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1. INTRUDUCTION 
 
Mechanical loading is an important regulator of bone metabolism.  
However, the cellular level regulation of how bone cells respond to 
mechanical loading is incompletely understood. Changes in osteoblast 
number and metabolism are thought to be one mechanism by which 
mechanical disuse leads to decreased bone formation.  Mechanical 
unloading has been associated with decreased osteoblast number [1-3].  
One hypothesis is that the decrease in osteoblast number is partly due 
to a decrease in proliferation of osteoprogenitors [3].  This suggests 
that mechanical loading may affect osteoprogenitors, which is the 
subject of this paper.  We examined the effects of oscillatory fluid 
flow (OFF), a cellular-level signal occurring in bone due to 
mechanical loading [4-6], on the proliferation of marrow stromal cells 
(MSCs), which contain osteoprogenitors [7-15].     
 
We hypothesized that OFF, found to be a potent regulator of 
osteoblasts, may be an important regulator of MSCs.  As bone tissue is 
loaded in vivo, the fluid in the tissue experiences a heterogeneous 
pressurization which results in fluid flow along pressure gradient.  The 
fluid direction is reversed when the loading is removed, resulting in a 
dynamic oscillatory flow profile [5]. In the current study, the effect of 
OFF on MSCs proliferation was examined. We used BrdU 
incorporation as a measure of cell division, as MSC proliferation rate 
directly affects the numbers of osteoprogenitors available for 
recruitment into osteoblasts.   
 
2. MATERIAL AND METHOD 
 
Cell Culture: MSCs were obtained from BioWhittaker where they had 
been isolated from healthy human volunteers and cryopreserved.  Cells 
were thawed and cultured at standard conditions of 37° C, 5% CO2 
and 95% humidity.  Growth media consisted of DMEM, 10% Fetal 
Bovine Serum (FBS), 2% L-Glutamine, and 1% penicillin / 
streptomycin.  Fresh media was added every 3-4 days.  Cells were 
subcultured every 7 days using 0.05% Trypsin- 0.53 mM EDTA.  

 
Oscillatory Fluid Flow (OFF): Cells were cultured on 0.01% poly-l-
lysine coated glass slides. After 24 hours, cells were exposed to OFF 
in a parallel plate flow chamber, as described previously [5].  Briefly, 
cells were cultured on slides and placed against a polycarbonate 
manifold where a gasket was used to maintain a uniform gap between 
the two parallel plates.  The flow channel geometry was 60x24x0.28 
mm.  Since the Reynolds number for flow rate used was below 50 and 
well within the laminar region, the shear stress on the cells could be 
calculated using Poiseuille’s equations.  The chamber was sealed and 
fluid flow was delivered to the manifold inlet by gastight Hamilton 
syringes mounted between electromechanical actuators (ElectroForce 
Actuator) from EnduraTec (Minnetonka, MN).  The actuators were 
user controlled using Wintest software (EnduraTec) to determine the 
displacement, waveform, and frequency.  Flow parameters were 
verified using a high-frequency ultrasonic flow meter (Transonic 
Systems Inc., Ithaca, NY.) .Cells were subjected to OFF at 1 Hz with 
peak shear stress of 10 dynes/cm2 and perfused with media at 0.05 
ml/min for 2 hours(20).  Flow groups were exposed to OFF and no 
flow controls remained in the incubator.   
 
Cell proliferation:  Cell proliferation was assessed by the 
incorporation of 5-bromo-2’-deoxyuridine (BrdU), a thymidine analog 
(Absolute-S SBIP Cell Proliferation Assay Kit.)  MSCs were cultured 
on coated glass slides to subconfluent levels (3 days) and subjected to 
OFF, as described above.  Experimental groups were growth media 
with no flow and growth media with OFF.  For all experimental 
groups, cells were collected 24 hours after flow and incubated with 
BrdU for 30 minutes, then photolysed and labelled.  BrdU was then 
detected by an anti-BrdU antibody using standard 
immunohistochemical techniques.  The fraction of BrdU-positive cells 
was observed visually and counted under microscope.  
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Fig. 1 The fraction of BrdU-positive cells for no flow group 

and oscillatory fluid flow group. The bars represent 
standard error of the mean.  

 
The fraction of cell proliferation in oscillatory fluid flow group is 26 
+/- 2.7%, which is significantly higher than the fraction of cell 
proliferation in no flow group, which is 17+/- 1.3% (p<0.0005) 
 
 
4. DISCUSSION 
 
Several studies on skeletal unloading in rats have found changes in 
marrow cell metabolism.  Several studies have found that unloading 
decreased the proliferation of marrow cells [3, 16].  Our results 
suggest that MSCs are mechanosensitive. Loading induced OFF may 
upregulates osteoblasts number by increasing the proliferation rate of 
MSCs. Insights into MSC response to mechanical signals will enable 
better understanding and treatment of bone loss diseases such as 
osteoporosis and bone loss due to mechanical disuse.  Existing studies 
have focused on osteoblasts, osteocytes and osteoclasts; whereas, 
mechanical loading may also have potent effects on progenitor cells.  
Another benefit of studying MSCs is that they may offer distinctive 
treatment options in gene therapy and tissue engineering.  For 
example, one therapeutic proposal is to isolate MSCs, introduce 
genetic alterations and reintroduced them to patients [18].  MSCs are 
superior vehicles for gene delivery than mature osteoblasts since they 
are easier to isolate and have long-term self-renewal capabilities.  
Consequently, genetic changes to a small number of progenitor cells 
can be passed onto descendent cells.  MSCs are also being considered 
for tissue engineering applications, where they are culture expanded 
ex-vivo and subsequently implanted [8].   
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