will increase
the GJIC independent of fluid shear. We compared the nuclear motions caused
by dynamic fluid shear or acceleration events within a cell in silico. Results show
that accelerations induce larger nucleus motions compared to fluid shear. There
was no measurable differences between low (0.04Pa) and high (1.88Pa) fluid
shear treatments, suggesting that accelerations alone were sufficient to increase
the intracellular communication. The increases in the cellular communication
were dependent on Akt pathway. Interestingly, the cellular responses were
independent of both acceleration and fluid shear magnitude, suggesting that
osteocytes were more mechanosensitive compared to less differentiated cells.

Limitations of the in vitro and Computational Model

In this dissertation we employed an in vitro model which imposes a number of
simplifications when compared to in vivo. Cell culture mediums used in our
model were unable to adequately replicate the complex biochemical
environment and paracrine interactions between cells within bone. Similarly
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possible interactions between ECM and mechanical signals were omitted. For
example, matrix produced by osteoblasts under the vibration treatment were
shown to push of MSCs further down on the osteogenesis when compared to
non-vibrated controls.183 Finally, in vitro model does not incorporate realistic 3D
environments which known to change cell behavior when compared to 2D
cultures.286, 287
In chapter two, we characterized vibration induced fluid shear.
Experimental observations were accomplished via PIV, where particle motions at
different fluid depths were quantified during vibrations. We measured the shear
rate down to 37.5µm. A typical height of osteoblasts in vitro is about 3µm,288
showing that the shear rate measurements were done approximately 35µm
away from actual cell surface. Given that the trabecular spacing in humans can
be in order of millimeters, our measurements may provide a first approximation.
However, in small micro channels (≤ 30 µm) variations in cell shape are sufficient
to alter fluid shear gradients.
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This shows that there are local fluid shear

variations in the immediate vicinity of cells (3 to 5 microns) that were beyond
our measurement capabilities. These limitations likely underestimated the fluid
shear stress over cells. Our inability to measure the shear rate at a higher
accuracy was caused by several factors. During vibrations, tracking the particle
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path requires visualizing an area larger than the total travel of the microscope
slide which limits the largest magnification to 20X. At this magnification depth of
focus is ~20µm, further limiting the accuracy of the positioning. A possible way
to overcome this difficulty would be to utilize mirrors to visualize planes
perpendicular to focal plane, ultimately providing a greater spatial resolution of
the space over the cell surface. 289
In our in vitro system the viscosity of the medium was used control fluid
shear independent of the vibration parameters. However changing the viscosity
of the medium from 1cP to 3.5cP also changed the osmolarity of the medium.
Osteoblasts express transient receptor potential (TRP) superfamily of ion
channels.

290

TRP vanilloid 4 (TRPV4) is a Ca2+ permeable nonselective cation

channel. Interestingly, TRPV4 is sensitive to both hypotonic cell swelling and fluid
shear.291, 292 Swelling induced changes appear to be uncoupled from mechanical
stretch but related to increases in phospholipase A2 (PLA2) and arachidonic acid
production,293, 294 showing that the increases in osmolarity (viscosity) can alter
the response of osteoblasts.243 These results are significant because in the
second chapter we measured COX-2 mRNA levels which play an important role in
converting arachidonic acid to PGE2. These finding suggest that our ability to
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accurately measure the COX-2 mRNA response might have been confounded by
osmolarity.
Though the dissertation we referred to the viscosity of the bone marrow.
Bone marrow is not a homogenous medium but a mixture of cells, solid
structures and fluids.
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Additionally, bone marrow and bone surfaces, share

cellular as well as vascular connections thought the bone structure. These direct
mechanical connections cannot be encompassed by a simple viscosity
measurement. The reported viscosity is in reality an apparent viscosity after
whole contents of the bone is virtually homogenized in the viscometer. 108 To our
knowledge there are no methods available to reliably measure real apparent
viscosity of the bone marrow in vivo.
During chapter four, we presented a dynamic FEM of an adherent cell
and estimated vibration induced nucleus motions. As clearly indicated by our
results, nucleus motions entirely depend on material properties and cell
geometry. In a real cell, microtubules and actin cytoskeleton considerably limits
the level of nucleus motions.125 Therefore due to lack of cytoskeleton, nucleus
motions during dynamic accelerations were likely overestimated. During the
course of model development we included a simple tensegrity structure to
represent the cytoskeleton. Inclusion of a cytoskeleton decreased the nuclear
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motions when direct force applied to nucleus in static, one step simulations.
However due to due to dynamic nature of the vibration signal, cytoskeleton
caused instabilities during dynamic simulations and had to be excluded from the
model. One way to include cytoskeleton into the cell model would be using static
simulations. However, unlike the fluid shear, we do not know level of
deformation and force subjected to nucleus by accelerations. Further
experiments are needed to measure nuclear motions experimentally in order to
run more realistic simulations.

Vibration as a Therapeutic Agent of Bone Formation

Results in this dissertation demonstrated that at the cellular level, MSCs,
osteoblasts and osteocytes responded to vibration treatment. Osteoblasts and
MSCs were able to increase bone formation markers, showing that vibrations
may affect the local cell populations within bone. Osteocytes on the other hand
increased the cellular communication. These results regarding osteocyte
communication were significant. Our results imply that vibrations not only affect
specific cell populations but the through gap junctional communication, may
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spread the local mechanical or biochemical stimuli through lacunar-canalicular
network and affect the whole bone.
Another interesting implication of the results presented in this
dissertation is that vibration’s potential to amplify mechanosensitivy of bone.
Mechanical strain and subsequent fluid flow have been shown to affect the bone
formation.88, 99 Inherently large deformations are very site specific because the
peak strains crated at structurally weak or buckling points.

Vibrations on the

other hand can be transferred to whole body from head to toe. 295, 203 Additional
to anabolic effects of vibrations, they can also increase the effectiveness of low
frequency

large

magnitude

deformations

through

increasing

cellular

communication.

Mechanosensitivity of a Bone Cells to Vibration

In this dissertation we investigated which of the specific mechanical information
created by vibrations influenced bone cell metabolism the most. We divided the
vibration induced forces into three main components, frequency, acceleration
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and vibration induced fluid shear stress.

Vibration responses for osteoblasts

and MSCs were frequency dependant. Except the groups with really high fluid
shear (≥2Pa), increases in frequency indicated a trend of increase in cellular
response through the chapter two and three. Since all the vibrations were
delivered for a fixed time (30 min), higher frequency signals apply more cycle per
vibration period. Results were consistent with the literature that mechanical
response of bone is cycle number dependant.

296, 190, 297

However, osteocytes

studied at chapter four were not responsive to frequency changes, even though
all the vibration groups were significantly higher than controls. These results
suggest that cells have an ability to change their cellular sensitivity to vibrations
perhaps through differentiation.
As bone cells differentiate from MSC to osteocyte their environment
becomes progressively stiffer, from marrow to calcified bone. It is known that
increases in stiffness supports osteogenesis and may advance cytoskeletal
remodeling , prestress239 and efficiency of force transfer into the nucleus.163 Our
results from chapter three showed that without actin fiber formation there were
no osteogenic effects of vibrations. When osteogenic differentiation was
initiated using osteogenic cell culture medium, vibrations were able to increase
level of cytoskeletal remodeling and mineralization compared to controls. It is
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possible that cycle number and cytoskeletal development has an interaction
during vibration response. For example during MSC mineralization, 100Hz signals
showed a consistent increase in all acceleration magnitudes even though level of
cytoskeletal remodeling was different between groups. Mineralization within
30Hz signals however, correlated well with the level of cytoskeletal
development. These results may indicate that as cell differentiates from MSC to
osteocyte they develop more extensive cytoskeleton which in turn increases
their sensitivity to mechanical signals. Cytoskeleton is directly connected to the
mechanosensitive sites such as focal adhesions. Increase in cytoskeletal proteins
reflects the fact that there are more cytoskeletal elements within the cell,
creating a higher level of connectivity. This might indicate that upon vibration
treatment there will be more focal adhesion sites that are connected within the
cell and respond more robustly to mechanical signals. Not surprisingly, inserting
refractory periods shown to increase the cellular response to vibrations,
indicating an elevated responsiveness.
Although it is not entirely clear, if the increased mineralization response
of MSCs at 30Hz groups was due to increased cellular sensitivity or increased
signal strength. When actin stress fiber formation was induced using LPA,
increases in acceleration magnitude and fluid shear failed to increase the RUNX-
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2 expression. In fact lowest acceleration magnitude produced the highest RUNX2

increase.

These

results

imply

that

during

cellular

differentiation,

mechanosensitivity is modulated by level of cytoskeletal development but not
the signal strength. We observed similar results in chapter four. When we used
osteocyte like cells, that possess a more developed cytoskeleton compared to
undifferentiated MSCs, changes in signal magnitude did not change the cellular
response, suggesting that osteocytes may be more sensitive to mechanical
signals.
Fluid shear magnitude did not have a profound effect on the overall
vibration response. Consistently across all the experiments performed in this
dissertation, groups with lower fluid shear stress elicited higher or equal
responses when compared to groups with higher fluid shear. When compared to
accelerations, fluid shear induced smaller cellular deformations. These results
are consistent with the hypothesis that mechanotransduction response of cells
converge on the forces created on the cytoskeleton, rather than independently
affecting the cellular response. However, we cannot rule out the competition
between the forces created by fluid shear and accelerations. For example, during
second chapter, increasing the fluid viscosity and therefore increasing fluid shear
inverted the COX-2 frequency response. Groups with lower frequency and higher
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fluid shear (up to ~8Pa) elicited higher mRNA expressions, suggesting that trends
of change in cellular response could be dominated by fluid shear if the forces
created by fluid shear are bigger or comparable to accelerations.

Optimization of Patient Specific Outcomes by Controlling
Mechanical Signals

With the end of decade old human genome project 298 a new trend towards
personalized medicine is apparent including the bone field.299-302 Results
presented in this dissertation show that vibration induced mechanical forces can
be tailored toward specific cell populations or cell functions. For example, in a
number of preliminary experiments that were not presented in the previous
chapters, we used either osteolife (Lifeline cell technologies) or α-MEM (Gibco)
for culturing MSCs. When compared the growth rates of cell under this two
medium we found that osteolife produced 3 to 4 times faster growth rates, likely
through addition of factors that were not disclosed in the product sheet.
Interestingly, upon vibration treatment, proliferation response was increasing
under α-MEM303 while decreasing under osteolife conditions (chapter 3). These
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results point to two important facts. First, based on the chemical environment
vibrations can either increase or decrease the proliferation of same cell
polulation. Second, when proliferation increased with addition of chemical
factors (osteolife medium) vibrations can interfere with that response in a dose
dependent manner. Previously we also observed dose dependent response of
osteoblast proliferation to signal magnitude.304 Although directly translating
results presented in this dissertation into a clinical setting is a big leap of faith.
Let’s suppose a hypothetical case of a patient with a fracture. It might be
possible to deliver the vibration therapy in a certain fashion for the optimal
recovery of the patient. For example, in early fracture, safe low magnitude
signals would support osteoblast and MSC proliferation and as the healing
process continues higher magnitude signals could be used to reduce
proliferation and support cytoskeletal development in cells on the fracture
surface.
Although the scope of this dissertation falls short, some important
pointers can be taken regarding the cell specific signals. For example, we found
that osteocytes do not differentiate between vibration parameters while MSCs
and osteocyte show frequency specific responses. More specifically, both MSCs
and osteoblasts show increased response with increasing frequency.
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During

vibration treatment, patient specific frequencies may be selected to maximize
osteocyte response while minimizing other cell responses. Regardless of the
challenges, future studies regarding the personalized mechanical therapies will
create new and complete understanding in cellular mechanosensitivity and
communication within bone environment.

Conclusions

In conclusion, results presented in this dissertation indicated that cells can
exclusively sense and respond to accelerations in the presence of fluid shear
stresses. There exists a relationship between frequency, signal strength and
cytoskeletal adaptation. To understand vibration driven mechano-adaptation,
future studies investigating the interactions between different cells as well as
cellular response and extracellular matrix environment are needed. Perhaps it is
possible to direct the cellular response to vibrations within bone that will benefit
patient specific outcomes.
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