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GENERAL INTRODUCTION 

 

The capacity of bone tissue to alter its mass and structure in response to 

mechanical loading has long been recognized (1) but the cellular mechanisms 

involved remained poorly understood. Bone not only develops as a structure 

designed specifically for mechanical tasks, but it can adapt during life toward 

more efficient mechanical performance. The mechanical adaptation of bone is a 

cellular process and needs a biological system that senses the mechanical 

loading. The loading information must then be communicated to the effector 

cells that form new bone or destroy old bone (2, 3). 

      The in vivo operating cell stress derived from bone loading is likely the 

flow of interstitial fluid along the surface of osteocytes and lining cells (2, 4). 

The response of bone cells in culture to fluid flow includes prostaglandin (PG) 

synthesis and expression of prostaglandin G/H synthase inducible 

cyclooxygenase (COX-2) (5, 6). Cultured bone cells also rapidly produce nitric 

oxide (NO) in response to fluid flow as a result of activation of endothelial 

nitric oxide synthase (ecNOS), which enzyme also mediates the adaptive 

response of bone tissue to mechanical loading (7, 8). Earlier studies have 

shown that the disruption of the actin-cytoskeleton abolishes the response to 

stress, suggesting that the cytoskeleton is involved in cellular 

mechanotransduction (9). The cytoskeleton of the cell also determines its 

mechanical structure and as such, becomes crucial for the mechanical response 

of cells to environmental forces. Extracellular matrix receptors such as 

integrins and CD44 receptors, located in the cellular membrane, are attached to 

the extracellular matrix as well as to the cytoskeleton. They are prime 

candidates as mechanotransducers (10). Thus, the ability of cells to respond to 

mechanical loading is possibly closely related to its mechanical properties and 

the transfer of forces via intervening proteins linking the internal structure of 

the cell to its environment. 

      The influence of forces on cells has been recognized for a long time and the 

molecular processes involved are now being uncovered. Living bone is an 
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evident biological system where the interplay of force and metabolic response 

is exemplified both at the tissue and the cellular level. Forces are believed to be 

imparted on osteocytes and bone lining cells by the flow of fluid through the 

lacuno-canalicular system in mechanically loaded bone. Recently, it has been 

proposed theoretically, that fluid drag through the extra-cellular matrix 

concentric to the osteocytic processes is able to amplify strain upto two orders 

of magnitude (11). Theoretical modeling along with in vitro studies, exhibit 

that the range of stress capable of soliciting meaningful physiological response 

from bone cells are within the range 0.1- 20 Pa (12).   The response of bone 

cells to mechanical stress has been studied using varying techniques for 

imparting mechanical loads in vitro (12, 13).   

     A number of studies emphasize the role of osteocytes as the professional 

mechanosensory cells of bone, and the lacuno-canalicular porosity as the 

structure that mediates mechanosensing (2, 4, 13). Strain-derived flow of 

interstitial fluid through this porosity seems to mechanically activate the 

osteocytes, as well as ensure transport of cell signaling molecules and nutrients 

and waste products. It has also been shown that the rapid production of NO in 

human bone cells in response to fluid flow results from activation of endothelial 

cells nitric oxide synthase (ecNOS) (8). These results suggest that the response 

of bone cells to mechanical stress resembles that of endothelial cells to blood 

flow (14-16). In the vascular system, changes in arterial diameter occur in 

response to changes in blood flow rate, in order to ensure a constant vessel tone, 

and endothelial cells are widely recognized as the mechanosensory cells of this 

response. The early response of endothelial cells to fluid flow in vivo includes 

the release of NO and prostaglandins (16). Surprisingly therefore, bone tissue 

seems to use a similar sensory mechanism to detect and amplify mechanical 

information as does the vascular system. This concept allows an explanation of 

the local bone gain and loss, as well as remodeling in response to fatique 

damage, as processes supervised by mechanosensitive osteocytes. 

     Microgravity, as occurs under spaceflight, has negative effects on the 

skeleton, leading to bone loss. Several studies suggest that bone tissue is 



General introduction 

 12

directly sensitive to spaceflight conditions. Microgravity provides a unique 

mechanical environment that might directly affect the ability of cells to sense 

forces. Hence, the question remains as to how the lack of gravity is detected by 

bone cells. Could microgravity act directly on the bone cells? Or more 

precisely, could osteocytes and osteoblasts read the gravitational field change 

directly? To answer these questions, the fundamental properties of the way 

bone cells respond to stress in general, have to be addressed. 

Therefore, in this thesis we addressed the following specific objectives: 

 

1. To characterize parallel-plate flow chambers for high frequency flow 

regimes, and to determine how eventual limitations can be reduced for the 

use of this apparatus for different frequencies. 

2. To investigate the response of bone cells to varying rates of fluid shear 

stress. 

3. To investigate whether an initial stress-kick is required for the response of 

bone cells to varying rates of fluid shear stress. 

4. To investigate whether the activation of bone cells by a small periodic 

loading stimulus is enhanced by broad-frequency, noisy fluid shear stress 

stimulation. 

5. To test whether high frequency vibration stress applied with varying 

frequencies and amplitudes affects the nitric oxide (NO) and prostaglandin 

E2 (PGE2) production, and mRNA expression for COX-2 by MC3T3-E1 

osteoblastic cells. 

6. To investigate events occurring at the onset of mechanical stimulation of 

cells and characterize the chemical and mechanical activation of cells in 

response to stress by using a two-particle assay for measuring the 

viscoelastic properties of cells.  

7. To test whether near weightlessness decreases the sensitivity of bone cells 

for mechanical stress through a decrease in early signaling molecules (NO, 

PGs) that are involved in the mechanical loading-induced osteogenic 

response. 
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     The main goal of this thesis was to find characteristic properties of the 

response of bone cells to mechanical stress and to address the effects of 

microgravity on the mechanosensitivity of bone cells. To reach this goal, bone 

cells were subjected to stress using fluid flow stimulation at varying rates and 

regimes with a rich harmonic content in a parallel-plate fluid flow chamber in 

vitro system. Also, the effect of vibration stress on the activation of bone cells 

was investigated. Finally, mechanosensing at the single cell level was studied 

by probing the viscoelastic properties of bone cells. 

     In Chapter 2, the parallel-plate flow chamber was characterized for its use in 

dynamic flow regimes. This study re-visited a theoretical description of the 

parallel-plate chamber and derived parameters for designing the parallel-plate 

chamber for in vitro stimulation of cells at arbitrary frequencies, considering 

non-turbulent fluid flows.  

     To find specific properties on the way bone cells respond to dynamic stress, 

in Chapter 3, the response of bone cells to fluid shear stress at different rates 

was investigated. We compared the release of nitric oxide by bone cells in 

response to fluid shear stress regimes with frequencies mimicking the 

physiological condition. Nitric oxide was used as a parameter for bone cell 

activation, as it is an important signaling molecule for bone formation (17). The 

amplitude of the fluid shear stress was also varied to investigate the joint effect 

of frequency and amplitude of stress to the activation of bone cells.  

     In Chapter 4, we addressed the nature by which bone cells respond to fluid 

shear stress in a rate-dependent manner. This was done by introducing a pre-

treatment phase to the fluid shear stress regimes used to stimulate bone cells, to 

either induce an initial stress-kick or remove it. By measuring the nitric oxide 

released by bone cells in response to the regimes with pre-treatment, the ability 

of bone cells to respond in a rate-dependent manner was put to the test. The 

response of bone cells to stress with or without an initial stress-kick, 

determined whether bone cells required overcoming a stress-threshold to 

respond in a rate-dependent manner.  
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     The study of bone cell response to stress by fluid flow was then extended to 

regimes superposed with noisy fluid shear stress with a rich harmonic content. 

In Chapter 5, we addressed the question whether noise enhancement was 

possible for bone cells, considering the importance of the initial stress 

condition (i.e., the presence or absence of an initial stress-kick) for a rate 

dependent response. The possibility of a noise-enhanced response phenomenon 

was then used to derive other properties on the way bone cells respond to 

stress. In particular, differences in the response of MLO-Y4 and MC3T3-E1 

cells, as models for osteocytes and osteoblasts, provided insights on the 

threshold mechanisms for specific signaling molecules (i.e., nitric oxide and 

prostaglandin E2).  

     The properties by which bone cells respond to fluid shear stress as 

investigated in Chapters 3 and 4 in this thesis, provides possible general rules 

on bone cell mechanosensitivity. To further understand the effect of stress on 

bone cells in general, bone cells were also subjected to mechanical vibration by 

translational motion. In Chapter 6, the response of bone cells to vibration stress 

in terms of a rapid release of nitric oxide, prostaglandin E2, and mRNA 

expression for COX-2, was studied.  

     However, a more complete understanding of the bone cellular response to 

stress requires a physical picture for finding characteristic properties at the 

single-cell level. Finally, the mechanical and physiological response of single 

bone cells was investigated in chapter 7, to find characteristic behaviors for the 

stress response of single bone cells. To perform this final study, a two-particle 

microrheology technique was adapted for investigating characteristic single-

cell responses to minute forces. 

     In the course of this study, we had an opportunity for testing the 

mechanosensitivity of primary bone cells under the influence of microgravity 

during the Dutch Soyuz Mission, also called DELTA mission (Dutch 

Expedition for Life Science, Technology and Atmospheric Research; Soyuz 

craft launched April 19, 2004, flight mission to the International Space 

Station). The previous work on characterizing the parallel-plate chamber for 
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dynamic fluid shear stress was used in designing a downscaled version of an in 

vitro system for fluid flow stimulation of bone cells. A downscaled version was 

necessary  considering strict requirements of a space flight experiment. In 

chapter 8, we describe the ground preparations and protocols for the 

experiment FLOW on board of the DELTA mission, where we investigated 

whether the mechanosensitivity of bone cells was decreased by microgravity.  
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ABSTRACT 

 

An in vitro model using a parallel-plate fluid flow chamber is supposed to 

simulate in vivo fluid shear stresses on various cell types exposed to dynamic 

fluid flow in their physiological environment. The metabolic response of cells 

in vitro, is associated with the wall shear stress. However, parallel-plate flow 

chambers have not been characterized for dynamic fluid flow experiments. We 

use a dimensionless ratio h/λv, in determining the exact magnitude of the 

dynamic wall shear stress, with its oscillating components scaled by a shear 

factor T. It is shown that, in order to expose cells to predictable levels of 

dynamic fluid shear stress, two conditions have to be met: 1) h/λv < 2, where h 

is the distance between the plates and λv is the viscous penetration depth; and 

2) fo < fc / m, where the criticial frequency fc is the upper threshold for this flow 

regime, m is the highest harmonic mode of the flow, and fo is the fundamental 

frequency of fluid flow. 
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INTRODUCTION  

 

The parallel-plate flow chamber (PPFC) is used for flow stimulation of various 

cell types, e.g., bone cells and endothelial cells (1). A cell monolayer attached 

to one of the internal plate surfaces is subjected to fluid flow by creating a 

pressure gradient along the chamber. To calculate the resulting shear stress on 

the cells, the mathematical model assumes a Newtonian fluid in which the 

shear tensor is proportional to the deformation tensor. For steady flow between 

infinitely wide parallel plates, wall shear stress τw is calculated as a function of 

the measured flow Q: 

2

6
bh

Q
w

µτ =   [1] 

with µ = fluid viscosity, b = width of the chamber, h = distance between plates. 

For finite chamber dimensions (finite b/h), the fluid velocity profile remains 

parabolic between the plates, but vanishes at the boundaries of the rectangular 

channel (Figure 1A, B) (2, 3). The shear stress profile, calculated from the 

velocity gradient, has maximum magnitudes at the plate surfaces and vanishes 

at the corners of the channel (Figure 1C). Less than 1% difference from a full 

parabolic velocity profile occurs after an entry length Lentry = 0.04hRe 

(Reynolds number Re =Qρ/(µb)) (4). Practically, more than 85% of the surface 

is exposed to a homogenous wall shear stress for b/h > 20.  

   Equation [1] assumes steady flow, but is also used to estimate the average 

and maximum wall shear stress in dynamic flow regimes. Flow frequencies 

employed in stimulation of cells generally remain below 10 Hz (5-7), but 

physiological fluid flow might involve much higher frequencies. For example, 

small strains (< 10 µε) in bone show strain information extending to 40 Hz (8). 

Theoretical extrapolation predicts that strain induced flow in bone elicits shear 

stresses up to 3 Pa for 100-200 µε at 20-30 Hz (9). Blood flow also involves 

dynamic regimes with non-negligible higher harmonics: the spectral content of 

flow in the abdominal aorta of dogs, for example, shows frequencies reaching 

80 Hz (10). High frequency modes have been shown to be stimulative to cells 
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despite their small amplitudes; thus, fluid flow studies should be extended also 

to this range. It is questionable, though, if [1] is valid also for dynamic flows in 

PPFCs. Indeed, a dichotomy in oscillating flow regimes is reported for parallel-

plate systems, characterized by the Womersley number Wo (= √(ω/ν) Lc, where 

ω = 2πf, f = flow frequency, ν = kinematic viscosity, Lc = characteristic length; 

(11, 12)); this explicitly points at a limitation for the use of PPFCs under high 

frequency regimes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1. The flow chamber and its velocity and shear stress profile in arbitrary units. A. 
Diagram of a parallel-plate flow chamber of width b, height h, and length L, in its orientation 
in the x-y-z axes. The fluid is forced through the chamber by a steady pressure gradient along 
the x-axis. (b) and (c) show the calculated velocity profile u and the shear stress profile τ, 
respectively, for an aspect ratio b/h = 80. The arrows indicate that the profiles were taken very 
near the right edge of the flow chamber. The shear stress has its maximum value at the plate 
surfaces and vanishes at the chamber corners. Parabolic velocity profile and homogenous wall 
shear stress are characteristic for steady flow between parallel plates. 
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   The aim of this paper is to characterize PPFCs for high frequency flow 

regimes, and to determine how eventual limitations can be reduced. We derived 

a relationship between the wall shear stress and flow, as well as between flow 

and pressure gradient under oscillating regimes, generalized to include higher 

harmonics. 

 

 

MATHEMATICAL MODEL 

 

Dynamic flow  

The mathematical model assumes a laminar flow of a Newtonian fluid under 

isothermal conditions and imposes a no-slip boundary condition. The pressure 

gradient over the PPFC has a steady component γ and an oscillating component 

γo of frequency f. The Navier-Stokes equation is then: 

)sin(2

2

t
y
u

t
u

o ωγγµρ +=
∂
∂

−
∂
∂   [2] 

where velocity field u is a function of y and time variable t. The principle of 

superposition implies a generalization to dynamic flow regimes with higher 

harmonics. The solution of the velocity field has the form (Appendix [A.1-4]; 

(13)): 

)sin()()()()(),( 321 tyCtCosyCyCtyu ωω ++=   [3] 

In order to formulate the relations between the wall shear stress, the flow, and 

the pressure gradient, we introduce two dimensionless scaling factors: shear 

factor T and flow factor K, respectively. 

 



Dynamic shear stress in parallel-plate flow chambers 

 24

Shear factor T(h/λv)  

The oscillating wall shear stress component is related to flow amplitude qo, 

chamber width b, height h, and viscous penetration depth λv (=√(2ν/ω); ν = 

ratio of fluid viscosity to fluid mass density; ω = 2π f) as: 

)sin(

)(
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  [4] 

We simplify [4] by introducing shear factor T(h/λv) including all functions with 

the argument h/λv, to scale the oscillating wall shear stress amplitude. The total 

wall shear stress τwt solution of [2] is then: 









+±= )sin()(16)( 2 ψωλµτ thT

Q
qQ

bh
t v

o

o
owt

  [5] 

where Qo is the steady flow component and ψ is the phase difference between 

wall shear stress and flow. Figure 2 shows the velocity profile variations for 

various frequencies. 

   T(h/λv) (Appendix [A.11])  is close to unity when the wall shear stress is 

proportional to flow, i.e., when h/λv < 2 (Figure 3a). From [5] and [1], the 

oscillating wall shear stress amplitude becomes 6µQT/(bh2). The critical  

frequency 11.2 Hz is calculated at h/2 =λv, using the fluid physical properties 

of the culture medium and h = 0.3 mm (Figure 2). Decreasing h increases the 

critical frequency (Figures 3b,c), increasing h demands increasing the fluid 

viscosity µ (Figure 3d). The physical properties of the fluid (µ, ρ), and the 

distance between the plates (h) determine the critical frequency fc:  

2
42)(

h
fhf

c
c

ρπ
µ

µ
ρπ

=⇒=






  [6] 
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Figure 2. The velocity profiles in one cycle of oscillation. The graphs show the velocity 
profiles at time intervals an 8th part of the corresponding period. We simulated a typical cell 
culture medium (Dulbeccos’ Modified Eagle Medium (DMEM) with supplements, viscosity = 
0.0078 poise, density = 0.99 g/cm3, at 37oC), subjected to a flow amplitude of 0.15 ml/s 
between plates separated by 0.03 cm. A. The velocity profiles at 5 Hz, exhibit quasi-
parabolic form throughout one flow cycle. B. At a frequency of 11.2 Hz, the quasi-parabolic 
velocity profile breaks down by an arching between the plates (arrow). At higher frequencies, 
arching, occurs near the plates (20 Hz, C), or between the plates (44.8 Hz, D). E and F show 
the velocity profiles at 5 Hz and 11.2 Hz respectively, imposed upon a steady flow 
component. Note that the symmetry about the y-axis is lost due to the steady flow component. 
However, the quasi-parabolic form of the velocity profile still breaks down at 11.2 Hz as 
indicated by the arrows in F. Quasi-parabolic velocity profile, indicative of quasi-steady flow 
breaks down when the flow frequency is above 11.2 Hz for the given fluid properties and 
chamber dimensions. 
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Figure 3. The shear factor. A. The shape of the shear factor (Appendix (A.11)) distinguishes 
a dichotomy in flow regimes separated by h/λv = 2.0. B. For a typical cell culture medium 
(DMEM, with supplements) the T(h/λv) curve digresses from unity depending on the value of 
h. C. shows that the critical frequency can be raised by minimizing h while keeping T(h/λv) 
close to unity for DMEM. D. Shows that the fluid viscosity µ can be increased (from 0.005 
poise, assuming that ρ is not significantly changed) while keeping T ~ 1.0, even at higher h 
values up to about 1 mm. In both C and D, the arrow indicates the region where T ~ 1.0 i.e., 
where h/λv < 2 validating the adaptation of equation (1) for dynamic flow.  
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D. C. 
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Figure 4. The flow factor. A. The flow factor K(h/λv) (Appendix (A.12)) varies from unity by 
2% at h/λv = 1.0 and drops to 0.78 at h/λv = 2.0. B. The product between the flow and shear 
factor is asymptotic to the horizontal axis. T(h/λv)K(h/λv) scales the wall shear stress when the 
oscillating pressure gradient amplitude is kept constant as h/λv is varied (TK = 0.79 when αh 
= 2). A and B illustrate that varying h/λv while keeping the pressure gradient amplitude 
constant leads to a lowering of the initial wall shear stress compared to its value if the flow 
were steady. C. TK drops faster at higher values of h and f. D. shows that TK drops faster for 
lower values of µ and higher h. In both C and D, the arrow indicates the region where TK 
~1.0, i.e., h/λv < 1. Equation (1) is valid for h/λv < 2 provided that the flow measurement is 
simultaneous to the change in h/λv parameters.  

h = 0.10 cm 

h = 0.05 cm 

h = 0.01 cm 

A. B. 

D. C. 
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Flow factor K(h/λv) 

   The oscillating flow amplitude qo can be scaled by a flow factor K(h/λv) in 

relation with the oscillating pressure gradient amplitude γo: 

)(
12

3

v
o

o hKbhq λ
µ
γ

=   [7] 

K (Appendix [A.12]) is a decreasing function of h/λv (Figure 4). This shows 

that pressure gradient drops for h/λv > 1, which means that the wall shear stress 

is underestimated for h/λv > 1. For example, there is an overestimation of the 

magnitude of the wall shear stress by 21% at the critical frequency (h/λv = 2). 

In order to correct for that, the oscillating wall shear stress amplitude has to be 

scaled by the product TK when the oscillating pressure gradient amplitude is 

kept constant:  

)()(6
2 vv
o hThK

bh
q λλµ   [8] 

So, [8] should be used in experimental set-ups in which the pressure gradient is 

controlled, because the resulting shear stress is underestimated. The wall shear 

stress is linear to flow when h/λv < 2 but the flow is linear with the pressure 

gradient when  h/λv < 1. 

 

Higher harmonic modes  

The flow profile may show a more arbitrary shape depending on the type of 

pump mechanism used. When the flow is periodic, it can be expanded into a 

Fourier series (see [A.10]), and from [5] follows: 
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where ψ is the phase difference between the wall shear stress and the 

corresponding flow component at the given indices. Shear factor T is 

discretized due to the form of the angular frequency (ωn = 2πfon, for n = 

1,2,3…). The summation limit m imposes that for n > m, flow coefficients qn
c 

or qn
s become negligible compared to the average flow. To apply a flow regime 
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such that h/λv < 2 for all harmonics, the highest harmonic mode (fom) must be 

less than the critical frequency fc. 

 

 

DISCUSSION  

 

For dynamic regimes in a PPFC, the relations between wall shear stress, flow, 

and pressure gradient, were derived using dimensionless scaling factors T(h/λv) 

and K(h/λv). The dimensionless parameter h/λv was the key for establishing 

quasi-steady flow in laminar regimes. The analysis was expanded to apply for 

arbitrary dynamic laminar flows, identifying the limits for the highest harmonic 

mode of the flow.  

   To establish laminar quasi-steady flow under dynamic regimes in PPFCs, the 

following conditions apply: 1) h/λv < 2 based on the consequent quasi-

parabolic form of the velocity profile, and 2) fo < fc / m, where the criticial 

frequency fc is the upper threshold for this flow regime and m is the highest 

harmonic of flow. Quasi-steady flow means that the dynamic wall shear stress 

follows the changing flow linearly. When the flow is beyond the quasi-steady 

regime, there will be less oscillation due to backflow (figure 2 b-d), but 

shearing might increase at the plate walls since the shear factor T(h/λv) > 1 

(Figure 3, [5]). 

   Attached cells occupy < 4.1% of the chamber height, based on unsheared 

endothelial monolayers (3.4±0.7 µm, see (14); for h = 100-300 µm). Since the 

wall shear stress is estimated by average parameters (flow or pressure 

gradient), assumption of smooth rigid walls is reasonable.  The Reynolds and 

the Womersley numbers empirically predict the transition from laminar to 

turbulent oscillating flow. Measurement on a dog’s blood vessel relates the 

maximum Re to 150-250 times Wo (11). The transition to turbulent flow is 

reached at Re < 2640 (15), however, values as low as Re ~ 1000 have been 

found experimentally. Assuming that the transition to turbulent flow for flow 

between parallel-plates is Re = 2000, this transition occurs at a supplementary 
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condition: h/λv = 8/√2 ≈ 5.7. The flow regime where h/λv < 2, is far from 

turbulence provided the fluid properties remain stable.  

   Our findings provide guidelines in adapting the PPFC in terms of parameters 

in h/λv for investigating cell mechanosensitivity in vitro. Using the PPFC, the 

effect of physiological flow regimes on cells can be studied involving a wide 

range of frequencies, types of viscous fluids, and values for h that approximate 

actual shearing flow in various anatomical sites, such as blood vessels or the 

lacuno-canalicular network in bone.  
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APPENDIX  

The velocity profile for dynamic flow between parallel plates takes the form of 

equation [3] with: 
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where the following functions were defined: 
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The phase difference between the velocity of a fluid layer and the pressure 

gradient is: 
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when the velocity profile takes the form: 

)sin()()()(),( 2
3

2
21 σω +++= tyCyCyCtyu   [A.6] 

The oscillating wall shear stress calculated from the gradient of the velocity is 

then: 

)sin(
)(

)()( 22

ϑω
λ

λλ
ρω
µαγτ +

+
=

+

+− t
hcc

hsshss

v

vv
owo   [A.7] 

where the phase difference is: 
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For an expression when the oscillating wall shear stress is related with the flow 

(see equation (4)), the phase difference is: 
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A smooth periodic continuous flow can be expanded into its Fourier series with 

an upper index indicating a “hard” limit giving a series termination at m, or a 

“soft” limit giving negligible terms after m: 
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The shear factor T(h/λv) and the flow factor K(h/λv), are derived from (A.7): 
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LIST OF SYMBOLS 

γ = constant pressure gradient component for dynamic fluid flow  

γo = amplitude of the oscillating pressure gradient component for dynamic flow  

ϑ = phase difference between the oscillating wall shear stress and the 

oscillating pressure gradient 

h/λv = viscous penetration depth  

µ = fluid viscosity  

µ∈ = microstrain 

ν = kinematic viscosity 

ρ = fluid density  

σ = phase difference between the velocity and the oscillating pressure gradient  

τw = wall shear stress for steady flow  
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τwo = oscillating wall shear stress  

τwt = total wall shear stress for dynamic flow  

τ = fluid shear stress  

ψ = phase difference between the wall shear stress and the oscillating flow  

ω = 2πf = angular frequency  

∇ = del operator 

∇2 = Laplacian operator 

An = velocity field amplitudes in the summation term of the steady flow 

solution  

b = PPFC width 

cn = velocity field function arguments in the summation term of the steady 

flow solution 

f = flow frequency  

fc = critical frequency 

F = external force density term  

h = distance between the plates 

K = flow factor 

L = wetted length of the flow chamber  

m = highest frequency mode 

Pa = Pascal 

 p = pressure  

qo = amplitude of the oscillating flow component  

Q or Qo = flow  

Re = Reynolds number  

T = shear factor  

u = velocity field  

Wo = Wormesley number 

x = length axis 

y = height axis 

z = width axis 
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ABSTRACT  

 

Shear stress due to mechanical loading-induced flow of interstitial fluid 

through the lacuno-canalicular network is a likely signal for bone cell adaptive 

responses. Moreover, the rate (determined by frequency and magnitude) of 

mechanical loading determines the amount of bone formation. Whether the 

bone cells’ response to fluid shear stress is rate dependent is unknown. Here we 

investigated whether bone cell activation by fluid shear stress is rate dependent. 

MC3T3-E1 osteoblastic cells were subjected for 15 min to fluid shear stress of 

varying frequencies and amplitudes, resulting in peak fluid shear stress rates 

ranging from 0 to 39.6 Pa-Hz. Nitric oxide production, a parameter for bone 

cell activation, was found to be linearly dependent to the fluid shear stress rate; 

the slope was steepest at 5 min (0.11 Pa-Hz-1), and decreased to 0.03 Pa-Hz-1 at 

15 min. We conclude that the fluid shear stress rate is an important parameter 

for bone cell activation. 
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INTRODUCTION 

 

Bone as a living tissue has long been recognized to be capable of adapting its 

mass and structure in response to the demands of mechanical loading (Wolff’s 

Law) (1, 2). However, the underlying cellular processes remain poorly 

understood. It has been postulated that  due to loading and unloading, 

extracellular fluid flows through the lacuno-canalicular network to the bone 

surface and back (3). Streaming potentials measured on loaded bone confirmed 

the transfer of ions due to fluid movement in bone (4). The loading-induced  

movement of labeled molecules of varying sizes directly demonstrated fluid 

flow in the mineralized matrix of bone, both in vivo and ex vivo (5, 6). The 

flow of interstitial fluid through the lacuno-canalicular network induces shear 

stress on the membrane of bone cells. This shear stress is a likely candidate 

signal for bone cell adaptive responses (7-10).  Bone cells respond to fluid flow 

stimulation in vitro (11-18). They are sensitive to fluid shear stress (16, 18), 

rather than to streaming potentials mediated by the transport of ions with the 

flow (18). Bone cells are also more responsive (in terms of nitric oxide (NO) 

and prostaglandin E2 production) to shear stress by fluid flow stimulation than 

to direct mechanical strain by substrate stretching (19, 20). However, how fluid 

shear stress activates bone cells is not well understood.  

The fluid shear stress amplitudes and frequencies in bone can be determined 

theoretically from known physiological loading parameters. By applying Biot’s 

theory of poroelasticity to bone, the predicted range of in vivo fluid shear stress 

ranges from 0.8 – 3 Pa due to loading-induced strains ranging between 1000 – 

3000 µε (21, 22). That this range of fluid shear stress magnitudes is enough to 

stimulate bone cells, was confirmed by in vitro studies (11-17).  

Several studies have suggested that the rate (determined by the frequency and 

amplitude) rather than the magnitude alone of the applied loading stimulus 

correlates to bone formation (23, 24). This implies that bone formation is 

essentially enhanced by dynamic loading. Thus, both the magnitude (or 
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amplitude) and the frequency of loading are important parameters for bone 

formation.  Indeed, it has been shown that low magnitude (< 10 µε), high 

frequency (10 – 100 Hz) loading is capable of stimulating bone growth and 

inhibiting disuse osteoporosis (25). Furthermore, it has been shown that high-

amplitude, low-frequency stimuli are rare in the activities of daily life, whereas 

high-frequency, low-amplitude stimuli are common (26). High rates of loading, 

as in high impact physical activity including jumps in unusual directions, have 

a great osteogenic potential in humans (27) and in osteopenic ovariectomized 

rats (28). High stress rate, as in step-wise increased fluid shear stress, was also 

shown to stimulate neonatal rat calvarial bone cells (29). Therefore, the 

osteogenic response to high impact activity might be related to the response of 

bone cells to a sudden increase (i.e., high rate) in fluid shear stress. The rate of 

loading seems to be a decisive factor in bone formation and maintenance. 

However, how bone cells respond to the rate of loading is not well understood.  

In this study, we investigated the response of bone cells to varying rates of 

fluid shear stress. We used NO production as a parameter for bone cell 

activation since it is an early mediator of mechanical loading-induced bone 

formation (30). Furthermore, NO has been shown to be essential to adaptive 

bone formation in vivo (31). To our knowledge this is the first study that aimed 

at a quantitative relationship between bone cell activation and the rate of fluid 

shear stress.  

 

 

MATERIALS AND METHODS 

 

Bone cell cultures 

MC3T3-E1 cells were cultured up to near-confluency in 75 cm2 cell culture 

flasks (Nunc, Roskilde, Denmark), using α-Modified Eagle’s Medium (α-

MEM; Gibco, Paisley, UK) supplemented with 10% fetal bovine serum (FBS; 

Gibco), ascorbate (50 µg/ml; Merck, Darmstadt, Germany), β-
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glycerophosphate disodium salt hydrate (10 mM; Sigma, St. Louis, MO, USA), 

l-glutamine (300 µg/ml; Merck), gentamycine (50 µg/ml; Gibco), fungizone 

(1.25 µg/ml; Gibco). Cells were then harvested and seeded at 2x105 cells per 

polylysine-coated (50 µg/ml; poly-L-lysine hydrobromide; Sigma) glass slide 

(5 cm2), and incubated overnight in α-MEM with 10% FBS to promote cell 

attachment, at 37°C with 5% CO2 in air, prior to fluid shear stress experimental 

treatment as described below.  

Calculation of frequency spectra after loading 

To determine the precise flow regimes to stimulate bone cells (as described 

under Fluid shear stress), we first calculated the frequency spectra after loading 

of bone (Fig. 1). We used the results from the studies of Bergmann et al. (32), 

in which forces on a human hip were measured using strain sensors. The 

frequency spectra of the resultant forces on the hip showed a rich harmonic 

content ranging between 1-3 Hz for walking cycles, and reaching 8-9 Hz for 

running cycles (Fig. 1).  
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Figure 1. Hip joint forces. A. Resultant force on the left hip joint of a male human subject (62 
kg,) as a function of time, measured by implanted sensors inside a femur at normal walking 
on a treadmill (2 km/h). B. The frequency spectrum of the resultant hip joint force due to 
normal walking. C. Resultant force on the hip as a function of time at jogging pace on a 
treadmill (8 km/h). D. The frequency spectrum of the resultant force due to jogging pace. 
Data taken with permission from Bergmann and co-workers (25).  
 
 

 

Fluid shear stress 

Pulsating fluid shear stress was generated using a flow apparatus containing a 

parallel plate flow chamber (PPFC) as described earlier (14, 33, 34). Fluid 

shear stress was induced on the monolayer of cells attached to the polylysine-

coated glass slide serving as the bottom of the parallel plate flow chamber, by 

circulating 9 ml of α-MEM containing 2% FBS plus supplements as described 

above using a computer-controlled micro annular gear pump (developed by 

HNP Mikrosysteme GmbH, Parchim, Germany). Precise flow regimes (see 

Table 1 and Fig. 2) were implemented by controlling the pump using 
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computer-mediated instrumentation by LabViewTM (National Instruments 

Corp., Austin, Texas, USA). The flow through the PPFC was monitored online 

using a small animal blood flowmeter (T206, Transonic Systems Inc., Ithaca, 

New York, USA). 

 

 

 

Table 1. Data of applied pulsating fluid shear stress (PFSS) regimes 

Regime 5 Hz lo 5 Hz hi 9Hz lo 9Hz hi steady  

mean shear stress (Pa) 0.70 0.70 0.70 0.70 0.70 

pulse amplitude (Pa) 0.31 0.70 0.31 0.70 0 

*peak fluid shear stress rate (Pa-Hz) 9.70 22.0 17.5 39.6 0 

average flow (ml/min) 8.30 8.30 8.30 8.30 8.30 

lo, low amplitude; hi, high amplitude; steady, steady flow. 
*peak fluid shear stress rate = pulse amplitude x frequency x (2π). 
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Figure 2. Fluid shear stress regimes applied to bone cells for 15 min. Only 1 s duration of the 
regimes are shown. A. The slope of the lines equals the peak fluid shear stress rate. The rate 
increases with higher flow regime frequency (double arrows, 9 Hz high amplitude; single 
arrow, 5 Hz high amplitude; solid line, 5 Hz; dashed line, 9 Hz). The steady flow regime is 
constant at 0.7 Pa, hence having zero rate.  B. The peak fluid shear stress rate is also varied by 
changing the amplitude from a 0.31 Pa to 0.70 Pa (double arrows, 5 Hz high amplitude; single 
arrow, 5 Hz low amplitude; solid line, high amplitude; dashed line, low amplitude).  
 

During the shear stress experiment the flow apparatus was placed in a 37°C 

incubator, and connected to a gassing system that maintained a pH of 7.4 in the 

medium using 5% CO2 in air. For the PFFS experiments, the culture medium 

was changed to α-MEM with 2% FBS plus supplements as described above 

(fluid viscosity = 0.69 x 10-4 Pa-s).  Cells were incubated for 15 min in the 
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presence of: 1) steady fluid shear stress (0.70 Pa), 2) low amplitude pulsating 

fluid shear stress (PFSS, 0.70±0.31 Pa) at two different frequencies (5 Hz or 9 

Hz), and 3) high amplitude pulsating fluid shear stress (0.70±0.70 Pa, 5 Hz or 9 

Hz), 4) no shear stress (static controls) (Table 1). Medium samples were taken 

at 5, 10 and 15 min for measuring the response to fluid flow parameterized as 

production of NO in the medium. 

The PPFC was designed such that it is capable of inducing high frequency 

fluid shear stress on the cells (33). The PPFC geometry and the flow 

frequencies that were utilized allowed for the use of the formula: τ = 6µQ/(bh2) 

under dynamic flow. This formula is used to calculate the peak fluid shear 

stress τ (acting on the cells), due to a flow Q, in a chamber of width b and plate 

separation h, with a fluid of viscosity µ. 

 

Nitric Oxide determination 

The conditioned medium was assayed for NO, which was measured as nitrite 

(NO2
-) accumulation in the conditioned medium, using Griess reagent (1% 

sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, and 2.5 M 

H3PO4). The absorbance was measured at 540 nm. NO concentrations were 

determined using a standard curve derived from known concentrations of 

NaNO2 in non-conditioned culture medium. Data from separate experiments 

were collected and normalized with respect to static controls, and expressed as 

treatment-over-control (T/C) ratios, or as absolute values where indicated. 

 

Statistics 

Data were pooled from the results of at least five experiments for each fluid 

shear stress regime tested (Table 1). The effects of treatment with fluid shear 

stress were analyzed with the non-parametric Wilcoxon rank sum test of the S-

Plus 2000 package (release 1). Differences were considered significant at a p 

value <0.05. The relation between NO production and the peak rate of fluid 

shear stress was analyzed by linear regression.  
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RESULTS 

 

Application of fluid flow for 15 min to the MC3T3-E1 cells did not result in 

visible changes in cell shape or alignment of the cells in the direction of the 

fluid flow (data not shown). No cells were removed by any of the fluid shear 

stress regimes, as assessed by visually inspecting the cultures before and after 

fluid shear stress treatment, and by measuring the total amount of  DNA 

(control, 261 ± 19 ng; PFSS, 279 ± 27 ng; mean ± SEM of 6 experiments).  

The NO response of MC3T3-E1 cells to a fluid shear stress with zero rate 

was first studied separately, by culturing cells under steady flow conditions 

(Table 1, Fig. 3).  MC3T3-E1 cells treated with a steady fluid shear stress of 

0.70 Pa showed a significantly increased NO release as compared to static 

control cultures within the first five minutes of treatment (Fig. 3A), but not 

thereafter. The 2-fold increase in NO production in response to steady shear 

stress remained significant during the 15 minute treatment period (Fig. 3B).  
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Figure 3. Effect of steady fluid shear stress on the NO production by MC3T3-E1 bone cells.  
A. The absolute amount of NO production by bone cells subjected to steady fluid shear stress, 
increased after 5 min and continued thereafter as compared to  control cultures not subjected 
to flow.  B. Treatment-over-control ratios showed that the response to steady shear stress 
increases 2-fold throughout 15 min.  *p < 0.05. 
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To study the effect of the fluid shear stress amplitude and frequency on the NO 

response of the bone cells, they were subjected to varying pulsating fluid shear 

stress (PFSS) regimes (see Table 1). The NO response to PFSS became higher 

with increasing shear stress amplitude after 5, 10 and 15 min of treatment (Fig. 

4). In addition, the NO response was more pronounced at higher frequencies 

(Fig. 4). Treatment with 5 Hz lo (low amplitude; see Table 1) elicited a 

comparable 2-fold increase in NO response by the cells as steady fluid shear 

stress within the first 5 min (Fig. 4). Treatment with 9 Hz lo caused a rapid 3-

fold increase of NO after 5 min, as did treatment with 5 Hz hi (high amplitude; 

see Table 1). Treatment with 9 Hz hi elicited the highest, 5-fold, increase in 

NO production after 5 min (Fig. 4). So, high amplitude PFSS (5 Hz or 9 Hz hi) 

elicited a higher level of NO production than low amplitude PFSS (Fig. 4). 

Similarly, high frequency PFSS (9 Hz) treatment elicited a higher NO response 

by bone cells than low frequency PFSS (5 Hz), despite having the same fluid 

shear stress average. Thus, both the applied frequency and amplitude of PFSS 

affected the response of MC3T3-E1 bone cells.  
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Figure 4. Effect of PFSS frequency and amplitude on the NO production by MC3T3-E1 bone 
cells during 15 min. NO production was between 0.31 to 0.90 µM per 2x105 cells for all cell 
cultures without fluid shear stress treatment. The effect of fluid shear stress on NO production 
is maximal within 5 min of treatment for all PFSS regimes.  Treatment with high amplitude 
(or frequencies) elicited higher NO production than low amplitude (or frequencies). Values 
are mean treatment-over-control ratios (T/C)±SEM. lo, low amplitude (0.31 Pa); hi, high 
amplitude (0.70 Pa). aSignificantly different from 1.0: a1, p < 0.05; a2, p < 0.01; a3, p < 
0.006. bSignificantly different from 5 Hz low amplitude: b1, p < 0.05; b2, p < 0.01; b3, p < 
0.006.  
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Next we tested whether there was a correlation between the fluid shear stress 

rate and the NO response of the bone cells (Fig. 5). At 5 min MC3T3-E1 bone 

cells reacted to the application of a fluid shear stress rate of 21.99 Pa-Hz (5 Hz 

hi) with a 3-fold enhanced NO production (p<0.02), similar to the bone cell’s 

response to a comparable shear rate of 17.53 Pa-Hz (9 Hz lo) (Fig. 5A). At 5 

and 10 min the NO production was linearly related with the peak rate of the 

PFSS (Fig. 5A,B). At 15 min there was still a trend of a linear relationship (Fig. 

5C). This means that a higher PFSS rate induced a higher NO production. 
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Figure 5. Nitric oxide production by bone cells is linearly proportional to the rate of fluid 
shear stress. The steepest slope was found at 5 min (0.11 Pa-Hz-1), indicating that the highest 
bone cell response to fluid shear stress rate occurs rapidly. At 10 and 15 min, NO levels were 
lower than those found at 5 min. Values are mean treatment-over-control ratios (T/C)±SEM.  
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The slope of the linear curve relating the NO production to the PFSS rate 

indicates the magnitude of the bone cell response (Fig. 5A-C).  The slope was 

0.11 Pa-Hz-1 (or 2-fold per 20 Pa-Hz) at the 5-min time point (Fig. 5A), and 

decreased to 0.05 Pa-Hz-1 and 0.03 Pa-Hz-1 at the 10-min and 15-min time 

points respectively (Fig. 5B,C). Therefore, the NO production response to 

PFSS by bone cells was highest immediately after 5 min after the onset of flow 

(Fig. 5).  

 

 

DISCUSSION 

 

The present study suggests that the bone cell response to fluid shear stress is 

rate- dependent. Increasing either shear stress amplitude or frequency, without 

increasing the average stress, enhanced NO production by bone cells in vitro. 

Bone cells responded similarly to similar rates of fluid shear stress, despite 

different frequencies (5 Hz, 21.99 Pa-Hz or 9 Hz, 17.53 Pa-Hz). Hence, a 

useful parameter for predicting a proportional increase of NO production of 

bone cells by fluid flow is the peak rate of fluid shear stress, which is 

proportional to the product of the fluid shear stress amplitude and frequency.  

Our results support the notion that bone formation is stimulated by dynamic 

rather than static loads (34), and that low magnitude, high frequency 

mechanical stimuli may be as stimulatory as high-amplitude, low frequency 

stimuli. Low amplitude, high frequency loading in bone has been shown to 

occur more often in normal daily activities in vivo (26). Since we showed that 

bone cells are responsive to the rate of loading, high frequency, low amplitude 

strain-derived fluid shear stresses might be enough to stimulate the cells.  This 

could then result in adaptive bone formation. Hence, the finding that the bone 

cell’s response to fluid shear stress is rate dependent provides an explanation 

why adaptive bone formation can occur despite the sporadic occurrence of high 

amplitude strains in daily life (26). The application of vibration on bone in vivo 



Chapter 3  

 51

and bone cells in vitro has been shown to elicit adaptive responses (35, 36). 

Vibration, or low amplitude, broad frequency spectrum stimulation, was shown 

to enhance the osteogenic response of bone in vivo (35). In addition, osteoblasts 

cultured on collagen gels, were shown to be more sensitive to low amplitude, 

broad frequency vibration than sinusoidal strain alone (36). In these studies 

vibratory stimulation on bulk specimen did not account for the direct forces 

acting on bone cells (35, 36), while in our current investigation we directly 

applied a homogenous fluid shear stress on a monolayer of bone cells. 

Therefore our study provides a cellular basis for explaining the role of the rate 

of loading on bone formation as observed in vivo (23, 24, 37).  

Steady, non-dynamic shear stress provides a zero shear rate, but in the 

present study it elicited, like dynamic fluid shear stress regimes, also a 

significant NO response by bone cells. However, when the steady shear stress 

was applied, the cells experienced a sudden increase of fluid shear stress from 0 

to 0.70 Pa by switching on the pump. This sudden increase in stress gave a very 

high rate of stress, which probably was sufficient to elicit a strong response by 

the bone cells. This also confirms our finding that the cellular response to shear 

stress is rate-dependent.  

The NO production by bone cells in response to fluid shear stress was rapid 

(i.e., within 5 min). The slope relating bone cell activation and fluid shear 

stress rate was highest after 5 min of stimulation, and decreased afterwards. 

The slope of NO production against the peak PFSS rate indicates how much 

NO is produced per unit of peak PFSS rate. Since this slope was highest within 

the first 5 min of stimulation (2-fold increase of NO production per 20 Pa-Hz), 

bone cells were responsive to PFSS quite rapidly and the response declined 

thereafter. This suggests that a continuous bone cell stimulation might not be 

necessary to maintain bone mass and structure. Hence, the rare occurrence of 

high strains in vivo is not necessarily predictive of bone loss. The rapid NO 

response by bone cells to fluid shear stress indicates a possible mechanism by 
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which bone can make use of rarely occurring high amplitude strains to maintain 

proper metabolism.  

Based on both the rapid and rate dependent response of bone cells to fluid 

shear stress, bone loss after prolonged bed rest (37) or microgravity (38) might 

depend on other factors aside from the lack of loading itself. Our results might 

suggest that if that bone cells do not require continuous loading to maintain 

bone mass and structure, then sporadic bouts of exercise should fully counter-

act bone loss under conditions of prolonged unloading. However, full recovery 

from bone loss does not always occur (39, 40). Thus, the observation of bone 

loss after prolonged bed rest or under microgravity suggests another cellular 

mechanism that might be impaired under such conditions (41).   

Our finding that the bone cell response to fluid shear stress, in terms of NO 

production, is rapid and rate-dependent, might further the description and 

prediction of bone loss by existing theoretical models (42, 43). Although these 

models considered cellular activity, a truly dynamic simulation of adaptive 

bone formation, incorporating how fast bone cells produce signaling molecules, 

and build or resorb bone has yet to be attempted. Our results might provide a 

basis for a dynamic simulation of adaptive bone formation for predicting bone 

loss under environments of unloading as in prolonged bed rest or microgravity. 

The transfer of forces from the effects of loading on the whole bone tissue, 

down to the cellular level might be complex, however our results clearly 

indicate that dynamic loading plays an essential role for the activation of bone 

cells.  We conclude that NO production by bone cells subjected to fluid flow is 

linearly dependent on the rate of fluid shear stress. Both the amplitude and 

frequency of stress contribute to the flow-induced activation of bone cells.  
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ABSTRACT 

 

The shear stress induced by the loading-mediated flow of interstitial fluid 

through the lacuno-canalicular network is a likely stimulus for bone cell 

adaptive responses. Furthermore, the magnitude of the cellular response is 

related to the rate of mechanical loading rather than its magnitude. Thus, bone 

cells might be very sensitive to sudden stress-kicks, as occuring e.g., during 

impact loading. There is evidence that cells change stiffness under stress, 

which might make them more sensitive to subsequent loading. We studied the 

influence of a stress-kick on the mechanosensitivity of MC3T3-E1 osteoblast-

like cells under different peak shear rate conditions, as measured by nitric 

oxide production. MC3T3-E1 bone cells were treated with steady or pulsating 

fluid shear stress (PFSS) for 5 min with different peak rates (9.70 Pa-Hz, 17.5 

Pa-Hz, and 22.0 Pa-Hz) using varying frequencies (5 Hz, 9 Hz), and amplitudes 

(0.70 Pa, 0.31 Pa).  PFSS treatment was done with or without fluid flow pre-

treatment phase, which removed the initial stress-kick by first applying a slow 

fluid flow increase. Nitric oxide production in response to fluid shear stress 

was rate dependent, but necessitated an initial stress-kick to occur. This 

suggests that high-rate stimuli condition bone cells to be more sensitive for 

high-frequency, low-amplitude loads.  
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INTRODUCTION 

 

During life, bones adapt their mass and structure to the prevailing mechanical 

loads, in order to resist mechanical failure with minimum material expense. It 

is currently believed that this process of adaptation is governed by osteocytes, 

which respond to the loading-induced flow of interstitial fluid through the 

lacuno-canalicular network (1). When bones are loaded, the resulting 

deformation will drive the thin layer of interstitial fluid surrounding the 

network of osteocytes within the calcified bone matrix to flow from regions 

under high pressure to regions under low pressure (2, 3). The loading-induced 

movement of labeled molecules directly demonstrated fluid flow in the 

mineralized matrix of bone both in vivo (4) and ex vivo (5). Osteocytes have 

been proven to be sensitive to this type of fluid shear stress (6). Subsequently, 

the osteocytes may signal the osteoblasts and osteoclasts to change their bone 

remodeling activities (1, 7).  

   Bone cells (osteocytes, and to a lesser extent also osteoblasts) respond to 

fluid flow stimulation in vitro (6, 8-15). They are sensitive to fluid shear stress 

(9, 16), rather than to streaming potentials mediated by the transport of ions 

with the flow (17, 18). Bone cells are also more responsive to shear stress by 

fluid flow stimulation than to direct mechanical strain by substrate stretching 

(19-21). Bone cells respond to fluid flow with increased nitric oxide (NO) and 

prostaglandin E2 production, which are essential for the induction of new bone 

formation in reaction to mechanical loading in vivo (22, 23). In particular, we 

have recently found that MC3T3-E1 osteoblastic cells produce NO in response 

to fluid shear stress in a rate dependent manner (8). Since osteoblasts respond 

to fluid shear stress as osteocytes, although to a lesser extent, osteoblasts could 

provide a practical model for osteocyte response to fluid shear stress. However, 

how bone cell sensitivity is modulated by the various flow parameters 

(amplitude, frequency, duration, etc.) is not well understood.  
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The fluid shear stress amplitudes and frequencies in bone can be determined 

theoretically from known physiological loading parameters. By applying Biot’s 

theory of poroelasticity to bone, the predicted range of in vivo fluid shear stress 

ranges from 0.8 – 3 Pa due to loading-induced strains ranging between 1000 – 

3000 µε (3, 24). Several in vitro studies (6, 8-15) have confirmed that this 

range of fluid shear stress magnitudes is able to stimulate bone cells.  

It has been suggested that the rate (determined by the frequency and 

amplitude) rather than the magnitude alone of the applied loading stimulus 

correlates to bone formation (8, 25, 26). This implies that bone formation is 

enhanced by dynamic loading. Thus, both the magnitude (or amplitude) and the 

frequency of loading seem to be important parameters for bone formation.  

Indeed, it has been shown that low magnitude (< 10 µε), high-frequency (10 – 

100 Hz) loading is capable of stimulating bone growth and inhibiting disuse 

osteoporosis (27). Furthermore, it has been shown that high-amplitude, low-

frequency stimuli are rare in the activities of daily life, whereas high-

frequency, low-amplitude stimuli are common (28). The rate of loading seems 

to be a decisive factor in bone formation and maintenance. However, how bone 

cells respond to the rate of loading is not well understood. 

High impact physical activity, including jumps in unusual directions, has a 

great osteogenic potential in humans (29) and in osteopenic ovariectomized rats 

(30). High impact drop jumps were shown to significantly increase bone 

formation rates compared to that of baseline walking (31). Furthermore, an 

initial high stress rate, as in step-wise increased fluid shear stress, was shown to 

stimulate neonatal rat calvarial bone cells (32). Therefore, the osteogenic 

response to high impact activity might be related to the response of bone cells 

to a sudden increase (i.e., stress-kick) in fluid shear stress. The osteogenic 

benefits of high impact activity might imply that the bone cell response to fluid 

shear stress is non-linear. 

Tanaka and colleagues (33) showed that stochastic resonance enhances bone 

formation.  Stochastic resonance is a phenomenon by which non-linear systems 
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are able to amplify a response to small periodic stimuli with the aid of noise 

(34). Stochastic resonance has been used to explain various phenomena in 

biological systems (34, 35) including the activity of cells under microgravity 

(36). During exercise, as in active sports, bone is subjected to quick variations 

in loading, which is equivalent to a noisy loading environment. Therefore, the 

possibility arises that bone cells are more responsive to fluid shear stress 

mediated by high impact activity compared to low impact activity. If so, the 

bone cell response to fluid shear stress might be non-linear, that is, requiring an 

initial stress-kick.  

In this study, we investigated whether an initial stress-kick is required for the 

response of bone cells to varying rates of fluid shear stress. The initial stress-

kick occurs during the quick transition from 0 to a non-zero stress initiating a 

fluid shear stress stimulation of cells. We used NO production as a parameter 

for bone cell activation since it is an early mediator of mechanical loading-

induced bone formation (37), and it has been shown to be essential to adaptive 

bone formation in vivo (23).  

 

 

MATERIALS AND METHODS 

 

Bone cell cultures 

MC3T3-E1 cells (Kodama, et al, 1981; kindly provided by Dr. Kumegawa, 

Mekai University School of Dentistry, Sakado, Saitama, Japan) were cultured 

up to near-confluency in 75 cm2 cell culture flasks (Nunc, Roskilde, Denmark), 

using α-Modified Eagle’s Medium (α-MEM; Gibco, Paisley, UK) 

supplemented with 10% fetal bovine serum (FBS; Gibco), ascorbate (50 µg/ml; 

Merck, Darmstadt, Germany), β-glycerophosphate disodium salt hydrate (10 

mM; Sigma, St. Louis, MO, USA), l-glutamine (300 µg/ml; Merck), 

gentamycine (50 µg/ml; Gibco), fungizone (1.25 µg/ml; Gibco), at 37°C with 

5% CO2 in air. Cells were then harvested using 0.25% trypsin (Difco 
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Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma) in PBS, and seeded 

at 2x105 cells per polylysine-coated (50 µg/ml; poly-L-lysine hydrobromide; 

Sigma) glass slide (5 cm2), then incubated overnight in α-MEM with 10% FBS 

to promote cell attachment prior to fluid shear stress experimental treatment as 

described below.  

 

Parallel-plate flow chamber (PPFC) design for dynamic fluid shear stress 

The PPFC was designed such that it is capable of inducing high-frequency fluid 

shear stress on the cells. This chamber was designed for dynamic flow regimes 

utilizing flow frequencies up to 11.2 Hz (the critical frequency, as discussed 

below). A dimensionless parameter αh (α = √(πfρ/µ), where f = flow 

frequency, ρ = fluid density, µ = fluid viscosity; h = distance between the 

plates, 300 µm; a more detailed derivation of this parameter has been done 

elsewhere, see (38, 39) determines the magnitude of the dynamic wall shear 

stress, with its oscillating component scaled by a dimensionless “shear factor” 

T(αh): 

)sin()(6)( 2 ψωαµτ += thQT
bh

tw            

where Q is the flow amplitude, ω = 2πf, and ψ is the phase difference between 

the flow and the wall shear stress τw. When T(αh) = 1.0, ψ vanishes and the 

flow and wall shear stress are always in phase giving a quasi-parabolic velocity 

profile throughout one flow period. A critical frequency fc exists (when αh = 2, 

f in α is the critical frequency), above which, the parabolic velocity profile does 

not occur (i.e., when αh > 2).  The quasi-steady flow regime for exposing cells 

to predictable levels of dynamic wall shear stress requires αh < 2 based on the 

velocity profile and the magnitude of T(αh) (Fig. 1).  
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Figure 1. The shear factor predicts homogenous wall shear stress in the parallel-plate flow 
chamber.  The shear factor T(αh) is equal to 1.0 when αh < 2. Under this condition, the fluid 
flow regime is quasi-steady, which induces a homogenous wall shear stress. 
 

 

Fluid shear stress  

Pulsating fluid shear stress was generated using a flow apparatus containing a 

parallel- plate flow chamber (PPFC) as described earlier (6, 8). Briefly, fluid 

shear stress was induced on the monolayer of cells attached to the polylysine-

coated glass slide serving as the bottom of the parallel-plate flow chamber, by 

circulating 9 ml of α-MEM containing 2% FBS plus supplements as described 

above using a computer-controlled micro-annular gear pump (developed by 

HNP Mikrosysteme GmbH, Parchim, Germany). Precise flow regimes were 

implemented by controlling the pump using computer-mediated 

instrumentation by LabViewTM (National Instruments Corp., Austin, Texas, 

USA). The flow through the PPFC was monitored online using a small animal 

blood flowmeter (T206, Transonic Systems Inc., Ithaca, NY, USA). 

During the shear stress experiment the flow apparatus was placed in a 37°C 

incubator, and connected to a gassing system that maintained a pH of 7.4 in the 

medium using 5% CO2 in air. For the fluid shear stress experiments, the culture 

medium was changed to α-MEM with 2% FBS plus supplements as described 

above (fluid viscosity = 0.69 x 10-4 Pa-s).  Cells were incubated for 5 min in the 
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presence of: 1) steady fluid shear stress (0.70 Pa; 0 rate), 2) low-amplitude 

pulsating fluid shear stress (PFSS, 0.70±0.31 Pa) at two different frequencies (5 

Hz, with PFSS rate 9.70 Pa-Hz or 9 Hz, with PFSS rate 17.5 Pa-Hz), and 3) 

high-amplitude pulsating fluid shear stress (0.70±0.70 Pa) at 5 Hz, with PFSS 

rate 22.0 Pa-Hz, 4) no shear stress (static controls). Pa-Hz was the unit 

introduced for the fluid shear stress rate, which has a maximum value of 2 π × 

fluid shear stress amplitude × frequency. Medium samples were taken after 5 

min for measuring the response to fluid flow parameterized as production of 

NO in the medium.  
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Figure 2. Fluid shear stress regimes 
applied to MC3T3-E1 bone cells for 
5 min. A. The stress-kick was 
removed in the fluid shear stress 
regime by inducing a slowly rising 
shear stress from 0 to 0.70 Pa within 
3 min, then a steady shear stress at 
0.70 Pa for 2 min (5 min pre-
treatment phase), followed by a 
pulsating fluid shear stress with an 
average of 0.70 Pa for 5 min (only 
0.2 sec is shown). The slope of the 
lines shown equaled the peak fluid 
shear stress rate of the flow regime. 
The rate was increased by raising the 
flow regime amplitude from 0.31 Pa 
to 0.70 Pa (double arrows, 5 Hz 
high-amplitude; single arrow, 5 Hz 
low-amplitude). The peak fluid shear 
stress rate was also varied by 
changing the frequency. The steady 
flow regime was constant at 0.7 Pa, 
hence having zero rate.  B. The 
initial stress kick at an earlier time 
point was removed by introducing a 
slow rise from 0 to 0.18 Pa (solid 
line) or 0.7 Pa (dashed line) (the 1 
min pre-treatment phase) before 
applying a subsequent steady shear 
stress (0.18 or 0.7 Pa, respectively). 
C. A single pulse shear stress (i.e. a 
short duration stress-kick) was 
applied with an amplitude of 0.7 Pa 
for 10 sec followed by a constant 
0.18 Pa for 5 min (only 50s is 
shown).    
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Removal of the initial stress-kick and application of a single pulse stress 

The PFSS regimes applied give an initial stress-kick by the immediate rise of 

fluid flow to induce a 0.7 Pa fluid shear stress average. To remove the initial 

stress-kick, a pre-treatment phase for 5 min was introduced to the regimes. The 

same set of experiments was performed with a pre-treatment phase (Fig. 2A), 

composed of a linearly increasing flow from 0 to 8.3 ml/min to induce fluid 

shear stress from 0 to 0.7 Pa, within 3 min followed by a 2-min steady flow of 

8.3 ml/min inducing a steady fluid shear stress at 0.7 Pa. Immediately after the 

5 min pre-treatment phase, the cell monolayers were independently subjected 

to the same flow regimes described above. The shear rates (2π × amplitude × 

frequency) we used in our experiments were chosen due to their physiological 

relevance. We used 5 and 9 Hz as in a previous paper (8), where we calculated 

the frequency content of forces acting on a hip, and found that for jogging pace, 

the frequencies reach up to 9 Hz. Note that with the 5 min pre-treatment phase, 

the flow regime does not induce an initial stress kick as in the PFSS regimes. 

   To investigate the effect of the initial-stress kick at an earlier time point, 

cells were incubated with a 1 min pre-treatment phase before inducing a steady 

fluid shear stress.  In these experiments, the initial stress-kick was removed by 

increasing the flow to induce a fluid shear stress from 0 to 0.18 Pa or from 0 to 

0.7 Pa within 1 min. Immediately after the 1 min pre-treatment phase, a steady 

fluid shear stress followed to induce 0.18 Pa or 0.7 Pa, for 5 min (Fig 2B).   

   To investigate the effect of a single pulse shear stress, cells were incubated in 

the presence of a 10 sec pulse with an amplitude of 0.7 Pa followed by a steady 

fluid shear stress of 0.18 Pa for 5 min (Table1, Fig 2B). 

 

Nitric Oxide determination 

The conditioned medium was assayed for NO, which was measured as nitrite 

(NO2
-) accumulation in the conditioned medium, using Griess reagent (1% 

sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, and 2.5 M 

H3PO4). The absorbance was measured at 540 nm. NO concentrations were 
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determined using a standard curve derived from known concentrations of 

NaNO2 in non-conditioned culture medium. Data from separate experiments 

were collected and normalized with respect to static controls, and expressed as 

treatment-over-control (T/C) ratios, or as absolute values where indicated. 

 

Statistics 

Data were pooled from the results of at least five experiments for each fluid 

shear stress regime tested. The effects of treatment with fluid shear stress were 

analyzed with the non-parametric Wilcoxon rank sum test of the S-Plus 2000 

package (release 1). Differences were considered significant at a p value <0.05. 

 

 

RESULTS 

 

Application of fluid flow for 5 min to the MC3T3-E1 cells did not result in 

visible changes in cell shape or alignment of the cells in the direction of the 

fluid flow (data not shown). No cells were removed by any of the fluid shear 

stress regimes, as assessed by visually inspecting the cultures before and after 

fluid shear stress treatment, and by measuring the total amount of  DNA 

(control, 261 ± 19 ng; PFSS, 279 ± 27 ng; mean ± SEM of 6 experiments). We 

have measured the response to 10 and 15 min of steady and PFSS regimes (data 

not shown). We found that after 10 min of pulsating fluid shear stress, the NO 

response is still rate dependent, but only to a lesser extent; and that the 

response to a steady fluid shear stress, remains the same even after 10 min (8). 

The NO response of MC3T3-E1 cells to a fluid shear stress with zero rate 

was first studied separately, by culturing cells under steady flow conditions for 

5 min. Cells produced 6.67 ± 1.07 nmol after 5 min without flow treatment but 

with steady fluid shear stress, cells produced 11.65 ± 2.36 nmol NO after 5 min 

(values are mean ± SEM) (Fig. 3). Cells treated with the steady fluid shear 
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stress of 0.70 Pa gave a significant (p<0.05), almost two-fold NO release as 

compared to static control levels (Fig. 3).  
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Figure 3. Effect of steady fluid shear stress on the NO production by MC3T3-E1 bone cells 

after 5 min. The absolute amount of NO produced by bone cells subjected to steady fluid 

shear stress (0.7 Pa), increased after 5 min as compared to static control cultures, which were 

not subjected to flow. Under steady fluid shear stress, cells produced 11.65 ± 2.36 nmol NO 

after 5 min. Cells produced 6.67 ± 1.07 nmol after 5 min without flow treatment (values are 

mean ± SEM). The response to steady shear stress increased 2-fold after 5 min. *significant 

effect of steady fluid shear stress, p<0.05. 

 

To study the effect of the fluid shear stress frequency and amplitude on the 

NO response, cells were subjected to varying pulsating fluid shear stress 

(PFSS) regimes. NO production was between 3.63 ± 1.19 to 5.14 ± 1.26 nmol 

(mean ± SEM) per 2x105 cells for cell cultures without fluid shear stress 

treatment. Treatment with 5 Hz low-amplitude PFSS (0.70 ± 0.31 Pa) did not 

affect NO production after 5 min (Fig. 4). Treatment with 9 Hz low-amplitude 

PFSS (0.70 ± 0.31 Pa) caused a rapid 3-fold increase of NO production after 5 

min (p<0.05), as did treatment with 5 Hz high-amplitude PFSS (0.70 ± 0.70 Pa) 

after 5 min (p<0.006) (Fig. 4). Thus, bone cells showed increased NO 

production in response to PFSS with increased frequency or amplitude. 
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Figure 4. Effect of PFSS frequency and amplitude on the NO production by MC3T3-E1 bone 
cells after 5 min. NO production was between 3.63 ± 1.19 to 5.14 ± 1.26 nmol (mean ± SEM) 
per 2x105 cells for all cell cultures without fluid shear stress treatment (static controls). 
Treatment with high- amplitude or frequency elicited higher NO response than low amplitude 
or frequency. Values are mean treatment-over-control ratios (T/C)±SEM. lo, low-amplitude 
(0.31 Pa); hi, high-amplitude (0.70 Pa). *, Significantly different from 1.0, p<0.05; †, 
significantly different from 5 Hz low-amplitude, p<0.05; ‡, significantly different from 1.0, 
p<0.006; §, significantly different from 5 Hz low-amplitude, p<0.006.  
 
 
 
 

The effect of flow regimes on the NO response of bone cells, without an 

initial stress-kick was then studied by subjecting bone cells to PFSS with a 5 

min pre-treatment phase (Fig. 2A, Fig. 5A).  The initial stress-kick was avoided 

by slowly rising the fluid shear stress from 0 to 0.7 Pa for 3 min, and then 

inducing steady fluid shear stress for 2 min (the 5 min pre-treatment phase, Fig. 

2A) before the application of the PFSS regimes for 5 min (Fig. 5A).  

Application of the 5 min pre-treatment phase as well as the subsequent 

application of PFSS did not affect the NO production of the cells (Fig. 5A). 

The effect of a steady fluid shear stress without an initial stress-kick at a shorter 

time point was studied by subjecting bone cells to a slow rise of shear stress 

from 0 to 0.18 Pa or 0.7 Pa for 1 min (the 1 min pre-treatment phase, Fig. 2B) 

before inducing a steady shear stress of 0.18 Pa or 0.7 Pa for 5 min, 
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respectively (Fig. 2A, Fig. 5B). NO production was between 2.54 ± 0.54 to 

3.30 ± 1.01 nmol (mean ± SEM) per 2x105 cells for cell cultures without fluid 

shear stress treatment (static controls for both pre-treatment and subsequent 

PFSS treatment). Application of the 1 min pre-treatment phase as well as the 

subsequent steady fluid shear stress also did not affect the NO production (Fig. 

5B). To investigate the effect of a short duration stress-kick, the cells were 

subjected to a single pulse shear (10 sec) with an amplitude of 0.7 Pa followed 

by a 5 min steady shear stress at 0.18 Pa (Fig. 2C, Fig. 5B). Application of the 

single pulse shear stress as well as the subsequent steady shear stress at 0.18 Pa 

did not affect the NO production.     
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Figure 5. A. Nitric oxide production 
by bone cells in response to PFSS 
regimes without an initial stress-kick 
after 5 min. NO production was 
between 2.54 ± 0.54 to 3.30 ± 1.01 
nmol (mean ± SEM) per 2x105 cells for 
all cell cultures without fluid shear 
stress treatment (static controls for both 
pre-treatment and subsequent PFSS 
treatment). The pre-treatment phase is 
composed of a slowly rising flow from 
0 to 8.30 ml/min to induce 0 to 0.7 Pa 
fluid shear stress for 3 min, followed 
by a steady flow at 8.30 ml/min to 
induce 0.7 Pa steady fluid shear stress 
for 2 min. The graph shows that 
application of the pre-treatment phase 
as well as the subsequent application of 
PFSS did not affect the NO production 
by bone cells. B. Nitric oxide 
production by bone cells in response to 
a single pulse shear stress. NO 
production without fluid shear stress 
treatment was similar as in A (static 
controls for both pre-treatment or pulse 
shear and the subsequent application of 
shear stress). The single pulse shear 
stress was applied with a 10s steady 
shear of 0.7 Pa, followed by a 5 min 
steady shear stress of 0.18 Pa. 
Application of the single pulse shear 
stress as well as the subsequent 0.18 Pa 
did not affect the NO production by 
bone cells.  Values are mean treatment-
over-control ratios (T/C)±SEM. lo, 
low-amplitude (0.31 Pa); hi, high-
amplitude (0.70 Pa). 
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DISCUSSION 

 

The present study suggests that the bone cell response to fluid shear stress is 

rate- dependent, but that an initial stress kick is required for the cells to 

respond. Increasing either the shear stress amplitude or frequency, without 

increasing the average stress, enhanced NO production by bone cells in vitro. 

Bone cells responded similarly to similar rates of fluid shear stress, despite 

different frequencies (5 Hz, 21.99 Pa-Hz or 9Hz, 17.53 Pa-Hz). Hence, the rate 

of fluid shear stress (i.e., 2π × f ×τ) is proportional to the product of the fluid 

shear stress amplitude and frequency (8).  

Our in vitro results support the notion that bone formation in vivo is 

stimulated by dynamic rather than static loads (40), and that low-magnitude, 

high-frequency mechanical stimuli may be as stimulatory as high-amplitude, 

low-frequency stimuli, provided that the cells are “kicked” in a pre-conditioned 

state.  The steady, non-dynamic shear stress gave a zero shear rate, but also 

elicited a significant NO response.  When the steady shear stress was applied, 

the cells experienced a sudden increase of fluid stress from 0 to 0.70 Pa in less 

than a second, after the pump was switched on. This suggests that bone cells 

responded significantly to an initial rapid stress increase. The pre-treatment 

phase, eliminating the initial stress-kick, strongly decreased the NO response of 

bone cells to fluid shear stress.  The initial stress condition seems to define how 

bone cells respond to the ensuing fluid shear stress regime. This suggests that 

bone can be pre-conditioned to the environmental stress state by impact 

loading, as e.g. during exercise like jogging. Conversely, lack of stress-kicks 

may impair the sensitivity of bone cells to stress, contributing to an insufficient 

maintenance of bone quality. This might play a role in disuse osteoporosis 

induced by prolonged bed rest or microgravity, where impact loading 

conditions are absent.  The finding that the bone cell’s response to fluid shear 

stress is rate dependent provides an explanation why adaptive bone formation 

can occur despite the sporadic occurrence of high-amplitude strains in daily life 

(28). 
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The change in the sensitivity of bone cells to fluid shear stress in the absence 

of a stress-kick might be due to a cytoskeleton-mediated change in cellular 

mechanical properties. It has been shown that the ability of cells to respond to 

mechanical stimuli is mediated by its cytoskeleton (41), which is important for 

the fluid shear stress response of bone cells (38, 42). The cytoskeletal stiffness 

(ratio of stress to strain) was shown to increase in response to increasing 

mechanical stress (41). Furthermore, Pavalko and co-workers showed that 

MC3T3-E1 actin cytoskeleton rearranges in response to fluid flow stimulation 

(42). Therefore the transient pre-treatment phase to remove the initial stress-

kick might have influenced bone cell cytoskeletal stiffness to make them less 

sensitive to the following fluid shear stress regime. Our results showed that the 

cells did not distinguish between a 1 min or 5 min pre-treatment phase (which 

removed the initial stress-kick) suggesting that the cellular sensitivity to stress 

might have been affected already within 1 min. However, the cells were also 

not affected by the application of a single pulse shear stress, i.e. a short 

duration stress-kick (10 sec, 0.7 Pa amplitude). Thus, the period between 10 sec 

and 1 min might be crucial for modulating the NO production by bone cells.     

Interestingly, an initial stress-kick was shown to be essential for a stable 

response of bone cells. This corresponds to recent findings that low-frequency, 

high-amplitude loads and high-frequency, low-amplitude noise give a stronger 

response than the two signals alone (33). This might also indicate that bone 

cells have an initial activation barrier in terms of a loading threshold. The 

necessity of an initial stress kick for bone cells to respond to dynamic loading 

implies an essential non-linearity to the way bone cells respond to mechanical 

stress. This provides a cellular basis for stochastic resonance to occur in bone 

as a non-linear biological system (33). Based on our findings, we suggest that 

the history of stress pre-conditions the way bone cells respond to mechanical 

loading. Hence, the absence of high rate stresses might impair the 

mechanosensitivity of bone cells.  
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We conclude that NO production by bone cells subjected to fluid flow is 

dependent on the rate of fluid shear stress. The amplitude and frequency of 

stress as well as the initial stress conditions contribute to the flow-induced 

activation of bone cells. We hypothesize, that high rate stresses pre-condition 

the cells in such a way, that they become sensitive to mechanical loading. 
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ABSTRACT  

 

Stochastic resonance is manifest in non-linear systems, where the response to a 

small periodic signal is enhanced by noise. It is unknown whether bone cell 

mechanosensitivity is enhanced by a noisy loading environment as an 

alternative mechanism for an amplified response to stress. Since osteocytes are 

believed to be the mechanosensors in bone par excellance, we studied whether 

noise of varying intensities enhanced the mechanosensitivity of MLO-Y4 

osteocytes in comparison with MC3T3-E1 osteoblasts. Nitric oxide (NO) and 

prostaglandin E2 (PGE2) production were measured as parameters for bone cell 

activation. Here we modeled the response of the cell culture to noisy fluid shear 

stress by an enhancement of the information content of the applied stress. We 

found that the NO response of MLO-Y4 osteocytes to a small periodic fluid 

shear stress was acutely enhanced by noise. MC3T3-E1 osteoblasts did not 

show an acutely enhanced NO response to noise. However, MC3T3-E1 

osteoblasts showed noise-enhanced PGE2 response, while MLO-Y4 osteocytes 

did not, compared to their responses to noise alone. The difference in responses 

by MLO-Y4 and MC3T3-E1 cells implied differences in stress-thresholds for 

the production of NO and PGE2. Since NO and PGE2 regulate bone formation 

as well as resorption, our results explain how noise might enhance the activity 

of osteocytes and osteoblasts in vivo in driving the mechanical adaptation of 

bone.  
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INTRODUCTION 

 

Stochastic resonance (SR) is the phenomenon, in which non-linear systems 

show enhanced response at the output to noise-supplemented input signals. SR 

has been used to explain various phenomena in biological systems (1), 

including the activity of cells under microgravity (2). In another study, it was 

suggested that SR enhances bone formation (3). However, much is unknown 

about the role of noise for the response of different bone cell types to stress.  

     Living bone tissue is permeated by a fluid-filled microscopic network of 

lacunae and canaliculi. Bone cells are housed in lacunae, and are 

interconnected via gap-junctions connecting cellular extensions through the 

canaliculi (4-6). Bone is minutely deformed by mechanical loading due to 

exercise or normal daily activities (7).  Although normal daily activities mostly 

induce strain deformations at 10 µε (7), it is believed that strains to the order of 

3000 µε, mediate the flow of interstitial fluid in bone (8-10). Han et al. (11) 

suggested a strain amplification mechanism at the cellular level to explain the 

paradox of sustained bone health and the persistence of very small strains in 

normal daily activities (7). It is unknown whether bone cells use other 

amplification mechanisms for sensing small strains in bone. Nevertheless, fluid 

shear stress induced by the loading-mediated flow of interstitial fluid through 

the lacuno-canalicular network is a likely stimulus for bone cell adaptive 

responses (12-14).  

     Osteocytes, being most responsive to fluid shear stress (15, 16), are 

hypothesized to be the functional orchestrators of bone remodeling (5, 12). In 

response to fluid shear stress, osteocytes produce signaling molecules that are 

potent regulators of the activity of other bone cells, osteoblasts and osteoclasts 

(12, 15). The crucial balance between osteoblasts in depositing bone (osteoid 

and mineral), and that of osteoclasts in resorbing bone, determines the adaptive 

architecture of bone for efficient loading support (17-19). This phenomenon of 

bone cell activity has been hypothesized in the so-called “Bone mineralizing 
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unit” (BMU), where the release of signaling molecules in relation to local fluid 

shear stresses determine the mineralization process (20). 

     We have shown earlier that MC3T3-E1 osteoblasts'  response to fluid shear 

stress is rate-dependent (21), and that this response necessitated an initial 

stress-kick (22). This suggests that bone cells have an initial activation barrier 

in terms of a stress-threshold. The necessity of an initial stress-kick for bone 

cells to respond to dynamic loading implies an essential non-linearity to the 

way bone cells respond to mechanical stress. This provides a cellular basis for 

stochastic resonance to occur in bone as a non-linear biological system. 

     Threshold detectors are unable to verify the presence of a signal below its 

threshold (1). The addition of noise at the input enables the detector to sense 

the small signal (1, 23, 24). A model for SR might use an information measure 

for the detectability of the input signal, at the output, by the addition of noise at 

the input. Models using the Fisher information as a measure for the 

detectability of the input signal in the presence of noise have been explored in 

detailed statistical analysis for single and multi-threshold systems for signals 

that are below or above the system threshold (25, 26).  

     This study investigated whether the activation of bone cells by a small 

periodic loading stimulus is enhanced by noise. A previous investigation on the 

NO response of MC3T3-E1 cells indicated a fluid shear stress rate of 0.11 Pa/s 

as a threshold for stimulation with an initial stress-kick due to the intial rise of 

the applied fluid shear stress from 0 to 0.7 Pa (21, 22). Here, we induced fluid 

shear stress regimes with an initial stress-kick due to a fluid shear stress rise 

from 0 to 1.4 Pa. To investigate the basic response of different bone cells to 

fluid shear stress, MLO-Y4 osteocytes and MC3T3-E1 osteoblasts were 

subjected to steady and dynamic fluid shear stress without noise. To investigate 

whether there is a difference to the response of different bone cell types to 

noisy stress, MLO-Y4 osteocytes and MC3T3-E1 osteoblasts, as models for 

primary osteocytes and osteoblasts,  were subjected to a small periodic stimulus 

superposed with Gaussian white noise of different intensities.   We then used 
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the results to propose differences in stress-thresholds for MLO-Y4 and 

MC3T3-E1 cells as modeled by noise-enhanced Fisher information about the 

small periodic stimulus input. 

 

 

MATERIALS AND METHODS 

 

Bone cell cultures 

MLO-Y4 osteocytes were cultured up to near-confluency in 75 cm2 cell culture 

flasks (Nunc, Roskilde, Denmark), using α-Modified Eagle’s Medium (α-

MEM; Gibco, Paisley, UK) supplemented with 5% fetal bovine serum (FBS; 

Gibco), 5% calf serum (CS; Gibco), penicillin (10 µg/ml) and streptomycin (10 

µg/ml).  The MLO-Y4 osteocytes were kindly provided by Dr. L. Bonewald 

(University of Missouri-Kansas City, Kansas City, MO, USA). MC3T3-E1 

cells were cultured up to near-confluency in 75 cm2 cell culture flasks (Nunc, 

Roskilde, Denmark), using α-Modified Eagle’s Medium (α-MEM; Gibco, 

Paisley, UK) supplemented with 10% fetal bovine serum (FBS; Gibco), 

ascorbate (50 µg/ml; Merck, Darmstadt, Germany), β-glycerophosphate 

disodium salt hydrate (10 mM; Sigma, St. Louis, MO, USA), l-glutamine (300 

µg/ml; Merck), gentamycine (50 µg/ml; Gibco), and fungizone (1.25 µg/ml; 

Gibco). The MC3T3-E1 osteoblasts were kindly provided by Dr. M. 

Kumegawa (Meikai University, Sakado, Japan). MLO-Y4 and MC3T3-E1 cells 

were then harvested and seeded at 1.5x105 cells per polylysine-coated (50 

µg/ml; poly-L-lysine hydrobromide; Sigma) glass slide (5 cm2), and incubated 

overnight to promote cell attachment, at 37°C with 5% CO2 in air, prior to fluid 

shear stress experimental treatment as described below.  

 

Parallel-plate flow chamber in vitro sytem 

To study the effect of noise on the response of bone cells to fluid shear stress, 

Gaussian white noise η(t) was added to the applied fluid shear stress: 
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)()sin()( ttTKt dc ηωτττ ++≈         [1] 

where τc is a constant offset to the periodic forcing term with amplitude τd, 

superposed with η(t), a zero-mean Gaussian white noise of intensity D (i.e., 

<η(t)η(s)> = 2Dδ(t-s)). The dimensionless product of the shear and flow 

factors TK attenuates the flow to 79% at frequencies above 89 Hz (for medium 

viscosity µ = 0.0069 Poise, chamber height h = 100 µm). The factor TK 

theoretically ensures flow frequencies up to 22.3 Hz without phase difference 

between the applied pressure gradient and flow (see (27) for a description of 

the parallel-plate flow chamber). Considering flow frequency limitations, the 

applied noise had a spectrum band reaching up to 22.3 Hz. The applied noise 

intensity D was chosen between 0 Pa to 1.4 Pa (Table 1).  

 

Fluid shear stress application 

Pulsating fluid shear stress was generated using a flow apparatus containing a 

parallel-plate flow chamber (PPFC) as described earlier (15, 21). Fluid shear 

stress was induced for 5 min on the monolayer of cells by circulating 5 ml of 

CO2-independent medium (Gibco) containing 2% FBS for MC3T3-E1 cells, 

1% FBS and 1% CS for MLO-Y4 cells, plus supplements as described above, 

using a computer-controlled micro-annular gear pump (developed by HNP 

Mikrosysteme GmbH, Parchim, Germany). Precise flow regimes (Table 1) 

were implemented at room temperature (22.5oC) by controlling the pressure 

gradient using computer-mediated instrumentation (LabViewTM, National 

Instruments Corp., Austin, TX, USA). The flow was monitored online using a 

small animal blood flowmeter (T206, Transonic Systems Inc., Ithaca, NY, 

USA). 
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Table 1. Data of applied pulsating fluid shear stress (PFSS) regimes 

D (Pa) Mean Shear stress (Pa) f (Hz) A (Pa) n (MLO-Y4) n (MC3T3-E1) 

0 1.4 0 0 9 6 

0 1.4 9 0.12 10 6 

0 1.4 9 1.4 6 6 

0.25 1.4 0 0 6 -- 

0.70 1.4 0 0 -- 6 

0.04 1.4 9 0.12 4 5 

0.07 1.4 9 0.12 5 5 

0.11 1.4 9 0.12 4 6 

0.14 1.4 9 0.12 7 7 

0.25 1.4 9 0.12 5 5 

0.32 1.4 9 0.12 5 5 

0.42 1.4 9 0.12 5 5 

0.70 1.4 9 0.12 4 5 

1.09 1.4 9 0.12 4 5 

1.40 1.4 9 0.12 5 6 

f = frequency; A = amplitude; D = Noise intensity; n = number of experiments 

 

Nitric oxide and prostaglandin E2 determination 

The conditioned medium was assayed for NO and prostaglandin E2. NO was 

measured as nitrite (NO2
-) accumulation in the conditioned medium, using 

Griess reagent (1% sulfanilamide, 0.1% naphtylethelene-diamine-

dihydrochloride, and 2.5 M H3PO4). The absorbance was measured at 540 nm. 

NO concentrations were determined using a standard curve derived from 

known concentrations of NaNO2 in non-conditioned culture medium. PGE2 

was measured in conditioned medium by an enzyme immunoassay (EIA) 

system (Amersham, Buckinghamshire, UK) using an antibody raised against 

mouse PGE2. The absorbance was measured at 450 nm. 

Stochastic resonance by noise-enhanced Fisher information  

To capture the essential features of the observed accumulated release of NO 

and PGE2 as associated to the information content at the output, we use the 
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Fisher information I, which is a parameter for the estimation of the input signal 

τ  (see (25) for a statistical description): 
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where θ  is the threshold, τ  the apparent input signal recognized by the bone 

cell. The noise is taken to have a Gaussian distribution with the standard 

deviation σ, which is D1/2 with normalized density f, such that F(x): 

∫ ∞−
=

x
dxxfxF )()(          [3] 

)2/exp()2/1()( 2xxf −= π         [4] 

     Our model takes the Fisher information as a measure for the ability of bone 

cells to detect the presence of a small periodic signal buried under noise. The 

released signaling molecules indicate the detectability of the input signal. The 

Fisher information predicts the presence of a peak response indicating the 

detectability of a signal with the presence of noise. Take for example, a signal 

= 1.0 (dimensionless), which is above the threshold; the peak in the Fisher 

information, increases as the threshold increases towards the signal value = 1.0 

(Fig. 1). However, the peak decreases as the threshold increases further away, 

above the input signal value = 1.0. Note that for an input signal above the 

threshold, a higher peak response occurs at lower noise intensities for higher 

threshold values (Fig. 1).  



Chapter 5 

 91

 

Figure 1.  Fisher information I. The threshold θ is here taken to be above the input signalτ, 
that is, θ - τ  > 0. D, noise intensity. 
 

 

Statistics 

Data were pooled from the results of at least four experiments for each fluid 

shear stress regime tested (Table 1). The effects of treatment with fluid shear 

stress were analyzed with the non-parametric Wilcoxon signed-rank sum test of 

the S-Plus 2000 package (release 1). Differences were considered significant at 

a p-value < 0.05.  

 

 

RESULTS 

 

Application of fluid flow for 5 min to the MLO-Y4 and MC3T3-E1 cells did 

not result in visible changes in cell shape or alignment of the cells in the 

direction of the fluid flow. No cells were removed by any of the fluid shear 

stress regimes, as assessed by visually inspecting the cultures before and after 

fluid shear stress treatment.  
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     The NO released by MLO-Y4 cells and MC3T3-E1 in response to steady 

fluid shear stress compared to the dynamic fluid shear stress regimes were 

similar (Fig. 2a). However, MLO-Y4 cells released more NO in response to the 

9 Hz hi regime (Table 1, Fig. 2a). MLO-Y4 and MC3T3-E1 cells released the 

highest amount of PGE2 in response to the 9 Hz hi regime (Fig. 2b). PGE2 

release by MLO-Y4 cells was significantly higher compared to the response of 

MC3T3-E1 cells in response to steady fluid shear stress, as well as to dynamic 

fluid shear stress at both the 9 Hz lo and hi regimes (Fig. 2b).  

 

 

 

Figure 2.  NO and PGE2 production by MLO-Y4 and MC3T3-E1 cells. a. NO release by 
MLO-Y4 and MC3T3-E1 cells were similar in response to steady fluid shear stress (1.4 Pa) or 
9 Hz lo regime (average 1.4 Pa, amplitude 0.12 Pa, frequency 9 Hz). NO release by MLO-Y4 
cells was greater than the release by MC3T3-E1 cells at the 9 Hz hi regime (average 1.4 Pa, 
amplitude 1.4 Pa, frequency 9 Hz; *p < 0.029). b. PGE2 release by MLO-Y4 was higher than 
MC3T3-E1 cells in response to steady fluid shear stress (1.4 Pa), (*p < 0.016), as well as, in 
response to 9 Hz lo regime (average 1.4 Pa, amplitude 0.12 Pa, frequency 9 Hz; at †p < 0.001) 
and in response to 9 Hz hi regime (average 1.4 Pa, amplitude 1.4 Pa, frequency 9 Hz; at ‡p < 
0.016). MLO-Y4 cell release of PGE2 was most significant at the 9 Hz hi regime (‡p < 0.016; 
higher than the response at steady or 9 Hz lo regime). MC3T3-E1 cells release of PGE2 was 
significant at the 9 Hz hi regime (§p < 0.016 greater than the response at 9 Hz lo regime; p < 
0.008 greater than the response at steady fluid shear stress). Results are mean ± SEM. 

 

 

     The NO released by the MLO-Y4 cells showed an optimum response to 

noisy stress with an intensity of 0.25 Pa (Fig. 3a). The NO response to 0.25 Pa 
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was significantly higher than the response to a very low noise intensity, 0.04 

Pa, and to high noise intensities from 0.42 Pa, to a very high noise intensity, 1.4 

Pa (Fig. 3a). NO release by MC3T3-E1 cells did not significantly reach an 

optimum at any noise intensity, although the trend suggests an optimum at a 

noise intensity of 0.7 Pa (Fig. 3a). Only MLO-Y4 cells released NO with a 

definitive peak response to noise, but not MC3T3-E1 cells. 

     The NO released in response to 9 Hz lo regime at the optimum noise 

intensity (0.25 Pa) by MLO-Y4 cells was significantly higher (Fig. 3b) than the 

response to noise alone (0.25 Pa), as well as to 9 Hz lo superposed with a very 

high intensity (Fig 3b). However, this response was not higher than the NO 

release to the 9 Hz lo regime without noise. Similarly, NO release by MC3T3-

E1 cells in response to 9 Hz lo regime at its optimum noise intensity (based on 

the trend, 0.70 Pa) was significantly different from the response to noise alone 

(noise intensity at 0.70 Pa; Fig. 3b). However, NO release by MC3T3-E1 

osteoblasts, at the optimum noise level was not significantly higher than the 

release due to 9 Hz lo regime without noise, or with a very high noise (1.4 Pa) 

(Fig. 3b). Both MLO-Y4 and MC3T3-E1 cells released NO at their optimum 

noise level significantly higher than the response to noise alone. 
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Figure 3. NO production by MLO-Y4 and MC3T3-E1 cells in response to noisy stress. a. NO 
release by MLO-Y4 cells in response to noisy stress was optimum at a noise intensity of 0.25 
Pa (*p < 0.047, greater than the response at noise intensity 0.04 Pa; p < 0.038, greater than the 
response at noise intensity 1.40 Pa; p< 0.023, greater than the response at noise intensity 0.42 
Pa). NO release by MC3T3-E1 cells in response to noisy stress does not result in a 
statistically significant optimum (†, probable peak at 0.70 Pa). b. NO release by MLO-Y4 
cells at its optimum noise intensity (0.25 Pa noise intensity superposed with 9 Hz lo regime) 
is significantly larger than the response to noise alone (*p < 0.030, for 0.25 Pa noise alone) 
and to the highest noise intensity (*p < 0.038, for 1.4 Pa noise intensity superposed to 9 Hz 
lo). NO release by MC3T3-E1 cells at its possible optimum noise intensity (0.70 Pa noise 
intensity superposed with 9 Hz lo regime) is significantly higher than the response to noise 
alone (†p < 0.030, for 0.70 Pa noise alone), but not to the highest noise intensity (1.4 Pa noise 
intensity superposed to 9 Hz lo). Results are mean ± SEM. 
 
 

     The PGE2  released by MLO-Y4 cells in response to noisy stress did not 

show a well defined peak response (Fig. 4a). However, the PGE2 response of 

the MLO-Y4 cells to a noise intensity of 0.70 Pa was significantly higher than 

the response to its neighboring noise intensities 0.42 Pa and to 1.09 Pa (Fig. 

4a). MC3T3-E1 cells released PGE2 with a high level of variance in response to 

noise intensity of 0.42 Pa (Fig. 4a). This response is, however, not a 

statistically significant peak (Fig. 4a). Both cell types showed possible PGE2 

peak responses (Fig. 4a). 

     The PGE2 released by MLO-Y4 cells at its possible optimum noise level, D 

= 0.70 Pa, was not significantly higher than the response to noise alone (D = 
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0.70 Pa), as well as to 9 Hz lo regime, or very high noise (Fig. 4b). However, 

MC3T3-E1 cells’ release of PGE2 at its supposed optimum (D = 0.42 Pa) was 

significantly higher than the response to noise alone (D= 0.42 Pa), and to 9 Hz 

lo regime without noise (Fig. 4b). Only MC3T3-E1 cells, but not MLO-Y4 

cells, showed a peak PGE2 response at the optimum noise that was significant 

compared to the response to noise alone. 

 

 

 
 
Figure 4. PGE2 production by MLO-Y4 and MC3T3-E1 cells in response to noisy stress. a. 
MC3T3-E1 cells did not show a pronounced peak response to fluid shear stress although the 
trend implies a possible optimum at D =0.42 Pa (*p < 0.06 higher than response at D = 1.4 
Pa). MLO-Y4 cells release PGE2 with a locally pronounced peak at noise intensity D = 0.70 
Pa, which is significantly higher than response at D = 0.42 Pa, p < 0.029, and than the 
response at D = 1.09 Pa, †p< 0.029. b. PGE2 release by MLO-Y4 was higher than MC3T3-E1 
cells in response to 9 Hz lo regime (average 1.4 Pa, amplitude 0.12 Pa, frequency 9 Hz; at *p 
< 0.001). MC3T3-E1 cell release of PGE2 at its supposed optimum (D = 0.42 Pa) was 
significantly larger than the response to noise alone (D= 0.42 Pa), and to 9 Hz lo regime 
without noise (†p < 0.032). PGE2 release by MLO-Y4 cells at its possible optimum noise 
level, D = 0.70 Pa, was not significantly higher than the response to noise alone (D = 0.70 
Pa). Results are mean ± SEM. 
 
 

 

DISCUSSION 

 

In this study, we used MLO-Y4 and MC3T3-E1 cells to model primary 

osteocytes and osteoblasts and found novel ways by which bone cells might 
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cooperate for influencing local changes in bone mass and structure. Our results 

confirmed that there is a fundamental difference in the response of osteocytes 

and osteoblasts in response to fluid shear stress (15), here modeled by MLO-

Y4 osteocytes and MC3T3-E1 osteoblasts. While NO release by MLO-Y4 and 

MC3T3-E1 cells are similar in response to steady and a small dynamic fluid 

shear stress, PGE2 release by MLO-Y4 cells was higher compared to that of 

MC3T3-E1 cells. 

     Previously, we showed a rate-dependent response to fluid shear stress, 

provided that the cells are “kicked” in a pre-conditioned state (22). In that 

study, bone cells were subjected to a sudden increase of fluid shear stress from 

0 to 0.7 Pa (initial stress-kick). Our results here did not show a rate-dependent 

response to fluid shear stress in terms of NO production, because the initial 

stress-kick was high (increase from 0 to 1.4 Pa), and therefore induced a high 

NO baseline production. The high NO baseline production likely hid the rate-

dependent response to fluid shear stress.  We have shown in another study that 

the PGE2 response to the fluid shear stress by MC3T3-E1 cells was not rate-

dependent (28). In that study, bone cells were treated with regimes that have an 

initial stress-kick due to an initial fluid shear stress rise from 0 to 0.6 Pa. Here, 

we showed that the response to PGE2 production for both cell types, was 

apparently rate dependent. Furthermore, MLO-Y4 cells released more PGE2 

compared to MC3T3-E1 cells. This difference can be attributed to our use of a 

higher intial stress-kick, which is due to an intial fluid shear stress rise from 0 

to 1.4 Pa. It would seem that a fluid shear stress rate-dependent production of 

PGE2 for MC3T3-E1 or MLO-Y4 cells requires a higher initial stress-kick (0 to 

1.4 Pa) than what NO production requires (0 to 0.7 Pa). Thus, the initial 

threshold barrier for NO production is lower than the initial threshold barrier 

for PGE2 production for both cell types (Table 2).  
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Table 2.  Stress-threshold comparison between cells 
 NO PGE2 
MLO-Y4 Higher threshold Lower threshold 
MC3T3-E1 Lower threshold Higher threshold
The stress-threshold for NO is lower than PGE2  
for both MLO-Y4 and MC3T3-E1 cells 
 
 
 
     Our results showed different responsiveness to noisy stress, which suggests 

a difference in the stress-thresholds of the two bone cell types for NO 

production. The difference in stress-thresholds is predicted by our model using 

the Fisher information which fits the re-scaled peak NO responses of MLO-Y4 

and MC3T3-E1 cells (Fig. 5). MC3T3-E1 cells did not show a definitive peak 

NO release because MC3T3-E1 cells have a lower stress-threshold for NO 

release compared to MLO-Y4 cells (Table 2). Although noise seems to enhance 

NO production by MLO-Y4 cells, our results indicated that noise alone, even at 

the optimum intensity (0.24 Pa), does not enhance NO production as noisy 

stress with a small periodic stimulus. This suggests that noisy stress conditions 

are stimulatory only in the presence of periodic loading as would be expected 

in exercise or sports with repetitive motions. 

 

 

Figure 5.  NO production by MLO-Y4 and MC3T3-E1 cells as a function of noise intensity 
plotted with the predicted peak from the Fisher Information, predicted with the input signal 
greater than the stress-threshold. Dashed line indicates NO production baseline. Arb. units., 
arbitrary units. 
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     Previously, it has been shown that primary osteoctyes produces more PGE2 

in response to fluid shear stress compared to primary osteoblasts and periosteal 

fibroblasts (29), confirming MLO-Y4 and MC3T3-E1 cells as plausible models 

for primary bone cells (osteocytes and osteoblasts, respectively). PGE2 

production in response to noisy stress was more significant for MC3T3-E1 

cells compared to MLO-Y4 cells. No indicative PGE2 peak was observed for 

both cell types, possibly because the small periodic signal (9 Hz lo regime), 

although above the PGE2 stress-threshold, is too far from the PGE2 stress-

threshold. Using the Fisher information to predict the presence of a peak 

response to noise, it is possible that MC3T3-E1 cells have a higher stress-

threshold for PGE2 production compared to MLO-Y4 cells (Table 2). It is 

possible that MLO-Y4 cells are more sensitive to stress in terms of PGE2 

production, but MC3T3-E1 cells are more sensitive to stress in terms of NO 

production (as discussed above, see Table 2). While it might be observed that 

osteocytes produce more signaling molecules compared to osteoblasts or 

periosteal fibroblasts in response to stress (15, 29, 30), the loading threshold for 

specific signaling molecules (e.g. PGE2, in this study) is not necessarily lower. 

MLO-Y4 cells produced more signaling molecules in response to fluid shear 

stress, compared to MC3T3-E1 cells. However, MLO-Y4 cells have a lower 

PGE2 stress-threshold compared to MC3T3-E1 cells, while MC3T3-E1 cells 

have a lower NO stress-threshold compared to MLO-Y4 cells (Table 2). 

     Both NO and PGE2 are important intercellular messenger molecules for 

bone cells. Studies on whole animals have show that they play a key role in the 

mechanical adaptation of bone, because inhibiting their synthesis inhibits bone 

adaptation to loading (31-33). NO is known to drive away osteoclasts in vitro 

(34). On the other hand, PGE2 increases mRNA levels of osteoprotegerin 

ligand (OPG-L)/osteoclast differentiation factor (ODF), from osteoblastic 

lineage cells. OPG-L/ODF stimulates osteoclast differentiation and activity, 

further inhibiting osteoclast apoptosis (35).  NO and PGE2 regulate the activity 

of osteoclasts (34, 36). It would seem that osteocytes, deep in the bone matrix, 

drive away osteoclasts, preventing bone resorption in their regions by 
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producing NO at high stress conditions (since MLO-Y4 cells as model for 

osteocytes have a higher stress-threshold for NO production compared to 

MC3T3-E1 cells as model for osteoblasts; Table 2). At low stress conditions, 

our results indicate that osteocytes might promote the activity of osteoclasts by 

producing more PGE2 and lesser NO (since the stress-threshold for PGE2 is 

lower compared to NO for MLO-Y4 cells; Table 2). Since MC3T3-E1 cells 

produce less NO and PGE2 compared to MLO-Y4 cells, given the same loading 

conditions, it would seem that in vivo, osteocytes are indeed more responsible 

for directing the activity of osteoclasts. However, osteoblasts might produce 

high levels of NO locally under conditions of high stress to drive away 

osteoclasts, towards regions of low stress where osteocytes are still able to 

produce PGE2 to promote osteoclast activity. 

     The possibility of SR in bone cells further suggests that osteocytes and 

osteoblasts take advantage of noisy stresses as an alternative mechanism for the 

adaptation of bone to mechanical loading by tuning their different peak 

responses for specific signaling molecules. This explains the osteogenic 

benefits of dynamic stress to functional bone adaptation to mechanical loading. 

By a tuned nitric oxide and prostaglandin E2 response to noisy stress, it is 

possible that osteocytes and osteoblasts locally recruit or inhibit osteoclasts, for 

a functional manipulation of bone mass and architecture. 
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ABSTRACT 

 

Mechanosensing by cells directs changes in bone mass and structure, in 

response to the challenges of mechanical loading. Low-amplitude, high-

frequency loading stimulates bone growth by enhancing bone formation and 

inhibiting disuse osteoporosis. However, how bone cells sense vibration stress 

is unknown. Hence, we investigated bone cell responses to vibration stress at a 

wide frequency range (5-100 Hz). We used nitric oxide (NO) and prostaglandin 

E2 (PGE2) release, and COX-2 mRNA expression, as parameters for bone cell 

response, since these molecules regulate bone adaptation to mechanical 

loading. NO release positively correlated, while PGE2 release negatively 

correlated to the maximum acceleration rate of the vibration stress. COX-2 

mRNA expression increased in a frequency-dependent manner, which relates to 

increased NO release at high frequencies confirming our previous results. The 

anti-correlated release of NO and PGE2 suggests that these signaling molecules 

play different roles in bone adaptation to high-frequency loading. The 

maximum acceleration rate is proportional to ω3 (frequency = ω/2p), which is 

commensurate with the Stokes-Einstein relation for modeling cell nucleus 

motion within the cytoplasm due to vibration stress. Correlations of NO and 

PGE2 with the maximum acceleration rate then relate to nucleus oscillations, 

providing a physical basis for cellular mechanosensing of high-frequency 

loading. 
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INTRODUCTION 

 

Bone is an obvious biological system that exhibits the interplay of mechanical 

stress and adaptive response both at the tissue and cellular levels(1-3). Bones 

adapt their mass and structure in response to the demands of mechanical 

loading (4). Furthermore, it has been suggested that the rate rather than the 

magnitude alone of the applied loading stimulus correlates to bone formation in 

vivo (5, 6). This suggests that both the frequency and amplitude of applied 

stresses are important for the osteogenic response of bone.  

     We have recently found in another study that the NO production by 

MC3T3-E1 cells was linearly dependent on the rate of fluid shear stress, which 

depended on both the amplitude and frequency of stress (7). In that study 

however, the applied fluid shear stress was only up to a maximum of 9 Hz. 

Nitric oxide (NO) and prostaglandin E2 production are essential for the 

induction of new bone formation in response to mechanical loading in vivo (8-

10). The constitutional, endothelial form of nitric oxide synthase (eNOS), one 

of the three NOS enzyme isoforms responsible for the synthesis of NO, is 

prominently expressed in osteocytes and upregulated by mechanical loading 

(11). Blocking of either cyclooxygenase-2 (COX-2), the key enzyme for 

mechanically-induced PG production, or NOS could prevent mechanically 

induced bone formation (8, 12, 13). Since osteoblasts respond to fluid shear 

stress as osteocytes, although to a lesser extent, osteoblasts could provide a 

practical model for osteocyte response to stress.  

     Using animal models, low magnitude (< 10 µε) high-frequency (10 - 100 

Hz) mechanical stimuli have been shown to be capable of stimulating bone 

growth by doubling bone formation rates and inhibiting disuse osteoporosis 

(14). Thus, it would seem that higher frequencies are also stimulatory to bone 

cells. Much is unknown however, about how high frequency loading might 

permeate bone despite the presence of soft tissues. We have shown earlier that 

external loading from exercise could involve frequencies reaching 9 Hz (7). 

Frequencies experienced by cells beyond 10 Hz might occur at much lower 
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amplitudes considering the damping effects of soft tissue. Regardless of 

frequency range, the applied rate of loading, which is dependent on both 

frequency and magnitude, seems to be a decisive factor in bone formation and 

maintenance.  

     Paradigms for understanding mechanosensing by cells include models for 

the mechanical properties of the cytoplasm as predominantly a continuum (15) 

or as composed of linked polymers that transfer forces through the cytoskeleton 

to the nucleus (16). Cellular activation by mechanical loads in general or 

vibration in particular, leading to a biochemical cascade requires some form of 

cellular deformation as a mechanism for sensing forces. Although there is 

evidence that bone cells respond to dynamic loading, how bone cells might 

sense mechanical vibration is unknown. Therefore, we studied the response of 

bone cells to mechanical vibration over a wide frequency range (5 Hz up to 100 

Hz), at different magnitudes. We tested whether vibration stress applied with 

varying frequencies and amplitudes affects the nitric oxide (NO) and 

prostaglandin E2 (PGE2) production, and mRNA expression for COX-2 by 

MC3T3-E1 osteoblastic cells. Based on the results, we empirically derived a 

model to propose an alternative mechanism by which cells might sense high-

frequency mechanical loading. 

 

 

MATERIALS AND METHODS 

 

Bone cell cultures 

MC3T3-E1 cells (Kodama, et al, 1981; kindly provided by Dr. Kumegawa, 

Mekai University School of Dentistry, Sakado, Saitama, Japan) were cultured 

up to near-confluency in 75 cm2 cell culture flasks (Nunc, Roskilde, Denmark), 

using α-Modified Eagle’s Medium (α-MEM; Gibco, Paisley, UK) 

supplemented with 10% fetal bovine serum (FBS; Gibco), ascorbate (50 µg/ml; 

Merck, Darmstadt, Germany), β-glycerophosphate disodium salt hydrate (10 

mM; Sigma, St. Louis, MO, USA), l-glutamine (300 µg/ml; Merck), 
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gentamycine (50 µg/ml; Gibco), fungizone (1.25 µg/ml; Gibco), at 37°C with 

5% CO2 in air. Cells were then harvested using 0.25% trypsin (Difco 

Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma) in PBS, and seeded 

at 0.7x105 cells per well in a 24-well plate, then incubated overnight in α-MEM 

with 10% FBS to promote cell attachment prior to vibration stress treatment as 

described below.  

 

Application of vibration stress 

For vibration stress treatment, the culture medium was changed to CO2-

independent medium (Gibco, USA) with 2% FBS, and incubated for 5 min in 

the presence of mechanical vibration at varying frequencies and amplitudes 

(see Table 1). Vibration stress was implemented on attached cells by sinusoidal 

displacement of the 24-well plate along the cells’ plane of attachment using a 

voltage controlled linear actuator (fig. 1A). Conditioned medium was sampled 

after 5 min of vibration stress treatment to measure accumulated NO in 

medium produced by MC3T3-E1 cells. 

 

Table 1. Data of applied vibration stress 

Regime frequency 5 Hz 30 Hz 60 Hz 100 Hz
Amplitude  
(mm) 

5 4.5 1.75 0.75 

Maximum acceleration  rate 
 (km/s3) 

0.15 30.1 93.8 186 

Maximum velocity  
(m/s) 

0.15 0.85 0.66 0.47 

ω = 2π × frequency; Maximum velocity = amplitude × ω;  
Maximum acceleration = amplitude × ω3 
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Figure 1. Vibration stress application.  A. Cells were seeded onto the bottom surface of the 
24-wells plate (as described in Methods). Sinusoidal motion is along the x-axis (arrow). B. 
Simplified model of a cell with an approximately rigid spherical nucleus compared to its 
viscoelastic cell body. 
 

 

Nuclear oscillations induced by vibration stress 

We take a minimalist approach to understand how the cells are possibly 

receiving stress by translational oscillation. We consider the nucleus to be 

spherical and embedded in the viscoelastic medium of the cell body.  The 

source of mechanical stimulus is then attributed to the possible motion of the 

cellular nucleus (modeled to be a sphere, figure 1B) inside the cell. Based on 

the Generalized Stokes-Einstein relation we estimated the displacement of the 

nucleus in the cell xn(ω), modeled as a rigid sphere compared to the cytoplasm, 

as proportional to the applied force F:  
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where G(ω), is here considered to be the elastic modulus of the cell cytoplasm 

(at the order of 100 Pa) (17), and the acting force is due to the mass of the 

nucleus ρnVn, with a volume Vn, and radius Rn, considering a relative 

acceleration of the nucleus with respect to the cell body. In this approximation, 

we neglect the time dependence of the modulus, so, G(ω)  Go.  The nucleus 

is considered to be four times more rigid compared to the cytoplasm (e.g., the 

elastic modulus of the nucleus is at the order of 400 Pa) (18). The force acting 

on the nucleus is due to the acceleration it experiences due to the applied 

sinusoidal vibration, with amplitude xo and frequency = ω/(2π): 

)sin()]sin([ 2
2

2

txVtx
dt
dVF onnonn ωωρωρ =−=      [2] 

Thus, the absolute maximum force due to the nucleus Fmax, is related to the 

maximum acceleration of the entire plate: 
2

max ωρ onn xVF =          [3] 

where xoω2 is the maximum acceleration of the plate. The maximum velocity of 

the plate is related to nuclear velocity vn, which in turn is related to ω: 
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where ρn’ is the density difference between the cell nucleus and the 

surrounding cytoplasm. Here, we approximate the elastic modulus to be 

constant Go. The maximum rate of acceleration by the plate is related to the rate 

of acceleration ran by the nucleus at ω: 

3)( ω
ρ

ω o
on

nn
n x

GR
V

ra 






 ′
∝   [5]

  

Using this in vitro system, for a non-negligible density difference between the 

cell nucleus and the surrounding cytoplasm, we are able to mechanically 

stimulate cells by inducing body forces by vibration stress. Hence, by 

correlating the amount of released signaling molecules to the maximum 



Response to high-frequency vibration stress 

 112

velocity or rate of acceleration of the plate we characterized the effect of 

vibration stress to bone cell mechansosensitivity.  

 

Nitric Oxide and Prostaglandin E2 determination 

The conditioned medium was assayed for NO, which was measured as nitrite 

(NO2
-) accumulation in the conditioned medium, using Griess reagent (1% 

sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, and 2.5 M 

H3PO4). The absorbance was measured at 540 nm. NO concentrations were 

determined using a standard curve derived from known concentrations of 

NaNO2 in non-conditioned culture medium. PGE2 was measured in conditioned 

medium by an enzyme immunoassay (EIA) system (Amersham, 

Buckinghamshire, UK) using an antibody raised against mouse PGE2. The 

detection limit was 16 pg/ml. Absorbance was measured at 450 nm. 

 

Total DNA, RNA and total protein determination 

DNA, RNA and protein were isolated from the bone cell cultures using Trizol 

reagent according to the manufacturer’s instructions. The amount of protein 

was determined using a BCA protein Assay Reagent Kit (Pierce, Rockford, Il, 

USA), the absorbance was read at 570 nm. The RNA and DNA content were 

determined by measuring absorbance in water at 260 nm using an Ultraspec III 

spectrophotometer (Amersham). 

 

RNA isolation and Reverse transcription 

Total RNA from the cells was isolated using Trizol® reagent with one 

modification; 5 µg of glycogen (Roche Diagnostics, Mannheim, Germany) was 

added to RNA and isopropanol soloution prior to centrifuge step to increase 

RNA yield. Total  RNA concentration was quantified spectrophotometrically. 

cDNA synthesis was performed using 0.5-1 µg total RNA in a 20 µl reaction 

mix consisting of 5 Units of  Transcriptor Reverse Transcriptase according to 

the manufacturer’s instructions (Roche Diagnostics) with 0.08 A260 units 

random primers (Roche Diagnostics), 1 mM of each dNTP (Invitrogen), and  
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Transcriptor RT reaction buffer.  cDNA was  diluted 5 times and stored at −80 

°C prior to real-time PCR.  

 

Real-time PCR 

Real-time PCR reactions were performed using the SYBRGreen reaction kit 

according to the manufacturer’s instructions (Roche Diagnostics) in a 

LightCycler (Roche Diagnostics). cDNA (2 µl each) was diluted to a volume of 

20 µl with PCR mix (Light Cycler DNA Master Fast start plus  Kit, Roche 

Diagnostics) containing a final concentration of  0.2 pmol of primers. Relative 

housekeeping gene expression (18S; which its expression was not subjected to 

time and or treatment related variations) and relative target gene expression 

(COX-2) were determined. Primers (Invitrogen) used for real-time PCR are 

listed in Table 2 were designed using Clone manager suite software program 

version 6 (Scientific & Educational Software, NC, USA) and the amplified 

PCR fragment had extension over at least one exon-border except for 18S 

which gene is encoded only by one exon. Values of relative target gene 

expression were normalized for relative 18S housekeeping gene expression. 
 

Table 2. Primers used for real time PCR 

Target gene Oligonucleotide sequence Expected product size, bp 
18s forward 5’-gtaacccgttgaaccccatt-3’ 151 
18s reverse 5’-ccatccaatcggtagtagcg-3’  
COX-2 forward 5’-gcattctttgcccagcactt-3’ 299 
COX-2 reverse 5’-agaccaggcaccagaccaaaga-3’  
 

 

Real Time PCR Data analyses 

With the Light Cycler software (version 2), the crossing points were assessed 

and plotted versus the the serial dilution of known concentrations of the 

standards derived from each gene. PCR efficiency (E) was obtained by the 

formula: E=10−1/slope and the data were used if  and only if  the  PCR efficiency 

was calculated between 1.85-2.0. 
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Statistics 

Data were pooled from the results of at least 5 experiments for each vibration 

stress regime. The effects of vibration stress regimes were analyzed with the 

non-parametric Wilcoxon signed rank sum test of the S-Plus 2000 package 

(release 1). Differences between total DNA, RNA, and protein expressions for 

different vibration stress regimes were tested using one-way ANOVA.  The 

relation between the release of NO or PGE2 against the peak rate acceleration 

by the vibration stress, and against each other, was characterized by linear 

regression. Significant differences were considered at a p-value < 0.05.  

 

 

RESULTS 

 

Application of vibration stress for 5 min to the MC3T3-E1 cells did not result 

in visible changes in cell shape or alignment of the cells to any orientation (data 

not shown). No cells were removed by any of the vibration stress regimes, as 

assessed by visually inspecting the cultures before and after vibration stress 

treatment, and by measuring the total amount of DNA, RNA and protein (table 

3).  

 

Table 3. Total DNA, RNA, and Protein.  

100 Hz  60 Hz  30 Hz  5 Hz    
0.041 ± 0.012  0.029 ± 0.009  0.035 ± 0.012  0.045 ± 0.021  DNA (µg/µl)  
0.203 ± 0.055  0.170 ± 0.048  0.163 ± 0.038  0.200 ± 0.064  RNA (µg/µl)  

94 ± 8  84 ± 10  98 ± 11  108 ± 5  Protein (µg/ml)  

One-way ANOVA test indicated that the means are not significantly different at p < 0.05. 
 

 

     The rapid response to vibration stress by bone cells was measured as the 

accumulation of NO released in the medium after 5 min of treatment with the 

different vibration stress regimes (table 1). NO production in rapid response to 

treatment with vibration stress linearly correlated with the applied maximum 
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acceleration rate, (fig. 2A; p < 0.05, R =0.95). However, this response did not 

correlate linearly to the applied maximum velocity. The highest response was 

due to the 100 Hz regime (see table 1), which was significantly larger than the 

response to 5 Hz and 60 Hz regimes (fig. 2A and B, p < 0.03). 

 
 

 

Figure 2. Effect of  vibration stress on NO production by bone cells. A. Bone cells respond in 
positive correlation to the applied maximum acceleration rate (max. acc. rate) of vibration 
stress immediately after 5 min (p < 0.05). B. The response to mechanical vibration does not 
correlate linearly to the applied maximum velocity (max. velocity). The response to vibration 
stress of 100 Hz was significantly larger than the response to 5 Hz and 60 Hz (*p < 0.03). 
Values are mean total amount ± SEM. 
 

 

   The late response to vibration stress by bone cells was measured as the 

accumulation of PGE2 released in the medium after 5 min of treatment with the 

different vibration stress regimes (table 1). PGE2 was assayed in the 

conditioned medium after 30 min of post incubation at 37oC without vibration 

stress. The PGE2 released by bone cells in response to vibration stress anti-

correlated with the applied peak acceleration rate (fig. 3A, p < 0.006). 

However, the response to mechanical vibration did not correlate linearly to the 

applied maximum velocity (fig. 3B). The highest response to vibration stress 

was due to the 5 Hz regime (see table 1), which was significantly larger than 

the response to 100 Hz (fig. 3, p < 0.003). 
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Figure 3. Effect of vibration stress on PGE2 production by bone cells. A. Bone cells respond 
in negative correlation to the applied maximum acceleration rate (max. acc. rate) of vibration 
stress (p < 0.006). B. The response to mechanical vibration does not correlate linearly to the 
applied maximum velocity (max. velocity). The response to vibration stress of 5 Hz was 
significantly larger than the response to 100 Hz (*p < 0.003). PGE2 was assayed from 
medium harvested after 30 min of post-incubation subsequent to 5 min of vibration stress. 
Values are mean total amount ± SEM. 
 
 

     To investigate whether the production of NO and PGE2  was related, the 

measured release of these signaling molecules to corresponding increasing 

frequencies of the vibration stress were   correlated by linear regression. The 

NO and PGE2 released by bone cells in response to vibration stress at varying 

frequencies, were found to be anti-correlated (fig. 4, p < 0.013, R = -0.99). 

 

 
Figure 4. Anti-correlated release of NO and PGE2 by bone cells in response to vibration 

stress. 
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     To investigate the long-term effect of vibration stress on bone cells, the 

mRNA expression for COX-2 was measured in relation to PGE2 release, at 30 

min subsequent to 5 min vibration stress. The bone cells were harvested for 

COX-2 mRNA expression after 2.5 hours of post-incubation subsequent to 5 

min of vibration stress. The mRNA expression for COX-2 was found most 

upregulated in response to 100 Hz vibration stress, which was significantly 

higher than the response to all the other regimes (fig. 5). The mRNA 

expression for COX-2 in response to 100 Hz was 2-fold higher than the 

response to 5 and 30 Hz. Also, the mRNA expression for COX-2, in response 

to 60 Hz vibration was found to be 1.5 times higher than the response to the 30 

Hz regime (fig. 5, p < 0.047).  

 

 

 

 

 
 

Figure 5. Vibration stress upregulates mRNA for COX-2 expression by bone cells. mRNA 
expression for COX-2, was 2-fold regulated in response to 100 Hz vibration stress (b, higher 
than the response to 5 Hz, p < 0.028, higher than 30 Hz, p < 0.011, and higher than 60 Hz, p < 
0.05). mRNA expression for COX-2, in response to 60 Hz vibration was 1.5 times higher than 
the response to 30 Hz (ap < 0.047). Cells were harvested for measuring mRNA expression for 
COX-2 after 2 hours of post-incubation subsequent to 5 min of vibration stress. Values are 
mean total amount ± SEM. mRNA values were normalized relative to the 18S housekeeping 
gene expression. 
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DISCUSSION 

 

The membrane-bound soluble enzyme called endothelial cell NOS (ecNOS or 

NOS III, one of three members of the NOS family) is involved in the NO 

response of bone cells to mechanical stress (19, 20). NO production is an 

essential step for mechanical loading-induced bone formation as observed in 

rats in vivo (8).  We have found earlier that mRNA expression for ecNOS in 

bone cells (osteocytes isolated from chicken calvaria) is upregulated in 

response to fluid shear stress (21). Prostaglandins are generated by the release 

of arachidonic acid from phospholipids in the cell membrane, followed by 

conversion of arachidonic acid into prostaglandin G2 and subsequently H2. 

Prostaglandin H2 is further isomerized to the biological active prostanoids, 

prostaglandin E2 (PGE2). The in vivo acute prostaglandin production by 

loading-stimulated bone cells seems to be more important than the sustained 

prostaglandin release (10, 13). Hence, NO and PGE2 production, in response to 

fluid shear stress, are meaningful parameters for measuring bone cell 

activation.  

     NO and PGE2 production by bone cells linearly correlated at opposing 

signs, with the maximum applied acceleration rate, at opposing signs, which is 

third order or cubic in frequency dimension (see Table 1). This suggests that 

the bone cell response to vibration stress treatment is highly dependent on the 

applied frequency of loading. The response however, did not linearly correlate 

with the applied maximum velocity, which is a joint effect of the applied 

amplitude and frequency, both at first order. The most likely effect of the 

vibration stress might be the movement of the cell nucleus through the cell 

body induced by the acceleration of the plate. NO release and PGE2 release 

correlated with the rate of acceleration, which is proportional to the rate of the 

force on the nucleus. The rate of force is proportional to the rate of stress 

experienced by the cell through nuclear motion directly. This supports our 

earlier finding that bone cell response is linear to the applied fluid shear stress 

rate (7). In our model for the mechanical effect of vibration stress, the 
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acceleration rate corresponds to the rate of the force acting on the cell nucleus. 

Since stress is the amount of force about a cross-sectional area, the consistent 

signature for bone cell response to mechanical loading seems to be linear 

stress-rate dependence. Fluid shear stress, which is contact stress primarily 

acting on the cell membrane, might be linearly rate-dependent only for low 

frequencies (< 10 Hz), since fluid flow might attenuate at high frequencies (> 

10 Hz). Thus, our model for the motion of the cell nucleus for vibration stress 

at high frequencies, involving body forces, explains the different way how 

bone cells might sense loading at high frequencies (> 10 Hz) or at high impact 

loading.   

     The anti-correlation of NO and PGE2 release is closely linked to the rate of 

stress experienced by the bone cells at a wide range of frequencies induced by 

vibration. These opposing trends of molecular release suggest different roles 

for NO and PGE2 in regulating the mechanical adaptation of bone. It has been 

shown in vitro that osteoclasts migrate away from NO (22, 23). PGE2 increases 

mRNA levels of osteoprotegerin ligand (OPG-L)/osteoclast differentiation 

factor (ODF), from osteoblastic lineage cells. OPG-L/ODF stimulates 

osteoclast differentiation and activity, further inhibiting osteoclast apoptosis 

(22).  NO and PGE2 regulate the activity of osteoclasts (23, 24). Since at higher 

frequencies, MC3T3-E1 tends to increase NO release but tends to decrease 

PGE2 release, this suggests an acute tendency for bone cells to oppose the 

presence of osteoclasts at high frequency loading. It is possible that in vivo, 

osteoblasts enhance their rejection of osteoclasts when stimulated with high 

frequencies. This might in turn, stimulate osteoblast activity in the absence of 

osteoclasts. Indirectly, osteoclasts are possibly recruited onto regions not 

experiencing high frequency loading. Since materials of higher density are 

expected to favor force transfer at high frequencies, it is possible that in bone, 

regions that are less dense (hence not responsive to high frequencies) are more 

prone to being degraded by osteoclasts, while regions of higher densities are 

strategically maintained. Furthermore, since the release of signaling molecules 

correlates strongly to ω3, the absence of high strains in normal daily activities 
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does not necessarily correspond to bone loss. High frequencies in the spectrum 

of loading are expected during movements of high impact activity, as in 

exercise and sports, which have been shown to be beneficial for bone health 

(25-27). Thus, it would seem that the loss in strain amplitude can be 

compensated by the application of higher frequency loading.  

     Our results might also provide further insight on the effects of a broad band 

of frequencies on bone formation (6, 28). Our model for predicting the motion 

of the nucleus through the cell body during vibration stress application, might 

relate to the reported osteogenic benefits of vibration-related stimulation. For 

example, the use of low-intensity ultrasound has been shown to stimulate a 

higher occurrence of spinal fusion compared to cases without low-intensity 

ultrasound application (29). There is much unknown on the mechanisms 

responsible for the transfer of forces in bone as imparted by loading of minute 

magnitudes, at high frequencies. It is possible that high frequency vibration 

attenuate through soft-tissue surrounding the bone mineralized matrix. 

However, it is also likely that high frequencies are able to survive in the denser 

mineralized matrix of bone. In this case, our model for the motion of the cell 

nucleus is a possible mechanism for bone cells to sense high frequency loading.  

     The increased mRNA expression for COX-2, in relation to increasing 

frequencies of vibration stress suggests a memory response for high frequency 

loading. In this study, the vibration stress was applied for only 5 min, however, 

after 2.5 hours of post-incubation without stress, the upregulation of mRNA 

expression for COX-2 occurred. Despite a decreased PGE2 release at high 

frequencies, after 30 min of post-incubation, subsequent to the 5 min vibration 

stress, bone cells maintain the capacity for producing PGE2. This suggests that 

bone cells compensate for a short-term PGE2 production (after 30 min) by 

increasing mRNA levels for COX-2 for a possible delayed response (or 

memory effect). 

     Interestingly, bone cells do respond to high frequency vibration stress (i.e., 

100 Hz) although fluid shear stresses in vivo might involve lower frequencies 

(7). In this study we have not considered in detail the physical differences of 
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the effects of fluid shear stress or vibration stress on bone cell deformation. 

However complicated the transfer of forces at the cellular level might be, in 

terms of fluid shear stress or vibration stress, our results imply that the joint 

effect of the frequency and amplitude of loading might play similar roles for 

different types of stresses on bone cells. Our results suggest that the joint effect 

of the frequency (at third order) and amplitude (at first order) of loading 

correlates to the biochemical response of bone cells that contribute to sustained 

bone metabolism. Furthermore, this response might involve mechanisms that 

contribute to a specific behavior of bone cells in response to vibration stress 

enabling recognition of high frequency loading. 
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ABSTRACT 

 

To understand how the mechanosensing by bone cells might relate to cellular 

metabolism and mechanical properties, a physical portrait of cell viscoelasticity 

is needed. Thus, we developed a novel application of two-particle 

microrheology using fibronectin-coated spherical probes to characterize the 

viscoelasticity, mechanically stimulate, and probe the mechano-activity of 

various cell types. We found that the elastic modulus of MLO-Y4 osteocytes 

was below 500 Pa, as well as for MC3T3-E1 osteoblasts, and primary 

osteocytes and osteoblasts. Interestingly, the nitric oxide released by MLO-Y4 

cells increased after a mechanical stimulation at 5 pN, with cell-attached 

integrin-bound probes. This suggests that bone cells respond to forces at a 

similar range as for deforming integrins. MLO-Y4 cells interacted with the 

integrin-bound probes by changing their shape from spherical to being polar at 

37oC. However, the same shape change at 22oC was acquired by stimulation 

with 5-20 pN forces. This suggests that temperature has a significant effect on 

cell morphology. To probe the mechano-activity of bone cells, we measured 

the fluctuation of force <ff*> induced by the cells on the integrin-bound 

probes. <ff*> induced by MLO-Y4 cells were proportional to ω-2 (where 

frequency = ω/(2π)) at frequencies < 3 Hz at 22oC. However, the force 

fluctuation was proportional to ω-2 for frequencies < 10 Hz at 37oC. Thus, 

temperature change possibly induces a sharp non-linear metabolic increase 

underlining the significant effect of the mechanical environment to cellular 

metabolism. Compared to MLO-Y4 cells, CCL-224 fibroblasts had a higher 

<ff*> magnitude at 37oC, as might be expected considering the motility of 

fibroblastic cells. The linear relation of <ff*> with ω-2 is a signature expected 

for continuums with slowly evolving internal processes. Hence, microrheology 

is a useful tool for understanding the varied set of observations on 

mechanosensing by bone cells and its implications on the osteogenic response 

of bone to mechanical loading. 
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INTRODUCTION 

 

Cellular activity in response to stress stimuli has long been recognized. 

Previous reports have shown that cells respond to near zero gravity, fluid shear 

stress, strain stimuli, and vibration stress (1-4). Activation by mechanical 

loading has been shown to trigger chemical cascades that have significant roles 

for the metabolic maintainance of a global tissue to which the cell belongs. 

Mechanosensing, is the ability of cells to perceive forces, which includes the 

activity of different types of cells for transducing sound, for example, or for 

relaxing blood vessels at high fluid shear stress (5-7). The stress response of 

bone cells that direct osteogenic adaptation of bone to mechanical loading is an 

obvious example where mechanosensing by cells direct local changes that 

govern a global adaptation of the overall tissue. In bone, osteocytes are 

generally believed to sense the strain-induced fluid flow in the lacuno-

canalicular system. In response to stress, osteocytes produce signaling 

molecules, e.g., nitric oxide (NO) and prostaglandin E2 (PGE2), that regulate 

the activity of other cells for building or resorbing bone (8-10).  

     The cytoskeleton of the cell has been acknowledged as one of the key 

factors in mechanosensing (11). The cytoskeleton is crucial for various cellular 

mechanisms, including the internal transport of vesicles (12), motility (13), and 

the fundamental support of cell shape. To understand the underlying 

mechanisms for the metabolic responses of cells to mechanical stress, a 

physical portrait of the viscoelastic properties of the cell is needed. Recent 

techniques in microrheology might prove crucial for probing the viscoelasticity 

of cells and its relevance to mechanosensing. For instance, the two-particle 

microrheology technique has been extended for characterizing inter-cellular 

force generators (14, 15).  

     In vitro, cells attach to substrates via focal adhesion centers for anchorage 

(16). Interestingly, some cells adapt to environmental stress by inducing 

contractile forces in relation to the stiffness of surrounding material (17). By 

induction of traction forces, possibly at focal adhesion centers, cells match 
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environmental stress and adapt morphology accordingly. Thus, mechanically-

induced adaptation might be as important as chemically-mediated metabolic 

cascades. By probing changes in mechanical properties of cells, we might be 

able to understand mechanisms of cellular interaction with its stress 

environment. 

     Mechanical properties of soft materials, such as cells, can be studied by 

using techniques from microrheology. The two general approaches in 

microrheology pertain to the measurement of probe particle displacements 

embedded in the material investigated. The approach is either by inducing 

external forces on the probes (active mode) or by monitoring the thermal 

fluctuations of the probes (passive mode). Materials in thermal equilibrium are 

subject to a measurement of the complex shear modulus (G*) due to the 

Fluctuation-dissipation theorem (18).  For our purpose in this study, the cell is 

taken as a non-thermal system, that is, a complex material that is able by itself 

to induce forces while interacting with its environment. Recently, using 

intracellular probes, it was shown that cells exhibit internally slow evolving 

processes characterized by w -2 power-law for internal force fluctuation (14, 

19). Cells also show enhanced diffusion scaling as t3/2 at short times by SV80 

fibroblasts, of phagocytized or endogenous particles demonstrating the non-

thermal activity of cells (12).  

     Paradigms taken for understanding cellular activation might include models 

for the mechanical properties of the cytoplasm as predominantly a continuum 

(20) or as composed of linked polymers that transfer forces through the 

cytoskeleton to the nucleus (11). A model linking cellular deformation to a 

chemical response by cells, might explain the significance of interconnectivity 

between the extra-cellular matrix, trans-membrane proteins and the 

cytoskeleton as a direct link to the cell nucleus (11, 21). An initial activation 

might involve the stretching of a protein, thereby exposing a cryptic section of 

the unfolded protein that reacts to immediately trigger a biochemical cascade 

(21). Thus, a continuous force transfer from the site of mechanical stimulation 

to the nucleus is not necessary. Regardless of the actual mechanisms that 
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induce a meaningful biochemical cascade, the mechanical property of the cell 

is important for mechanosensing since the mechanical property determines how 

the cell will deform. 

     The aim of this study is to investigate events occurring at the onset of 

mechanical stimulation. Thus, we developed here a two-particle assay for 

measuring the viscoelastic properties of cells and characterizing the chemical 

and mechanical activation of cells in response to stress. We extended the Hertz 

model for the deformation of an elastic (and viscoelastic) sphere upon the 

indentation of a rigid spherical probe to measure the elastic (and viscoelastic) 

response of a cell. Using the same two-particle assay, we measured nitric oxide 

release as a parameter for bone cell mechanosensitivity in response to 

sinusoidal forces. The mechanoactivity of bone cells was studied by measuring 

the morphological changes while being attached to the probe particles, and the 

force traction induced by the cells on the probes.  Finally, the mechanoactivity 

of bone cells was characterized by inferring the fluctuation of the induced force 

traction of the cells on the probes. 

 

 

MATERIALS AND METHODS 

 

The elastic modulus of MLO-Y4, MC3T3-E1, primary osteocytes and 

osteoblasts, were measured at 22oC, using a two-particle assay for 

microrheology by attaching fibronectin-coated beads at opposite ends of the 

cells using an optical trap setup (bead attachment diagram shown in fig 1). The 

cell was deformed by sinusoidal movements of one of the attached beads, and 

the elastic modulus was determined as described in the section “Hertz model 

extended for viscoelastic spheres”.  

     The elastic modulus of an MLO-Y4 cell, as a function of indentation depth, 

was measured at 22oC using an atomic force microscope (AFM) with a bead 

attached to the cantilever tip of the AFM using the Hertz model for round cells 

(for an application on thin regions of fibroblasts see (22)). The AFM 
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measurement was performed for a round MLO-Y4 cell that was partially 

attached to the substrate. 

     Nitric oxide released by MLO-Y4 cells was measured at 22oC. 

Morphological changes of bone cells, as well as the force traction induced by 

cells on the attached beads, were measured at 37oC. The apparent compliance 

measured by active and passive modes, at 22oC, was compared for MLO-Y4 

cells to illustrate the difference between the active and passive mode 

measurements. The apparent compliance of MLO-Y4, MC3T3-E1, primary 

osteocytes and osteoblasts, were measured at 22oC and characterized by the 

force fluctuation. The force fluctuation of MLO-Y4 osteocytes was compared 

to that of CCL-224 fibroblasts at 37oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Hertz model for viscoelastic sphere indented with rigid spheres. Dashed line 
indicates the symmetry of the model. 
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Cell cultures 

MLO-Y4 osteocytes were cultured at 37oC, up to near-confluency in 75 cm2 

cell culture flasks (Nunc, Roskilde, Denmark), using α-Modified Eagle’s 

Medium (α-MEM; Gibco, Paisley, UK) supplemented with 5% fetal bovine 

serum (FBS; Gibco), 5% calf serum (CS; Gibco), penicillin (10µg/ml) and 

streptomycin (10µg/ml).  The MLO-Y4 osteocytes were kindly provided by Dr. 

L. Bonewald (University of Missouri-Kansas City, Kansas City, MO, USA).  

     MC3T3-E1 cells were cultured at 37oC, up to near-confluency in 75 cm2 cell 

culture flasks (Nunc), using α-MEM supplemented with 10% FBS, ascorbate 

(50 µg/ml; Merck, Darmstadt, Germany), β-glycerophosphate disodium salt 

hydrate (10 mM; Sigma, St. Louis, MO, USA), l-glutamine (300 µg/ml; 

Merck), gentamycine (50 µg/ml; Gibco), and fungizone (1.25 µg/ml; Gibco). 

The MC3T3-E1 osteoblasts were kindly provided by Dr. M. Kumegawa 

(Meikai University, Sakado, Japan).  

     CCL-224 fibroblasts were cultured at 37oC, up to near-confluency using α-

MEM supplemented with 10% FBS, penicillin (10µg/ml) and streptomycin 

(10µg/ml). The CCL-224 cells were kindly provided by Dr. J. Boonstra, 

(Utrecht University, Utrecht, the Netherlands).   

     MLO-Y4, MC3T3-E1, and CCL-224 cells were harvested by 10 min 

treatment with 0.05% trypsin/0.01% EDTA in PBS at 37oC. These cells were 

incubated in ice-water water bath after harvesting. Prior to experiments, these 

cells were equilibrated to 22oC or 37oC in CO2-independent medium (Gibco) 

without supplements. 

 

Primary bone cell isolations 

Fetal chicken calvarial cells were isolated as described by Ajubi et al. (23). 

Calvariae were aseptically dissected from 18-day-old chicken fetuses. A mixed 

population of osteocytes and osteoblasts was obtained from the calvariae by 

sequential treatments of 1 mg/ml collagenase (Sigma, St. Louis, MO, USA) 
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and 4 mM EDTA. Osteocytes were identified from the mixed population of 

cells using a specific anti-body OB 7.3 directed to antigens on the cytoplasmic 

membrane (24). Using an immunodissection method based on Van der Plas and 

Nijweide, 1992 (25), osteocytes were isolated and purified from the mixed cell 

population of osteocytes and osteoblasts. After isolation, Osteocytes and 

osteoblasts were cultured separately in 75 cm2 cell culture flasks (Nunc) with 

α-MEM, containing 2% chicken serum (Gibco), 200 µg/ml glutamine (Sigma), 

50 µg/ml gentamycin sulfate (Sigma), 50 µg/ml L-ascorbic acid (BDH, 

Brunschwig Chemie, Amsterdam, The Netherlands), and 1 mg/ml D-glucose. 

After one day, the osteocytes and osteoblasts were harvested by 5 min 

treatment with 0.05% trypsin/0.01% EDTA in PBS at 37oC. These cells were 

incubated in ice-water water bath after harvesting. Prior to experiments, these 

cells were equilibrated to 22oC or 37oC in CO2-independent medium (Gibco) 

without supplements. 

  

DAR4M loading for nitric oxide fluorescence 

For nitric oxide determination, MLO-Y4 cells were treated with a membrane-

permeable fluorescent indicator Diaminorhodamine-4M AM (DAR-4M AM; 

Daiichi Pure Chemicals, Tokyo, Japan) (26). The intracellular DAR-4M AM 

treatment of cells lasted for 1 hr while the cells were incubated in ice-water 

bath. Prior to experiments, the cells were equilibrated to 22oC in CO2-

independent medium (Gibco) without supplements. To test whether an increase 

of fluorescence signal is induced by the presence of NO, 20 mM of the NO 

donor S-nitroso-N-acetylpenicillamine (SNAP; Sigma) was added to MLO-Y4 

cells treated with DAR-4M AM.  

 

Preparation of fibronectin-coated microspheres (beads) 

Carboxyl-modified 4 µm diameter-polystyrene microspheres (beads; Bangs 

Laboratories, Inc., Fishers, IN, USA) were cleaned and coated with fibronectin 
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(Gibco) according to the manufacturer’s instructions (Bangs Laboratories, 

Inc.). The fibronectin-coated beads were suspended in phosphate buffered 

saline (PBS; Gibco) with 0.1% bovine serum albumin (BSA; Gibco). For the 

experiments, the fibronectin-coated beads were cleaned with PBS and 

sonicated for 5 min to remove aggregations. The beads were then re-suspended 

in CO2-independent medium and equilibrated to 22oC or 37oC.  

 

Preparation of dichloro-dimethyl-silane coated cover slips 

24 x 50 mm cover slips (Menzel-Glaser, Braunschweig, Germany) used as the 

bottom surface of the culture chamber for observation in the optical trap setup 

were made hydrophobic by coating them with dichloro-dimethyl-silane (DDS; 

Acros Organics, USA). The cover slips were sequentially treated with KOH 

(30 g/200 ml ethanol) for 30 min and sequentially rinsed in distilled water (3 s), 

HCl (5% in distilled water for 3 s), and ethanol (3 s). After completely drying 

the cover slips, they were treated with DDS in trichloroethylene (TCE; Acros 

Organics, Morris Plains, NJ, USA) for 5 min. The treated cover slips were 

rinsed with ethanol for 2-5 min under sonic bath before overnight annealing at 

80oC.  

 

Preparation of Atomic force microscope cantilever  

12 µm diameter-polystyrene microspheres (beads; Bangs Laboratories, Inc.) 

were attached to an atomic force microscope cantilever (stiffness 0.05 N/m, 

resonance frequency 18 kHz). The cantilever was cleaned with toluene and 

acetone. The cantilever tip was then treated with ultraviolet-hardened glue 

(UV-glue, 1 part in 5 parts toluene), and was left to dry. The treated cantilever 

was attached to a micropipette tip at the end opposite the tip, with grease. The 

cantilever was subsequently immersed in a suspension of beads. After a bead 

was conveniently located at the cantilever tip, it was irradiated with UV to 

permanently attach the bead to the cantilever tip. 
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Hertz model extended for viscoelastic spheres  

To measure cell viscoelasticity, we extended the Hertz model (reference Hertz) 

for viscoelastic spheres. The force-indentation relation for contact between two 

elastic spheres has been described by Timoshenko and Goodier (27). Here we 

extend this model for a rigid spherical probe indenting a viscoelastic sphere, 

the force F is related to a 3/2 scaling-law due to the indentation depth d: 
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where R1 and R2, are the radii of the cell and the probe (fig 1), the homogenous 

elastic modulus Eo and the Poisson ratio n. Since we attach the probe to the 

cell, we induce a constant indentation depth of do and perturb about this value 

sinusoidally at amplitude d.  By a Taylor expansion about do, we find a 

complex modulus E*:  









−

+
−+

= ddEdE
RR

RRF oo
o

)1(2
*3

13
4

2
2/3

2
21

21

νν
  [2] 

where Eo is an elastic contribution due to a constant force Fo (see also Mahaffy 

et al. for an application for flat cells using “atomic force microscopy” or AFM 

(22)). By setting Fo to zero, i.e., by assuring that the applied force oscillates 

about zero, the complex modulus E* is found as follows: 

*FFF o +=   [3] 

setting Fo = 0, the applied force F* becomes linear with the indentation d 

(provided d < do): 
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Hence, the complex modulus is: 

"'* iEEE +=   [5a] 

where the loss and storage moduli are E’ and E”, respectively. The elastic 

modulus is then calculated as | E* |/(1-n 2) or simply E/(1-n 2): 
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which is related to the shear modulus: 

( )ν+
=

12
* EG   [5c] 

     The cell stiffness k12 is related to the trap stiffnesses, k1 and k2, in our two-

particle assay, constituting a three-spring series (fig 2). The force-balance 

equations, with the forces at the probes,  f1 and f2, the displacements of the 

beads x1 and x2, and the stiffnesses, are as follows: 
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Hence the apparent compliance Aij (mutual compliance for i ≠ j) is simply the 

inverse of the stiffness matrix kij above, at the quasi-steady regime: 
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The apparent compliance was measured in the active mode directly from the 

movement of the particles at 0.1 Hz and 0.5 Hz. At higher frequencies, we used 

a lock-in amplifier technique referenced from the frequency at the acousto-

optical device in the optical trap setup (see fig 3 for a diagram of the setup). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Spring series model for two-particle microrheology assay for cells. k1, k2 are optical 
trap stiffnesses; k12, cell stiffness; x1 and x2, particle displacements.  

k12 k1 k 2 

x1x2
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Passive microrheology 

By observing the fluctuations of each probe and the mutual fluctuations of the 

beads, the complex compliances are calculated from the auto-correlations and 

cross-correlations of the particles. Details of the techniques for both one and 

two-particle microrheogy has been described previously (15, 28, 29). Based on 

the fluctuation-dissipation theorem, the imaginary component of the 

compliance αij” (mutual apparent compliances where i ≠ j) is related to the 

thermal energy kBT as follows: 

2,1/)("4)()( == iTkxx ijBji ωωαωω   [8] 

where, kB is the Boltzmann constant, T is the absolute temperature, and the 

frequency = ω/(2π). The Kramers-Kronig relation is used to find the real 

component of the apparent compliance αij’: 
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For the quasi-steady regimes, the cell compliance α12 is calculated by setting 

1/k12 = α12 in [7]. The components of the complex compliance of the cell α12 

are linear to the corresponding components of the apparent compliance A12: 
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Figure 3. Schematic diagram of experimental setup. 1064 nm laser beam is diverted in two 
paths for trapping two particles. One of the beams is manipulated by using an acoustic optical 
device (AOD). A lock-in amplifier is used for measurements of the frequency response. DF 
amp, differential amplifier; F.G., function generator; VCO, voltage controlled oscillator; RF 
amp, radio frequency amplifier. 
 
 
Non-thermal force fluctuation 

A Generalized Langevin equation is used to model the force-balance in our 

two-particle assay for the microrheology of cells. The force on a small thermal 

particle with velocity ui is related to a memory friction xij(t) (mutual memory 

friction for i ≠ j) of the complex material: 

 ∫
∞−

−−=
t

iijRi
i

i dttutttf
dt
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where fRi represents all forces acting on particle i, including an inter-particle 

force fI (in this case, comprising non-thermal forces from the cell), forces from 

the laser traps with stiffness kixi, and stochastic Brownian forces Ki: 

IiiiRi fKxkf ++−=   [11b] 

 Zero resultant force is expected in our two-particle assay, thus the coupled 

force-balance equations are: 

∫∫
∞−∞−

++−−−=−
tt

fKxkdttuttdttutt 111212111 ')'()'(')'()'( ξξ  [12a]

  

fKxkdttuttdttutt
tt

−+−−−=− ∫∫
∞−∞−

222221222 ')'()'(')'()'( ξξ  [12b] 

Where the thermal force fluctuation is: 

)'(2)'()( ttTktKtK ijBji −= ξ   [13] 

The non-thermal force fluctuation is then simply the difference between the 

total force fluctuation in the assay based on the displacement fluctuation of the 

probe particles <x1 x2*>, and the thermal force fluctuation. The power 

spectrum of the non-thermal fluctuation <x1x2*> is: 

{ }2
1211

2
1211

12
21 )''()""()(

"4
* AAAA

Tk
xx B −+−∆−=− ω

ω
α  [13] 

where ∆(ω) represents the power spectrum of the fluctuation. Alternately, the 

force fluctuation is directly measured as: 

)'(2)'()( ttTktftf B −∆=   [14] 

with the power spectrum: 

)(
2

2* ω
π

∆=
Tkff B   [15] 

 

 

RESULTS 

 

The typical force-displacement curves for MLO-Y4 cells and primary 

osteocyte cells showed a linear relation between the applied force and the cell 



Chapter 7 

 141

diameter change (2d, fig 4A and B). This shows that our model is accurate for 

determining the elastic modulus of cells for the quasi-steady regime (here taken 

at 0.1 Hz). The elastic moduli (E/(1-n 2)) of the bone cells were all similarly 

below 1 kPa, except for one osteocyte cell, which had an elastic modulus about 

1.4 kPa (fig 5A). The MLO-Y4 modulus varied between 35 Pa and 430 Pa (fig 

5A). Using AFM with the Hertz model for round cells, the elastic modulus of a 

MLO-Y4 osteocyte was shown to vary from 65 Pa to 230 Pa, for indentation 

depths varying between 4800 to 7900 nm (fig 5B).  

     To investigate the effects of mechanical loading on cell using pN forces, the 

accumulated nitric oxide (NO) released by MLO-Y4 cells were monitored. A 

typical MLO-Y4 cell treated with DAR-4M-AM indicated continued 

fluorescence increase with the addition of 20 nM SNAP (data shown for 60 s, 

fig 6A). The effect of small changes in force amplitudes was investigated by 

stimulating MLO-Y4 cells with sinusoidal force at amplitudes 5, 7.5, 10, and 

12.5 pN, all at 0.1 Hz (each regime taken at durations of 60s). Total 

fluorescence intensity increase was found simultaneous to force application at 

0.1 Hz (fig 6B and C). Fluorescence intensity increased from the basal level 

upto 60 s as a force amplitude of 5pN was applied (fig 6B). An abrupt increase 

was observed when a force amplitude of 7.5 pN was applied (at about the 60 s 

time point); afterwards, the intensity was nearly stable beyond 200 s of force 

application. The sharp increase with the application of 10 pN force amplitude is 

attributed to a possible artifact by perturbation of the cell position disturbing 

the fluorescence intensity, as the intensity went back to the stable level (fig 

6B). Simultaneous with the observation of fluorescence intensity increase, the 

cellular traction force was found to increase from 0 to 60 pN in the period of 4 

min (fig 6 B). Another MLO-Y4 cell was stimulated with sinusoidal loading at 

0.1 Hz with amplitudes 5, 10, 15 pN at one-min intervals. After 1 min of 5 pN 

stimulation, the fluorescence intensity increased from the basal level and 

remained stable (fig 6C). This increase occurred while the cell was stimulated 

with 10 pN sinusoidal force, and remained at a stable value despite further 

stimulation with 15 pN (fig 6C). 
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Figure 4. Force-displacement curves. A. MLO-Y4. B. Osteocyte. 2d, change in cell diameter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Elastic moduli E. A. Elastic moduli for bone cells. B. Elastic modulus change of a 
round MLO-Y4 cell in relation to indentation depth by atomic force microscopy.  
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Figure 6. Nitric oxide release. A. Fluorescence 
intensity increase in MLO-Y4 cell treated with 
20 mM SNAP solution. B. Nitric oxide release 
and MLO-Y4 cell induction of contractile force 
while stimulated with 0.1 Hz sinusoidal force 
with increasing amplitudes at 22oC. C. Nitric 
oxide release of MLO-Y4 cell while stimulated 
with sinusoidal force at 0.1 Hz, at increasing 
amplitudes. 
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Figure 7. Morphology adaptation. A. MLO-Y4 cell changed morphology from spherical to 
polar shape at 37oC, without force stimulation. B. Osteocyte cell changed morphology from 
spherical to polar shape at 22oC, after stimulation with sinusoidal force at 0.1 Hz, with 
increasing amplitudes from 5pN to nearly 30pN. 
 

 

     MLO-Y4 cells, while attached to two particles, showed morphological 

adaptation within ~ 20 min at 37oC (typical change shown in fig 7). The cell 

changed from a spherical to a polar shape at the attachment sites (fig 7). At 

22oC, an osteocyte cell was subjected to sinusoidal forces at 0.1 Hz, at 

increasing amplitudes (between 5 to 20 pN). The tension was released after 

each sinusoidal force stimulation, every 30s. The osteocyte adapted by 

changing shape from spherical to being polar at the attachment sites (fig 7). At 

37oC the contractile force of an MLO-Y4 cell on the attached particle was 

found to increase to 30 pN in 60s (fig 8A). For another MLO-Y4 cell, also at 

37oC, the contractile force varied periodically and reached a peak at 30 pN in 

30s (fig 8B). The contractile forces on the attached particles appeared to be 

MLO-Y4 
(37±C) 
adaptation  
in time 

Osteocyte 
(22±C)  
adaptation to 
high strain 
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consistently anti-correlating, as the experiment configuration is symmetric (fig 

8A and B).  
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Figure 8. MLO-Y4 cell induction of contractile force. A. at 22oC. B. at 37oC. 
 

 

     The apparent compliance of osteocytes, and MLO-Y4 cells measured by 

active or passive modes were compared for measurements performed at 22oC 

and 37oC, respectively. At 22oC the real component of the apparent 

compliance, A12’ of osteocytes measured by active or passive modes was 

similar (fig 9A). However, the imaginary component of the apparent 

compliance, A12”, measured by passive mode was negative and much lower 

compared to A12” measured by active mode until around 3 Hz (fig 9A). At 

37oC A12’ measured by active and passive modes for MLO-Y4 cells, were 

similar in value, but A12” measured by active and passive modes differed (fig 

9B). Whereas, A12” by active mode was nearly zero, A12” by passive mode was 

negative until about 10 Hz.  

     To compare the mechanical activity of different cell types, the force 

fluctuation <ff*>, based on equation [15] was measured for MLO-Y4, MC3T3-

E1 cells, primary osteocytes and primary osteoblasts at 22oC, and for MLO-Y4 

and CCL-224 fibroblasts at 37oC. At 22oC, the force fluctuation for all cell-

types was found proportional to ω-2 for frequencies ≤ 3 Hz (fig 10). The force 

fluctuation for MLO-Y4 cells were found higher than MC3T3-E1 cells (fig 10). 

A B 
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Also, osteocytes exhibited higher force fluctuation compared to osteoblasts (fig 

10). The force fluctuation of MC3T3-E1 cells was found relatively similar to 

osteocytes (fig 10). At 37oC the force fluctuation of CCL-224 fibroblasts was a 

decade higher than MLO-Y4 cells (fig 11). However, the force fluctuation of 

both MLO-Y4 and CCL-224 cells were proportional to ω-2 for frequencies ≤ 10 

Hz.  
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Figure 9. Apparent compliance. A. Osteocyte cell at 22oC. B. MLO-Y4 at 37oC 
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Figure 10. Force fluctuation at 22oC by bone cells 
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Figure 11. Force fluctuation at 37oC by MLO-Y4 osteocytes and CCL-224 fibroblasts. 
 

 

DISCUSSION 

 

The elastic moduli of the bone cells were similarly below 1 kPa, except for one 

osteocyte with an elastic modulus nearly 1.4 kPa. The elastic modulus of MLO-

Y4 cells, as measured by optical tweezers, were confirmed to be within a 

similar range of values, as measured by AFM on  a round MLO-Y4 cell. 

However, the AFM results also showed that the elastic modulus of a round 

MLO-Y4 cell varied with increasing indentation depth by the AFM cantilever. 

Thus, the elastic modulus of a cell is strongly dependent to the applied stress. 

Previously, we showed that osteocytes are more mechanosensitive than 

osteoblasts (1). Since the elastic modulus of the different bone cell types were 

similar, this might indicate that differences in mechanosensitivity between cells 

might be more related to how cells change moduli in relation to deformation.  

     MLO-Y4 cells showed an increased release of NO (by increase in 

fluorescence intensity) after about 1 min mechanical stimulation of 5 pN. 

Simultaneous with increased NO release was the observed increased force 

traction on the attached bead. Continued morphological adaptation by MLO-Y4 

cells during bead attachment, supports the notion that morphology and force 

induction by cells are related. Since, force traction is simultaneous with 
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morphological changes and morphological changes is directly related to the 

elasticity of the cell, the release of NO is possibly related to changes in the 

elastic modulus of the cell.  Furthermore, we have shown that force traction of 

the cells increased up to nearly 30 pN, which is within the order of force values 

necessary for activating integrins (30, 31), which was interestingly within the 

order of the forces we used to stimulate NO release. Cells might adapt their 

elasticity in relation to their stress environment, in a strong relation to their 

physiological activity, e.g., the release of a signaling molecule.  

     The apparent compliance is linear to the actual compliance as indicated in 

equation [10], provided, within negligible momentum effects due to the 

surrounding fluid. Our apparent compliance measurements, indicate that the 

MLO-Y4 cells change viscoelasticity in strong relation to temperature. Since 

A12’ is proportional to the cross-correlation of the fluctuations of the two 

attached beads, this difference measures the force traction of the cells below a 

cross-over frequency (3 Hz for 22oC, 10 Hz for 37oC). The cross-over 

frequency, separates the non-thermal activity (or cellular activity) from thermal 

activity. The differece between 22oC and 37oC is negligible (in the Kelvin 

scale). Hence, an order of difference between cross-over frequencies might 

indicate a non-linear transition due to temperature for the activity of cells. This 

further illustrates the importance of temperature for directing metabolic 

activities of the cell and the non-linear properties of cells. In general, the 

mechanical stress environment of a cell strongly influences its behavior. 

     The proportionality between the cellular force fluctuation with ω-2, indicates 

a quantifiable signature for non-thermal related activity by bone cells. This 

signature is expected in continuums with slowly evolving internal processes 

(14). All cells in this study exhibited this signature. However, the magnitude of 

the force fluctuations <ff*> varied across cell types at 22oC and 37oC. It is 

interesting that this variation across cell types indicates that osteocytes have a 

higher mechanoactivity than osteoblasts. However, we also showed that the 

force fluctuation by CCL-224 is an order higher than that of osteocytes. This 



Chapter 7 

 149

supports the notion that fibroblasts have a high metabolism, which is necessary 

for motility.  

     The force fluctuation is indicative of internal metabolic processes. Our 

results have shown that osteocytes are also more mechanoactive compared to 

osteoblasts. However, fibroblasts, are even more mechanoactive than 

osteocytes. This, however, does not correlate with our earlier result showing 

that fibroblasts are least mechanosensitive compared to osteocytes and 

osteoblasts (32). Thus, mechanoactivity and mechanosensitivity, though related 

might not necessarily correlate. 

     In conclusion, we have shown the use of microrheology to probe the 

possible novel correlations between mechanosensitivity, mechano-activity, and 

the viscoelasticity of bone cells. Our results might prove useful for numerical 

models for cells in relation to their functional activity in bone. Techniques in 

microrheology provide quantifiable measures for explaining the varied set of 

observations in studying the response of bone cells to stress and its implications 

for the osteogenic response of bone to mechanical loading.  
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ABSTRACT  

 

Stress derived from bone loading which affects bone cells is likely the strain-

induced flow of interstitial fluid along the surface of osteocytes and lining cells. 

The response of bone cells in culture to fluid flow includes prostaglandin (PG) 

synthesis and expression of prostaglandin G/H synthase inducible 

cyclooxygenase (COX-2). Cultured bone cells also rapidly produce nitric oxide 

(NO) in response to fluid flow as a result of activation of endothelial nitric 

oxide synthase (ecNOS), the enzyme which also mediates the adaptive 

response of bone tissue to mechanical loading. Earlier studies have shown that 

the disruption of the actin-cytoskeleton abolishes the response to stress, 

suggesting that the cytoskeleton is involved in cellular mechanotransduction. 

     Microgravity, or near weightlessness, is associated with the loss of bone in 

astronauts, and has catabolic effects on mineral metabolism in bone organ 

cultures. This might be explained as resulting from an exceptional form of 

disuse under near weightlessness conditions. We found earlier that the 

transduction of mechanical signals in bone cells also involves the cytoskeleton 

and is related to PGE2 production. Therefore it is possible that the 

mechanosensitivity of bone cells is altered under near weightlessness 

conditions, and that this abnormal mechanosensation contributes to disturbed 

bone metabolism observed in astronauts. 

In the experiment “FLOW”, we tested the hypothesis of altered cell bone 

mechanosensitivity using an in vitro model developed for space flight 

experiments. The specific aim of FLOW was to test whether the production of 

early signaling molecules that are involved in the mechanical load-induced 

osteogenic response (NO and PGE2) by bone cells is changed under 

microgravity conditions compared to 1xg conditions. FLOW was one of the 

Biological experiment entries to the Dutch Soyuz Mission “DELTA” (Dutch 

Expedition for Life Science, Technology and Atmospheric Research). FLOW 

was flown by the Soyuz craft, which was launched on April 19, 2004, on its 

way to the International Space Station (ISS). 
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Osteocytes, osteoblasts, and periosteal fibroblasts were isolated from 

chicken skull and incubated in plunger boxes, developed by Centre for 

Concepts in Mechatronics (Nuenen, The Netherlands), using plunger activation 

events for single pulse fluid shear stress stimulations. Cultures in-flight were 

subjected to microgravity and simulated 1xg level by centrifugation. Ground 

controls were subjected to identical culture environment and fluid shear stress 

stimulations. Due to unforeseen hardware complications, results from in-flight 

cultures are considered lost. Ground control experiments showed an 

accumulative increase of NO in medium for osteocytes (as well as for 

osteoblasts and periosteal fibroblasts). Data from the online-NO sensor showed 

that the NO produced in medium by osteocytes increased sharply after pulse 

shear stress stimulations. COX-2 mRNA expression revealed high levels in 

osteoblasts compared to the other cell types tested. In conclusion, preparations 

for the FLOW experiment and preliminary ground results indicate that the 

FLOW setup is viable for a future flight opportunity. 
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INTRODUCTION 

 

It has been well documented that bone tissue is sensitive to its mechanical 

environment. Subnormal mechanical stress as a result of bedrest or 

immobilization results in decreased bone mass and disuse osteoporosis (1). 

Spaceflight produces a unique condition of skeletal unloading as a result of the 

near absence of gravity. Studies of animals and humans subjected to spaceflight 

agree that near weightlessness negatively affects the mass and mechanical 

properties of bone (for a review, see (2)). Although the exact mechanism 

whereby bone loss as a result of spaceflight occurs is still unknown, recent in 

vivo studies suggest that bone cells are directly sensitive to near weightlessness. 

Using organ cultures of living bone rudiments from embryonic mice, Van Loon 

et al. (1995) showed that 4 days of spaceflight inhibited matrix mineralization, 

while stimulating osteoclastic resorption of mineralized matrix (3). Monolayer 

cultures of the human osteoblastic cell line MG-63 responded to 9 days of near 

weightlessness with reduced expression of osteocalcin, alkaline phosphatase, and 

collagen Iα1 mRNA (4). Reduced prostaglandin production was found in 

cultures of MC3T3-E1 osteoblastic cells exposed to 4 days of near 

weightlessness, probably due to inhibition of serum-induced growth activation 

(5). In addition near weightlessness induced prostaglandin E2 (PGE2) and 

interleukin-6 production in rat bone marrow stroma cultures, an observation that 

may be related to alterations in bone resorption (6). These results suggest that 

mineral metabolism and bone cell differentiation are modulated by near 

weightlessness, and that bone cells are directly responsive to microgravity 

conditions. 

Direct responses of bone cells to mechanical stimuli have been studied using 

several methods to apply mechanical stress in vivo (for a review, see (7)). 

Stretching or bending of the cell substratum has been widely used, but recent 

evidence indicates that fluid flow over the cell surface may better simulate the 

cellular effect of mechanical loading of bone in vivo (8-15). Strain (deformation) 

of the bone matrix as a result of mechanical stress in vivo causes flow of 
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interstitial fluid through the network of osteocyte lacunae and canaliculi (16, 17). 

Weinbaum et al. (1994) used Biot’s porous media theory to relate loads applied 

to a whole bone to the flow of canalicular interstitial fluid. Their calculations 

predict fluid shear stresses of 0.8 to 3 Pa as a result of peak physiological loading 

regimes (12). We have shown earlier that osteocytes are sensitive to fluid shear 

stress in vitro, and release signaling molecules such as NO and PGE2 in response 

to fluid shear stress (18). 

     FLOW was our entry to the Biological experiments carried by the Dutch 

Soyuz Mission “DELTA” (Dutch Expedition for Life Science, Technology and 

Atmospheric Research). Through DELTA, FLOW was flown by the Soyuz 

craft, which was launched on April 19, 2004, on its way to the International 

Space Station (ISS). The main scientific objective of the FLOW experiment 

was to test whether the production of early signaling molecules that are 

involved in the mechanical loading-induced osteogenic response (NO and 

PGE2) by osteocytes is changed under microgravity conditions compared to 

1xg conditions. Since we argue that especially the osteocyte, and not the 

osteoblast, is the mechanosensitive cell type within bone involved in 

mechanotransduction, the production of signaling molecules by osteocytes 

were compared to osteoblasts. Periosteal fibroblasts were used as negative 

controls. Chicken osteocytes, osteoblasts, and periosteal fibroblasts were 

incubated in plunger boxes developed by the Centre for Concepts in 

Mechatronics, using plunger activation events for single pulse fluid shear stress 

stimulations. Cultures in-flight were subjected to microgravity (µ-g) and 

simulated 1xg level by centrifugation. Ground controls were subjected to 

identical culture environment and fluid shear stress stimulations.  
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GROUND PREPARATIONS AND HARDWARE DEVELOPMENT 

 

Dutch Soyuz Mission – FLOW hardware development 

The experiment FLOW made use of plunger box units (PBU) (figure 1) 

developed by the Centre for Concepts in Mechatronics (CCM).  One module 

contained two culture compartments, each holding a glass slide containing 

about 5x104 cells each (fig 1A). For each culture compartment fresh culture 

medium or RNA stabilization solution (RNALater, Ambion Inc., USA) were 

stored in three fluid reservoirs. The fluid was forced into the culture 

compartment by releasing a spring-loaded plunger by scorching a nylon thread 

by a heat wire at preset times. The fluid was led to the cultures via a system of 

internal channels and valves (as indicated by arrows in fig 1A). The spent 

medium was forced out of the culture compartment and found its way to the, 

now void, volume behind the just released plunger. These units were 

accommodated with a small NO probe and associated electronics for automated 

activation and digital data storage, during the experiment time-line for the 

Dutch Soyuz Mission (fig 1B). 

     The FLOW equipment for flight made use of 16 Type I experiment 

containers, which were installed in the KUBIK incubator facility, containing a 

centrifuge, built by COMAT Aerospace (Toulouse, France) for the European 

Space Agency (ESA) (fig 1C). A total of 6 containers in the flight centrifuge as 

1xg controls, and 6 flight static (microgravity) containers were used. We 

designed the experiment to carry 4 units per cell type / g-level. This means that 

12 cell cultures at 1xg and 12 cell cultures at µ-g were accommodated. An 

additional 2 containers per g-level were needed to command the experiment 

timeline and acquire and store the NO measurements. 
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Figure 1.  Plungerbox.  A. schematic representation of an automated tissue culture module 
(20x40x80 mm) made of a single block of polysulphone (PSU) as it was developed by the 
Centre for Concepts in Mechatronics (CCM; diagram courtesy of Dr. van Loon; HW, waste or 
sample holder; PL, plunger; FR, fluid reservoir). B. Plunger box unit with nitric oxide (NO) 
sensor (arrow). C. KUBIK incubator and centrifuge facility. Pictures courtesy of Centre for 
Concepts in Mechatronics (CCM). 

A 

C 

B 
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Dutch Soyuz Mission – FLOW hardware fluid flow characterization 

The present laboratory hardware set-up as used for our regular research was 

scaled down and manufactured in compliance with space flight requirements. A 

characterization of the parallel-plate flow chamber was performed using 

analytical and numerical calculations assuming laminar viscous flow under 

isothermal conditions ((19); see chapter 2 of this thesis). The parallel-plate flow 

chamber was downscaled from a width-to-height ratio of 80.0 to 33.3 (fig 2A). 

In order to validate this downscaled flow chamber, immortalized mouse 

calvarial osteoblast-like cells (MC3T3-E1) were used. These cells were 

cultured to near confluency in α-MEM with 10% fetal bovine serum (FBS).  

For fluid shear stress treatment, cells were plated at 2x105 cells/glass slide (5 

cm2), and incubated for 5 min in the presence of dynamic fluid shear stress with 

amplitude 0.7 Pa, average 0.7 Pa, and frequency of 5 Hz. Bone cell cultures 

showed similar mechanosensitivity (i.e., increased NO production) in response 

to dynamic wall shear stress averaging 0.7 Pa for a parallel-plate chamber 

width-to-height ratio of 80.0 reduced to 33.3 (fig 2B). Thus, our design 

conditions for downscaling the parallel-plate chamber for space flight 

requirements do not introduce artifacts for measuring the mechanosensitivity of 

bone cells. The NO produced was measured in the harvested media, as well as 

online with NO sensor probes incorporated in the PBU’s (see fig. 1B). 

     Fluid flow patterns in the actual geometry of the PBU’s developed by CCM 

for FLOW were simulated using Computational Fluid Dynamics software in 

the Technical University of Delft (flow chamber diagram, fig 2C). This work 

was done in collaboration with Prof. Frans Nieuwstadt and Dr. Mathieu 

Pourquie of the Hydrodynamics and Aerodynamics laboratory of the Technical 

University in Delft (The Netherlands). We found that the inclusion of an NO 

sensor in the PBU did not affect a homogenous fluid shear stress profile under 

laminar flows at the cell monolayer to induce a peak shear stress of 1.4 Pa, the 

stress needed to stimulate bone cells (fig 2D). The chamber height of the flight 

PBU’s were adjusted in order to achieve fluid shear stress pulse stimulations on 

the cells reaching a peak of 1.4 Pa.  
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NO sensor characterization and cell culture test on plunger boxes 

An online NO sensor, manufactured by Innovative Instruments, Inc. (Tampa, 

FL, USA) has been characterized for its use in the FLOW experiment (fig 3A). 

The online NO sensor was found to exhibit a linear relation between its current 

signals to the increase of NO in solution. The temperature dependence of the 

sensor could be corrected by software; however, since the Dutch Soyuz 

Mission experiment involved a constant temperature environment, such a 

correction procedure was not necessary.  
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Figure 2.  Parallel-plate flow chamber in vitro system. A. The parallel-plate flow chamber 

system was downscaled to have a width-to-height ratio of 33.3 from a previous ratio of 80.0 

to fit into the space flight experiment requirements. B. Bone cells respond similarly to the 

same flow regime (PFSS, average shear stress = 0.7 Pa, 5Hz), for different flow chamber 

width-to-height ratios (33.3 and 80.0) up to nearly 2-fold NO production.  T/C, PFF treatment 

over control ratio. C. Plunger box unit: culture chamber (single arrow), lid with online nitric 

oxide sensor (two arrows). D. Homogenous velocity patterns in the plunger box unit implies a 

homogenous wall shear stress at 1.4 Pa (fluid velocity in arbitrary units). 

A B 

C D 
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     Cell viability for the FLOW experiment was tested by using primary bone 

cells (chicken-derived osteocytes, osteoblasts, and periosteal fibroblasts), and 

back-up cell-lines (MLO-Y4 osteocyte-like cells, MC3T3-E1 osteoblast-like 

cells, and CCL-226 fibroblast-like cells) in a simulated experiment time-line 

for the actual space experiment, including ground preparations and transport 

duration and environment from Amsterdam to the hand-over at Baikonur, 

Kazakstan. These tests showed that the cells survived prolonged culture at 

ambient temperatures for transport using a CO2-independent medium (fig 3B 

and C). This viability test also indicated that the presence of the NO sensor was 

not harmful to the cell cultures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Nitric oxide sensor calibration and cell cultures in the plunger box units (PBU). A. 
inNO 100  by Innovative Instruments, Inc. (Tampa, FL, USA) indicated linear increase in 
voltage  in relation to sequential increase of nitric oxide concentration in solution. B. 
Osteocytes after 6 days of room temperature. C. Periosteal fibroblasts after 6 days at room 
temperature. 

A 

B C 
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FLIGHT EXPERIMENT “FLOW” ON THE DUTCH SOYUZ MISSION 

In this FLOW experiment, we tested the hypothesis of changed bone cell 

mechanosensitivity under near-weightlessness conditions. Gravity was applied 

using an onboard centrifuge. The response of the cells to flow stimulation was 

measured using online NO sensors. At the end of the experiment conditioned 

medium was tested for prostaglandin and NO production. Semi-quantitative 

polymerase chain reactions was performed to study COX-2 mRNA expression.  

 

Bone cell cultures 

Osteocytes were isolated from avian bone, using immunoseparation with a 

chicken osteocyte-specific antibody (gift from Dr. Nijweide, Leiden 

University, The Netherlands). Primary chicken osteocytes, osteoblasts and 

periosteal fibroblasts were harvested from calvariae as described by Ajubi et al. 

(20).  

 Primary cell cultures were prepared in Amsterdam, and transported at 

late access to Baikonur in Kazachstan. In this regard, a ground laboratory 

venue for handling primary cell cultures was set up for preparations in 

Baikonur. The following conditions were required for transport and storage 

conditions: temperature: ambient, 4-8ºC or lower; pressure: ambient (normal 

environmental conditions on earth or in flight); shock: minimum at post-

launch, storage and after re-entry; humidity: ambient.   
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Experimental groups 

The experiment consisted of six different groups (where g = 9.8 m/s2, 

acceleration due to gravity).  

 

Group 1: 1×g, osteocytes (OCY)  

Group 2: 1×g, osteoblasts (OB) 

Group 3: 1×g, fibroblasts (PF) 

Group 4: µ-g, osteocytes 

Group 5: µ-g, osteoblasts 

Group 6: µ-g, fibroblasts 

 

 

Expected results 

According to our working hypothesis the mechanosensitivity of bone cells 

under near weightlessness conditions is disturbed compared to unit gravity 

control conditions. If this hypothesis is correct and if there is a direct effect of 

near weightlessness on the cell, then the results as depicted in table 1 may be 

expected compared to control Group 1. 

 

Table 1. Expected results 

  Medium components 

(PGs, NO) 

mRNA  

(COX-2, ecNOS) 

mRNA  

(COX-1) 

Group 1 (OCY) ++ ++ 0 

Group 2 (OB) + + 0 

Group 3 (PF) 

1 × g 

0 0 0 

Group 4 (OCY) 0 0 0 

Group 5 (OB) 0 0 0 

Group 6 (PF) 

µ- g 

0 0 0 

PGs, prostaglandins; NO, nitric oxide; COX-2, cyclooxygenase-2; ecNOS, endothelial cell 

nitric oxide synthase. ++, highest response; +, response; 0, no response. 
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Experiment hardware 

We employed “standard” experiment container units based on “plunger boxes” 

developed by CCM. The only change was that these units had to be 

accommodated with the small NO probe and associated electronics for 

automated activation and digital data storage during experiment time line, and 

some minor technical changes were implemented in order to achieve a peak 

shear stress stimulation of 1.4 Pa.  Automated activation and digital data 

storage were dependent on a suitable power source provided by the KUBIK 

facility. 

 

Brief flight experiment protocol 

During the complete experiment time-line the medium was changed three 

times: the medium was refreshed two times, while during the last step RNA 

stabilization liquid was added. The experiment (phase B-C-D of experiment 

time-line, see fig 4) was conducted in the Soyuz using Type I Experiment 

containers, and had a microgravity group with an in-flight 1xg control group 

using a centrifuge and a ground control group. We used closed Type I 

containers with two extra type I containers used as electronics boxes for each 

group (in-flight microgravity group, 1xg-control group, ground control group).  

These two electronics boxes were needed for 1) experiment activation, and 2) 

online NO sensor signal processing.  We required having power on all the 

experiment containers in the Kubik even before launch, since online NO 

detection was already interesting during the launch period (phase A of 

experiment time-line, see fig 4).  However, during launch, centrifuge operation 

was not strictly necessary.  
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Figure 4. Schematic diagram of experiment protocol. 
 
 
Experiment phases (fig 4) 

0.  Pre- launch period: samples were shipped to launch site and integrated 

into facility / launcher. 

A. Pre-launch period: the experiment containers, now in the Kubik, were 

integrated into Soyuz and all experiment containers for FLOW (total 16: 

8 on static and 8 on centrifuge positions) were powered via the Kubik. 

In this period we started to log the NO data from the cells. This phase 

needed to be as short as possible.   

B. Post-launch period in which all containers were under microgravity until 

the crew was able to switch on the centrifuge. The centrifuge was turned 

on as soon as possible after launch. Estimated time to start the centrifuge 

was about 3 hours. Two hours after switch on the centrifuge it was 

temporarely switched off for about 15 minutes. The remaining part of 

this phase (i.e. 4 hours) was designated for the culture to overcome any 

possible disturbing effects of launch acceleration and vibration and start 

/ stop of the centrifuge. 

C. Experiment phase 1. This is the experiment phase in which the cells 

were exposed to near weightlessness or 1×g conditions. In this ‘early 

response period’ we measured on-line NO levels starting from baseline 

(i.e. fresh medium), and sampled this medium for on-ground 
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prostaglandin levels. The replaced medium needed to be collected 

separately.   

D. This is the extended experiment phase in which the cells were still 

exposed to near weightlessness or 1×g conditions. During this period we 

measured on-line NO levels starting from baseline (i.e. fresh medium), 

and sampled this medium for on-ground prostaglandin levels. At the end 

of this phase the medium was replaced by mRNA extraction fluid to 

“stabilize” the cellular mRNA. The replaced medium needed to be 

collected separately. The experiment containers were then left in place / 

stored until landing. 

E. Post-experiment / storage phase.  

 

Temperature requirements for the International Space Station (ISS) 

Since the space experiment (phase B-C-D, fig 4) was anticipated to be finished 

in the Soyuz spacecraft, the ISS was the venue for sample storage.  The 

optimum temperature range for storage was required to fall between 4ºC to 

8ºC.     

 

Materials returned to earth 

All samples, spent media, digital NO sensor data were returned to earth. The 

preferred storage temperature was between 4ºC to 8ºC, hence early access was 

also required for retrieving all units as soon as possible after landing.   

Requirements for the station crew  

Step 1: Before launch: FLOW units were transferred to KUBIK incubator: to 

“centrifuge” or “static” condition as labelled on units (end of Phase A, fig 4) 

Step 2: Before launch: KUBIK incubator should have been activated. It was 

required that activation of KUBIK relays an electronic signal to activate our 

automated experiment (Phase A-B-C-D) and use the online NO sensor after 

integration, to monitor NO production already before launch. 
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NO determination 

The conditioned medium was assayed for NO. NO was measured as nitrite 

(NO2
-) accumulation in the conditioned medium, using Griess reagent (1% 

sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, and 2.5 M 

H3PO4). The absorbance was measured at 540 nm. NO concentrations were 

determined using a standard curve derived from known concentrations of 

NaNO2 in non-conditioned culture medium.  

 

RNA isolation and Reverse transcription 

Total RNA from the cells  was isolated using Trizol® reagent with one 

modification, i.e. 5 µg of glycogen (Roche Diagnostics, Mannheim, Germany) 

was added to RNA and isopropanol solution prior to a centrifuge step to 

increase the RNA yield. Total  RNA concentration was quantified 

spectrophotometrically. cDNA synthesis was performed using 0.5-1 µg total 

RNA in a 20 µl reaction mix consisting of 5 Units of  Transcriptor Reverse 

Transcriptase according to the manufacturer’s instructions (Roche Diagnostics) 

with 0.08 A260 units random primers (Roche Diagnostics), 1 mM of each dNTP 

(Invitrogen), and  Transcriptor RT reaction buffer.  cDNA was  diluted 5 times 

and stored at −80ºC prior to real-time PCR.  

 

Real-time PCR 

Real-time PCR reactions were performed using the SYBRGreen reaction kit 

according to the manufacturer’s instructions (Roche Diagnostics) in a 

LightCycler (Roche Diagnostics). 

cDNA (2 µl each) was diluted to a volume of 20 µl with PCR mix (Light 

Cycler DNA Master Fast start plus  Kit, Roche Diagnostics) containing a final 

concentration of  0.2 pmol of primers. Relative housekeeping gene expression 

(18S; which expression was not subjected to time and/or treatment  related 

variations) and relative target gene expression (COX-2) were determined. 

      Primers (Invitrogen) used for real-time PCR are listed in Table 2, and were 

designed using Clone manager suite software program version 6 (Scientific & 
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Educational Software, NC, USA). The amplified PCR fragment showed 

extension over at least one exon-border except for 18S, which gene is encoded 

only by one exon. Values of relative target gene expression were normalized 

for relative 18S housekeeping gene expression. 

 

Table 2. Primers used for real time PCR 

Target gene Oligonucleotide sequence Expected product size, bp 
18s forward 5’-gtaacccgttgaaccccatt-3’ 151 
18s reverse 5’-ccatccaatcggtagtagcg-3’  
COX-2 forward 5’-gcattctttgcccagcactt-3’ 299 
COX-2 reverse 5’-agaccaggcaccagaccaaaga-3’  
 

Real Time PCR data analyses 

With the Light Cycler software (version 2), the crossing points were assessed 

and plotted versus the serial dilution of known concentrations of the standards 

derived from each gene. PCR efficiency (E) was obtained by the formula: 

E=10−1/slope and the data were used if  and only if  the  PCR efficiency was 

calculated between 1.85-2.0.  

 

Statistics 

Data were pooled from the results of at least four experiments for each cell 

culture group tested (Table 1). The differences between groups were analyzed 

with the non-parametric Wilcoxon signed-rank sum test of the S-Plus 2000 

package (release 1). Differences were considered significant at a p-value < 

0.05.  

 

 

RESULTS AND DISCUSSION 

 

Due to unforeseen hardware complications as a result of a lack of electronic 

power, the results from in-flight cultures are considered lost. However some 
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data were measured from the ground control experiments. Ground control 

experiments showed an accumulative increase of nitric oxide in medium for 

osteocytes (as well as for osteoblasts and periostial fibroblasts, figure 5). Data 

from the online-nitric oxide sensor showed that the nitric oxide produced in 

medium by osteocytes increased sharply after the pulse shear stress 

stimulations (figure 6, shows data from one culture). The mRNA expression for 

COX-2 was higher in osteoblasts than in osteocytes and in periosteal 

fibroblasts (fig 7). It was expected that osteocytes would show the highest 

COX-2 mRNA expression as a result of the pulse flow stimulations, since these 

cells are the  most mechanosensitive bone cells. At this moment the question 

remains unanswered as to why osteocytes did not show a higher COX-2 mRNA 

expression than periosteal fibroblasts and osteoblasts. These ground control 

results will determine the experiment design for the next opportunity for a 

flight experiment in the next Soyuz missions. Despite the setback from the 

flight experiment complications, the preparations for the FLOW experiment 

and preliminary ground results indicate that the FLOW setup is viable for a 

future flight opportunity.  

 

 

 
Figure 5. Accumulative nitrite concentration in the medium. Nitrite, the stable metabolite of 
nitric oxide, increased for all cell types 2½ hrs (III) after the 1st (I) and 2nd (II) pulse shear 
stress stimulations (*, p < 0.05, increase greater than I and II, for all cell types). Values are 
mean ± SEM, n=4. OCY, osteocytes; OB, osteoblasts; PF, periosteal fibroblasts. 
 

 

*
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     FLOW has been considered as a potential candidate by the European Space 

Agency (ESA) for one of the next Soyuz missions in October, 2006.  We were 

able to meet all necessary requirements in order to properly implement the 

FLOW experiment in the October, 2006 Soyuz mission. 

 

 

Figure 6. Nitric oxide (NO) production by osteocytes, at the first and second pulse fluid shear 
stress stimulations by plunger activation (arrow) as monitored by the online-nitric oxide 
sensor. 
 
 

 
Figure 7. COX-2 mRNA expression. Osteoblasts expressed higher mRNA expression for 
COX-2 compared to osteocytes and periosteal fibroblasts. Values are mean ± SEM, n=4. 
*Significantly higher than periosteal fibroblasts and osteocytes, p < 0.05. OCY, osteocytes; 
OB, osteoblasts; PF, periosteal fibroblasts. 
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GENERAL DISCUSSION 

 

Mechanotransduction in bone 

Bone is an obvious biological system that exemplifies the interplay of 

mechanical stress and adaptive response both at the tissue and cellular levels 

(1-4). It is currently thought that osteocytes do not directly sense the loading of 

the bone matrix, but rather respond to the strain-induced flow of interstitial 

fluid along the network of osteocytes (5, 6). Several studies suggested that the 

rate of the applied mechanical strain is related to bone formation rather than the 

magnitude of strain (for example see (7, 8)). Low magnitude (< 10 µε), high 

frequency (10 - 100 Hz) loading has been shown to be capable of stimulating 

bone growth and inhibiting disuse osteoporosis (9). Also, high-amplitude, low-

frequency stimuli are quite rare in the activities of daily life, whereas high-

frequency, low-amplitude stimuli are quite common (10). High rates of loading 

also increased bone mass and strength after jumping exercises in middle-aged 

osteopenic ovariectomized rats (11). The rate of loading seems to be a decisive 

factor in bone formation and maintenance. However, the underlying physical 

picture for understanding how the rate of stress might relate to a meaningful 

physiological response remains poorly understood. 

 

Rate-dependent response by bone cells  

In this thesis we found that bone cells release increased amounts of NO linearly 

correlated to the rate of fluid shear stress. This supports the notion that bone 

formation in vivo is stimulated by dynamic rather than static loads (12), and 

that low-magnitude, high-frequency mechanical stimuli may be as stimulatory 

as high-amplitude, low-frequency stimuli. This rate-dependent response was 

found to occur, provided that the cells are “kicked” in a pre-conditioned state 

(13). The finding that the bone cell’s response to fluid shear stress is rate 

dependent provides an explanation why adaptive bone formation can occur 

despite the sporadic occurrence of high-amplitude strains in daily life (14). 

Based on theoretical analysis, it was shown that strain-induced flow in the 
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canalicular system, in turn induces fluid drag across the extra-cellular matrix on 

osteocyte processes, that are amplified to two-orders of magnitude (15, 16). 

This also provides an explanation for sustained bone formation despite the 

sporadic occurrence of high amplitude strains in normal physiological loading 

conditions. The theoretical approach leads to an extra-cellular mechanism for 

amplifying stress, whereas, experimental investigations leading to a rate-

dependent response, provided a cellular basis for understanding the osteogenic 

adaptation of bone to mechanical loading.   Further understanding of how bone 

cells respond to stress at the cellular level might provide a deeper insight on 

how maintained bone health copes with low amounts of high amplitude loading. 

A phenomenological interpretation underlines the importance of both the rate-

dependence, and the requirement of an initial stress-kick, for the stress 

response of bone cells. The phenomenon is that bone is able to sustain itself 

despite the sporadic occurrence of meager strains, whereas, bone cells are 

known in vitro to require stresses imparting higher strains. However, it might 

be possible that sporadic bouts of responses in terms of signaling molecule 

release, could account for sustained bone health. A normal person is in a 

condition of unloading during sleep. However, this does not necessarily support 

a predicament of bone loss. Thus, the theoretical attempt to explain strain 

amplification via extra-cellular matrix drag, while being important for 

understanding fluid shear stress stimulation, might not fully support an 

understanding of sustained bone metabolism despite normal conditions of low 

strains. 

 

Implications of threshold activation: enhanced response to stochastic stress 

As bone exhibits the property of an adaptive response to mechanical stress, 

various ways of imparting stress to bone has been shown to achieve enhanced 

bone formation. For instance, there is reason to believe that muscular activity 

might be related for stimulating strain on bone despite low magnitudes. Strong 

evidence for the relation between muscle and bone was shown for 778 healthy 

Argentinians by correlating “whole body bone mineral content”, as indicator 
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for bone strength, and “lean body mass”, as indicator for muscle strength (17). 

This undermines a possible excessive requirement for exercise to induce high 

enough strain magnitudes for stimulating bone cells. Another example is the 

use of low-magnitude high frequency loading, which has been shown to 

stimulate osteogenic response from various species (9). One other example is 

the use of low intensity pulsed ultrasound, which has been shown to have 

osteogenic benefits (18-20). Techniques of imparting stress by vibrating plates 

or ultrasound seem to exhibit effective stimulation of cells, however the 

underlying physical picture of the transfer of forces to the cellular effectors 

despite the soft tissue barrier, is not straightforward. The possible medical 

benefits of these techniques might overshadow the importance of 

understanding the underlying mechanisms of how they might work. However, 

it is only by a deeper understanding that further benefits could be achieved. The 

processes by which bone cells are stimulated by vibrating plates, ultrasound, or 

even musculatory vibration might not be directly the result of a force transfer to 

the cells themselves. As mentioned, intervening soft-tissue might attenuate the 

assault of vibratory stress from an already meager source.  

     We have shown the property that the bone cell response to stress is 

enhanced by noise. The nitric oxide released by bone cells reached a maximum 

at the application of an optimum noise-level by fluid shear stress. No distinct 

peak response was conclusive for the prostaglandin E2 response. Our study 

used noise by fluid shear stress stimulation to find differences in the response 

of MLO-Y4 and MC3T3-E1 cells as models for osteocytes and osteoblasts, 

respectively. The results indicated differences in threshold-activation for NO 

and PGE2 production for both cell types. A peak response is indicative of a 

small difference between the input signal and the threshold. Hence these results 

suggest that at low stress conditions with noise, MLO-Y4 cells could have a 

peak PGE2 response, while MC3T3-E1 cells, a peak NO response. At 

conditions of high stress with noise, MLO-Y4 cells could have a peak NO 

response, while MC3T3-E1 cells, a PGE2 response. It is possible that in vivo, 

osteoclasts are driven to be active close to osteocytic regions at low stress 



Chapter 9 

 183

conditions with noise. On the other hand, osteoclasts are driven to be active 

near osteoblastic regions at high stress conditions with noise. Clearly, low 

stress might promote bone loss; however, high stress seems to promote the 

activity of osteoclasts near osteoblasts. This supports the notion that high 

stresses ultimately leading to bone microdamage and osteocyte apoptosis, 

initiate bone remodelling (21). Whereas microdamage promotes low fluid fluid 

flow and osteocyte apoptosis, explaining the recruitment of osteoclasts (21, 22), 

very high stress by itself stimulates osteoclasts via PGE2 upregulation. 

Furthermore, the possible role of noisy or stochastic stress in the mechanical 

adaptation of bone provides a partial explanation for the role of obscure effects 

of indirect stress applications to stimulate bone formation. The threshold-

activation property of bone cells indicate a capacity for enhanced response at 

stress conditions obscured even by minute stress sources, as from musculatory 

vibration, ultrasound, or vibratory motion, typified by low-magnitude high 

frequency loading. 

 

Stress, cellular deformation, mechanosensing, and mechano-activity 

Recent studies on the osteogenic activity of bone cells investigated the effects 

of stress using varying techniques (fluid flow, substrate strain, hydrostatic 

pressure, vibration stress). In these studies, the magnitude (and rate) of stress 

was shown to correlate with the cellular response, in terms of signaling 

molecules. This correlation was suggested to be deformation-dependent. 

Relating the effects of fluid flow and substrate straining have shown that the 

former induces higher release of signaling molecules (23, 24). A numerical 

study confirmed that the cellular deformation caused by stress induced by fluid 

flow is fundamentally different from that induced by substrate straining (25). 

Fluid shear stress has a larger overturning effect on the bone cells, while the 

effect of substrate strain is focused on cell-substrate attachments. These recent 

results confirm the importance of investigating how cells deform in response to 

stress for understanding the corresponding physiological response of cells.  
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     The collaboration between experimental investigation and theoretical 

analysis of the response of bone cells to stress has proven effective for 

advanced understanding of underlying processes in bone mechanotransduction. 

The role of osteocytes, as the mechanosensors in bone par excellance, has been 

elucidated in the past years with more detail. Computational models for cells 

have previously treated the cytoplasm and cytoskeleton as a continuum (26). 

Recognizing the importance of the cytoskeleton has led to more recent 

approaches that treat the cytoskeleton more closely to its physical reality, as 

consistent of interconnected fibers.  

     Using a two-particle in vitro assay for measuring the viscoelasiticity of cells, 

with the recently derived two-particle microrheology, we probed the mechano-

activity and mechanosensitivity of various bone cell types and fibroblasts. 

Mechano-activity is characterized by the induction of force traction on 

attachment sites by cells, and mechanosensitivity is the ability of cells to sense 

forces. We found that osteocytic cell types (primary osteocytes from chicken 

and MLO-Y4 cells) induce a relatively higher traction force on attached 

particles than osteoblastic cells (primary osteoblasts from chicken and MC3T3-

E1 cells). Fibroblastic cells (CCL-224) are even more mechano-active 

compared to MLO-Y4 cells, which explains the propensity of fibroblasts for 

motility in vitro. In our two-particle in vitro assay, MLO-Y4 cells release nitric 

oxide simultaneous with increasing force application. Another typical response 

to increasing force application is the induction of force traction on the attached 

beads by cells, simultaneous with morphological adaptation from a spherical to 

a polar shape defining ends at the attachment points. It is clear that force 

traction, morphology change, and possibly the release of signaling molecules 

are all related in similar pathways, in response to environmental stress 

conditions.  

 

Towards quantitative description of bone cell mechanosensitivity  

We have outlined above two discernible properties of bone cell response to 

fluid shear stress, which are, rate-dependence and threshold-activation. The 
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rate-dependent response was interestingly demonstrated by bone cells in a 

broad range of frequencies induced by vibration stress, showing a distinctive 

correlation to the acceleration rate (chapter 6). This rate-dependent response 

showed an anti-correlated release of NO and PGE2.  As mentioned in the 

preceding sections, these signaling molecules modulate the activity of 

osteoclasts.  Hence, loading frequency can fine-tune the localized recruitment 

and inhibition of osteoclasts.  The loading rate is believed to be the important 

parameter for stimulating bone formation (27, 28). However, the underlying 

cellular mechanisms are now slowly being revealed. By recognizing the 

mathematical precision of bone mechanical adaptation, as Wolff did, the 

science of understanding the mechanobiology of bone has been subject also to 

numerical simulations (29, 30).  The final local effects on bone, under 

conditions of loading are further understood by having a quantifiable interplay 

between cell types, due to the resulting release of signaling molecules. 

Complex systems are generally exhibiting power-law phenomena that might 

prove useful in characterizing behaviors of biological systems (for a review on 

complex biological systems and scale invariance phenomena see (31)). A 

power-law description is typical for complex systems, which are generally 

exhibiting scale invariance. Power-laws and scale invariance have been used in 

studying phase transitions in materials and in describing systems that 

spontaneously self-arrange (31).   

     We can derive an empirical power-law for bone cells. Based on our results, 

we propose an empirical quantifiable property of bone cells, that is, the 

correlation of the accumulated amount of signaling molecule to the cell’s 

experienced frequency of stress. Thus, 

[ ] βω
σ
θσ )( −

∝ sM          [1] 

where s is the normalized sigmoid function to enforce threshold-activation, 

with a threshold θ, and the experienced stress σ. [M] is the accumulated amount 

of the signaling molecule M and the frequency f = ω/(2π), and β determines the 

power-law relation between stress and response. Equation [1] incorporates in a 
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power law, the property of bone cells that the released signaling molecules, is 

related to the frequency of stress, above a threshold. In Chapter 3, we showed 

that β = 1 for fluid shear stress stimulation, and in chapter 5, we showed that β 

= ±3 for translational vibration stress acting on attached bone cells. Thus, β is a 

property associated with the type of stress. Whereas β = 1 for contact stress 

(e.g., fluid shear stress, for low frequencies, < 10 Hz), β = ±3 for stress induced 

by body forces (e.g., motion of the nucleus through cytoplasm, for high 

frequencies, > 10 Hz). The absolute value of β is then useful for finding 

possible new mechanisms by which bone cells sense loading at different 

frequency ranges. In Chapter 6 we have also shown that the release of NO and 

PGE2 anti-correlated. We showed that for NO, β > 0 and for PGE2, β < 0, since 

NO released positively correlated with ω3, while PGE2 released negatively 

correlated with ω3. Thus, β is also a property of the specific signaling molecule. 

The sign of β for the associated signaling molecule indicates upregulation (β > 

0) or downregulation (β < 0) in relation to the loading frequency.     

     The threshold activation, enforced by the sigmoid function we introduced in 

[1] was partially demonstrated in Chapter 4, where we showed that without an 

initial stress-kick, no rate dependent response occurred. Threshold-activation 

was also demonstrated by the possibility of stochastic resonance in the way 

bone cells respond to fluid shear stress. Note however, that the accumulated 

signaling molecule released [M] is the sum of all molecules released by a 

population of cells. Also, the threshold for NO and PGE2 were demonstrated to 

be unequal. Thus, the threshold θ, is also a property of the cell population 

under question in relation to a specific signaling molecule. The threshold is 

reached when a critical number of cells have produced enough amounts of 

signaling molecules [M]. Further proof of this assumption can be demonstrated 

by showing that single cells do not have the same stress thresholds for releasing 

a measurable amount of signaling molecules. From our results in Chapter 7, we 

have only shown the possibility that the release of signaling molecules might 

be related to a change in the mechanical properties of the cell. Physiological 
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conditions are probably influenced by the activity of collaborating aggregates 

of cells. Hence, experimental results suggesting power-laws on cell cultures in 

vitro might not necessarily translate to single cell properties but considering 

that a biological system is complex, the property of scale invariance, might 

suggest that single cells posses similar power-laws.  

     The validity of equation [1] is anticipated to be limited to a range of 

frequencies possibly below 100 Hz, for an actual mechanical loading regime on 

the cell. In chapter 6 we used frequencies 5, 30, 60 and 100 Hz and found a 

linear correlation between the total NO and PGE2 released by bone cells, with 

ω3. In chapter 7 we have shown that bone cells are basically elastic until ~ 10 

Hz, having a viscoelastic transition between 10-100 Hz, beyond which, a 

viscoelastic stiffening occurs. Transmembrane proteins and ultimately, the cell 

cytoskeleton might be related to mechanosensing by cells (32). Since the 

mechanical properties of cells depend on the cytoskeleton, changes in cell 

compliance might be a direct indication of cell mechanosensitive properties. 

Thus, a linear relation between the physiological responses of bone cells to ωβ, 

is possibly related to changes in the viscoelasticity of cells. 

 

Implications for the extreme condition of unloading: microgravity  

We have shown that bone cells are responsive to dynamic stress.  This supports 

findings that the rate rather than the magnitude of loading is the important 

parameter for osteogenic properties of mechanical loading to bone (33). This 

insight has powerful implications on the local activity of osteocytes for 

directing the mechanical adaptation of bone. We have also shown that the 

released signaling molecules of bone cells are related to the frequency of stress 

in an empirical relation. Since the activation of bone cells is highly dependent 

on the frequency of experienced stress, bone cells might be capable of 

responding to very meager amounts of strain, after overcoming a stress 

threshold. Thus, under extreme conditions of unloading, it might be possible to 

counteract the onslaught of bone loss by sporadic bouts of high impact loading. 

There is a large amount of data on the catabolic effects to bone of prolonged 
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unloading (34-36), and suggested counteractive remedies or preventive 

measures for bone loss, which are both based on exercise or pharmacological 

applications (37-39). Regardless of the counteractive procedure for bone loss, 

the approach has to eventually target the bone cells. It has been suggested that 

imbalances in the activity of bone cells for directing bone resorption or 

formation contributes to bone loss (34). We have shown here relations between 

what we consider fundamental parameters of mechanotransduction in bone, 

which are the applied stress, the amount of signaling molecules released by 

osteocytes, and their possible roles for directing the local activity of osteoclasts 

and osteoblasts. Bone loss can be understood as resulting from a disturbance of 

the homeostasis of these parameters. However, since these parameters are 

closely related as we have shown, it might be possible to restore their 

homeostasis despite extreme conditions of unloading.  

     Studies by Tabony et al. (40-42) have shown that microtubule self-

organization in vitro is gravity-dependent and that this self-organization affects 

the transport of intra-cellular particles. Since, a reorganization of microtubules 

might affect the cell viscoelastic properties, gravity or the loss of gravity might 

affect the way cells sense forces. To address the underlying cellular 

mechanisms for studies on bone loss in relation to microgravity, Cowin (43) 

addressed the question whether bone cells are able to read the changes in 

gravitational field or detect this indirectly via contact stresses. It would seem 

that the light weight of cells, undermines the role of gravity on cellular 

behavior. Thus, the question remains on how cells might detect microgravity 

directly. We probed the activity of bone cells by measuring the forces induced 

by cells on attached fibronectin-coated beads (chapter 7). We showed that the 

force fluctuation <ff*> was proportional to ω-2, which is a signature for 

continuums with slowly evolving internal processes (44). Although we probed 

the traction forces induced by cells on particles outside the cell, this force 

fluctuation is indicative of intra-cellular processes. The power-law for cellular 

force fluctuation is an indication for the diffusive properties of intra-cellular 

particles or organelles. Reaction-diffusion processes govern the relation 
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between microtubule re-organization, and possibly intra-cellular transport, 

which might be affected by gravity (41, 45). Thus, intra-cellular transport 

might be crucial for mechanosensing. Hence, cells might be able to detect 

changes in the gravitational field directly by the gain or loss of gravitational 

forces influencing the re-structuring of self-organizing polymers inside cells, 

thereby influencing intra-cellular transport. Thus, it is possible that the 

signature for force fluctuations inside cells might change under microgravity 

influencing bone cell mechanosensitivity as indicated by a changed release of 

signaling molecules. 
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GENERAL SUMMARY 

 

Bone is a biological system that demonstrates adaptive response to mechanical 

loading both at the tissue and cellular levels. It is currently thought that bone 

cells do not directly sense the loading of the bone matrix, but rather respond to 

the strain-induced flow of interstitial fluid. In response to flow, bone cells 

produce signaling molecules like nitric oxide (NO) or prostaglandin E2 (PGE2) 

that drive the adaptive response of bone to mechanical loading. Several studies 

have shown that the rate of the mechanical load or stress rather than its 

magnitude relates to bone formation. Thus, the rate of loading seems to be a 

decisive factor in bone formation and maintenance. However, the underlying 

physical picture for understanding how the rate of stress might relate to a 

meaningful physiological response remains poorly understood. 

     In this thesis we found that bone cells release increased amounts of NO in 

relation to the rate of fluid shear stress. This supports the notion that bone 

formation in vivo is stimulated by dynamic rather than static loads. This rate-

dependent response was found to occur, provided that the cells initially 

experience a stress-kick (i.e., a sudden increase of stress). Both these findings 

provide an explanation for sustained bone formation despite the sporadic 

occurrence of high amplitude strains in normal physiological loading 

conditions. High rates of stress and stress-kicks are expected in mechanical 

loading experienced during high-impact activities, as may occur in sports or 

exercise. Thus, although high-impact activities might be infrequent, the 

resulting stresses could stimulate bone cells to trigger the adaptive responses of 

bone. 

     We have shown the property that the bone cell response to stress is 

enhanced by the addition of noise. The nitric oxide released by bone cells 

reached a maximum at the application of an optimum noise-level by fluid shear 

stress. Our study used noise by fluid shear stress stimulation to find differences 

in the response of MLO-Y4 and MC3T3-E1 cells, used as models for 

osteocytes and osteoblasts, respectively. By using a theoretical model, relating 



General summary 

 

stress information to the molecular response of bone cells, under the influence 

of noise, this study suggested that there are differences in threshold-activation 

for NO and PGE2 production for both osteocytes and osteoblasts. Thus, at 

conditions of high stress with noise, MLO-Y4 cells could have a peak NO 

response, while MC3T3-E1 cells, a PGE2 response. Since NO is known to 

drive away osteoclasts, and PGE2 might promote the recruitment of osteoclasts, 

it is possible that in vivo, osteoclasts are driven to be active close to osteocytic 

regions at low stress conditions with noise. On the other hand, osteoclasts are 

driven to be active near osteoblastic regions at high stress conditions with noise. 

Clearly, low stress might promote bone loss; however, high stress seems to 

promote the activity of osteoclasts near osteoblasts. Furthermore, the possible 

role of noisy stress in the mechanical adaptation of bone provides a partial 

explanation for the positive effects of indirect stress applications to stimulate 

bone formation. The threshold-activation property of bone cells indicates a 

capacity for enhanced response at stress conditions obscured even by minute 

stress sources, as from musculatory vibration, ultrasound, or vibratory motion, 

typified by low-magnitude high frequency loading. 

     Using a two-particle in vitro assay for characterizing the viscoelasiticity of 

cells, we probed the mechano-activity and mechanosensitivity of various bone 

cell types and fibroblasts. Mechano-activity is characterized by the induction of 

force traction on attachment sites by cells, and mechanosensitivity is the ability 

of cells to sense forces. We found that osteocytic cell types (primary osteocytes 

from chicken and MLO-Y4 cells) induce a relatively higher traction force on 

attached particles than osteoblastic cells (primary osteoblasts from chicken and 

MC3T3-E1 cells). Fibroblastic cells (CCL-224) are even more mechano-active 

compared to MLO-Y4 cells, which explains the propensity of fibroblasts for 

motility in vitro. In our two-particle in vitro assay, MLO-Y4 cells release nitric 

oxide simultaneous with increasing force application. It is clear that force 

traction, morphology change, and possibly the release of signaling molecules 

are all related in similar pathways, in response to environmental stress 

conditions.  
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     We have outlined above two discernible properties of bone cell response to 

fluid shear stress, which are, rate-dependence and threshold-activation. The 

rate-dependent response was interestingly demonstrated by bone cells in a 

broad range of frequencies induced by vibration stress. The final local effects 

on bone, under conditions of loading are further understood by having a 

quantifiable interplay between cell types, due to the resulting release of 

signaling molecules.  

     We have shown that bone cells are responsive to dynamic stress.  This 

supports findings that the rate rather than the magnitude of loading is the 

important parameter for osteogenic properties of mechanical loading to bone. 

This insight has relevant implications on the local activity of osteocytes for 

directing the mechanical adaptation of bone. We have also shown that the 

released signaling molecules of bone cells are related to the frequency of stress 

in an empirical relation. Since the activation of bone cells is highly dependent 

on the frequency of experienced stress, bone cells might be capable of 

responding to very meager amounts of strain, after overcoming a stress 

threshold. Thus, under extreme conditions of unloading (e.g., microgravity 

environment) it might be possible to counteract the onslaught of bone loss by 

sporadic bouts of high-impact loading. We have shown here relations between 

what we consider relevant parameters of mechanotransduction in bone, which 

are the applied stress, the amount of signaling molecules released by osteocytes, 

and their possible roles for directing the local activity of osteoclasts and 

osteoblasts. Bone loss can be understood as resulting from a disturbance of the 

homeostasis of these parameters. Since these parameters are closely related as 

we have shown, it might be possible to restore their homeostasis despite 

extreme conditions of unloading.  

     However, the question remains as to how cells might detect microgravity 

directly. We probed the activity of bone cells by measuring the forces induced 

by cells on attached fibronectin-coated beads. We showed that the force 

fluctuation of bone cells had a characteristic frequency spectrum signature. 

This force fluctuation is indicative of intra-cellular processes. The 
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characteristic signature was shown to be an indication for the diffusive 

properties of intra-cellular particles or organelles. Diffusive processes govern 

the relation between microtubule re-organization, and possibly intra-cellular 

transport, which might be affected by gravity. Thus, intra-cellular transport 

might be crucial for mechanosensing. Bone cells might be able to detect 

changes in the gravitational field directly by the gain or loss of gravitational 

forces influencing the re-structuring of self-organizing polymers inside cells, 

thereby influencing intra-cellular transport. Thus, it is possible that the 

signature for force fluctuations inside cells might change under microgravity 

influencing bone cell mechanosensitivity as indicated by a changed release of 

signaling molecules. 
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Bot is een biologisch systeem dat zich zowel op weefsel- als op cellulair niveau 

aanpast aan mechanische belasting. Het huidige denkbeeld is dat botcellen de 

belasting op de botmatrix niet direct waarnemen, maar dat ze reageren op de 

strain (vervorming)-geïnduceerde stroming van interstitiële vloeistof. Als 

gevolg van deze vloeistofstroom produceren botcellen signaalmoleculen, zoals 

stikstofoxide (NO) en prostaglandine E2 (PGE2), die de adaptieve respons van 

bot op mechanische belasting bepalen. Verschillende studies hebben 

aangetoond dat de snelheid van de mechanische belasting of stress bepalend is 

voor de botvorming, maar niet zozeer de hoogte van de belasting of stress. Het 

lijkt er dus op dat de snelheid van de belasting een bepalende factor is voor de 

botvorming en onderhoud. De achterliggende fysica om de relatie tussen de 

stress-snelheid en de fysiologische respons te begrijpen is echter nog 

onduidelijk. 

     In dit proefschrift hebben we aangetoond dat er een relatie is tussen de 

verhoging van de stikstofoxideproductie door botcellen en de snelheid van de 

vloeistofschuifspanning. Dit ondersteunt het idee dat botvorming in vivo meer 

wordt gestimuleerd door dynamische- dan door statische belasting. Deze 

snelheids-afhankelijke reactie trad op als de cellen eerst een zogenaamde 

stress-kick (een abrupte stress-toename) hadden ervaren. Beide waarnemingen 

kunnen aanhoudende botvorming verklaren, ondanks de sporadisch 

voorkomende hoge amplitude strains (vervormingen) bij normale belasting. 

Hoge stress-snelheden en stress-kicks zijn te verwachten bij activiteiten met 

een hoge impact zoals tijdens het sporten of flinke lichaamsbeweging. Dus 

ondanks het feit dat hoge impact activiteiten niet frequent voorkomen, zou de 

uit deze activiteit voortkomende stress botcellen kunnen stimuleren tot het 

aanzetten van de adaptieve respons van bot. 

     Wij hebben aangetoond dat ruis de respons van botcellen op stress verhoogt. 

De productie van stikstofoxide door botcellen was maximaal wanneer een 

optimale ruis door vloeistofschuifspanning werd gegeven. In onze studie werd 
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ruis door stimulatie met vloeistofschuifspanning gebruikt om mogelijke 

verschillen te vinden in de respons van MLO-Y4 en MC3T3-E1 cellen, die 

model staan voor osteocyten en osteoblasten. Door een theoretisch model te 

gebruiken dat een verband legt tussen stress-informatie en moleculaire respons 

van botcellen onder invloed van ruis, hebben we aangetoond dat er verschillen 

zijn in drempelwaarde-activatie voor NO en PGE2 productie voor zowel 

osteocyten als osteoblasten. In situaties met hoge stress en ruis hebben MLO-

Y4 cellen een hoge NO respons en MC3T3-E1 cellen een hoge PGE2 respons. 

Omdat het is bekend dat NO osteoclasten op afstand houdt en dat PGE2 de 

aanmaak van osteoclasten kan bevorderen, is het mogelijk dat in vivo 

osteoclasten worden geactiveerd daar waar octeocyten gelegen zijn die onder 

lage stress condities met ruis verkeren. Aan de andere kant worden osteoclasten 

geactiveerd daar waar osteoblasten zich onder hoge stress condities met ruis 

bevinden. Het is duidelijk dat lage stress condities leiden tot botverlies, maar 

dat hoge stress condities de activiteit van osteoclasten in de buurt van 

osteoblasten bevorderen. Verder geeft de mogelijke rol van stress door ruis bij 

de mechanische adaptatie van bot maar een gedeeltelijke verklaring voor het 

positieve effect van indirecte stress-toepassingen om botvorming te stimuleren. 

De drempelwaarde-activatie van botcellen duidt op het vermogen om een 

verhoogde respons te geven onder stresscondities die vertroebeld worden door 

kortdurende stress-bronnen, zoals spiervibraties, ultrasound, of vibrerende 

beweging, allen gekenmerkt door een hoge frequentie, lage amplitude belasting. 

     Wij hebben door middel van een in vitro assay, waarbij met twee bolletjes 

de viscoelasticiteit van cellen werd gekarakteriseerd, de mechanische activiteit 

en de mechanische gevoeligheid bepaald van verschillende soorten botcellen en 

fibroblasten. Mechano-activiteit wordt gekenmerkt door de inductie van 

trekkrachten op de aanhechtingsplaatsen van cellen, en mechano-sensitiviteit is 

het vermogen van cellen om krachten waar te nemen. Wij vonden dat osteocyt-

achtige cellen (primaire kippen-osteocyten en MLO-Y4 cellen) relatief een 

hogere trekkracht induceren op aan de cel gehechte bolletjes dan osteoblast-

achtige cellen (primaire kippen-osteoblasten en MC3T3-E1 cellen). Fibroblast-
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achtige cellen (CCL-224) waren zelfs meer mechano-actief in vergelijking tot 

MLO-Y4 cellen, hetgeen de beweeglijkheid van fibroblasten in vitro verklaard. 

MLO-Y4 cellen produceerden NO gelijktijdig met de uitoefening van een 

toenemende kracht op de aan de cel gehechtte bolletjes. Het is duidelijk dat 

trekkracht, vormverandering, en mogelijk de productie van signaalmoleculen  

gerelateerd zijn aan dezelfde pathways in respons op omgevings stress-

condities. 

     Hierboven hebben we twee te onderscheiden eigenschappen van de botcel-

respons op vloeistofschuifspanning beschreven, namelijk snelheid-

afhankelijkheid en drempelwaarde-activatie. Interessant genoeg werd de 

snelheids-afhankelijke respons door botcellen aangetoond bij een brede reeks 

frequenties die werden geïnduceerd door vibratie-stress. De uiteindelijke lokale 

effecten op belast bot zijn verder te begrijpen door een kwantificeerbaar 

samenspel tussen verschillende celtypes, als gevolg van de productie van 

signaalmoleculen. 

     Wij hebben aangetoond dat botcellen reageren op dynamische stress. Dit 

ondersteunt waarnemingen dat de snelheid van de belasting, maar niet zozeer 

de hoogte ervan een belangrijke parameter is voor de osteogene eigenschappen 

van mechanische belasting op bot. Dit inzicht heeft relevante gevolgen voor de 

lokale activiteit van osteocyten om de mechanische adaptatie van bot te 

regisseren. Wij hebben eveneens aangetoond dat de afgifte van 

signaalmoleculen door botcellen op een empirische manier is gerelateerd aan 

de stress-frequentie. Omdat de activatie van botcellen in hoge mate afhankelijk 

is van de stress-frequentie die ze waarnemen, zouden botcellen kunnen 

reageren op zeer kleine hoeveelheden strain (vervorming) na overschrijding 

van een drempelwaarde. Hierdoor zou het kunnen dat onder extreme situaties 

van “disuse” (gewichtsloosheid) het hoge botverlies voorkomen kan worden 

door sporadische hoge impact belasting. Wij hebben verbanden aangetoond 

tussen parameters die wij relevant achten voor de mechano-transductie in bot, 

dat wil zeggen de toegepaste stress, de hoeveelheid signaalmoleculen 

geproduceerd door osteocyten, en de mogelijke rol van osteocyten als 
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regisseurs van de lokale activiteit van osteoclasten en osteoblasten. Botverlies 

kan worden uitgelegd als het resultaat van een verstoring van de homeostase 

van deze parameters. Omdat deze parameters aan elkaar gerelateerd zijn, zoals 

wij hebben aangetoond, zou het kunnen dat hun homeostase hersteld wordt 

ondanks de extreme omstandigheden van “disuse”. 

     De vraag hoe cellen gewichtsloosheid rechtstreeks kunnen waarnemen blijft 

echter bestaan. Wij hebben de activiteit van botcellen bepaald door de krachten 

te meten die de cellen induceren op aan de cel gehechte bolletjes, die zijn 

gecoat met fibronectine. We hebben aangetoond dat de krachtschommeling van 

botcellen een karakteristiek frequentiepatroon heeft. Deze krachtschommeling 

is kenmerkend voor intracellulaire processen. Het karakteristieke patroon was 

een aanwijzing voor de verspreide eigenschappen van intracellulaire deeltjes en 

celorganellen. Verspreide processen besturen de relatie tussen de reorganisatie 

van microtubuli, en mogelijk intracellulair transport, die door de zwaartekracht 

beinvloed zouden kunnen worden. Intracellulair transport zou daarom cruciaal 

kunnen zijn voor mechano-sensing. Botcellen zouden veranderingen in het 

zwaartekrachtsveld rechtstreeks kunnen waarnemen doordat winst of verlies 

aan zwaartekracht de restructurering van zelf-organiserende polymeren binnen 

de cel beinvloedt, en daardoor het intracellulaire transport. Het is daarom 

mogelijk dat het patroon van krachtenschommelingen binnen een cel verandert 

onder gewichtsloosheid, hetgeen de botcel mechano-gevoeligheid beinvloedt 

zoals blijkt uit een veranderde productie van signaalmoleculen. 
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Project:  Microgravity and Bone Cell Mechanosensitivity   
  (ESA European Space Agency Project # 98-HEDS-02) 
  (SRON Netherlands Institute for Space Research Project # MG-
055)  
 
Principal investigator:  Prof. J. Klein-Nulend 
Co-principal investigator:  Dr. J.J.W.A. van Loon 
Researcher:    RG Bacabac 
 
In this PhD project, we sent our experiment “FLOW” as one of the biological 
experiment entries to the  Dutch Soyuz Mission “DELTA” (Dutch Expedition 
for Life Science, Technology and Atmospheric Research; Soyuz launched 
April 19, 2004).  
 
The experiment FLOW investigated bone cell mechanosensitivity in 
weightlessness. The scientific aim of this experiment was to test the sensitivity 
of primary bone cell cultures (osteocytes, osteoblasts and periostial fibroblasts 
isolated from chicken calvaria) to mechanical loading by fluid shear stress 
under conditions of microgravity and simulated gravitation. FLOW was flown 
on-board the Soyuz on its mission to the International Space Station (ISS). 
 
The DELTA mission carried scientific experiments conducted by the ESA 
astronaut André Kuipers on board the ISS. 
 
The DELTA mission was made possible, in part, by the Ministry of Economic 
Affairs and the Ministry of Education, Culture and Science. Both ministries 
emphasized the important role played by The Netherlands and Europe in 
international space travel. 
 





 




