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Osteoblasts are derived from mesenchymal stem cells (MSCs), which initiate and regulate bone formation. 
New strategies for osteoporosis treatments have aimed to control the fate of MSCs. While functional disuse 
decreases MSC growth and osteogenic potentials, mechanical signals enhance MSC quantity and bias their 
differentiation toward osteoblastogenesis. Through a non-invasive dynamic hydraulic stimulation (DHS), we 
have found that DHS can mitigate trabecular bone loss in a functional disuse model via rat hindlimb 
suspension (HLS). To further elucidate the downstream cellular effect of DHS and its potential mechanism 
underlying the bone quality enhancement, a longitudinal in vivo study was designed to evaluate the MSC 
populations in response to DHS over 3, 7, 14, and 21 days. Five-month old female Sprague Dawley rats were 
divided into three groups for each time point: age-matched control, HLS, and HLS+DHS. DHS was delivered 
to the right mid-tibiae with a daily “10 min on-5 min off-10 min on” loading regime for five days/week. At 
each sacrifice time point, bone marrow MSCs of the stimulated and control tibiae were isolated through 
specific cell surface markers and quantified by flow cytometry analysis. A strong time-dependent manner of 
bone marrow MSC induction was observed in response to DHS, which peaked on day 14. After 21 days, this 
effect of DHS was diminished. This study indicates that the MSC pool is positively influenced by the 
mechanical signals driven by DHS. Coinciding with our previous findings of mitigation of disuse bone loss, 
DHS induced changes in MSC number may bias the differentiation of the MSC population towards 
osteoblastogenesis, thereby promoting bone formation under disuse conditions. This study provides insights 
into the mechanism of time-sensitive MSC induction in response to mechanical loading, and for the optimal 
design of osteoporosis treatments. 
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Introduction 
 

Bone loss due to functional disuse osteopenia, classified 
as secondary osteoporosis (

 

1), leads to osteoporosis- 
related fractures and high medical costs (2, 3). While 
millions of people are affected by these conditions, pati- 
ents subjected to prolonged immobility or bed-rest (e.g., 
due to spinal cord injury, and nonunion), as well as 
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astronauts who participate in long-duration spaceflight 
missions, are the common targets of disuse osteoporosis 
(1). Subsequent health complications associated with 
the physiological and/or pathophysiological changes in 
the skeleton, such as increased risks of falls and fractures, 
often require long-term recovery. Unfortunately, a 
mechanistic approach to facilitate the development of 
clinical treatments for osteoporosis is still lacking. 

Mesenchymal stem cells (MSCs) are pluripotent cells 
defined by their capacity for self-renewal and potential 
differentiation into the cells that form different types of 
tissues, such as bone (4). MSCs can differentiate into 
osteoblasts, and bone formation begins with MSC pro- 
liferation and condensation (5, 6). In addition to 
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targeting the resident bone cell population, strategies of 
new treatments for osteoporosis have been aimed at 
regulating the fate of MSCs (7-10). Pharmacological 
agents, (e.g. statins) have been shown to increase bone 
marrow osteogenesis (11). A large amount of published 
works have pointed out that external mechanical 
signals are able to regulate the osteogenesis of MSCs. 
The ability of different types of macro-level mechanical 
loading, e.g. fluid flow, tension, compression, hydrostatic 
pressure, etc, to alter the differentiation patterns of MSCs 
toward osteogenesis and chondrogenesis, has been 
studied (6, 12). Moreover, more complex 3D systems 
have been used by tissue engineers to explore the role 
of mechanical forces on MSC adhesion and 
differentiation, as well as promoting the growth of both 
bone and cartilage (13-19). In vivo studies using 
mechanical stimulation, such as whole body vibration, 
have also demonstrated their effects on MSC prolifer- 
ation and differentiation toward osteogenesis (20-22). 

Mechanical signals direct MSCs toward osteoblasto- 
genesis and are anabolic to bone, while a reduction in 
mechanical forces on bone leads to adverse outcomes. 
In vitro simulated microgravity conditions, mimicking the 
reduced mechanical stress occurring in spaceflight and 
hind limb suspension (HLS), could alter the expression of 
differentiation-associated genes in osteoblasts and 
pre-osteoblasts (23-27). Ex vivo studies from HLS treat- 
ment in mice demonstrated a net consequence in 
suppressing osteogenic gene expression (27). A similar 
study in rats showed that 28 days of HLS negatively 
affected the growth potential of MSCs, but this adverse 
effect was removed upon recovery of normal gravity. 
Decreased osteogenic potential of MSCs from HLS 
resulted in an in vitro osteogenic induction condition. 
Low levels of osteoblastic gene markers were observed 
in the cells induced from the MSCs of the HLS rats, which 
eventually led to a decrease of bone mass. However, 
re-exposure to normal gravity or centrifugal force was 
able to reverse the observed changes (28).  

Our group has recently developed non-invasive dyna- 
mic hydraulic stimulation (DHS) as a countermeasure for 
osteoporosis in rats (29). Demonstrated in a rat HLS 
model, DHS successfully mitigated trabecular bone loss 
under such disuse condition. The promising results 
suggest that DHS may potentially provide regulatory 
signals to osteoblast progenitors, which lead to pheno- 
typic changes in bone structure. As this approach may 
provide a new alternative mechanical intervention for 
future clinical treatment for osteoporosis, it is important 
to elucidate the downstream cellular effects of DHS and 
its potential mechanisms to enhance bone quality. 
Therefore, the current in vivo longitudinal study was 

designed and aimed to evaluate the responses of MSC 
populations to DHS over 3, 7, 14, and 21days. It was 
hypothesized that mechanical signals derived from DHS 
may reveal a reduced bone marrow MSC growth under 
the disuse condition, occurring in a time-dependent 
manner. 

 
Materials and methods 
 
Experimental design 
All experimental procedures were approved by the 
Institutional Animal Care and Use Committee (IACUC) at 
Stony Brook University. Ninety-three five-month old 
female Sprague-Dawley virgin rats (Charles River, MA) 
were used to investigate the effects of DHS on in vivo 
bone marrow MSC proliferation. Standard rodent chow 
and water ad libitum were provided for the animals, 
and they were housed in 18”x18”x24” (LxWxH) stainless 
steel HLS cages. The animal room had a 12:12 hours light: 
dark cycle and was temperature-controlled. Animals 
were randomly divided into 12 groups: 1) age-matched 
– day 3 (n=8), 2) HLS – day 3 (n=8), 3) HLS+DHS – day 3 
(n=8), 4) age-matched – day 7 (n=8), 5) HLS – day 7 
(n=8), 6) HLS+DHS – day 7 (n=8), 7) age-matched – day 
14 (n=8), 8) HLS – day 14 (n=6), 9) HLS+DHS – day 14 (n=8), 
10) age-matched – day 21 (n=8), 11) HLS – day 21 (n=8), 
12) HLS+DHS – day 21 (n=7). The HLS procedure, similar to 
the setup from Lam’s study (30), introduced functional 
disuse to the rat hindlimbs. Briefly, after cleaning with 70% 
alcohol, the animal’s tail was lightly coated with tincture 
of benzoin. The dried and sticky tail was attached to a 
piece of surgical tape that formed a loop close to the 
end of the tail. Three strips of elastic adhesive bandage 
were used to secure the surgical tape that was placed 
on the tail. A tail harness apparatus and a swivel hook 
suspended from the top of the cage were linked to the 
loop formed by the surgical tape. To have the hind limbs 
about 2 cm above the cage bottom, the animals were 
suspended with an approximately 30° head-down tilt. 
The animal’s forelimbs had full access to the entire cage. 
Throughout the entire study, animals’ body weights and 
overall health were carefully monitored. 
 
DHS protocol 
For the stimulated animals, daily DHS was applied in 
conjunction with HLS. The DHS setup was similar to the 
previous study (29). Briefly, DHS was delivered through a 
custom-made inflatable cuff placed around the right 
hind limb above the tibia. An oscillatory actuator-driven 
syringe, a force-controlled syringe and a pressure sensor, 
were connected to the stimulation cuff. The actuator- 
driven syringe was controlled by a programmable 100 
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MHz waveform/signal generator (Model 395, Wavetek). 
The hydraulic pressure was monitored by the pressure 
sensor throughout the entire treatment. With a 
stimulation frequency of 2 Hz, the pressure stimulation 
magnitudes were 30 mmHg static pressure + 30 mmHg 
(peak-to-peak) dynamic pressure. Daily stimulation of 
the “10 min on-5 min off-10 min on” loading regime was 
applied to each stimulated animal, while under 
anesthesia (isoflurane inhalation), for five days/week. 
The rats in groups 1-3 were stimulated for 2 days. The rats 
were euthanized in the end of the according time 
points.  
 
MSC quantification 
At the end of each time point, animals were sacrificed 
and the bone marrow was extracted from the right tibia 
using MEM culture media. Red blood cells in the bone 
marrow extracts were removed by incubation with 
Pharmlyse (BD Bioscience) at room temperature for 10 
min. MSCs were isolated from the bone marrow extracts 
and quantified using flow cytometry analysis. Appropri- 
ate antibodies (BD Bioscience) for positive and negative 
MSC surface markers (CD29+/CD49e+/CD90.1+/CD45-/ 
CD11b-) were applied with suggested concentrations; 
the cells were fixed at a final concentration of 1% for- 
malin. Flow cytometry data were collected using FACS 
ARIA at Research Flow Cytometry Core Facility at Stony 
Brook University Medical Center.  
 
Statistical analyses 
The MSC numbers of each time point were normalized 
according to the total cell numbers within the bone 
marrow extracts, followed by normalization to age- 
matched values to obtain the MSC percentages. All the 
statistical analyses on the results were reported as 
mean±SD. GraphPad Prism 3.0 Software (GraphPad 
Software Inc., La Jolla, CA) was used to determine the 
differences between groups. One-way ANOVA with 
Tukey’s post-hoc test were performed with normal equal 
variance. The level of significance was determined at 
P<0.05.  
 
Results 
 
Bone marrow MSC population – day 3 
Flow cytometry measurements indicated the MSC popu- 
lation, as represented by cells positive for CD29, CD49e, 
and CD90.1, and negative for CD45 and CD11b. Over 
three days, HLS started to lower the total MSC number in 
the bone marrow, although it was not statistically signi- 
ficant (P>0.05). At this stage, DHS has not shown any 
effects on the bone marrow MSC population under 

disuse condition (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Bone marrow MSC population – day 3. Graphs show mean±SD. 
HLSreduced the total MSC number in the bone marrow; although, it was 
not statistically significant (P>0.05). At this stage, DHS did not have any 
effect on the bone marrow MSC population under the disuse condition. 
 
Bone marrow MSC population – day 7 
By day 7, HLS reduced 67% of the total bone marrow 
MSCs compared to age-matched controls (P<0.05). On 
the other hand, DHS started to increase the MSC num- 
ber within the bone marrow. Compared to the HLS 
group, this increase in bone marrow MSC number was 
up to 43% (P>0.05, Figure 2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Bone marrow MSC population – day 7. Graphs show mean±SD. 
HLS significantly reduced the total bone marrow MSCs compared to 
age-matched control (P<0.05). By this day, DHS started to elevate the MSC 
number within the bone marrow (P>0.05). *P<0.05 vs. age-matched. 
 
Bone marrow MSC population – day 14 
By day 14, the trend of the changes in bone marrow 
MSC populations was more apparent. While HLS greatly 
reduced 39% of bone marrow MSCs compared to 
age-matched control, the increase in the bone marrow 
MSC number in response to DHS reached up to 55% 
compared to the HLS group (P>0.05, Figure 3).  
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Figure 3 Bone marrow MSC population – day 14. Graphs show mean±SD. 
HLS greatly reduced the bone marrow MSCs compared to age-matched 
control (P>0.05). The increase of MSC number of the DHS-treated group 
became more apparent compared to HLS (P>0.05). 
 
Bone marrow MSC population – day 21 
Interesting results were observed by day 21. HLS con- 
tinued to reduce the bone marrow MSC number, 78% 
compared to age-matched controls (P<0.05). The 
elevated bone marrow MSC number by DHS was in 
conjunction with diminished HLS. Significant reduction of 
the MSCs in the bone marrow was again observed in the 
HLS+DHS group, 89% compared to the age-matched 
control (P<0.05, Figure 4). Overall, bone marrow MSC 
numbers under disuse showed a trend of being 
decreased at three weeks, but normalized significantly 
by week 2 after dynamic fluid flow loading (Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Bone marrow MSC population – day 21. Graphs show mean±SD. 
HLS continued to reduce the bone marrow MSC number (P<0.05). The 
previous elevated bone marrow MSC number by DHS in conjunction with 
HLS was diminished. Significant reduction of the MSCs within the bone 
marrow was again observed in the DHS-treated group compared to 
age-matched control (P<0.05). *P<0.05 vs. age-matched. 

 
 
 
 
 
 
 
 
 
 
 
Figure 5 Summary of bone marrow MSC numbers of age-matched, HLS 
and HLS+DHS groups over 3 days, 7 days, 14 days, and 21 days. 
Normalized to age-matched, MSC numbers of HLS and HLS+DHS 
groups had similar trends of reductions, which the MSC numbers were 
greatly reduced by day 7, peaked on day 14, and diminished by 21 days. 
Compared to HLS, the induction of the MSC number in response to DHS 
gradually increased between 7 to 14 days. aP<0.05 vs. age-matched – Day 
3; bP<0.05 vs. age-matched – Day 3; cP<0.05 vs. age-matched – Day 7; 
dP<0.05 vs. age-matched – Day 7; eP<0.05 vs. age-matched – Day 21; 
fP<0.05 vs. age-matched – Day 21. 

 
Discussion 
 
The present study focused on the mechanical contri- 
bution of DHS to the bone marrow cellular environment, 
and indicated that non-invasive DHS was able to 
promote the number of MSCs residing in the bone 
marrow. The external DHS serves as a direct coupling 
with oscillatory marrow fluid pressure, which may lead to 
influences in the interstitial fluid flow in bone and regu- 
late skeletal mechanotransductive mechanisms. Longi- 
tudinal bone marrow MSC quantifications showed an 
interesting time-dependent manner of DHS and re- 
duced MSC growth under disuse condition. The gradual 
changes of the MSC population size by DHS outlined the 
MSC activities and their contributions to the phenotypic 
changes in bone tissue.  

To evaluate the changes in MSC population in res- 
ponse to DHS, flow cytometry analysis was employed to 
quantify the MSC cell counts of the bone marrow ex- 
tracts. MSCs have been reported as expressing a series 
of surface markers, including CD90.1, CD29, and CD49e 
(31, 32). CD45 is often used as a negative marker of 
MSCs to be isolated from hematopoietic stem cells 
(HSCs) (31, 33, 34). CD11b is also often used as a 
negative marker of MSCs to isolate them from 
monocytes and macrophages (35). To specifically 
isolate the MSCs, antibodies for CD90.1, CD29, CD49e, 
CD11b and CD45 were utilized. 

The data support the growing body of evidence of 
how MSC growth potential and osteogenic potential 
respond to the mechanical environment. Gravity is a 
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crucial factor for the differentiation and function of 
osteoblasts that are required for the maintenance of 
skeletal integrity. When exposed to normal gravity, MSCs 
are able to differentiate into osteoblasts followed by 
matrix mineralization under in vitro induction conditions 
(28, 36). Previous in vivo studies showed a decreased 
osteogenesis in young rats treated with HLS, signifying 
the important role of osteogenesis in maintaining bone 
mass under disuse condition (37, 38). Pan et al found a 
decreased ex vivo growth potential and osteogenesis of 
MSCs in the rat femurs subjected to HLS compared to 
the ones from the control rats (28). Once again, the 
effects of unloading on MSC osteogenesis indicated its 
effects on osteoprogenitors, which are closely corre- 
lated to the observed changes in osteoblastic bone 
formation. Bone formation is initiated with stem cell 
proliferation and condensation (5, 6). Changes in the 
mechanical environment, through low-magnitude me- 
chanical loading, can potentiate the number of MSCs 
that reside in the bone marrow. Furthermore, these 
load-driven mechanical signals have been shown to 
bias the MSC differentiation toward osteoblastogenesis 
over adipogenesis, promoting bone formation (20). 

Therefore, as a novel form of low-magnitude external 
mechanical loading on bone, DHS serves great poten- 
tial to encounter bone marrow MSC reduction due to 
disuse (e.g. HLS). Combined with previous findings re- 
garding DHS’s mitigation effects on disuse trabecular 
bone loss, it is suggested that DHS may change the 
perfusion pressure associated with increased blood flow 
to the limbs (39), which mediates bone fluid flow (BFF) 
that, in turn, alters the mechanical environment of bone 
marrow MSCs and further leads to the expression of 
osteogenic factors (40). A limitation of the current study 
is that differentiation experiments on ex vivo MSCs were 
not included. However, our previous study has clearly 
shown the osteogenic adaptive response to DHS in a rat 
HLS model, indicating its osteogenic phenotypic out- 
come. This finding suggests that mechanical signals from 
DHS may have promoted the osteoblast differentiation 
from the MSC population in order to elicit the pheno- 
typicosteogenic bone formation. This will also encour- 
age our future investigations into the local cellular effects, 
osteoblasts and osteoclasts, in response to DHS.   

One interesting finding in the present study, is the 
non-linear time-dependent fashion of DHS in 
encountering the reduced MSC growth under disuse 
condition. The gradual changes on the MSC quantity in 
response to DHS, suggest that the MSC growth activities 
seemed to take place within a certain time window 
(Figure 5). This, once again, supports our hypothesis that 
MSCs may respond to the DHS-derived mechanical 

signals, undergoing increase of growth and differenti- 
ation into osteoblasts over time. These step-wise and 
highly coordinated activities may eventually contribute 
to the phenotypic change in bone tissue. As observed in 
our previous work, bone growth was already accom- 
plished by day 28. As an earlier event, it is reasonable to 
see enhanced MSC growth in response to the mechani- 
cal signals of DHS at earlier time points (7-14 days).   

In summary, results of this study indicate that the MSC 
pool was positively influenced by the mechanical signals 
driven by DHS, which provides important information to 
elucidate the downstream cellular effects of mechani- 
cal signals and their contribution to enhance bone qua- 
lity. DHS, as a novel and non-invasive intervention regu- 
lating skeletal adaptation, not only provides significant 
insights for future clinical applications, but also serves as 
an ideal tool to delineate the complex mechanotrans- 
ductive mechanisms in the skeleton. This study may 
provide insights for the mechanism of time sensitive MSC 
growth in response to mechanical loading, and for the 
optimal design of osteoporosis treatments. 
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