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Abstract of the Dissertation 

Low Intensity Pulse Ultrasound – Countermeasure to Microgravity induced Bone Loss 
by 
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Doctor of Philosophy 

in 
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Stony Brook University 
2012 

  

  Microgravity (MG) during space flight is known to have adverse effect on bone quality 

and quantity.  Data collected from studies conducted on astronauts show a loss of 1-1.6% bone 

mineral density (BMD) per month of space-flight. This decreased BMD has been recorded in the 

load-bearing region of the legs and spine.  The reduction in bone quality can be due to decreased 

osteoblast and/or increased osteoclast activity when exposed to microgravity. During space-

flights, rigorous exercise has been used to reduce to bone loss due to microgravity, but thus far it 

has proven inadequate to produce significant results. Some studies have considered using drugs 

and various growth factors to maintain bone mass in a MG environment, but it can become too 

expensive to maintain over longer periods of time besides the systemic effects of such 

treatments.  The effects of MG are partially attributed to the lack of mechanical force on bone 

tissue, which alters osteogenic gene expression, reduces rate of cell growth, proliferation, 

differentiation, cytoskeleton polymerization and cellular morphology. Thus, to reverse these 

adverse effects on bone physiology, it is important to provide cells with mechanical stimuli that 

can provide essential signals for cells to counter the adverse effects of microgravity. 

 Low intensity pulsed ultrasound (LIPUS) can be readily applied in vivo; human studies 

have shown anabolic effects on osteopenic bone tissue. Furthermore, LIPUS has the potential to 

be an inexpensive and non-invasive targeted therapy for disuse induced bone loss. The objective 
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of this study was to examine effects of ultrasound on a disuse bone model and osteoblast cell 

cultures in simulated microgravity. This will help us understand the effects of ultrasound on 

microgravity induced osteoporosis and provide a non-invasive and more targeted approach to 

reduce bone loss during space-flight.  Ultrasound may provide an option towards future human 

space explorations.  It is hypothesized that LIPUS stimulation will reverse the detrimental effects 

of microgravity on bone strength. The overall hypothesis will be tested by studying the effects of 

LIPUS on osteoblasts and MSCs in simulated microgravity in hind limb suspended mice models. 

The hypothesis was tested with in vivo and in vitro disuse models. 

Three-month old C57BL/6 mice were randomized to age match (AM), non-suspended 

sham (NS), non-suspended –LIPUS (NU), suspended sham (SS), and suspended-LIPUS (SU) 

groups. The results from the in vivo after four weeks of suspension, micro CT analyses showed 

significant decreases in trabecular bone volume/tissue volume (BV/TV) (36%, P<0.005),bone 

mineral density ( BMD) (3%, P<0.05), Trabecular thickness (Tb.Th) (12.5%, p<0.005), and 

increased in bone surface/bone volume (BS/BV) (16%,p<0.005) relative to age match (AM). 

Application of LIPUS for 20 min/day for 5 days/week, significantly increased, BMD (3%, 

p<0.05), Tb.Th (6%, p<0.05), and increased BS/BV (10%, p<0.005) relative to AM mice. 

 Histomorphometric  analyses showed  increased bone formation at metaphysis endosteal 

and trabecular surfaces (0.104±0.07 vs. 0.031±0.30 µm3/(µm2)/d) in SU mice relative to SS. 

Four-point bending tests of SS femurs showed reduced elastic modulus (53%, p<0.05), yield 

(33%, P<0.05), and ultimate strength (45%,p <0.05) at the femoral diaphysis relative to AM  

samples. LIPUS stimulation mitigated the adverse effects of disuse on bone elastic modulus 

(42%, p<0.05), yield strength (29%, p<0.05), and ultimate strength (39%, p<0.05) relative to SS 
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femurs. Analyses of contralateral control limbs from SU or NU showed that LIPUS had no 

systemic effects, supporting the hypothesis that LIPUS provided targeted stimulation. 

 The in vitro studies were conducted with MSCs and Osteoblast cells in Simulated 

Microgravity (SMG) conditions. MSCs were cultured in a 1D clinostat to simulate microgravity 

(SMG) and treated with LIPUS at 30mW/cm2 for 20 min/day. The results showed significant 

increases in ALP, OST, RANKL, RUNX2, and decreases in OPG in LIPUS treated SMG 

cultures compared to non-treated cultures. SMG significantly reduced ALP positive cells by 

70%, p<0.01and ALP activity by 22%, p<0.05), while LIPUS treatment restored ALP positive 

cell number and activity to equivalence with normal gravity controls. Extracellular matrix 

(ECM) collagen and mineralization was assessed by Sirius Red and Alizarin Red staining, 

respectively.  SMG cultures showed little or no collagen or mineralization, but LIPUS treatment 

restored collagen content to 50 %,( p<0.05) and mineralization by 45% (p<0.05) in SMG 

cultures relative to SMG samples.   

 The data from the osteoblast study showed that osteoblast exposure to SMG results in 

significant decreases in proliferation (38% and 44% at day 4 and 6, respectively, p<0.01), 

collagen content (22%, p<0.05) and mineralization (37%, p < 0.05) and actin stress fibers. In 

contrast, LIPUS stimulation under SMG condition significantly increases the rate of proliferation 

(24% by day 6, p<0.05), collagen content (52%, p < 0.05) and matrix mineralization (25%, 

p<0.001) along with restoring formation of actin stress fibers in the SMG-exposed osteoblasts. 

The gene expression analysis showed significant increase in expression of RUNX2 and OST and 

reduced RANKL expression after LIPUS exposure. 
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 Collectively, the data suggest LIPUS has the potential to provide essential 

mechanotransductive anabolic stimulus to counter measure disuse-induced bone loss while 

showing no adverse effect on healthy bone.  It also showed increased structural and mechanical 

integrity in LIPUS treated disuse bones. Furthermore, LIPUS increased MSCs osteogenic 

differentiation and osteoblastic activity in SMG. The gene expression data indicates that LIPUS 

has anabolic and anti-resorptive effects on osteoblast cells. 
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1.1 Bone Anatomy – Tissue to Cell 

Bone is a mineralized tissue made up of bone cells and calcified extra cellular matrix 

(ECM). It functions to provide mechanical support, a niche for hematopoietic and mesenchymal 

stem cells, serves as calcium reservoir and provides attachment sites for tendons and ligaments. 

The calcified matrix allows it to be hard enough to protect internal organs and flexible enough to 

absorb energy subsequent to impacts. 

The bone matrix is composed of organic and inorganic components. The organic 

component contains 90% collagen type I and 10% of non-collagenous protein such as 

fibronectin, osteopontin, osteocalcin, bone sialoprotein, and other proteoglycans, growth factors, 

and enzymes. Collagen is a fibrous protein which provides the bone matrix with its tensile 

strength and facilitates matrix mineralization. Calcium phosphate hydroxyapatite 

[Ca10(PO4)6(OH)2]forms the inorganic part of the bone matrix and provides bone with its 

necessary rigidity and hardness. The bone matrix also retains 99% of the body’s calcium and 

85% of its phosphorous. Without proper calcification bone loses its rigidity and becomes too 

flexible, while a lack of proper collagen can make it brittle [2].  

The shape and structure of bone is maintained by processes known as modeling and 

remodeling.  Modeling regulates bone growth in response to physiological and biomechanical 

conditions at specific anatomic sites. During modeling bone formation and resorption are not 

coupled and bone tissue can be added or removed independently, based up physiological 

demand. It is mostly restricted to skeletal growth. In contrast, bone remodeling is the process by 

which adult bone structure is maintained as it goes through day to day wear and tear. Daily 

activities and physiological processes can induce microfractures in bone tissue which are then 
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resorbed and replaced by newly formed bone. These resorptive and formative activities are 

highly coordinated and are referred to as coupled remodeling.  Decoupling of resorption and 

formation can lead to osteopenia and in severe cases osteoporosis. The remodeling cycle takes 

about 6 months and approximately 10% of bone tissue is remodeled each year[3]. 

The modeling and remodeling processes are controlled by three main types of cells; 

osteoclasts, osteoblasts, and osteocytes. Osteoclasts are large multinucleated cells responsible for 

bone resorption that arise from hematopoietic stem cells. Osteoclast differentiation and 

maturation is strongly regulated by receptor activation of nuclear factor kappa-B ligand (RANKL) 

,which is excreted by cells of mesenchymal origin. Mature osteoclasts adhere to damaged bone 

and secrete hydrogen ions to create localized acidic compartment that breaks down the calcified 

matrix. Osteoblasts are bone forming cells derived from mesenchymal stem cells (MSC). Mature 

osteoblasts secrete type 1 collagen, osteocalcin, osteopontin, and other matrix proteins. Calcium 

binding lipids secreted from osteoblasts accumulate calcium within lipid vesicles and interact 

with phosphate ions to make hydroxyapatite crystals along the length of collagen type 1 fibers.  

As osteoblasts mature, many become trapped within the calcified matrix and further differentiate 

into osteocytes. These cells form long cytoplasmic processes to communicate with other cells in 

the matrix. Osteocytes are the most abundant cells in bone and are located in lacunae and 

interconnected through cytoplasmic extensions forming canaliculi. Osteocytes are known as the 

mechanosensory cells of bone as they mediate mechanical signals in the ECM and regulate the 

activity of osteoblasts and osteoclasts [3].  

On the tissue level bone is divided into cortical and trabecular bone. Cortical (compact or 

dense) bone is compressed bone and accounts for 80% of total bone mass. Trabecular bone is 

highly porous bone comprising 50-90% of bone volume. Trabecular bone forms a network of 
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interconnected struts forming a sponge like structure. Trabecular struts form a network which is 

connected to the cortical bone at its endosteal surface. Both cortical and trabecular bone are 

composed of osteons (the basic unit of bone), interconnected osteocytes (residing in lacunae) 

embedded within calcified matrix (lamellae), forming a circular unit with a central canal to 

facilitate blood and nutrient supply. Trabecular bone osteons are saucer shaped while cortical 

bone has a network of circular osteons with a central canal to facilitate blood and nutrient supply, 

cortical bone osteon network is commonly known as the Haversian system [3]. Trabecular struts 

forms a network which is connected with cortical at endosteal surface of cortical bone. 

1.2 Bone Remodeling: 

Bone is a dynamic tissue capable of adapting to mechanical stimuli and repairing 

localized damage. The metabolic activity of bone is regulated by the synergistic activity of 

osteoblasts and osteoclasts.  These cells regulate bone formation and resorption within bones, at 

sites such as the periosteum, endosteum, trabecular, and Haversian regions. Together these cells 

from the basic multicellular units (BMU) that execute bone remodeling and this activity is 

orchestrated by the osteocytes.  

Bone remodeling is initiated by the presence of localized damage or mechanical demand 

on the bone. It  induces changes in bone lining, which induces activation of osteoclasts to resorb 

bone, which is, in turn, followed by a reversal phase (characterized by osteoclast apoptosis), and 

finally new bone formation by osteoblasts. This coupling of osteoclast resorption followed by 

osteoblast formation (BMU) is mainly responsible for the removal of old and/or damaged bone 

as well as bone adaptation to altered mechanical demands[4]. Disruption of this BMU coupling 

can lead to pathological conditions such as osteopenia, where bone resorption outpaces bone 

formation, leading to net bone loss. Healthy bone goes through constant remodeling by 
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formation of BMUs and the number of BMUs in a specified volume of tissue can be used to 

determine rate of remodeling in bone. 

Osteoblasts are derived from mesenchymal stem cells (MSCs) that reside in the marrow. 

Differentiation of MSCs to osteoblasts is influenced by a variety of biochemical and 

biomechanical factors. Commitment of MSCs to the osteoblast lineage is controlled by 

expression of the transcription factors Runx2 [5, 6] , Dlx5,[7] and Msx2[8-10]. Following 

osteoblast commitment, increases are seen in the expression of type 1 collagen, osteocalcin, 

bone-sialoprotein (BSP) [11], osterix (OSX) [12], alkaline phosphatase (ALP) [13]  and Wnt 

signaling proteins [14, 15] as the osteoblasts matures from pre-osteoblasts  to mature osteoblasts. 

As osteoblasts deposit matrix some become incorporated into the matrix causing them to 

differentiate into osteocytes and form long extensions/processes to connect to other developing 

osteocytes. Differentiation into osteocytes is associated with elevated expression of E11 [16], 

dentin matrix protein-1(DMP-1) [17], matrix extracellular phosphoglyco protein (MEPE) [18, 

19] and Sclerostin (SOST) [20, 21]. Osteocytes are terminally differentiated cells and most 

abundant in bone tissue. 

 Osteoclasts are derived from hematopoietic stem cells (HSC’s). As HSC differentiate into 

mononucleated clear cells and accumulate at sites of resorption they fuse to form multinucleated 

immature osteoclasts (i.e., polykaryon). Formation of immature osteoclasts requires expression 

of macrophage colony stimulating factor (M-CSF) [22, 23] and receptor activation of nuclear 

factor κB ligand (RANKL). Further maturation of osteoclast is dependent on increased 

expression of AP-1, c-fos [24, 25], microphthalmia -associated transcription factor (MITF) [26, 

27] and nuclear factor of activated T cells, calcineurin dependent 1 (NFAT-c1) [27]. Most 
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importantly, RANKL expression is important for differentiation, maturation and ultimate 

survival of osteoclast cells. 

 RANKL is a soluble and membrane bound ligand expressed by pre-osteoblasts and 

stromal cells [28, 29]. RANKL has two receptors RANK [30, 31] and osteoprotegerin (OPG)[32, 

33]; RANK receptors are membrane bound receptors present on osteoclasts and their precursors 

while OPG is a soluble receptor produced by pre-osteoblasts and stromal cells. RANKL interacts 

with RANK to activate osteoclastogenesis by inducing expression of TNF receptor-associated 

family members, nuclear factor-κB, c-fos, JNK, c-src and serine/ threonine kinases [30, 31]  

OPG is secreted  by pre-osteoblasts and stromal cells to function as an inhibitor of 

osteoclastogenesis by binding to RANKL thereby preventing  RANKL-RANK interactions[28, 

32]. As such the ratio of RANKL to OPG determines the rate of osteoclastogenesis and BMU 

activity.  

Different anabolic and catabolic agents affect bone homeostasis by altering the 

RANKL/OPG ratio. Resorptive factors such as Parathyroid hormone (continuous) (PTH )[34], 

prostaglandins [35], interleukins [36], vitamin D3 [37], glucocorticoids [38] and corticosteroids 

[39] are known to induce pre-osteoblasts and stromal cells to increase RANKL expression 

leading to  bone loss. In contrast, anabolic agents such as high frequency low amplitude vibration 

[40] and ultrasound [41, 42]  induce OPG expression thereby decreasing the RANKL/OPG ratio 

and thus favoring in bone formation. Figure 1 illustrates dynamic interactions of different bone 

cells in the process of bone remodeling through different pathways.  
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1.3  Stem Cells 

Stem cells are non-committed, highly proliferative cells with the potential to differentiate 

into a multitude of different cell types. Stem cells are sub-divided into three types; totipotent, 

pluripotent, and multipotent stem cells. Totipotent cells are capable of differentiating into all cell 

types with the potential to create complete organisms. These cells are obtained by extracting 

them from blastocysts. Pluripotent stem cells are extracted later in development from the inner 

mass of the blastomere and have capability to differentiate in to all cell types except for the 

germal layers. Recent advancements in stem cell biology have led to the discovery of methods 

that can be used to reverse differentiate somatic cells into pluripotent stem cells. These cells are 

known as induced pluripotent stem cells (iPSC) [43]. Multipotent stem cells can be isolated 

postnataly and are capable of differentiating into the cell types found in their tissue of origin. 

Embryonic stem (ES) cells have huge potential in tissue engineering but their use is hampered by 

immunogenicity and ethical issues. The advent of iPSC avoids these problems and therefore 

offers tremendous potential. However, understanding of these cells is still in the early stages and 

recent studies have shown immunogenicity and tumorigenesis can arise in iPSC treated mice [44, 

45]. Adult multipotent stem cells are readily available and also have outstanding potential for 

tissue engineering. 

 Mesenchymal stem cells (MSC) are type multipotent stem cells that can be extracted 

from fat, bone marrow, amniotic fluid, and umbilical cord matrix [46, 47]. Adipose and bone are 

the most commonly used sources of MSCs due to their ease of extraction. MSCs were first 

isolated by Friedenstein et al. and characterized as colony forming fibroblast like adherent cells 

[48, 49].  Currently there is no single marker unique to MSCs, thus different subsets of markers 

are used. The most common markers are CD105+, CD73+, CD90+, CD14-, CD34-, and CD45- 
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[49]. Depending on the biochemical and biomechanical environment, MSCs can differentiate 

into adipocytes [47], osteoblast [50], chondrocytes [51], myocytes[52] , and cardiomyocytes 

[53], with some studies suggesting they also have neuronal potential [54]  
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Bone serves as a supporting organ for the skeletal system and experiences different kinds 

of mechanical stimuli including tension, compression, fluid shear stress, and hypostatic pressure. 

These external mechanical forces provide mechanical stimuli to bone cells by inducing transient 

structural deformation in the extracellular matrix. These deformations can activate 

mechanosensitive cellular structures including integrins, cytoskeletal proteins, stretch receptors, 

ion channels, G protein coupled receptors and nuclei. These changes result in activation of 

downstream signaling pathways such as calcium signaling, focal adhesion kinases, mitogen 

activated protein kinases (MPAK), G proteins, nitric acid, RhoA, and Rock, along with other 

mechanotransductive pathways [55]. Different mechanosensitive receptors and pathways can be 

activated with different stimuli. The level of activation with respect to different stimuli and 

pathways is still not clear. 

Different mechanical stimuli direct MSCs into different lineages, with studies showing 

that compressive forces induce chondrogenesis while tensile forces induce osteogenesis. For 

examples, application of hydrostatic pressure [51] and uniaxial confined compression [56] on 

MSCs has been shown to increase the expression of chondrogenic genes such as aggrecan, Type 

II collagen, Sox9, and bone morphogenic protein (BMP) 6[51, 56]; in comparison, tension [57] , 

cyclic tensile strain,[58] and stretch [59]  have been shown to induce osteogenic genes such as 

ALP, beta-catenin, RUNX2 and Wnt 8. Furthermore, cyclic tensile strain has been shown to 

result in rearrangement of the cellular cytoskeleton and inhibition of adipogenesis [57-59]. 

Studies done by Ruz and Chen [60] and McBeth el al.[61] have shown the importance of 

changes in cytoskeletal tensions, cell shape, and size in the differentiation of MSCs towards 

osteogenic or adipogenic lineages by regulating RHoA and GTPase in F-actin stress fibers [60, 

61]. These studies also reported enhanced adipogenic differentiation in low stress areas of MSCs 
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matrix [60, 61]. A study by Feng et al. confirmed that cytoskeletal disassembly and deactivation 

of F-actin enhanced adipogenesis in stem cells [62].  

Mechanical stimulation has been shown to increase chondrogenesis and osteogenesis, 

depending on the mechanical signal, while inhibiting adipogenesis. However, the effects of 

mechanical stimulation on MSC proliferation are not clear yet. Kereny et al. reported that 2.5% 

tensile strain decreased MSC proliferation while  increasing the expression of RUNX2, BMP-2, 

collagen type I, and osteocalcin through the activation of the ERK –p38 pathway [50]. In 

contrast, Riddle et al. has shown that fluid shear stress enhances MSC proliferation through 

activation of calcium signaling and MAPK signaling [63]. It is likely that rates of proliferation 

and differentiation are dependent on the relative activation of different mechanotransductive 

pathways and more detail studies are required to identify fully elucidate the details of these 

pathways.  

1.4 Biomechanical Loading and Bone Remodeling 

Mechanical loading within the physiological range also impacts bone growth and 

structure. Bone adapts to mechanical stress by forming more bone in high stress regions until the 

stresses return to the physiological range. This is illustrated in the classic study by Wolff that 

showed formation of trabecular struts aligning with the direction of maximum stresses in the 

proximal femur [64]. The same patterns have also been observed in vertebral bodies, proximal 

tibiae, and calcanei. The direction of trabeculae increases bone strength and stiffness in the 

direction of trabecular alignment [64]. Cortical bone mostly experiences tensile and compressive 

stresses, and regions which experience higher tensile stresses have their collagen fibers aligned 

longitudinally whereas regions of high compression have collagen fibers that are aligned 
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transversely [65] . These characteristics demonstrate how local mechanical stresses affect 

directionality during one remodeling. 

Bone remodeling is highly influenced by its mechanical environment. Lack of 

mechanical loading, referred to as disuse, induces bone loss by altering the balance between bone 

formation and resorption. Overuse can induce tissue damage (micro-factures) which activate 

osteoclast activity and lead to bone remodeling. If the rate of bone damage is higher than the rate 

of remodeling, accumulation of microfractures will result in the formation of stress fractures. 

Both disuse and overuse increase the number of bone remodeling sites leading to increased 

apoptosis in osteocytes [66].  

Bone disuse lowers the stresses on bones, which in turn reduces bone formation and 

increases bone resorption on periosteal, endosteal, and trabecular surfaces. Long term disuse can 

lead to structural changes in long bones, with cross-sectional geometry showing rounder shaped 

long bones rather than the typical triangular shape, which reduce their moments of inertia and 

strength [67]. The growing and mature skeleton respond differently to disuse with bone loss 

concentrated in different areas of bone surfaces [68-70]. For example, studies performed on 

growing dogs showed higher bone loss on periosteal surfaces, due to reductions in appositional 

bone formation, that resulted in smaller bones with reduced second moments of inertia [68]. In 

contrast, mature dogs showed increased bone loss on endosteal surfaces causing expansion of the 

marrow cavities, as well as increased cortical porosity [68]. Distal bones of the forelimbs showed 

the highest bone loss in young and adult dogs, suggesting higher sensitivity to lack of mechanical 

stresses at this location [68].  
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The distal-most regions of bones show the highest catabolic activity under conditions of 

disuse along with the highest anabolic response to mechanical stimulation. The high sensitivity 

of distal bone regions may be due to their proximity to the ground thus experiencing greater 

gravity and/or being farther from the heart which causes lower interstitial pressure [71]. Long-

term bed rest patients experience the highest bone loss in bones farthest from heart while bone 

increases in skull due to increased interstitial pressure [72]. Progressive bone loss due to disuse 

can lead to osteopenia (T score between -1 to -2.5) and in severe cases osteoporosis (T score 

below -2.5).  

Normal daily activities provide essential mechanical stimulation for bone to maintain its 

strength and structure. Repetitive loading induces bone remodeling as new bone replaces old and 

damaged bone. The amount of micro-damage is highest in trabecular bone and increases with 

age as the ability to replace damaged bone decreases. Excessive mechanical loading can increase 

the level of micro- damage leading to the formation of stress fractures, increasing trabecular 

break down, and inducing micro cracks in cortical bone [73, 74]. Micro damage induces 

increased osteoclast activation and results in increased number of BMUs [73]. Excessive damage 

leads to progressive loss of bone stiffness and strength and total tissue failure due to fracture. 

1.5 Disuse Models 

Osteoporosis is characterized by decreased bone mineral density and break down of bone 

microstructure leading to compromised bone structure and strength [75]. Osteoporosis can arise 

due to aging, with post-menopausal woman most commonly affected, or long-term disuse 

resulting from extended bed rest or space travel. Regardless of the cause, bone loss is more 

severe in trabecular bone then in cortical bone. Moreover, these losses are site specific and 



14 

 

concentrated in weight bearing bones such as the femur, tibia, and vertebra. Post-menopausal 

bone loss is induced by reduced estrogen and is therefore most often studied by ovaricectomy 

(OVX) animal models [76]. The most common species used are rat [76], mouse [77], dog [78, 

79], monkey [80, 81], sheep [82], goat [83, 84], and minipig [85]. Microgravity or long-term bed 

rest induced bone lost has been studied by using immobilized (IM) [86] rat [87], mouse [88], and 

dog [68] models. The IM can be induced in limbs by nerve [89], spinal cord [89], and tendon 

resection[90], limb casting[70], limb bandaging,[91] or hind-limb suspensions[92]. Different 

methods have different advantages and disadvantages; Table 1 is a comparison between some of 

the most commonly used models. 

The degree of bone loss in IM models is site specific with weight bearing bones 

experiencing the highest amount of bone loss. IM increases the rate of bone resorption and 

decrease formation in trabecular and endocortical bone resulting in increased bone marrow area 

[91, 93]. Cortical bone loss requires long term immobilization [94]. Long-term studies in dogs 

have shown increased rates of resorption in endosteal surfaces and suppressed rates of bone 

formation on periosteal surfaces, leading to cortical bone loss[95]. Early trabecular bone loss 

eventually plateaus, despite continued immobilization, and a similar plateau is expected for 

cortical bone loss, but has not yet been demonstrated [96].  The earliest detectable trabecular 

bone loss is found in the proximal and distal tibial metaphysis after 14 days of IM. This is 

followed by the caudal vertebral bodies at 21 days [97]. The earliest effects on cortical bone can 

be seen in the femoral shaft at around 21 days via a detectable decrease in bone mineral density 

[98]. These effects are similar to mechanical disuse in weight-bearing bones[99].  
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Table 1: Disuse models and physiological effects 

 

Table 1. Describing different disuse models and experimental conditions along with 
physiological responses. Table compares hind limb suspension, limb taping, nerve resection, 
tentomy and limb casting as different disuse models. 

 

Attributes Suspensio
n[92] 

Limb 
taping[93] 

Nerve 
resection[90, 
103] 

Tenotomy[1
04-106] 

Limb 
casting[69, 
103] 

Site Hindlimbs One hindlimb One hindlimb Lower 
hindlimb 

One limb 

Surgery No No Yes (Sciatic or  
femoral nerve) 

Yes (knee 
calcaneal) 

No 

Hardware 
 
Time frame 

Specialize
d cages  
tail 
harness 
Short term 
<5w 

No (tape) 
 
Long term 

No 
 
Long term 

No 
 
Short term 

No 
 
Long term 

Responses 
Blood Flow 
affected 

 
Yes 

 
Potential 
problem 

 
Potential 

 
? 

 
   (?) 

Cellular fluid shift 
Muscle function 
Nerve function 

Yes 
Yes 
Yes 

No 
Restricted 
Yes 

No 
No 
No 

No 
Mildly 
affected 
No 

No 
No 
Yes 

Cancellous bone 
loss 

No  (50)   (50)(72)   (50)   (60)  (68) 

Tb Formation    (66)   (35)   (50)   (45)  
Tb Resorption No   (50)   (150)   (125)  
Cortical bone loss No   (10)   (4)  -   (50)   (14) 
Formation (Ps)   (85)   (90)   (40)  -  
Resorption (Ec) No   (19)   (100)  -  
Muscle weight   (48)   (55)   (70)  -  
Convenience Daily care Daily care Minor care Excellent Weekly care 
Recovery Possible Yes Yes No Possible Yes 

Ps- Periosteal; Ec- endocortical; Tb – trabecular 
    % increase;     % decrease; - no data? - unknown 
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IM models present valuable tools to study the effects of mechanical disuse on bone due to 

long- term bed rest or long term microgravity but these models also have some limitations when 

compared to the physiology of human bone. Rodents (rats and mice) are the most common IM 

model for studying disuse induced bone loss. Rats are inexpensive, easy to maintain, and have a 

relatively short lifespan with rapid growth [100]. The small size of rats makes them easy to 

maintain but also reduces the amount of bone and serum samples that can be collected for 

analyses [100]. Furthermore, rats go through an elongated bone modeling phase (up to 12 

months) and undergo little to no intracortical remodeling [101]. Studies have shown that the 

bone modeling phase significantly slows down as the skeleton matures and is limited to a region 

1mm below the growth plate. However, trabecular bone 1mm below  the growth plate undergoes 

remodeling and can be analyzed to study the effects of immobilization on bone remodeling 

[102]. Bone loss due to aging is concentrated at perimedullary or pre-endocortical bone with 

minimal effects seen in intracortical bone [70, 87]. The rat model has its limitations, but with 

proper experimental design these limitations can be accounted for. The mouse model has the 

same limitations but the broad availability of transgenic mouse models provides for better 

understating of the role of genetics in bone remodeling [100].  

Larger animal models utilizing both primates and non-primates have also been used in 

IM studies but they are significantly more expensive and harder to maintain due to the longer life 

spans and slow skeletal growth [100]. Despite these limitations, dogs have been used to study 

Haversian remodeling [107] and monkeys have been used to study age related osteopenia [108].   
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1.6 The Effects of Microgravity 

Changes in bone strength and loss of total body calcium during space flight have been 

reported in different studies [109-112]. Astronauts’ bones show significant losses following their 

time in space. Detailed analyses have revealed that bone loss is predominant in weight bearing 

bones, [113] with large losses in trabecular bone [109] and no significant changes in bone shape 

and radii [114]. Furthermore, five-year follow up studies have shown that bones continue to lose 

density over a period of six months after astronauts’ return to Earth, and that it takes more than 

five years for bones to recover from the effects of spaceflight [112].  

The effects of microgravity on bone architecture are due to a combination of compromised 

systemic endocrine-metabolism and regional uncoupling of osteoblast/osteoclast functioning. 

Studies conducted in Euro Mir 95 showed significant decrease in levels of parathyroid hormone 

(PTH), bone alkaline phosphatase (ALP), intact osteocalcin, and type 1 pro-collagen peptide 

(PICP) [115]. These changes affect the cellular activity of bone cells and lead to uncoupling of 

osteoblast/osteoclast activity. The dynamics of bone remodeling are further affected by reduced 

numbers and activity of osteoblasts, as in space [116-118] they show lower proliferation, 

maturation, and impaired bone mineralization. Reduced osteoblast activity along with increased 

osteoclast activity will lead to the loss of BMD as well as reduced rates of trabecular bone 

formation and maturation of cortical bone [119]. Space flight data from animals shows that there 

is no significant effects on osteoclast activity in a space environment [118, 120], but contrary to 

these data, in vitro studies conducted in space show that microgravity impairs osteoclastogenesis 

and bone resorption [121]. 
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Space studies conducted on astronauts and rats have provided valuable data regarding the 

effects of microgravity on bone. However, the high cost of space flight has necessitated the 

development of ground based models of unloading to further analyze the effects of microgravity 

on a cellular and organ level both in vivo and in vitro. Previous studies have used hind limb 

suspension (also known as tail suspension), nerve resection, and total body or leg immobilization 

models to study the effects of microgravity. The hind limb suspension (HLS) model is generally 

considered better than the other models as it only affects hind limbs and the forelimbs remain 

under normal gravity conditions.  Thus, HLS enables the study of regional changes in the hind 

limbs due to loss of gravity/mechanical stress and fluid shifting in hind limbs, while also 

reducing the systemic effects of microgravity [122, 123]. Furthermore HLS causes the least 

stress and variation in circadian rhythms and the condition is reversible [124]. 

Skeletal unloading by HLS simulates the effects of microgravity on bone architecture and 

osteoblast/osteoclast coupling in many important ways, such as, HLS induces reductions in bone 

formation, mineralization, and maturation [122, 125-129]; trabecular and periosteal bone showed 

higher sensitivity to HLS [130]; osteoblast numbers, maturation, and differentiation are 

significantly reduced in HLS animals, as are anabolic markers [129, 131, 132] . Further, ex vivo 

studies have shown reduced proliferation of osteoprogenitor cells and impaired osteoblastic 

differentiation [128, 133].   

HLS appears to affect the local regulation of bone remodeling but not the systemic factors such 

as PTH and corticosterone showing little change [134].  Instead, under HLS, local factors such as 

bone morphogenetic proteins (BMPs), transforming growth factor-β (TGF-β), basic and acidic 

fibroblast growth factors (bFGF, aFGF), and insulin like growth factors (IGF-1, IGF-II) appear 

to play a major role in stimulation and proliferation of bone cells, collagen production and 
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proteoglycans syntheses [135, 136].  Under HLS, bone biomechanical integrity is also 

compromised with the ones being more prone to fractures [137-139]. All of these changes in 

bone quality make HLS a good model to study microgravity induced bone loss.   

To understand the biological processes underlying bone loss, in vitro studies have been 

conducted on space station using a variety of different bone cells. Osteoblasts and Osteoclasts 

cultured in space show significantly reduced glucose utilization, and rates of proliferation and 

mineralization [140-143]. The expression of osteogenic markers is also reduced, with mRNA and 

protein levels of ALP, COX-2, osteocalcin, and collagen 1 decreased relative to ground-cultured 

controls [144, 145].In addition, cytoskeletal and nuclear morphology are significantly 

disorganized, causing cell arrest and hindering cell division and proliferation [142, 146, 147]. 

Reduction in the expression of mechanosensitive receptors such as epidermal growth factor 

receptor (EGFr), proteoglycan growth factor beta receptor (PDGFβ receptor), and signaling 

molecules such as c-fos and shc [148, 149] along with changes in cell physiology adversely 

affect anabolic activity of osteoblasts. 

Conducting in vitro studies on the International Space Station is expensive and 

technically challenging; therefore in order to perform detailed studies of the cellular and 

molecular mechanism underlying migrogravity induced bone loss, different ground-based 

simulated microgravity models have been used.  The two most common simulated microgravity 

models are the Random Position Machine (RPM) and the Rotating Wall Vessel (RWV). RWV 

simulates MG by simulating continuous free fall [150, 151] and RPM exposes cells to different 

orientations and positions  resulting in the gravity vector to being  zero, ”gravity-vector 

averaging” [152]. Studies conducted using these simulated modeled microgravity (MMG) 

models show down regulation of ALP, Runx2,PTH receptor 1 (PTHr1), BMP4, procollagen, and 
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osteoglycin, along with other regulatory genes in osteoblasts [135]. Furthermore, matrix 

mineralization studies show a significant reduction in formation of calcium nodules and collagen 

matrix formation [144, 153].Taken together, these studies reveal that osteoblasts grown in MMG 

have the same alterations in cell morphology, cytoskeletal organization, apoptosis rates, and gene 

expression as cells cultured in space flight.   

Experiments conducted in space show that microgravity significantly reduces osteoblast 

numbers by 60% [143]. This is due to either a higher rate of apoptosis, lower level of 

differentiation or reduced rate of proliferation. In order to study this in more detail, microgravity 

experiments have been conducted on MSCs while in space flight and were found to significantly 

reduce their rate of differentiation into osteoblasts. Basso et al. showed that MSCs extracted from 

14 day HLS rats had a  66% reduction in the formation of ALP positive colony forming units and 

a 76% reduction in osteoblast forming units that was associated with a 50% loss in bone volume, 

35% loss in osteoblast number and 46% reduction in bone formation [154]. SMG studies using 

MSCs has shown down regulation of osteogenic markers, BMP6, COL1A1, osteocalcin, RUNX2 

and osteoprotegerin along specific genes and transcription factors required for osteogenesis 

[155]. MG down-regulates different signaling pathways, altering MSCs’ ability to differentiate 

into osteoblasts but it is not clearly understood which specific pathways are affected. 

The effects of MG on osteoblasts and MSCs have been well-studied, but the mechanism 

behind these changes is still not clear. Recent studies have evaluated different, possibly affected 

pathways. Zhenget al. suggested that the role of ERK1/2 is to reduce expression of RUNX2 

through increasing phosphorylation of p38MAPK in MG [156].  In addition, microgravity 

reduces activation of IGF-1 activity in cells through deactivation of the IGF-1 receptor, affecting 

the downstream Ras and Akt pathways which are responsible for proliferation and apoptosis 
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respectively [135, 157]. Furthermore, other studies have implicated the focal adhesion complex 

and downstream pathways [141, 143] in mediating the effects of MG on MSCs. 

1.7 Countermeasures:  

Microgravity affects bone at different levels leading to overall bone loss and increased 

fracture risk.  To make human space exploration possible, it is important to engineer 

countermeasures to mitigate the catabolic effects of microgravity. Astronauts spend ~2.5 hours 

per day exercising but this is still not sufficient to prevent bone loss. Furthermore, excessive 

exercise can have adverse effects on bone quality. Some studies have shown anabolic effects 

using drugs and growth factors but these pharmacological agents are hampered by systemic 

adverse effects, reduced efficacy in space, and are expensive to utilize for long time 

periods[158].  

In past decades, researchers have explored the anabolic effects of different mechanical 

stimuli on bone because the process of bone remodeling is sensitive to mechanical signals and 

stimuli. Studies have shown that MSCs, osteoblasts, and osteocytes are particularly responsive to 

mechanical stimulation. Mechanical stimulation induces activation of different enzymes such as 

MAPKs, Cox-2, iNOS,and alters cell morphology resulting in activation of Ras-ERk1/2, p38-

MAPK, β-Catenin, Sclerostin, NF-κB, SMADs, and  Akt  pathways in a threshold dependent 

manner [159].  Many different signaling pathways have been identified that respond to 

mechanical signals by altering levels of growth factors, transcription factors, inducing enzymatic 

activity, and changing cellular morphology. Mechanostimulation enhances the release of growth 

factors, including insulin growth factor (IGF),vascular endothelial growth factor (VEGF), 

platelet-derived growth factor (PDGF), basic fibroblast growth factors (bFGF), transforming 

growth factor β(TGFβ), and bone morphogenic protein (BMP), that are necessary for regulating 
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localized osteogenesis [135, 160].The activation of intracellular pathways in combination with 

elevated growth factors activates transcription factors RUNX2, Osterix, β-catenin, and ATF4 

leading to osteogenic differentiation of progenitor cells and osteoblast maturation[159].  

The MAPKs pathways have been of particular interest to researchers studying mechano- 

transduction [161, 162]. There are three distinct MAPKs pathways: extracellular signal-regulated 

kinases (ERK1/2), junN-terminal kinase/stress activated protein kinases (JNK/SAPK)), and p-38 

MAPKs pathway (anti-apoptotic pathway). ERK1/2 and JNK pathways are initiated by Rho 

GTPase, namely Rac (regulates actin stress fibers) and Rho (formation of membrane ruffles), and 

Cdc42 (formation of peripheral filopodia) [162]. The collective function of these proteins is to 

regulate cell membrane morphology and activity of membrane bound receptors, which are 

important for mechanotransduction [162]. 

Recent studies have evaluated the effects of microgravity on mechanotransductive 

pathways. Bikel et al. reported a significant reduction of different integrin subunits in HLS rats 

after 7 days of suspension along with inactivation of the IGF pathway. The IGF receptor is 

associated with the Ras –ERK1/2 pathway, regulating proliferation and the RUNX2 transcription 

factor, and the Akt –anti-apoptosis pathway. The inactivation of IGF can lead to reduced rates of 

proliferation and increased rates of apoptosis in MG conditions [135]. Zhang et al. observed 

significant decreases in phosphorylation of ERK1/2 and increased activation of p38-MAPKs in 

MSCs in MG.  Furthermore, MSCs showed increased adipogenic markers in MG environments, 

suggesting that p38-MAPK activation induces expression of adipogenic transcription factors and 

such as PPAR γ2 and inactivation of ERK1/2 causes a reduction of RUNX2 levels [156].  The 

function of the p38-MPAK pathway seems to be cell dependent, as in osteoblasts it activates the 

osteoblastic transcriptional factor activator protein-1 (AP-1) [159], whereas in MSCs, it seems to 
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activate adipogenic transcription factors like PPAR γ2 [156].  MG studies performed with 

fibroblasts showed no significant changes in activity of JNK and p-38 MAPKs but a reduction in 

ERK1/2 activity [162]. 

Different models of mechanotransduction have been used to understand the effects of 

mechanotransduction, namely: cyclic strain [163-166], vibration [167-169], and low intensity 

pulsed ultrasound [170-174]. Cyclic strain has shown encouraging results in vitro but its in vivo 

applications are limited. Mechanical vibration has shown good results in both in vitro and in vivo 

studies, but there are issues involved about the systemic effects of vibrations in whole body 

vibrations. Ultrasound acoustic vibrations can be readily applied in vivo and human studies and 

have shown it to have anabolic effects on osteopenic tissue and bone fractures. Ultrasound 

provides a non-invasive and targeted treatment to regions of interest and can be calibrated easily. 

Moreover, as the FDA has already approved use of low intensity pulsed ultrasound for non-union 

fractures, the path toward regulatory approval as a countermeasure for disuse induced bone loss 

is easier than for a novel methodology.  

 

1.8 Low intensity Pulsed Ultrasound:  

An ultrasound wave provides pressure waves which induce biochemical events in bone 

cells [175-177]. The effects of LIPUS have been well-studied and show that cells treated with 

LIPUS have altered intercellular activity, cytokine release [178], gene expression [179], calcium 

mineralization [180], Akt pathway activation [181], potassium influx [182], angiogenesis [183], 

adenyl cyclase activity, and TGF-b synthesis [184]. These studies and many others suggest an 

increase in rate of bone formation in the presence of LIPUS. 
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The exact mechanism through which LIPUS activates osteoblasts to increase the rate of 

bone formation remains unknown. LIPUS is known to induce acoustic streaming in interstitial 

fluid as well as localized  mechanical vibrations in the extracellular matrix [185] that result in 

local deformation of osteoblast cell membranes and shear stresses and strains [163, 164, 186-

189]. These mechanical deformations activate receptors on cell membrane such as integrins, 

mechanosensitive-calcium channels, G-proteins, IGF, TGF-β/BMP, and gap junctions, activating 

different downstream pathways [181, 188, 190-193]. 

Studies have also examined the effects of LIPUS on different mechanotransductive 

pathways. Tang et al. reported activation of the Akt pathway and p-13 kinases, through 

aggregation of integrin expression, resulting in induction of nitric oxide, hypoxia inducible 

factor-1, and increased activity of cox-2 [191, 192].  Ultrasound treated osteoblasts also show 

higher nuclear localization of β-catenin and activation of Wnt signaling pathway[194].  A 

microarray study done on ultrasound treated osteoblasts showed enhanced gene expression of 

integrins, TGF-β family, IGF family, MAPKs pathway, ATP-related, guanine nucleotide binding 

protein family, lysyl gene, and apoptosis-associated gene families compared to non-treated 

osteoblasts [195-198]. 

These cellular studies indicate that ultrasound treatment can activate 

mechanotransductive pathways and significantly increase osteogenic differentiation in progenitor 

cells and osteogenic maturity in osteoblasts. Catabolic effects of microgravity are due to a lack of 

mechanical stress in zero gravity that leads to inactivation of mechanotransductive pathways. 

Ultrasound exposure has mechanotransductive properties that allow it to induce mechanical 

stress in bone cells and activate osteogenic pathways leading to bone formation. Therefore, the 

anabolic effects of ultrasound may be able to be used as a countermeasure to prevent the 
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catabolic effects of microgravity. The objective of these experiments is to study the ability of 

ultrasound to function as a countermeasure to the catabolic effects of MG on osteoblasts and 

mesenchymal stem cells in an in vitro simulated microgravity system and on bone quality and 

architecture in a HLS mouse model. These studies will test the overall hypothesis that ultrasound 

prevents the catabolic effects of microgravity in simulated microgravity in vitro and in vivo . 
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2.0 Hypotheses and Specific Aims 

Given the degree to which microgravity induces bone loss, the future of human space 

flight requires the development of a non-invasive and targeted mechanotransductive therapy to 

maintain bone integrity. These experiments were designed to study the therapeutic potential of 

LIPUS in the in vivo and in vitro disuse models. The experiments were designed to quantify bone 

formation, MSCs differentiation, and osteoblast activity under disuse conditions and determine if 

LIPUS treatment could mitigate these detrimental effects. The study was divided into three 

Specific Aims: Specific Aim 1 examined the effects of LIPUS treatment in mice subjected to a 

hind limb suspension (HLS) disuse model for 4 weeks; Specific Aim 2 was designed to study the 

effects of LIPUS on the differentiation of MSCs into osteoblasts under simulated a microgravity 

(SMG) environment; and Specific Aim 3 was designed to study the effects of LIPUS on 

osteoblast activity in an SMG environment.  

Specific Aims 

2.1 Specific Aim 1: Determine if LIPUS can prevent bone loss in hind limb suspended mice 

in vivo. 

Hypothesis 1A: LIPUS treatment will reduce the loss of bone quality/quantity in hind limb 

suspended mice. 

Hypothesis 1B: LIPUS treatment will enhance bone mechanical properties in hind limb 

suspended mice. 

2.2 Specific Aim 2: Determine the effects of LIPUS on human mesenchymal stem cell 

differentiation in microgravity in vitro. 

Hypothesis 2: LIPUS exposure will enhance osteogenic differentiation in MSCs under 

microgravity conditions relative to non-treated cultures 
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2.3 Specific Aim 3A: Evaluate the effects of LIPUS on osteoblast activity during simulated 

microgravity in vitro 

Hypothesis 3A: Ultrasound will increase osteoblastic activity in microgravity conditions. 

Specific Aim 3B: Evaluate the effects of LIPUS on osteoblast gene expression during simulated 

microgravity in vitro 

Hypothesis 3B: Ultrasound will enhance expression of osteogenic genes. 
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Chapter 3: 

 

 

 

 

 

Anabolic Effects of low intensity pulsed ultrasound 
partially retain bone microstructure and mechanical 
properties in a murine disuse model 

 

 

 

 

 

Specific Aim 1: Determine if LIPUS can prevent bone loss in hind limb 

suspended mice in vivo. 
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3.1 Abstract: 

Long-term bed rest, brain/spinal cord injury, and space travel induces bone loss due to 

decreased mechanical stress. Different anabolic and anti-resorptive agents have been used to 

limit or mitigate bone loss under such conditions. However, the results for these treatments have 

been mixed, in part due to the localized nature of disuse induced bone loss which is concentrated 

on loading bearing bones. This study was based on the hypothesis that low intensity pulsed 

ultrasound (LIPUS) generated acoustic wave can provide non-invasive, anabolic and targeted 

stimulus that can reduce bone loss under disuse conditions. Three-month old C57BL/6 mice were 

randomized to five groups, age match (AM), non-suspended sham (NS), non-suspended –LIPUS 

(NU), suspended sham (SS), and suspended-LIPUS (SU) groups. After four weeks of 

suspension, micro CT analyses showed significant decreases in trabecular bone volume/ tissue 

volume (BV/TV) (36%, p<0.005),bone mineral density ( BMD) (3%, p<0.05), trabecular 

thickness (Tb.Th) (12.5%, p<0.005), and increase in bone surface/bone volume (BS/BV) 

(16%,p<0.005) relative to age match (AM). Application of LIPUS for 20 min/day for 5 

days/week, significantly increased BMD (3%, p<0.05), Tb.Th (6%, p<0.05), and decreased 

BS/BV (10%, p<0.005) relative to SS mice. 

Histomorphometric analyses showed a breakdown of bone microstructure under disuse 

conditions. In comparison to SS mice, LIPUS treated bone showed increased structural integrity 

with increased bone formation rates at metaphyseal endosteal and trabecular surfaces 

(0.104±0.07 vs0.031±0.30 µm3/(µm2)/d. Four-point bending tests of SS femurs showed reduced 

elastic modulus (53%, p<0.05), yield (33%, p<0.05), and ultimate strength (45%,P<0.05) at the 

femoral diaphysis relative to AM  samples. LIPUS stimulation mitigated the adverse effects of 
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disuse on bone elastic modulus (42%, p<0.05), yield strength (29%, p<0.05), and ultimate 

strength (39%, p<0.05) relative to SS femurs. Analyses of contralateral control limbs from SU or 

NU showed that LIPUS had no systemic effects, supporting the hypothesis that LIPUS provided 

targeted stimulation. In summary, the data from this study indicate that LIPUS has efficacy as a 

non-invasive, targeted therapy for disuse osteoporosis. 
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3.2 Introduction  

Disuse osteoporosis is a regional phenomenon, mostly concentrated at load bearing sites. 

Lower limbs are subjected to a high degree of mechanical stress during daily activities that result 

in functional static gravitational forces, ground reaction forces, and dynamic muscular 

contractions. Lack of mechanical stress due to long-term bed rest, brain/spinal cord injury, 

paralysis, and long-term exposure to microgravity can severely compromise bone microstructure 

and bone mineral density leading to fractures. The low stresses resulting from disuse reduce bone 

formation and increase bone resorption on periosteal, endocortical, and trabecular surfaces. 

Long-term disuse can lead to structural changes in long bones that result in the formation of 

rounder shaped long bones rather than the typical triangular shape, reducing moment of inertia 

and strength [67].  

Growing and mature skeletons responded differently to disuse with bone loss 

concentrated in different areas of bone surfaces [68-70]. Studies done on growing dogs showed 

higher bone loss on periosteal surfaces, due to reductions in appositional bone formation, that 

resulted in smaller bones with reduced second moments of inertia [68]. In contrast, mature dogs 

showed increased bone loss at the endosteal surface causing an expansion of the marrow cavity 

and increased cortical porosity [68]. Distal bones of the forelimbs showed the highest bone loss 

in young and adult dogs, suggesting higher sensitivity of these sites to lack of mechanical 

stresses [68].  

The distal most regions of bones show the highest catabolic activity during disuse and the 

highest anabolic response to mechanical stimulation. Long-term bed rest patients experienced the 
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highest rates of bone loss in bones farthest from the heart while bone formation increased in the 

skull due to increased interstitial pressure [72]. In a cross-section study of spinal-cord injury 

patients, Kiratli et al. found 27%, 25%, and 43%  reductions in BMD at the femoral neck, mid-

shaft, and distal femur, respectively, compared to normal controls [199]. Similar trends have 

been observed in astronauts, with mean BMD decreases of 5.4% in trabecular bone seen after 6 

months of spaceflight [114].  

Numerous anti-resorptive/anti-catabolic and anabolic agents haves been studied as 

treatments for osteoporosis. Anti-resorptive agents such as bisphosphonates [200, 201], RANKL 

inhibitors [201], and strontium ranelate [202, 203] reduce osteoclast differentiation, maturation, 

and activity, leading to increased bone strength and delayed remodeling. Anabolic agents such as 

PTH [204] and anti-sclerostin antibodies [205], increase bone formation rates, bone mass, and 

mechanical strength by enhancing osteoblast activity. Both anti-resorptive and anabolic agents 

have shown encouraging results in treating osteoporosis both in clinical (bisphosphonates, PTH) 

and pre-clinical studies (strontium ranelate, anti-sclerostin antibody). However, these anti-

resorptive and anabolic therapies have systematic effects, while disuse osteoporosis is a more 

localized pathology.  Therefore it is possible that these therapies can lead to undesired effects in 

healthy bones. As disuse osteoporosis is caused by lack of mechanical stimulation, numerous 

studies have evaluated the use of induced mechanical stimulation as a countermeasure for disuse 

osteoporosis. Several different modes of mechanical stimulation have been evaluated, namely: 

cyclic strain [163-166], vibrations [167-169], and LIPUS [170-174]. Cyclic strain has shown 

encouraging results in vitro but in vivo applications are limited by skeletal structure. Mechanical 

vibrations have shown promising results both in vitro and in vivo but there are questions 

regarding systemic effects of vibrations in whole body vibrations. LIPUS stimulation creates 
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acoustic vibrations that generate localized shear stress on cell membranes and has been shown to 

induce anabolic responses in osteoblasts [206]. Moreover, LIPUS can be readily applied in vivo 

and  studies and have shown it to have anabolic effects on fresh fractures [207], delayed unions 

[208, 209], non-unions [208, 209], and osteoporosis [172] both in animal models [207, 208, 210] 

and clinical studies [211, 212]. LIPUS provides a non-invasive and targeted treatment for 

specific regions of interest. Furthermore, because the FDA has approved LIPUS for non-union 

fractures regulatory approval for its use in treating disuse osteoporosis will likely present less of 

a challenge than other modes of mechanical stimulation.  

The objective of this study is to investigate the effects of LIPUS on the femora and tibiae 

of hind limb suspended mice using high resolution microCT, dynamic histomorphometry, and 

mechanical testing. It is hypothesized that exposure to LIPUS will provide sufficient mechanical 

stimulation to counteract the disuse induced bone loss in the hind limbs of these mice.  

3.3 Methods and Materials: 

3.3.1 Animals 

Twelve-week old black B6/C57J mice were randomized into 5 groups (n=15 per group): Age 

match (AM), Sham non-suspended (NS), Non-suspended + LIPUS (NU), Sham suspended (SS), 

and Suspended + LIPUS (SU). LIPUS groups were treated with 1 kHz, 20% duty cycle, 30 

mw/cm2 pulsed ultrasound exposure for 20 min/day for 5 days per week over 4 weeks with a 

Sonicator 740® (Mettle Electronics, Anaheim, CA). For the duration of treatment, the animals 

were anesthetized with isoflurane. LIPUS was applied to the left femur and tibia in LIPUS 

treated animals and right legs were used as contralateral untreated controls. Sham groups were 

treated in same manner except that an inactive ultrasound transducer was utilized. Suspended 
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mice were tail suspended for a period of 4 weeks. The age match group was not exposed to 

suspension or treatment.  

Animals were observed for signs of stress twice a day and animal weights were measured 

daily for the duration of the study. In cases of weight loss animals were given flavored treats and 

to reduce dehydration, animals were given subcutaneous injections of saline. If any animals 

exhibited more than 20% weight loss, infection or severe distress, veterinary staff was notified 

and treatment recommendations were followed. All the procedures were done in accordance with 

IACUC approved protocols. 

After 4 weeks the animals were euthanized using CO2 and all four limbs were harvested 

and stored at -80°C until analysis.  

3.3.2 Microcomputed tomography 

The proximal regions of the right and left tibiae were scanned at 12 micron resolution 

using microCT (µCT40, Scano Medical). To be consistent in analyses, a 400 slice region of the 

bones distal to the end of epiphysis was acquired and the microstructure was evaluated for a 

region beginning 20 slices below the epiphysis and continuing for 80 slices. To evaluate the 

region of interest, contour lines were manually drawn around the trabecular bone every 10 slices 

and contour lines were morphed to fit the intervening slices. 

The regions of interest were then evaluated for: trabecular bone fraction (%, BV/TV), 

bone mineral density (mgHA/cc, Mean2), Trabecular number (1/mm, Tb.N), Trabecular 

Thickness (mm, Tb.Th), Trabecular separation (mm, Tb.Sp), and Bone surface/Bone volume 

(mm2/mm3, BS/BV) to determine the catabolic effects of microgravity on bone microstructure 

and efficacy of LIPUS treatment in preventing these effects. 
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Cortical bone was analyzed from the left and right tibiae at the mid-diaphysis, also at 12 

micron resolution. Measurements included: cortical bone thickness (Cort.Th), cortical bone 

mineral density (Cort. BMD), endosteal surface (Endo S), periosteal surface (Peri S), and bone 

area (BA). 

3.3.3 Dynamic Histomorphometry 

Mice were injected with Alizarin red and Calcein. Calcein (15mg/Kg) was injected at 

weeks 1 and 3 and alizarin red (15mg/Kg) was injected at weeks 2 and 4. Mice were sacrificed 

after 4 weeks and tibias were stored at -80C. Proximal tibiae were scanned using microCT and 

samples were prepared for histomorphometry using poly-methyl methacrylate resin (PMMA) 

embedding. Briefly, the bones were serially dehydrated using 70%, 90%, and 100% isopropyl 

alcohol, cleaned with petroleum ether and infiltrated with PMMA in three phases. In the first 

infiltration, the bones were incubated in 85% methyl methacrylate + 15% N-butyl phthalate, the 

second infiltration was done with 85% methly methacrylate + 15% % N-butyl phthalate 

+1g/100ml benzoyl peroxide and in third infiltration, the bones were incubated in 85% methyl 

methacrylate + 14% % N-butyl phthalate +2g/100ml benzoyl peroxide. At the completion of 

infiltration the samples were then embedded in 85% methyl methacrylate + 14% % N-butyl 

phthalate +2g/100ml Benzoyl Peroxide solution at 37°C. The tibias were polished and 5µm thick 

coronal sections were cut using a microtome (Leica Bannockburn,IL). Osteomeausure software 

(Osteometrics, Decatur,GA,USA) was used to trace calcein and alizarin red labels in proximal 

tibia. Areas below the growth plates were contoured manually (metaphysis). The areas of 

evaluation were consistent with the regions scanned by microCT. Regions of interest were 

assessed in cortical bone, trabecular bone, voids, and double and single labels. Samples were 

analyzed for mineral deposition rate (Mar, µm/day), defined as the distance between double 
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labels divided by the interval of injections (14 days), double labels from alizarin and calcein 

were labeled separately and Mar values were averaged to determine average mineral deposition 

rate over 14 days.  Mineralizing surface was obtained by adding the ratio of double label surface 

to 50% of the ratio of single label surface (dLS/BS + (0.5*sLS/BS). Mineralizing surface was 

calculated separately for alizarin red and calcein and average mineralizing area has been 

reported.  Average bone formation rates were calculated by averaging alizarin red and calcein for 

BFR/BS (µm3/µm2/day) values. Data from osteomeasure was also used to calculated Bone 

volume / Tissue volume (BV/TV), bone surface/ bone volume (BS/BV), Trabecular Thickness 

(Tb.Th), and Trabecular separation (Tb.Sp). 

3.3.4 Finite Element Modeling 

Finite element modeling (FEM) was used to model the effects of uniaxial compression on 

proximal tibiae. MicroCT images of proximal tibia (n=7) were exported as dicom files and 

stacked together to form 3-D models using ScanIP software (Simpleware, UK). The slices 

exported were kept consistent with the slices analyzed for microCT analysis. 3-D models were 

meshed using ScanIP using tetrahedral elements and the total numbers of elements were kept 

within a range of 0.75 – 1 x106 elements. ABAQUS (Simulia, USA) was used to apply 

incremental uniaxial strain of 1, 5, and 10% on the top surfaces of the 3-D models with bottom 

surfaces restrained. Cortical and trabecular both were assigned the same Young’s modulus of 10 

GPa, mass density of 1500 kg/m3and Poisson’s ratio of 0.3 (Figure 2).  

3.3.5 Mechanical Testing: 

Four-point bending was performed to determine the stiffness and strength of left femora 

from the AM, NS, NU, SS, and SU groups. Four point bending was selected over three point 
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bending to minimize shear stresses. An MTS machine (585 Mini Bionix II) was used along with 

a 100 N force transducer (SMT1-100N, Interface). All samples were thawed slowly to room 

temperature. The femurs were loaded in the four-point bending jig such the mid-diaphysis of 

each femur was positioned in the middle of the supports (Figure 3), the posterior sides were 

facing upwards, and the load was applied on the posterior – anterior axis. The loading conditions 

were controlled by Multi Purpose TestWare software (MTS). The piston was lowered with 

preload of 1.5 N and then subjected to a ramp load at a rate of 0.1mm/s until complete failure 

occurred. Force and strain data were recorded and exported to Microsoft Excel for analyses.  The 

Force/Strain curves, along with the mid-diaphyseal µCT scans, were used to calculate Young’s 

modulus, stiffness, and strength using the equations listed below. 
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Figure 2: Finite Element Modeling 

 

Figure 2: Finite element modeling of the proximal tibia. Dicom files were exported from the 
MicroCT and reconstructed into 3D models using ScanIP. The models were then meshed with 
tetrahedral elements and exported to ABAQUS (Simulia,USA) for simulated compressive 
loading.  
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Moment of inertia (I) was calculated using equation 1 where a, b, a’, and b’ were 

measured using microCT images (Figure 3a).  Elastic modulus (E) was calculated using stiffness 

(S); force over strain data obtained from four point bending; “L,” defined as the distance between 

the bottom supports; and “c,” as the distance between the upper support and the midpoint of mid-

diaphysis. Stiffness was measured as the slope of the plastic region from the force vs strain 

graphs (Figure 3b). Elastic modulus was confirmed using equation 3, 4, and 5. Stress (σ) and 

strain (ε) were calculated by taking into account the applied force (F), displacement of piston (d), 

a, c, I, and L. 

3.3.6 Statistics:  

The GraphPad Prism 3.0 software was used to run statistical analyses. All of the data was 

presented in means ± standard deviation. One-way ANOVA with Newman Keulspost hoc was 

used to calculate significance within the different groups and time points; student t-test was used 

within contralateral controls. A p-value of <0.05 was considered to be significant.  
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Figure 3 – Four Point bending setup 
a) 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

  

Posterior 

Lateral 

Anterior 

Medial 

 

 

a 
a’ 

b 

b’ 

d 

L 

2c 



 

3 b) 

Figure 3a): Four Point bending setup, the load was applied on the posterior 
3b): Typical force-strain curve generated by four
the tangent at the elastic region. Yield and ultimate strength were calculated using the yield point 
and ultimate force measurements from force
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Figure 3a): Four Point bending setup, the load was applied on the posterior – anterior axis. 
strain curve generated by four-point bending. Stiffness was calculated from 

the elastic region. Yield and ultimate strength were calculated using the yield point 
and ultimate force measurements from force-strain curve. 

 

anterior axis.  
point bending. Stiffness was calculated from 

the elastic region. Yield and ultimate strength were calculated using the yield point 
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3.4 Results: 

3.4.1 Micro CT Shows Anabolic effects of LIPUS in trabecular and cortical bone 

The microCT analyses of the proximal tibiae from AM mice showed dense and intact 

trabecular struts with no apparent differences when compared to either of the non-suspended 

groups (NS,NU) (Figure 4). In contrast, trabecular struts in suspended mice (SS) appear to be 

thinning and breaking down. LIPUS treated tibiae (SU) demonstrate more intact and denser 

trabecular struts relative to untreated (SS) samples. Quantification of microCT parameters 

showed that SS mice had a 36% decrease in trabecular BV/TV (p<0.001, Figure 5a), 3%in bone 

mineral density BMD (p<0.05, Figure 5b), 4% in Tb.N (p<0.05, Figure 5c), 12.5% in Tb.Th ( 

p<0.005, Figure 5d), along with a 16% increase in BS/BV, in comparison to AM mice (Table 2). 

Application of LIPUS increased trabecular BMD by 3 %( p<0.05) ,Tb.Th by 6% (p<0.05), and 

decreased BS/BV by 10% (p<0.05).  BV/TV, Tb.N, and Conn. Den showed positive trends but 

no significant changes were seen following exposure to LIPUS, when compared to SS mice. 

Tibiae from NS and NU mice did not show any differences with AM controls, suggesting that 

LIPUS has no adverse effect on healthy bone while showing anabolic effects in unloaded tibia. 

LIPUS effects were localized to treated left tibia as no significant differences were observed in 

non treated NU and SU mice. 

Cort.Th showed 8% decrease between the AM and SS groups (p< 0.01, Figure 6a), while 

the other parameters didnot show any significant changes between AM and SS groups. However, 

there were trends towards decreased Cort,BMD, Inertia, MoI, Peri S, and BA (Table 3, Figure 6 

b-f). Exposure to LIPUS increased Cort.Th (p<0.05), Peri S (p<0.05), and BA (p<0.05) in SU 

animals, when compared to contralateral controls (left tibia vs right tibia, Figure 6 a-f). 

Differences between the left tibia of SS and SU were not significant but positive trends were 
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apparent.  Trabecular bone was more responsive to unloading and LIPUS treatment than cortical 

bone. It is speculated that a longer duration of study will show significant difference for cortical 

bone parameters.
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Table 2: MicroCT Proximal Tibia Trabecular Bone Data 

 

 

 

 

 

 

 

 

 

Table 2: MicroCT analyses of trabecular bone at metaphysis of proximal tibia. This table illustrates the effects of LIPUS on trabecular 
bone in suspended and non-suspended mice proximal tibiae. BV/TV (Bone Volume/ Tissue Volume), BMD (Bone Mineral Density), 
Tb.Th (Trabecular Thickness), Conn.Den ( Connectivity Density), Tb.N (Trabecular Number) and BS/BV (Bone Surface/Bone 
Volume). Grey shaded rows are for treated tibia (left) and clear ones are for non-treated (right) tibiae. 
* P<0.05, ** P<0.01, ***P<0.001 relative to AM 
 † P < 0.05, †† P< 0.01 relative to SS,  
‡ P<0.05, ‡‡ P<0.01 relative to left tibia (contralateral control) 

 AM NS NU SS SU 

BV/TV 
0.086187±0.025 0.08515±0.019 0.08009±0.025 0.05475±0.023*** 0.06176±0.024 
0.08657±0.028 0.08862±0.023 0.08292±0.024 0.05245±0.014***  0.05686±0.089 

BMD 
(mmHg/cc) 

771.343±23.60 762.037±21.77 758.847±19.99 747.862±26.49* 772.502±21.50† 
773.603±17.07 765.202±25.60 765.352±29.6 754.623±18.72 742.896±40.58‡ 

Tb.Th (mm) 
0.03894±0.0026 0.03792±0.0031 0.03635±0.003 0.03407±0.0031** 0.03633±0.004† 
0.03753±0.0028 0.03782±0.0036 0.03772±0.0028 0.03322±0.0014* 0.03293±0.0042‡ 

Conn. Den 
87.4428±48.26 83.7609±32.74 81.8453±47.15 41.4259±31.03 45.7749±41.11 
79.756±48.31 92.7583±40.83 80.6469±45.09 36.3662±24.87 44.9833±40.68 

Tb.N 
4.86308±0.49 4.91501±0.41 4.64126±0.47 4.18122±0.51** 4.25086±0.55 
4.82827±0.49 4.93701±0.45 4.88611±0.39 4.20087±0.46* 3.94239±0.83 

BS/BV 
73.5287±7.00 73.9497±5.66 76.4512±9.22 85.4138±6.97*** 77.6242±6.96†† 
71.7236±6.66 73.5559±7.53 74.0938±5.50 84.309±8.97** 86.4818±13.03‡ 
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Table 2 :MicroCT Mid-Diaphysis Cortical Bone Data 

 

 

Table 3:MicroCT analyses of cortical bone at the mid-diaphysis of tibia. This table illustrates the effects of LIPUS  on cortical bone in 
suspended and non-suspended mice proximal tibiae.  Cort.Th (Cortical Thickness), BMD (Bone Mineral Density), Endo.S (Endosteal 
Surface), Peri.S (Periosteal Surface) and pMOI (polar Moment of Inertia).Grey shaded rows are for treated tibiae(left) and clear one 
are for non-treated (right) tibiae. 
* P<0.05, ** P<0.01, ***P<0.001 relative to AM, 
 † P < 0.05, †† P< 0.01 relative to SS,  
‡ P<0.05, ‡‡ P<0.01 relative to left tibia (contralateral control) 

Index AM NS NU SS SU 

Cort. Th (mm) 
0.184293±0.008 0.182508±0.008 0.184818±0.0099 0.16905±0.008** 0.176936±0.008 
0.184117±0.010 0.183936±0.010 0.1842±0.0087 0.171663±0.007 0.168238±0.010‡ 

BMD (mmHg/cc) 
1065.14056±23.97 1062.00229±22.30 1059.52109±17.48 1053.97±16.116 1050.53±16.23 

1007.65±21.31 1065.93114±20.38 1057.894109±18.86 1048.327±18.558 1051.641±16.64 

Endo. S (mm2) 
2.841675±0.26 2.77561667±0.20 2.912536364±0.27 2.86255±0.28 2.9799±0.244 
2.741357±0.27 2.8249±0.36 2.773427273±0.19 2.8973±0.24 2.89912±0.21 

Peri. S (mm2) 
4.4008±0.54 4.275±0.40 4.469244±0.48 4.1849±0.47 4.4698±0.39 
4.3609±0.36 4.3043±0.29 4.3569±0.44 4.1527±0.37 4.1412±0.32‡ 

Bone Area (mm2) 
0.6281±0.04 0.627±0.04 0.640847273±0.07 0.60057±0.033 0.6214±0.04 
0.6341±0.05 0.6231±0.04 0.626433636±0.05 0.59561±0.0289 0.5847±0.035‡ 

pMOI(mm 4) 
0.2163±0.02 0.212±0.04 0.2167011±0.029 0.19122±0.035 0.2059±0.037 
0.2148±0.05 0.2112±0.04 0.21377±0.05 0.19384±0.034 0.20286±0.014 
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Figure  4:  MicroCT images of trabecular proximal tibia 

 

 

 

Figure 4: Representative Proximal tibiae longitudinal and cross sectional images showing intact trabecular struts in AM,NS and NU 
mice. SS mice show disintegrated trabecular struts in proximal tibiae, exposure to LIPUS (SU) show improved trabecular struts 
structure. 
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Figure 5: Trabecular Bone MicroCT 

a) 

 

b) 
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c) 

 

d) 

 

 

 

 

 

0

0.01

0.02

0.03

0.04

0.05

m
m

Tb.Th

AM NS NU SS SU

** *

0

1

2

3

4

5

6

Tb.N

AM NS NU SS SU

**



50 

 

e) 

 

 

 Figure 5: Series of bar graphs showing the results of microCT assessment of Trabecular Bone, 
showing significant changes in unloaded mice tibiae. LIPUS treatment show anabolic effects on 
trabecular bone by significantly increasing BMD, Tb,Th and reducing BS/BV. NS and NU tibiae 
didn’t show any difference with AM controls, implying that LIPUS has no adverse effect on 
healthy bone, while showing anabolic effects in unloaded tibiae. 
 a) BV/TV: 36 % bone volume fraction decrease was calculated in SS mice. LIPUS doesn’t 
increase bone volume fraction in suspended mice (SU). LIPUS exposure in non-suspended mice 
showed no difference. 
b) BMD: Suspension (SS) significantly reduces bone mineral density in trabecular bone (app 
2.5%), LIPUS treatment enhances bone mineral density in SU to nearly the level seen in age 
match animals.  
c) Tb.Th: SS mice showed significant reduction in trabecular thickness; SU mice showed 
significant increase. 
d) Tb.N: Trabecular number showed significant decrease in HLS animals; LIPUS expose doesn’t 
seem to recover trabecular number 
e) BS/BV: SS mice show osteopenic tendencies in bone surface area/volume ratio as it increased 
significantly and SU mice showed significant decrease in bone surface/volume ratio. 
*P < 0.05, **P<0.01, ***P<0.001 
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Figure 6: Cortical Bone MicroCT 
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Figure 6: Cortical bone analyses show lesser effect on cortical bone in SS mice tibia but adverse 
trend is apparent in inertia, Cort. BMD, MoI, BA and Peri S. LIPUS exposure show significant 
increase in Cort.Th, BA and Peri S when compared to contralateral controls (left vs right tibia). 
No significant differences were observed in NS and NU tibia when compared to AM. 
a) Cort. Th: A significant decrease in SS tibia cortical thickness, LIPUS increases cort.Th 
significantly relative to untreated tibia of SS animals. SU/SS comparison show positive trend in 
SU tibia but difference is not significant. 
b) Cort. BMD: Cort. BMD reduces in SS mice tibia but not significantly. LIPUS treatment show 
positive trend (SU). 
c) Inertia: SS mice tibia show decrease in inertia but difference is not significant after 4 week of 
suspension. SU show positive trends. 
d) Endo.S: Endosteal surface doesn’t show any different in SS and SU tibia over 4 weeks of 
suspension. 
e) Peri S. Periosteal Surface reduces in SS tibia but not significantly. LIPUS treatment increases 
Peri S in treated tibia relative to contralateral controls. 
e) BA: Bone Area show similar trends to Peri S, with decreased BA in SS tibia and significant 
increase SU-L relative to SU-R. 
*P < 0.05, **P<0.01, ***P<0.001 
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3.4.2 Dynamic Histomorphometry shows LIPUS increases bone formation in the proximal tibia 

under disuse 

Histomorphometric analyses were only performed on samples from the AM, SS and SU 

groups as no significant difference were observed in non-suspended groups (NS and NU) in the 

microCT data. AM mice showed compact cortical bone with intact trabecular struts, along with 

strong single labeling most prevalent in endosteal and trabecular sites (Figure 7,AM). In contrast, 

SS mice showed visibly broken and disoriented trabeculae. Fluorochrome labeling was dispersed 

with sporadic single labels mostly confined to trabecular bone and endosteal surfaces (Figure 7, 

SS). LIPUS treated tibiae retained their normal bone microstructure and visible double and single 

labels present on the endosteal surface and trabeculae (Figure 7, SU).  

The histomorphometry data were consistent with those from microCT scanning (Table 4). 

As compared to age match controls, SS mice had 41% less BV/TV (p<0.05, Figure 8a) and 31% 

less Tb.Th (p<0.05, Figure 8). LIPUS treatment had anabolic effects as SU mice showed 

significant increases of 38% in BV/TV (p<0.05) and53% in Tb.Th (p<0.05) in comparison to SS 

mice in the metaphyseal region. In addition, BS/BV and Tb.Sp showed significant increases in 

SS mice compared to SU, and LIPUS exposure significantly decreased BS/TV (p<0.05, Figure 

8c). The trabecular bone formation rate decreased in SS mice, while treatment with LIPUS 

significantly increased BFR/BS (p<0.05, Figure 8d) in proximal tibia metaphysis. Furhtermore 

BFR/BS, MAR, and mineralization surface was reduced after 4 weeks of suspension. However, 

application of LIPUS significantly increased BFR/BS and mineralization surface, while MAR 

values showed positive trends (Figure 8e, f).  
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Figure 7: Dynamic Histomorphometry Images 

 

Figure 7: Histomorphometry. Mice were injected with Calcein (weeks 1 and 3) and alizarin red(weeks 2 and 4). Analyses were 
performed on proximal tibia metaphyseal sections. AM mice showed intact microstructure along with seamless single labeling, SS 
mice showed broken down microstructure with little or no labeling, and SU mice showed improved microstructure and with enhanced 
double labeling along endosteal and trabecular surfaces. 
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Table 4: Dynamic Histomorphometry Data 

 

 

Index AM SS SU 
BV/TV 19.04±4.54 7.81±4.24* 12.72±3.21† 

Tb.Th(µm) 84.70±25.91 26.58±22.02* 56.64±18.75† 
BS/BV 25.42±7.43 128.78±112.09* 35.46±16.19† 

Tb.Sp(µm) 317.21±67.50 427.42±211.35* 369.88±160.71 
BFR/BS 

(µm3/(µm2)/d) 
0.052±0.024 0.031±0.30* 0.104±0.07† 

MS 4.01±1.42 3.00±0.84 5.90±2.37 
MAR (µm/day) 1.41±1.01 0.75±0.55 1.57±0.92† 

 

 

Table 4: Histomorphometry analyses of proximal tibiae metaphysis. This table shows significantly decreased trabecular BV/TV, 
Tb.Th, MS and BFR/BS and increase BS/BV and Tb.Sp in SS mice relative to AM mice. SU mice showed significantly increased 
BV/TV, Tb.Th, MA and BF/BS and decreased Bs/BV and Tb.Sp in comparison to SS mice. 
* P<0.05 compared to age match 
† p< 0.05 compare to SS 
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Figure 8: Histomorphometry results.  Histomorphometric analyses were performed using 
Osteomeasure. Bar graphs showing the results of this analysis for a,b,c,d are shown. SS mice 
proximal metaphysis show significant decreases in BV/TV, Tb,T h and BFR/BS. LIPUS 
treatment practically retains BV/TV and Tb.Th while significantly enhancing BFR and 
mineralization surface. 
a) BV/TV: 41% decreases in SS tibia metaphysis, application of LIPUS reduces (SU) BV/TV by 
38% relative to SS mice 
b) BS/BV: increases in SS mice, SU metaphysis show significant reduction in BS/BV ratio. 
c) Tb.Th reduces by 31% in SS mice relative to AM animals. Application of LIPUS metaphysis 
retains ~53% more Tb.Th then SS mice. 
d) BFR/BS: significant decrease in rate of bone formation in SS mice, LIPUS exposure induces 
increase in rate of bone formation in SU metaphysis. 
e) Rate of Mineral deposition reduces in suspended mice (SS) and show approximately full 
recovery on application of LIPUS(SU) 
f) Mineralization surface increases significantly in response to LIPUS (SU mice) 
*P < 0.05, **P<0.01, ***P<0.001 
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3.4.3 Finite element modeling shows that LIPUS protects proximal tibial strength during 

disuse 

Application of incremental strain showed higher stress levels in disuse proximal tibias 

(SS), with most of stresses concentrated at the cortical shell due to the large number of 

disconnected trabecular struts (Figure 9a, SS). Application of LIPUS resulted in an increased 

number of trabecular struts which reduced the concentration of stresses on the cortical shell and 

also led to a more even distribution of stresses throughout the trabecular network.   

Proximal tibia from SS showed increased Von Mises’ stress with the highest average stress 

(7.42x107Pa) calculated at 10% strain, (Table 5). However, application of LIPUS reduced 

average Von Mises’ stress by 11% (Table 5, p<0.05) relative to disuse proximal tibias. 

 1% (MPa) 5% (MPa) 10% (MPa) 
AM 7.17 ± 0.48 35.98±  2.38 71.79±4.75 
SS 7.94 ± 0.36 * 39.30 ± 1.94* 78.61 ±3.86† 
SU 7.03 ± 0.63† 35.16 ±3.17† 70.34 ±6.33† 

 

Table 5: This table shows the FEM derived Average Von Misses stress in AM, SS and SU 
proximal tibias. Disuse tibiae (SS) show significantly increased stress relative to AM. LIPUS 
treatment restores structural integrity of bone and reduces ave. stress on proximal tibia in state of 
compression/strain.  
* p< 0.05 relative to AM 
† p < 0.05 relative to SS 
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Figure 9: Finite Element Modeling  
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Fig 9: FEM results a)   Image showing Average Von Mises’ stress at proximal tibiae under 
incremental strain (1, 5, and 10 %). Disuse proximal tibiae showed significantly increased von 
Mises’ stress mostly confined at cortical shell. b) Disused tibiae showed app 10% increase 
average von Mises’ stress at 1, 5 and 10% strain (p<0.05). LIPUS treatment reduced av. von 
Mises’ stress by 11% (p<0.05) and restored it to AM levels. 
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3.4.4 LIPUS improves femoral mechanical properties under disuse 

Although microCT analyses of femoral mid-diaphysis showed no significant decreases in 

cortical thickness in SS mice compared to AM mice, significant differences in elastic modulus, 

yield strength, and ultimate strength were seen for the SS mice in comparison to AM, NS, and 

NU mice (Table 6). Suspension significantly compromised femoral mechanical properties as SS 

femurs had a 53% decrease in elastic modulus (p<0.05, Figure 10a), 33% decrease in yield 

strength, (p<0.05, Figure 10b) and 45% decrease in ultimate bone strength when compared to 

AM femurs (Figure 10). LIPUS treatment significantly improved the mechanical properties of 

the mid-diaphysis.  Femoral elastic modulus increased by 42% (p< 0.05), yield stress increased 

by 29% (p<0.05), and ultimate strength increased by 39% (p<0.05), in SU compared to SS. 

Contralateral femora of SU mice confirmed the increase in elastic modulus, yield strength, and 

ultimate strength in LIPUS treated femurs. Finally, compared to AM mice, SU mice showed an 

18% decrease in elastic modulus, 6% decrease in yield strength, and 10 % decrease in ultimate 

strength. Table 6, shows the comparison between the groups and contralateral controls. 
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Table 6: Mechanical Testing Data 

Table 6– Four Point Mechanical testing analyzing bone elastic modulus and strength under disuse conditions and anabolic effects of 
LIPUS on femoral mid-diaphysis. Gray row represent treated (left) tibiae, Clear rows represent un-treated (right) tibia 
 * P<0.05, ** P<0.01, ***P<0.001 relative to AM 
 † P < 0.05, †† P< 0.01 relative to SS, ‡ P<0.05, 
 ‡‡ P<0.01 relative to left tibia (contra-lateral control)

Index AM NS NU SS SU 
Cortical Thickness 

(mm) 
0.149017±0.008 0.14381±0.009 0.14182±0.007 0.13205±0.012* 0.13295±0.008 
0.146117±0.009 0.14824±0.017 0.14039±0.014 0.13553±0.010* 0.13997±0.012 

BMD (mmhg/cc) 
1102.703±22.82 1099.54±54.05 1091.68±11.70 1088.49±32.83 1092.29±19.68 
1084.59±24.29 1089.04±28.46 1073.99±26.16 1069.35±17.36 1075.57±25.57 

Elastic Modulus 
(GPa) 

1730.66± 631.94 1581.32±737.71 1578.52±712.35 811.86±344.52* 1407.64±581.01† 
1772.12±682.38 1793.27±619.87 1881.03±642.78 726.48±316.18 792.76±310.41‡‡ 

Yield Strength 
(MPa) 

69.79 ± 25.77 74.94±37.65 75.28±27.86 46.41±18.99* 65.44±26.98† 
74.38±25.27 75.52±30.98 69.12±12.99 33.07±12.20 34.18±12.67‡ 

Ultimate Strength 
(MPa) 

86.66±31.22 88.68±32.45 91.19±35.80 47.49±25.02* 78.07±38.78† 
92.03±35.22 90.40±44.66 81.21±22.01 36.42±13.29 45.45±15.60‡‡ 
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Figure 10: Mechanical Testing  
a)

 

b) 
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c) 

 

Fig 10) Mechanical Testing- four point bending bar charts showing significantly decrease in 
mechanical properties of SS mice femur (Elastic modulus, yield and ultimate strength). LIPUS 
exposure retains mechanical integrity of femoral bone. 
a) Elastic modulus: SS mice showed a significant decrease in elastic modulus relative to AM. 
LIPUS exposure increased elastic modulus in SU mice. 
b) Ultimate strength: decreased significantly in SS femurs in comparison to AM mice. SU 
showed a significant increase in ultimate strength relative to SS mice. 
c) Yield stress: significantly decreased in SS mice. LIPUS exposure increased yield stress 
relative to SS mice. 
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3.5 Discussion: 

Disuse osteoporosis is a degenerative bone disease that compromises bone strength and 

leads to a high risk for fractures. This type of bone loss is concentrated on weight bearing limbs. 

The localized pathology of disuse osteoporosis favors a targeted and non-invasive approach to 

treatment, which can provide the essential mechanical stimuli required to maintain bone quality. 

Since LIPUS has shown encouraging results in providing an anabolic stimulus that promotes 

bone healing, this study examined LIPUS as a potential countermeasure for disuse induced bone 

loss. The microCT results confirmed the detrimental effects of disuse on trabecular and cortical 

bone, with trabecular bone showing more sensitivity to disuse than cortical bone. Trabecular 

bone showed significant decreases in BV/TV, BMD, Tb.Th, and Tb.N along with an increase in 

BS/BV. Cortical bone showed significant losses in thickness with lesser effects on BMD, BA, 

MOI, Endo S, and Peri S. Application of LIPUS mitigated the decreases in trabecular BMD, 

Tb.Th, and showed increases in BS/BV with no effects seen for BV/TV. LIPUS treatment 

partially mitigated the losses in cortical thickness and bone area.  The contralateral untreated 

tibiae (SU) and non-suspended LIPUS treated (NU) tibiae did not show significant changes in 

bone microstructure relative to treated left tibiae indicative of the targeted nature of LIPUS 

stimulation. 

Histomorphometry results confirmed those from microCT, showing that LIPUS treated 

mice retained bone microstructural integrity and had increased bone formation rates. 

Furthermore, the histomorphometry data showed a significant increase in proximal tibiae 

BV/TV, which was not apparent in the microCT analyses. This is likely due to the higher 

sensitivity of histomorphometry compared to microCT. In addition, the histomorphometry 

images showed fluorochrome labels concentrated on endosteal and trabecular bone surfaces with 
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little or no labeling at the periosteal surface. As the endosteal and trabecular surfaces are lined 

with osteoblasts, increased labeling is indicative of increased rates of bone formation by 

osteoblasts. Previous studies have shown increased bone loss on the endosteal surface and 

reduced trabecular thickness in response to disuse due lack of bone formation [68, 70], our data 

indicate that LIPUS treatment can induce bone formation on endosteal and trabecular surfaces to 

counteract the adverse effects of disuse.  

Femoral mechanical properties were severely compromised in SS animals despite no 

differences being found for BMD and cortical thickness of AM and SS.  This suggests that other 

factors such as collagen alignment, collagen cross-linking, porosity, microcracks etc. may play 

an important role in determining bone mechanical properties. Application of LIPUS partially 

restored the mechanical properties of bone without significantly affecting cortical thickness and 

BMD. In vitro studies have shown that application of LIPUS improves collagen cross-linking in 

calcified matrix by increasing prostaglandin E2 activity in osteoblast cell cultures [213].  It is 

speculated that the absence of mechanical stimulus when under disuse may similarly adversely 

affect collagen cross-linking, leading to compromised mechanical properties, and LIPUS 

stimulation partially mitigates this effect to improve biomechanical function. 

The results of this study indicate that LIPUS has the strong potential to be used as a 

targeted, non-invasive and non pharmacological countermeasure for disuse induced bone loss. 

Increased calcein and alizarin red staining on endosteal and trabecular surfaces indicated that 

LIPUS was increasing bone formation, but the current study did not examine the effects of 

LIPUS on osteoclast activity and/or numbers. Bone homeostasis is preserved by the synergistic 

activities of osteoblasts and osteoclasts. Increased osteoblast activity can reduce osteoclast 

activity and differentiation. Studies have shown that LIPUS stimulation increases osteoblast 
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activity, resulting in increased production of TGF-β3 and reduced levels of TNF-α and IL-6 

[178], which combine to decrease osteoclast activity [214, 215]. Furthermore, LIPUS decreases 

RANKL expression in osteoblasts, which is essential for osteoclast differentiation (unpublished 

data). Considering the effects of LIPUS stimulation from in vitro studies it is possible that 

LIPUS decreases osteoclastogenesis and osteoclast activity, leading to reduced bone resorption. 

However, more detailed in vivo studies are required to fully determine the effects of LIPUS on 

osteoclast activity and differentiation. 

These results indicate localized anabolic effects of LIPUS in disuse induced bone loss. 

LIPUS has the potential to be used in clinical settings as in non-invasive, targeted therapy for age 

related, post menopausal and long term bed rest induced osteopenia and osteoporosis.   

Furthermore, LIPUS provides a portable and easy-to-comply-with therapy for microgravity 

induced bone loss in astronauts and can be a pivotal therapy to increase the duration of time 

astronauts can spend in microgravity, a well as speeding rehabilitation upon returning to earth. 

Data from contralateral controls showed no effects due to LIPUS treatment thus indicating 

localized and targeted stimulation of bone cells without any adverse effects on healthy bone 

tissue.  

The exact mechanism through which LIPUS enhances osteoblast activity and increases 

the rate of bone formation remains unknown. Ultrasound is speculated to induce acoustic 

streaming in interstitial fluid and localized mechanical vibrations in the extracellular matrix 

[185]. This results in local deformation of cell membrane and the induction of shear stresses and 

strains in osteoblasts [163, 164, 186-189]. These mechanical deformations activate receptors on 

the cell membrane such as integrins, mechanosensitive-calcium channels, G-proteins, IGF, TGF-
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β/BMP, and gap junctions, all of which activate different downstream pathways [181, 188, 190-

193].  

This study explored the potential of LIPUS as a non-invasive, non- pharmacological 

targeted therapy for disuse osteoporosis. The results suggest that LIPUS has very strong potential 

as a non-invasive and targeted anabolic agent for disuse osteoporosis. The study did not evaluate 

the effects of LIPUS on osteoclast and osteocytes activity in vivo and futures studies will be 

required to study these responses as well as perform in-depth analyses of alterations in bone 

matrix and gene expression in order to begin to understand the underlying mechanism.   
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Chapter 4 

 

 

 

 

 

 

 

LIPUS Enhances Osteogenic Differentiation of Human 
Mesenchymal Stem Cells in Simulated Microgravity 

 

 

 

 
Specific Aim 2: Determine the effects of LIPUS on human mesenchymal 
stem cell differentiation in simulated microgravity in vitro. 
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4.1 Abstract 

Adult stem cells can differentiate into multiple lineages depending on their exposure to 

differing biochemical and biomechanical inductive factors. Lack of mechanical signals due to 

disuse can inhibit osteogenesis and induce adipogenesis of MSC. Long-term bed rest due to 

brain/spinal cord injury and space travel can lead to disuse osteoporosis that is in part caused by 

a reduced number of osteoblasts. To induce osteogenesis under disuse conditions, it is essential 

to provide proper mechanical stimulation. The objective of this study was to examine the effects 

of low intensity pulsed ultrasound (LIPUS) on the osteogenic differentiation of adipose-derived 

human stem cells (Ad-HMSC). Cells were cultured in a 1D clinostat to simulate microgravity 

(SMG) and treated with LIPUS at 30mW/cm2 for 20 min/day. It was hypothesized that the 

application of LIPUS to SMG cultures would restore osteogenesis in Ad-HMSCs. The results 

showed significant increases in ALP, OSX, RANKL, RUNX2, and decreases in OPG in LIPUS 

treated SMG cultures compared to non-treated cultures. SMG significantly reduced ALP positive 

cells by 70%, p<0.01and ALP activity by 22% (p<0.05), while LIPUS treatment restored ALP 

positive cell number and activity to equivalence with normal gravity controls. Extracellular 

matrix (ECM) collagen and mineralization was assessed by Sirius red and Alizarin red staining, 

respectively.  SMG cultures showed little or no collagen or mineralization, but LIPUS treatment 

restored collagen content to 50% (p<0.05) and mineralization by 45% (p<0.05) in LIPUS 

treated-SMG cultures relative to SMG-only cultures.  The data suggests that LIPUS treatment 

can restore normal osteogenic differentiation of MSCs. 
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4.2 Introduction 

Adult mesenchymal stem cells (MSC) are multi-potent stem cells capable of self-renewal 

and differentiation into osteoblastic, adipogenic, myogenic, and chondrogenic lineages. Recent 

studies have examined the effects of the presence or absence of mechanical stimuli on 

commitment of MSCs to different lineages [216-218].  Mechanical vibrations, stress, and shear 

forces can all enhance osteogenic differentiation of MSCs while the lack of mechanical stimuli 

can induce adipogenesis [217, 219].  Luu et al. have shown that low magnitude mechanical 

stimulation (LMMS) induces osteogenesis and inhibits adipogenesis [220, 221] and MSCs 

extracted from LMMS treated mice show increased expression of RUNX2 relative to PPARγ 

[220]. A recent study by Yang et al. has shown that cyclic tensile strain increased RUNX2 

expression while inhibiting PPARγ in rat MSCs [222]. In contrast, lack of mechanical stress can 

induce adipogenesis and inhibit osteogenesis [155, 223]. Loss of gravity in space or lack of 

physical activity due to spinal/brain injury can significantly reduce mechanical stresses thus 

leading to decreased rates of osteogenesis and increased rates of adipogenesis [221]. The lack of 

mechanical stress during spaceflight induces bone loss of 1-2 % per month which can eventually 

lead to disuse osteoporosis [224].  

MSCs are progenitor cells to osteoblasts, and the detrimental effects of disuse on MSCs 

can significantly reduce their rates of proliferation and differentiation into osteoblasts [223]. 

Microarray analysis of MSC cultures in simulated microgravity (SMG) have shown reductions in 

expression of genes controlling the cell cycle, cytoskeleton, proliferation, and differentiation 

along with increased expression of apoptotic genes [155]. Furthermore, MSCs cultured in SMG 

had disorganized microfilaments and reduced F-actin polymerization [47, 223]. Huang et al. 

have shown that this is in part due to inhibition of the ERK1/2 and AKT pathways, leading to 
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reductions in proliferation, RUNX2, and ALP concomitant with increased PPARγ levels [47]. In 

general, lack of mechanical stimulus appears to force MSCs into a state of quiescence. 

To restore MSC self-renewal and osteogenic differentiation, it is essential to provide an 

anabolic mechanical signal, ideally one which can provide a localized mechanical stimulus. 

LIPUS produces pressure waves which induce biochemical events in bone cells [175-177]. The 

effects of LIPUS on intercellular activity, cytokine release [178], gene expression [179], calcium 

mineralization [180], Akt signaling [181], potassium influx [182], angiogenesis [183], adenyl 

cyclase activity, and TGF-b synthesis[184] have all been studied.  

LIPUS induced  mechanical deformations activate receptors on cell membranes such as 

integrins, mechanosensitive-calcium channels, G-proteins, IGF, TGF-β/BMP and gap junctions, 

activating different downstream pathways [181, 188, 190-193].These studies, and many others 

show that rates of bone formation are increased in the presence of LIPUS. 

A number of studies have specifically evaluated the effects of ultrasound on 

mechanotransductive pathways. Tang et al. reported on activation of the Akt pathway and p-13 

kinase, through aggregation of integrin expression, which resulted in induction of nitric oxide, 

hypoxia inducible factor-1, and increased activity of cox-2 in osteoblast cells [191, 192].  

Similarly, LIPUS treated osteoblasts show higher nuclear localization of β-catenin and activation 

of Wnt signaling [194].  A microarray study done on LIPUS treated osteoblasts showed 

enhanced gene expression of integrins, cytoskeletal components, TGF-β family members, IGF 

family members, MAPKs pathway, ATP-related, Guanine nucleotide binding protein family, 

lysyl genes, and apoptosis-associated gene families as compared to non-treated osteoblast [195-

198].These cellular level studies indicate that ultrasound treatment can activate 
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mechanotransductive pathways and significantly increase osteogenic differentiation in progenitor 

cells and promote osteogenic maturity in differentiated osteoblasts. Recent studies have also 

shown increased RUNX2, ALP, Collagen type 1, and integrin beta 1 expression in LIPUS treated 

MSCs [225]. Finally LIPUS exposure has been shown to enhance cell adhesion, focal adhesion 

formation, and increase proliferation in MSCs [225]. 

The catabolic effects of disuse are driven by inactivation of mechanotransductive 

pathways and they also severely affect MSC activity. As LIPUS exposure has 

mechanotransductive properties, it has the potential to induce mechanical stress in MSCs and 

promote osteogenic differentiation in microgravity or disuse conditions.  This study was 

performed to test the hypothesis that LIPUS exposure restores the osteogenic differentiation of 

SMG cultured MSCs. 
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4.3 Materials and Methods 

4.3.1 Rotation Microgravity Simulation 

A one-dimensional clinostat (1-D Clinostat) was developed to keep cells in continuous 1-

D rotation at a speed of 15 rpm around the horizontal axis. This resulted in an averaging out the 

net gravitational forces (Figure 11). Lee Silver et al. explained in detail the effects of 1-D 

rotation on cells and sub-cellular organelles with respect to gravity, showing that continuous 

rotation along the horizontal axis disables cells ability to respond to gravitational force and 

induces a lack of orientation. In our clinostat, the rotation resulted in a radial force less than 

0.045N. Further, the rotator is controlled by a variable speed motor and the holder is 80 mm 

(radius = 40mm) in width allowing it to holding 8 Opticell® (Nunc, VWR, Bridgeport, NJ.USA) 

cartridges.  

Each Opticell cartridge is 2 mm thick and MSCs were seeded on their gas-permeable 

polystyrene membranes. Each cartridge was filled with 10 ml of media and, to prevent fluid 

shear stress, all air bubbles were carefully removed. The clinostat was kept under sterile 

conditions at 37οC in 5%CO2 in a standard humidified incubator (Thermo scientific, Asheville, 

NC, USA) for the duration of all experiments. 
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Figure 11: 1-D Rotation and clinostat setup 

 

Figure 11: Simulated microgravity (SMG) bioreactor. A) One dimensional rotation results in net 
gravity vector of magnitude zero, thus producing simulated microgravity B) SMG bioreactor 
setup inside incubator with experimental and control samples setup. 
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4.3.2 Ultrasound Exposure: 

LIPUS stimulation was applied using an acoustic device, Sonicator® 740 (Mettler 

Electronics, Anaheim, CA) with a 10cm2 transducer (35mm diameter) utilizing a modified 

repetitive frequency at 100 Hz pulse, an ultrasound characteristic frequency of 1MHz and a pulse 

width of 200µs repeated at 100 Hz at an intensity of 30 mW/cm2 for 20 minutes/day. This type of 

LIPUS application at a modified low repetitive comparable dynamic frequency may lead to a 

new approach for noninvasive stimulation of bone turnover. The region of LIPUS treatment was 

marked with a 10cm diameter circle before the start of each experiment.  All stimulations 

targeted the same region of each Opticell and only those cells that were growing in the Region of 

Stimulation (RoS) were harvested and analyzed. The 3-5mm distance between the transducer and 

Opticell was filled with degassed water. 

4.3.3 Cell Culture:  

Adipose derived human Mesenchymal stem cells (Ad-hMSC, LifeLine, CA) were 

cultured in StemLife media (LifeLine, CA) at an initial seeding density of 250,000 cells/Opticell. 

Cells were distributed into five groups (n=4/group): 1) Control; 2) Gravity (G); 3) Gravity + 

LIPUS (GU); 4) SMG (M); and 5) SMG + LIPUS (MU).  All the groups were initially cultured 

in proliferation media (StemLife media) until 90% confluency was reached. After 90%,GU,M, 

and MU groups were supplemented with osteogenic factors (50ug/ml ascorbic acid, 10mM beta-

glycerolphosphate), while the control group was maintained in proliferation media to serve as a  

negative control for osteogenesis. Microgravity simulation of M and MU groups was started after 

initiation of osteogenic induction. GU and MU samples were stimulated with LIPUS for 20 min 

per day 5 days a week, for the duration of the experiments while the G and M samples were 

placed on a switched-off transducer for the same duration.  All cells were maintained at 37οC and 
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5% CO2 and the culture medium was changed every other day. 

4.3.4 Quantitative Real-Time PCR 

After 24 hours of SMG, MU and GU samples were exposed to LIPUS and immediately 

lysed with lysing buffer for RNA collection. The RNA from the control, G, and M was collected 

in similar fashion. Total RNA was extracted using RNeasy Mini Kit (Qiagen) and reverse 

transcribed using random primers and a High capacity RNA-to-cDNA kit (Applied Biosystems). 

The cDNA was then amplified using a StepOnePlus Real-time PCR system (Applied 

Biosystems). QPCR analyses were then performed for ALP, RUNX2, OSX, RANKL and OPG. 

4.3.5 ALP Activity: 

After 7 days of SMG, samples from all groups were washed twice with double distilled water 

and lysed using sonification. Cell lysates were incubated with p-nitrophenol phosphate (Sigma) 

at 37ºC for 1 hr. The enzymatic reaction was stopped using 1 M sodium hydroxide and 

absorbance was measured at 540nm (Bio-Tek EL800, Winooski, VT.USA) 

4.3.6 Fluorescence-activated cell sorting – FACS: 

Ad-HMSCs were trypsinized, washed with PBS, and stained with primary anti-bone 

alkaline phosphatase (abcam, ab17272) and secondary goat-anti mouse lgG1 heavy chain (FITC) 

antibodies (abcam, ab97239). After staining, the cells were washed, fixed with 1% formalin, and 

analyzed for ALP positive cells using flow cytometry. 

4.3.7 Collagen Staining: 

 After 12 days of treatment, the RoS were cut out of the Opticells and fixed in 4% 

paraformaldehyde for 30 min at room temperature. The samples were then stained with 1% pico-

sirius red for 1 hr and the cells were washed with acidified water (0.5 % acetic acid water) and 
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dehydrated with serial ethanol washes: 70%, 90%, and 100% (5 min each). Digital images were 

taken using polarized light microscopy (Nikon Diaphot 200, Melville, NY. USA)  at 2.5X 

magnification. After imaging, staining was eluted using sodium hydroxide and quantified at 

540nm optical density  

4.3.8 Matrix Mineralization:  

After 12 days of treatment, the RoS were cut out of the Opticells and the cells were fixed 

in 70% ethanol for 1 hr at room temperature. They were stained with 40mM alizarin red (pH 4.2) 

for 10 min, afterward washed with tap water, allowed to dry at room temperature and imaged 

using an Axiovert 2000M Inverted Microscope (Carl Zeiss, Axiocam MRC, Thornwood,NY). 

Following imaging, the stain was eluted off the cells in a solution of 10% cetylpyridinium 

chloride in 10mM sodium phosphate for 15 min. The eluted stain was then measured at 562nm in 

a spectrophotometer (Bio-Tek EL800, Winooski, VT, USA). All samples were quantified against 

an alizarin red standard curve in 10% cetylpyridinium and normalized to the total number of 

cells. 

4.3.9 Statistics:  

The GraphPad Prism 3.0 software was used to run statistical analyses. All of the data is 

presented in average ± standard deviation. One-way ANOVA with Newman Keuls Post -hoc was 

used to calculate significance within the different groups and time points. The p-values of <0.05 

were considered to be significant.  
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4.4 Results 

4.4.1 LIPUS increases expression of osteogenic genes in Ad-HMSC 

 PCR analyses were completed to assess the effects of SMG and LIPUS on the expression 

of osteogenic genes. SMG significantly reduced expression of all the genes analyzed (ALP, 

RUNX2, OSX, RANKL, and OPG) (Figure12). Application of LIPUS increased gene expression 

of ALP, RUNX2, OSX, RANKL (Figure 2a-d), and reduced expression of OPG (Figure 12e). 

MU samples showed significant increases in expression of ALP, RUNX2, OSX and RANKL 

relative to M samples, and restored the expression of these genes to levels seen in G samples 

(Figure12a-d). In the GU samples, LIPUS exposure showed positive correlations with osteogenic 

gene expression but no significant differences were found relative to G cultures. OPG expression 

levels went down significantly with application of LIPUS in the GU and MU samples (Figure 

12e). When combined with RANK-L expression, an increased RANKL/OPG ratio was seen 

following application of LIPUS with the highest ratio seen in GU and MU samples.  This finding 

suggests that LIPUS stimulation favors bone formation over bone resorption (Figure 12 f). 
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Fig 12: PCR analyses of osteogenic genes in response to SMG and LIPUS exposure. 
 a) ALP expression decreases in SMG and application of LIPUS significantly increases ALP 
expression; highest expression observed in MU samples.  
b) OSX gene expression significantly reduces in SMG and LIPUS exposure induces significant 
increase in MU samples relative to M samples. GU Samples show little effect on OSX 
expression relative to G samples.  
c) RUNX2 shows similar expression patterns as in ALP And OSX MU samples show significant 
increase compared to M samples and LIPUS exposure restores RUNX2 expression in HMSC.  
d) RANKL expression levels significantly reduce in M samples but not significantly compared to 
control. 
e) M samples showed significantly higher OPG expression than G, GU and MU samples. 
Exposure of LIPUS further reduces OPG expression ad-HMSC. 
f) RANKL/OPG ratio is indicative of osteogenic commitment: M samples show same ratio as 
Controls and LIPUS exposure significantly increased RANKL/OPG ratio. 
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4.4.2 LIPUS restores ALP positive population and ALP activity in Ad-HMSC 

ALP, a membrane bound enzyme is considered to be the initial marker of osteogensis as 

MSCs differentiate into osteoblasts. We looked at both the percentage of ALP positive cells and 

total AMP activity levels in ad-MSC under SMG with and without LIPUS exposure. SMG 

reduced the ALP positive population in M group, 70% less then G, resulting in levels similar to 

control (Figure 13). Exposure of LIPUS significantly increased the percentage of ALP positive 

cells in GU samples by 3% and restored ALP positive cells in MU samples in comparison to 

gravity controls (G). 

ALP positive cells and ALP activity were significantly reduced in M cultures relative to 

gravity controls (G)(Figure 13b).However, LIPUS stimulation increased ALP activity in GU 

samples by 45% and completely restored ALP activity in MU samples relative to G samples 

(Figure 13b).  
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a)                                                                                      b) 

 

 Figure 13. ALP positive popultion and activity.  
a) ALP positive popultion signigicantly goes down to levels of control in M cultures. Application 
of LIPUS restores the ALP postive population in MU samples and signifcantly increases in GU 
samples relative to G samples. 
b) ALP Activity showed same pattern as ALP postive population, as ALP activity in M sampels 
was signifcantly reduced and application of LIPUS restored ALP acitivity in differentiating cells. 
Application of LIPUS increases ALP acitvity in GU cultures. 
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4.4.3 LIPUS exposure significantly reverses SMG-induced decreases in collagen production: 

Collagen deposited by osteoblasts was measured using Sirius red (stains collagen, 

predominantly type I and III fibers). Histological/qualitative analyses showed a reduction in 

collagen level in the SMG exposed samples (M) and significant recovery due to stimulation with 

LIPUS (MU) as evidenced by dark red clusters of collagen evenly distributed throughout the 

RoS (Figure 14a).  The application of LIPUS on the GU samples resulted in a significant 

increase in collagen secretion as compared to the control (G) (Figure 14a).  In addition, while all 

three cultures, G, GU and MU showed variable collagen density (with scattered areas of lower 

and denser clusters of collagen), the M cultures showed weaker staining and overall low collagen 

density throughout the cultures, almost resembling the collagen levels in the G group (Figure 

14a). Further, quantitative measurement of the intensity of Sirius Red staining in these cultures 

identified a significant reduction of 21% of collagen secretion in the presence of SMG in 

comparison to the G samples (Figure 14b). In contrast, LIPUS stimulation reversed this trend and 

restored collagen levels to those observed in the G samples and actually enhanced collagen 

content in GU samples by 24% (Figure 14b). 
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Figure 14: Collagen Content and Quantification.  
a) Sirius Red stain showing collagen clusters forming in extracellular matrix. Control samples 
show little or no collagen and Gravity (G) samples showed evenly distributed collagen clusters 
over the ECM. Simulated microgravity (M) samples showed little or no collagen clusters and 
much more comparable to control cultures. Application of LIPUS to simulated microgravity + 
LIPUS (MU) samples apparently increased collagen content, making them more comparable to 
G samples. Gravity + LIPUS (GU) samples showed denser collagen clusters and formation of 
thick collagen fibers (scale bar 500um). 
b) Sirius red quantification showed a significant decrease in collagen content in M cultures to the 
levels of control. Application of LIPUS restores collagen content in MU cultures, making them 
more comparable to G samples. LIPUS exposure significantly increases collagen in MU and GU 
samples. 
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4.4.4 LIPUS exposure significantly reverses SMG-induced decreases in calcification: 

To further probe the positive effects of LIPUS stimulation on SMG-exposed cells, matrix 

calcification was investigated using Alizarin Red staining.   Results from these experiments 

showed even distribution of calcium phosphate in G cultures, but with LIPUS stimulation, a 

much denser and wider pattern of calcification was observed in ECM. (Figure 15a, GU). M 

cultures showed decreased levels of Alizarin Red staining comparable to the control samples 

(Figure 15a, M). LIPUS exposure in SMG (MU) samples showed increased distribution of 

calcium phosphate nodules resembling that seen with G (Figure 15a, G). LIPUS exposure also 

enhanced alizarin red staining in GU cultures, leading to the formation of denser positively 

stained clusters.  Further, after quantitatively measuring the concentration of the eluted dye, a 

75% decrease in matrix calcification was observed in M compared to G but with LIPUS 

stimulation it was increased by 45% in the MU cultures. Furthermore, there was a significant 

increase of 56% in the GU cultures in comparison to G (Figure 15b). 
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Figure 15) Matrix mineralization and Alizarin Red Quantification 
a) No or little mineralization was apparent in Control samples. Gravity samples showed 
formation of mineralized clusters distributed evenly over the area of ECM. M samples showed 
no visible clusters and ECM morphology comparative to Controls. Application of LIPUS in MU 
samples induced mineralization as calcium clusters are apparent in ECM and morphology was 
more comparable to G samples.GU cultures showed denser calcium cultures and with higher 
frequency (scale bare 500um).  
b) Alizarin red quantification showed significant decrease of ECM calcification in M cultures 
almost to the level of the control group. LIPUS exposure restored mineralization of ECM. 
Application of LIPUS significantly increased calcification in MU cultures relative to M and GU 
cultures relative to G. 
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4.5 Discussion:  

Mesenchymal stem cells are multipotent cells that play an important role in tissue repair 

and regeneration in adult humans. Recent studies have shown that both mechanical and 

biochemical stimuli are important for differentiation of stem cells into different lineages.  

Yamazaki et al.  showed that a lack of mechanical stress can inhibit osteogenesis and induce 

adipogenesis in bone marrow MSC [223]. MSC play an important role in bone remodeling being 

the progenitor cells to osteoblast cells and also affecting, osteoclastogenesis by the regulation of 

OPG. Disuse conditions due to brain/spinal injury or space travel can severely affect MSCs 

ability to differentiate into osteoblasts and alter the balance of the bone remodeling process 

leading to disuse osteoporosis. This study looked at the effects of LIPUS as a potential 

mechanotransductive stimulus to induce osteogenesis in SMG-MSCs cultures.  

In the presence of biochemical and mechanical stimuli MSCs differentiate into bone 

matrix secreting osteoblasts, characterized by elevated expression of ALP, Runx2, OSX, and 

RANKL along with secretion of matrix proteins.   The present study confirmed the inhibitory 

effects of SMG on osteogenic differentiation of MSCs; SMG cultures showed reduced 

expression of ALP, RUNX2 , OSX, RANKL and increase in OPG. In addition, SMG cultured 

MSCs showed fewer ALP positive cells and reduced ALP activity, which was more comparable 

to the non-induced MSCs (control). SMG cultured MSCs also showed little or no collagen 

production or matrix mineralization after 12 days of culture in osteogenic media. The data show 

that SMG-MSC (M)are drastically hampered from osteogenesis after 12 days of culturing in 

osteogenic media and instead resemble non-induced MSC cultures. These results confirm that 

lack of gravity or mechanical stress severely affects MSC osteogenic differentiation. Meyers et 

al. have reported similar results with ALP and RUNX2 expression and collagen content under 
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SMG [226].  The same study reported inactivation of the MAPK-ERK pathway due to reduced 

expression of collagen 1 in extracellular matrix leading to inhibition of Runx2 expression and 

osteogenesis [226]. Furthermore, Sheyn et al. have shown that SMG down-regulates genes 

regulating cell proliferation, differentiation, adhesion, cytoskeletal proteins, and cell 

communication and upregulates stress related genes in human MSCs [227]. 

LIPUS exposure increased expression of ALP, OSX, RUNX2, and RANKL and 

decreased OPG gene expression in SMG cultures and restored it to levels similar to normal 

gravity grown control samples.  RANKL and OPG are proteins secreted by osteoblasts and 

MSCs to control osteoclastogenesis. As MSCs differentiate into osteoblasts, the level of RANKL 

increases while that of OPG decreases. LIPUS exposure increased the RANKL/OPG ratio in 

normal and SMG cultures, thus enhancing osteogenic differentiation of MSCs. Similarly, recent 

studies by Liu et al. have shown that static and dynamic pressure can increase the RANKL/OPG 

ratio in early osteogenesis [228]. These findings correlate well with our study as LIPUS is an 

acoustic pressure wave providing localized and targeted stimulation. On the contrary, Rubin et 

al. has reported that cyclic strain reduces RANKL expression in murine marrow stem cells [229]. 

It is speculated that different mechanical stimuli can induce different responses in MSCs. 

Detailed study of mechanical stimuli relative to corresponding mechanotransductive pathways is 

required to understand MSC role in osteoclastogenesis and osteogenesis.  

ALP positive population and activity increased with exposure to LIPUS stimulation. 

SMG cultures had little or no ALP positive cells; application of LIPUS restored ALP positive 

cells. ALP, a membrane bound enzyme, functions to catalyze phosphate addition to calcium ions 

resulting in the formation of hydroxyapatite crystals and matrix mineralization. Since ALP 

expression is known as an early osteogenic marker, increases in ALP positive cell numbers and 
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ALP activity is indicative of MSC osteogenic differentiation as seen in the LIPUS treated 

cultures. 

 Collagen and matrix mineralization also increased with the application of LIPUS. 

Collagen is an extracellular matrix protein that facilitates cellular adhesion, mineralization, and 

mechanotransduction through integrin alpha 2 and beta 1[226]. The reduction of collagen content 

inhibits integrin α2β1 activation, formation of focal adhesion complexes and MAP-ERK 

pathways, which are essential from osteogenic induction. LIPUS exposure restores collagen in 

ECM resulting in increased cellular adhesion, matrix mineralization and activation of MAPK-

ERK pathway.  

The lack of mechanical stimulus can severely impair the ability of MSCs to differentiate 

into osteoblasts. Studies have shown downregulation of the focal adhesion complex, MAPK and 

TGFβ signaling pathways in MSCs under SMG. LIPUS is known to induce acoustic streaming in 

interstitial fluid and localized mechanical vibrations in the ECM [185] resulting in the local 

deformation of cell membranes and shear stresses and strains to osteoblasts [163, 164, 186-189]. 

These mechanical deformations subsequently activate integrin, mechanosensitive-calcium 

channels, G-proteins, IGF, TGF-β/BMP and gap junctions, activating different downstream 

pathways [181, 188, 190-193]. As such, these studies indicate that the LIPUS treatment can 

activate mechanotransductive pathways and significantly increase osteogenic differentiation in 

stem cells. 

The objective of this study was to investigate the effects of LIPUS on osteogenic 

differentiation of MSCs in disuse conditions. Application of LIPUS increased the expression of 

osteogenic genes along with increasing ALP activity and expression. LIPUS treated SMG 

cultures had higher collagen content in ECM and more matrix calcification. Further studies are 
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needed to understand underlying mechanotransductive pathways and the effect of LIPUS on 

early osteoclastogenesis/osteogenesis in MSCs. Taken together, we conclude that LIPUS 

provides the essential mechanical stimulus to induce osteogenesis in a SMG environment and 

has the potential to be used as a therapy for disuse osteoporosis due to space travel, long-term 

bed rest, and brain/spinal cord injuries. 
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Chapter 5 

 

 

 

 

 

LIPUS Induces Osteoblastic Activity in Simulated 
Microgravity Cultures 

 

 

 

 

 

 

 

Specific Aim 3: Evaluate the effects of  LIPUS on osteoblast activity 

during simulated microgravity in vitro 
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5.1 Abstract: 

Microgravity (MG) is known to induce bone loss in astronauts during space travel.  The 

bone loss is caused by a lack of mechanical stress due to the absence of gravity. Mechanical 

stimulation can be used to provide essential signals to bone cells and potentially serve as 

countermeasure to the catabolic effects of MG. The objective of this study was to examine the 

effects of low intensity pulsed ultrasound (LIPUS) on osteoblasts in a simulated microgravity 

(SMG) environment (created using a 1D clinostat bioreactor).Specifically, we evaluated the 

hypothesis that osteoblasts’ (human fetal osteoblastic [Hfob] cell line) exposure to LIPUS for 20 

min per day at 30 mW/cm2will significantly reduce the detrimental effects of SMG. Effects of 

SMG and LIPUS were analyzed using the MTS assay for proliferation, Phalloidin for F-actin 

staining, Sirius red stain for collagen and Alizarin red for mineralization. Our data show that 

osteoblast exposure to SMG results in significant decreases in proliferation (38% and 44% at day 

4 and 6, respectively, p<0.01), collagen content (22%, p<0.05) and mineralization (37%, p < 

0.05) and actin stress fibers. In contrast, LIPUS stimulation under SMG conditions significantly 

increases the rate of proliferation (24% by day, p<0.05), collagen content (52%, p < 0.05) and 

matrix mineralization (25%, p<0.001) along with restoring formation of actin stress fibers in the 

SMG-exposed osteoblasts. These data suggest that the acoustic wave can potentially be used as a 

countermeasure for MG-induced bone loss. 
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5.2 Introduction 

Microgravity (MG) induced during extensive space-flight can significantly reduce bone 

mineral density (BMD). Overall, 1-2% monthly loss of BMD is observed during a typical 3-6 

month space mission, in which, greater bone loss was observed in the weight-bearing sites, 

especially in the low extremity and lumbar spine [224, 230]. Further, ~20-30% total bone loss is 

expected in a 30-month manned mission to Mars [142, 231], which will significantly hamper the 

astronauts bone’s structural and physiological function. Thus, it is important to understand the 

effects of MG on skeletal remodeling, both on local osteoblast/osteoclast coupling and on 

systemic hormones (PTH, calcitonin, etc.) and how they may influence bone metabolism. To 

make long term space exploration possible, it is imperative that an effective countermeasure 

against the catabolic effects of MG can be developed. This countermeasure should be able to 

maintain the integrity of the skeleton’s mechanical and physiological, as well as have the 

capacity to meet the technical challenge in space, e.g., noninvasive, lightweight, and portable. To 

address such a challenge, astronauts usually spend ~2.5 hrs/day exercising (running and weight 

lifting while in space flight), but this is still not sufficient enough to attenuate their bone loss. 

Promising studies have shown anabolic effects using drugs and growth factors, but long-term 

effects of pharmacological agents are still unclear. Furthermore, drugs have mostly systemic 

effects, are not as effective in space, and can become prohibitively expensive over an extended 

period of time [158]. 

To understand the underlying biological processes behind the observed bone loss, in vitro 

studies were conducted at the International Space Station using various types of bone cells. For 

example, osteoblasts cultured in space showed significant reduction in glucose utilization, rate of 
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proliferation and mineralization [140-143] and severely affecting cytoskeletal organization and 

cell adhesion [232]. 

Conducting in vitro studies at the Space Station is greatly limited by access and can be 

expensive with many technical difficulties. Therefore, to address these disadvantages, different 

ground base SMG models have been developed and utilized.  The two most commonly used 

SMG models are the Rotating Wall Vessel (RWV) [150, 151] and Random Position Machine 

(RPM) [152]. Studies conducted using these SMG models showed down-regulation of a number 

of bone related genes including alkaline phosphatase (ALP), runt-related transcription factor 2 

(RUNX2), parathyroid hormone receptor 1 (PTHr1), bone morphogenetic protein 4 (BMP4), 

procollagen and osteoglycin, as well as significant reductions in the formation of calcium 

nodules and collagen matrix formation [151, 155].  Lastly, osteoblasts grown in SMG also show 

similar effects on morphology, cytoskeleton, apoptosis and gene expression as those cultured 

during space flight [151, 155].   

In the past decade researchers have also explored the anabolic effects of various 

mechanical stimulatory signals, namely vibration, fluid flow, and ultrasound on the skeleton. 

Specifically, low-intensity pulsed ultrasound (LIPUS) was applied in vivo and showed reversal 

of osteopenia and bone fracture healing [170-172]. Additionally, LIPUS exposure induced 

anabolic events in bone cells [175-177, 233], cytokine release [178], increased mRNA 

expression of RUNX2. ALP, Osterix (OSX) and collagen 1[179], calcium mineralization of 

ECM [180], Akt pathway activation[181], potassium influx[182], angiogenesis[183], adenyl 

cyclase activity and TGF-β synthesis, resulting in increased osteogenesis of bone stromal cells  

[184]. 
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Despite these effects, the exact mechanism through which LIPUS enhances bone cell 

properties and increases the rate of bone formation remains unknown. As such, we attempted to 

further explore the effects of LIPUS by testing the hypothesis that LIPUS serves as aneffective 

countermeasure for the detrimental effects of SMG on osteoblast activity and morphology. 

Herein, we show that LIPUS positively regulates actin stress fiber polymerization, proliferation, 

and matrix mineralization in human osteoblasts. 
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5.3 Materials and Methods 

5.3.1 Rotation Microgravity Simulation 

A one-dimensional clinostat (1-D Clinostat) was used as described in section 4.3.1.  

5.3.2 Ultrasound Exposure: 

Ultrasound exposure and setup were kept identical to setup described in 4.3.2. 

5.3.3 Cell Culture:  

Human fetal Osteoblasts (Hfob 1.19, ATCC, Manassas,VA.USA) were cultured in 

DMEM:F12 media supplemented with 15% FBS, 0.3mg/ml G418with an initial seeding density 

of 250,000 cells/Opticell. Cells were distributed into four groups (n=4/group):1) Gravity (G); 2) 

Gravity + LIPUS (GU); 3) SMG (M); and 4) M + LIPUS (MU).  GU and MU samples were 

stimulated with LIPUS for 20 min/day for the duration of the experiments while G and M 

samples were placed on a switched-off transducer.  All cells were maintained at 37οC and 5% 

CO2and the culture medium was changed every other day. 

5.3.4 Cell layer Deformation:  

Hfob cells were allowed to reach confluency and form a monolayer in Opticells (visually 

inspected using a light microscope). Cells were kept under simulated MG for 7 days and the cell 

layer was observed for structural integrity using bright field microscopy (Axiovert 200, Carl 

Zeiss, Thornwood, NY, USA).   

5.3.5 Proliferation Assay:  

Hfob cells were cultured at 250,000/opticell and were allowed to adhere to the Opticell 

surface for 24 hr before being subjected to the clinostat. Daily LIPUS was applied after 24 hr of 

MG. Samples were collected at Day 2, 4 and 6 and each RoS was cut out of the Opticell and 
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processed with an MTS reagent (Invitrogen) in serum-less DMEM per manufacturer’s 

instructions. Briefly, the cells were incubated for 4 hours at 37οC, 5% CO2 with the MTT reagent 

followed by lysis with DMSO for 10 min.  Finally, the supernatant was analyzed at 540nm in a 

spectrophotometer (Bio-Tek EL800, Winooski, VT.USA). 

5.3.6 Collagen Staining: 

Staining protocol details were kept identical to one described in section 4.3.6 

5.3.7 F-Actin Staining:  

Hfob cells were seeded at initial density of 100,000 cells/opticell and were allowed to 

adhere for 24 hr. The cells were cultured in MG for 3 days and then fixed in 10% formaldehyde 

buffer for 15 min at room temperature and washed with PBS. The cell membrane was 

permeabilized using 1% Triton-X100 for 10 min followed with three, 5 min PBS washes. The 

cells were then blocked with 1% BSA and incubated with Rhodamine-conjugated Phalloidin for 

20min and mounted using Vectashield mounting medium containing DAPI (Vector labs, 

Burlingame,CA). Finally, the cells were imaged at 100x using an Axiovert 2000M Inverted 

Microscope (Carl Zeiss, Thornwood, NY, USA). 

5.3.8 Matrix Mineralization:  

Experimental procedure and methods were kept identical to section 4.3.7 

5.3.9 Real Time Quantitative PCR 

Experimental methods were kept consistent with section 4.3.4. Gene expression was 

analyzed for RUNX2, OSX and RANKL. 
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5.3.10 Statistics:  

GraphPad Prism 3.0 software was used to run statistical analyses. All data is presented in 

± standard deviation. One-way ANOVA with Newman Keuls Post hoc was used to calculate 

significance within the different groups and time points. A p value of <0.05 was considered to be 

significant.  
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5.4 Results 

5.4.1 Simulated microgravity disrupts the cellular monolayer: 

As osteoblast function is highly dependent on the ECM, any deficiency in the quality of 

the ECM will negatively affect osteoblast activity. As such, we investigated the effects of MG 

and LIPUS on the integrity of the cellular monolayer. During SMG cells were observed daily and 

after 7 days of SMG, M samples displayed dark areas that represent disruptions in the cell 

monolayer (Figure 16, M, arrows). In contrast, the gravity control samples (G) maintained a 

uniform and intact cell monolayer (Figure 16, G). 

Figure 16: Osteoblast – Cell Layer Deformation 

 

Figure 16: SMG induces gaps in cellular layer. Bright field microscopy was conducted on Day 7, 
bright field microscopy of primary osteoblasts in the presence of SMG (M) and Gravity (G).  
Images clearly show gaps within the cell monolayer of the M cultures (arrows) as compared to 
the G. Scale Bar = 100µm 
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5.4.2 LIPUS exposure significantly reverses SMG-induced decreases in osteoblast 

proliferation: 

The observed non-uniform cell layers in M samples are indicative of either a reduced rate 

of proliferation or a compromised ECM.  Thus, we decided to examine these possibilities starting 

with cell proliferation.  Results from these experiments showed that the rate of proliferation is 

significantly reduced in samples exposed to SMG (M) by 38% (p<0.01) and 45% (p<0.01), on 

day 4 and 6 samples, respectively (Figure 17). The application of LIPUS reversed this trend and 

in fact, it increased cell proliferation by 24% (p<0.05) and 19% (p<0.001), when compared to the 

M samples at day 4 and 6, respectively (Figure 17).  In contrast, LIPUS stimulation had no major 

effect on cell proliferation in the gravity samples (GU) as compared to the control (G)(Figure 

17). 
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Figure 17: Osteoblast Proliferation 

 

Figure 17: LIPUS exposure significantly reverses SMG-induced decreases in Osteoblast 
proliferation. Osteoblast proliferation (n=4) is shown in the various conditions (G, GU, M, MU) 
and time (Day 2, 4 and 6). G cultures show a steady rate of proliferation whereas SMG 
significantly reduces osteoblast proliferation. LIPUS exposure increases proliferation rate in 
SMG (* P<0.05, ** p<0.01,***p<0.001). Osteoblasts show significant growth between day 2 to 
4 and 6(p<0.01). SMG cultured cells show no significant proliferation between days 2-4 and 4-6 
(p>0.05). LIPUS stimulation induces significant proliferation between days 2-4 and 2-6 
(p<0.05).  
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5.4.3 LIPUS exposure significantly reverses SMG-induced decreases in collagen production:  

As we postulated earlier, disruption of the cell monolayer in the presence of SMG may 

also be due to a compromised ECM. Thus, we sought to measure the amount of secreted collagen 

by osteoblasts using Sirius red (stains collagen, predominantly types I and III fibers). 

Histological/qualitative analyses show a reduction in collagen staining in the SMG exposed 

samples (M) and significant recovery when stimulated with LIPUS (MU) (dark red patches of 

collagen distributed evenly in extracellular matrix, Figure 18a).  The application of LIPUS on the 

G samples (GU) did not result in any significant increase in collagen secretion as compared to 

the control (G) (Figure 18a).  In addition, while all three cultures, G, GU and MU showed 

variable collagen density (with scattered areas/loci of lesser and denser collagen patches), the M 

cultures showed weaker and overall very low collagen density throughout the culture (Figure 

18a).Further, when we quantitatively measured the intensity of the staining in these cultures we 

detected a significant reduction (22%, p<0.05) of collagen secretion in the presence of SMG in 

comparison to the G cells (Figure 18b).In contrast, LIPUS stimulation reversed this trend and in 

fact, restored collagen levels to those observed with the G and GU samples (Figure. 18b). 

Specifically, LIPUS stimulation decreased the loss of collagen in the presence of SMG by 52% 

(p<0.05) (Figure 18b). 
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Figure 18: Osteoblast – Collagen ECM Content 

 

 

Figure 18: LIPUS exposure significantly reverses SMG-induced decreases in collagen 
production. 
A) Sirius Red Staining: G samples show evenly distributed collagen fibers. LIPUS stimulation 
(GU) increased the stain intensity of collagen fibers in the ECM. Cell cultures in SMG (M) show 
minimal collagen fibers, whereas exposure of LIPUS increases collagen staining. MU samples 
show uneven collagen distribution. Scale Bar = 500µm 
B) Quantitative measurement of Sirius Red stain as a function of collagen content: Significant 
decrease in collagen in SMG; LIPUS treatment recovers collagen content in the ECM (* p < 
0.01).  
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5.4.4 LIPUS exposure significantly reverses SMG-induced decreases in calcification: 

To further probe the positive effects of LIPUS stimulation on SMG-exposed cells, we 

investigated matrix calcification using alizarin red staining.   Results from these experiments 

showed an even distribution of calcium phosphate in G cultures, but with LIPUS stimulation, we 

observed a much denser and wider presence of stained patches of calcified matrix (Figure 19A, 

GU).  Alizarin red staining was less evenly distributed in the M cultures with apparent areas of 

no staining, probably due to the reduced number of cells and collagen (Figure 19A, M). This was 

again reversed in the presence of LIPUS (MU) whereby the formation of calcium phosphate 

nodules resembled that seen with GU (Figure 19a, GU).  Further, when we quantitatively 

measured the concentration of the eluted dye, we found a 37% (p<0.05) decrease in matrix 

calcification in M as compared to G but with LIPUS stimulation it was increased by 25% 

(p<0.01) in the M cultures. Although there was a slight increase (16%) in the GU cultures in 

comparison to G, it was not statistically significant. 
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Figure 19: Osteoblast –Matrix Mineralization 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: LIPUS exposure significantly reverses SMG-induced decreases in Osteoblast matrix 
calcification. 
A) Calcification of ECM: G cultures shows evenly distributed calcified matrix and with LIPUS 
stimulation denser patches (white arrows GU) are visible. In contrast, M cultures show a 
dispersed calcification pattern with areas of no calcification (black arrow M). LIPUS exposure 
increases the area of calcified matrix and formation of denser calcium nodules (MU).Scale Bar = 
500µm 
B)Quantification of ECM Calcification: SMG induced osteoblasts show 47% less matrix 
calcification than G controls. LIPUS restores matrix calcification significantly by 25%. (*p 
<0.05, **p<0.01). GU cultures show positive calcification trends after 14 days of LIPUS 
exposure. 
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5.4.5 LIPUS exposure increased expression of osteogenic genes while reducing expression of 

osteoclastogenic genes. 

PCR analyses were done to investigate the effect of LIPUS on osteogenic gene, specifically 

RUNX2, OSX and RNAKL, on ostoeblasts cultured under SMG conditions. RUNX2 and OSX 

expression showed downregulation after 24 hours of SMG. MU samples showed significant increases in 

RUNX2 and OSX immediately after LIPUS stimulation. GU samples showed little to no increase in 

RUNX2 and OSX expression levels after LIPUS stimulation. 

RANKL expression was studied to see the effects of LIPUS on osteoclastogensis when exposed to SMG 

conditions. RANKL expression didn’t show significant change due to SMG, however LIPUS exposure 

significantly decreased RANKL expression (Figure 20, p<0.0.5) in MU cultures relative to G and M. 
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Figure 20: Osteoblast PCR Results 
a)                               b) 
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c) 

 

 

Figure 20:  LIPUS increases osteogenic genes expression and reduces osteoclastogenic gene expression.  
a) RUNX2 showed no change in GU but was significantly reduced in M cultures. Application of LIPUS 
increased RUNX2 expression significantly relative to M cultures. 
b) OSX decreased significantly in M cultures and application of LIPUS increased OSX expression 
significantly in MU but didn’t show any significant changes in Gravity samples. 
c) RANKL expression showed decreases M; exposure of LIPUS further decreased RANKL expression in 
MU cultures and showed little reduction in GU cultures.  
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5.5 Discussion  

The experiments, reported herein using the 1-D clinostat to generate simulated MG, 

confirm previous in vitro experiments conducted both in space and under SMG conditions on the 

ground[146, 147, 230] that this experimental setup is capable of inducing SMG.  Further, it 

enabled us to test the hypothesis that LIPUS can serve as a countermeasure for MG-induced 

bone loss. 

 Application of LIPUS significantly restored the functional and morphological changes in 

human osteoblasts as induced by SMG.  The observed disruption in the cell monolayer in the 

presence of SMG resulted from both, the reduction in the rate of proliferation and decreased 

ECM leading to reduced cell adherence. Initially, we showed that SMG inhibited osteoblast 

proliferation which was fully restored in the presence of LIPUS but not to the level of the control 

cells.  It is well known that mechanical stimuli enhance the differentiation of osteoblasts, which 

can lead to a reduced rate of proliferation [234].The same observation has been made by Pre et 

al. (2009) with low-amplitude high frequency mechanical vibrations [235].In contrast, other 

studies have shown increased osteoblast proliferation during LIPUS exposure [236, 237].  While 

Chen et al. used signals of 50, 100 and 150 mW/cm2 for 3 min per day, our study used 

30mW/cm2 for 20 min per day, and perhaps it is possible that the difference in intensity and time 

resulted in the observed changes in cell proliferation. Raucci et al. (2008) have argued that the 

relative activation of the ERK and AKT pathways determines the tendency of osteoblasts 

towards differentiation or proliferation [234]. Specifically, high ERK expression induced 

osteoblast proliferation and increased expression of AKT enhanced differentiation. In addition, 

Ultrasound stimulation is known to upregulate the ERK1/2-MPAK pathways through activation 

of integrins [159, 238, 239] andvarious studies have shown activation of the AKT pathway after 
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LIPUS exposure [240, 241]. Thus, it is possible that different intensities and durations of 

treatment may affect different mechanotransductive pathways. Unfortunately, it is still unclear 

how and if LIPUS regulates the synergy between ERK-MPAK and AKT pathways. Alvarenga et 

al. showed increased proliferation at days 5 and 7 in primary osteoblast cultures when stimulated 

with LIPUS (30mw/cm2, 20 min per day, 1.5 MHz) and as such it was speculated that different 

cell types and stimulation frequency can potentially affect the cellular response to LIPUS. More 

in depth studies are required to fully understand the exact LIPUS effects on rate of proliferation 

relative to different signal parameters.  

SMG has also been found to reduced the amount of collagen in the ECM leading to 

decreased osteoblast adhesion and even induced cell death [242].This is consistent with our data 

where we showed that LIPUS exposure restored the amount of collagen in MU compare to the M 

cultures showing areas with little or no staining, probably due to a reduced number of cells as a 

result of apoptosis (but this was not experimentally verified). Interestingly, LIPUS stimulation 

did increase collagen content in the GU cultures, indicating that the ultrasound signal is capable 

of stimulating collagen production, under normal conditions. 

LIPUS stimulation also increased the SMG-induced reduction in matrix mineralization. 

Specifically, the LIPUS treated SMG samples showed a 25% increase in mineralization in 

comparison to the untreated M cultures, but this is significantly lower than the controls (G).  Our 

mineralization study was conducted over 14 days and it is possible that extended exposure of 

LIPUS can continue to increase mineralization in the GU samples. The LIPUS-induced increase 

in mineralization in the cultures exposed to SMG conditions is probably due to an increase in the 

number of osteoblasts, higher content of collagen secretion and an overall increase in 

osteoblastic activity. This study extends the findings of other studies using LIPUS as anabolic 
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stimuli in bone cells.  For example, Suzuki et al. showed that daily application of LIPUS for 14 

days increased the expression of RUNX2, ALP, Dlx5, BMP-2 and OSX, as well as the matrix 

calcification in rat osteoblast cells. The anabolic effects of LIPUS were also reported in various 

animal models of bone fracture healing and ovaricectomy [243, 244]. These studies, along with 

our data, suggest that LIPUS can potentially be used to reverse the detrimental effects of MG on 

the mammalian skeleton. 

This study showed that LIPUS stimulation induced increased F-actin polymerization, 

which is known to play an critical role in both the tensegrity and mechanosome concepts of 

mechanotransduction[245]. Tensegrity is based on the transmission of applied forces on a cell 

membrane to chromosomes resulting in chromosomal deformations and changes in transcription 

[246]. This is highly dependent on the continuous transfer of forces from the plasma membrane 

to chromosomes through intact connections of the cytoskeletal actin stress fibers to the plasma 

and nuclear membranes [246, 247]. The mechanosome theory is based on localized changes on 

the plasma membrane, specifically, the induction of conformational changes on cell surface 

proteins leading to activation of different signaling pathways and resulting in transcriptional 

changes [248].  Thus, actin plays an important role in the conduction of mechanical 

conformational changes of cell surface receptors to the activation of downstream signaling 

pathways.  Further, it is also known that acoustic vibrations caused by LIPUS lead to 

conformational changes in integrin receptors and activate downstream mechanotransductive 

pathways [249]. Yang et al. has shown increased integrin expression after ultrasound stimulation 

in osteoblast cells [193], thereby activating the ERK1/2-MAPK downstream pathways [192]. 

Kook et al. has also shown that the ERK pathway plays an important role in collagen expression 

[250]. Since osteoblasts are known to mineralize bone matrix along collagen fibers [251-253]), 
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any decrease in collagen content will lead to a reduction in osteoblast adhesion to the ECM as 

well as a reduction in matrix mineralization.  On the other hand, reduced numbers of F-actin 

stress fibers in MG can inhibit the integrin mediated ERK1/2 pathway, resulting in a reduced rate 

of proliferation and ultimately resulting in low collagen production and overall matrix 

mineralization (as observed with the SMG exposed samples).  It would be interesting in future 

studies, to determine whether the structural properties of collagen and calcium phosphate crystals 

are altered in SMG conditions.  

SMG significantly reduced the expression of RUNX2, OSX and RANKL. LIPUS 

exposure restored RUNX2 and OSX expression but further reduced expression of 

RANKL.RUNX2 and OSX are established osteogenic markers and increased levels of RUNX2 

and OSX indicates anabolic effects due to LIPUS treatment. Conversely, RANKL is known to 

induce osteoclastogenesis and osteoclast activity, thus the reduced RANKL expression seen in 

LIPUS treated groups (MU & GU) is indicative of the anti-resorptive effects of LIPUS 

stimulation in osteoblast cultures. Gene expression analysis confirmed LIPUS as an anabolic and 

anti-resorptive stimulus for osteoblast cells. 

The objective of this study was to test the hypothesis that LIPUS serves as an effective 

countermeasure for the detrimental effects of SMG on osteoblast activity and morphology.  We 

found that application of LIPUS significantly increased the rate of osteoblast proliferation and 

restored F-actin polymerization.  Further, the collagen content was fully restored and 

mineralization showed significant increase with LIPUS exposure relative to SMG cultures.   

Taken together, we conclude that LIPUS can successfully serve as a countermeasure to the 

detrimental effects of MG on osteoblasts. LIPUS can potentially provide a non-invasive and 

targeted therapy for astronauts in space as ultrasound transducers or arrays can be designed such 



120 

 

that they adhere to the region of interest (i.e. limbs and spine) and operated by rechargeable 

batteries.   Regardless, further studies are required to completely understand the molecular 

mechanism(s) by which LIPUS induces mechanotransduction in osteoblasts before it can be 

accepted as a “true” countermeasure for microgravity-induced bone loss. 
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Chapter 6 
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6.0   Conclusion  

The objective of this study was to study the effects of ultrasound as a countermeasure to the 

catabolic effects of MG on osteoblast and mesenchymal stem cells in an in vitro simulated microgravity 

system and on bone quality and architecture in a HLS model.  The study was designed in three specific 

aims, the first specific aim examined the effects of LIPUS on disuse bone structural integrity and 

mechanical properties, the second specific aim was designed to investigate LIPUS effects on osteogenic 

differentiation in MSG conditions; and lastly, the third specific aim targeted osteoblastic activity in SMG 

with and without LIPUS stimulation. The in vivo study showed LIPUS partially restored bone structural 

integrity in a disuse model, as evidenced MicroCT and histomorphometry data, showing significant 

increases in BV/TV, BMD and trabecular thickness. Detailed analysis of histomorphometry data also 

revealed increased bone formation rate in the endosteal surface of the proximal tibia. Furthermore, LIPUS 

did not show any adverse effects on non-suspended nice, indicating that LIPUS only targeted area of bone 

loss and did not negatively affect healthy bone tissue. The endosteal surface is enriched with MSCs and 

osteoblasts, which plays a pivotal role in bone formation. Increased bone formation in the endosteal 

surface indicated LIPUS effecting bone formation and thus differentiation of MSCs and osteoblast 

activity.  LIPUS exposure increased ALP activity, matrix collagen content and mineralization. LIPUS 

treated MSCs showed increased expression of RUNX2, OSX and ALP. LIPUS also increased the 

RANKL/OPG ratio; RANKL is predominantly excreted by pre-osteoblast and osteoblast lineage cells, 

thus an increase in RANKL indicates an increase in osteogenesis. That said, RANKL is essential also for 

osteoclastogenesis and osteoclast maturation, thus, increasing osteoclast number and activity. Further 

studies are required to understand the underlying role of early MSC osteogenic differentiation in 

osteoclastogenesis.  LIPUS exposed osteoblasts showed an increase in osteogenic activity in SMG as well 

as an increase in osteoblast proliferation, matrix collagen and mineralization. LIPUS restored expression 

of RUNX2 and OSX in osteoblast and further decreased RANKL expression, indicating a decrease in 

osteoclastogenesis.   
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Collectively, the data suggest LIPUS has the strong potential to provide an essential 

mechanotransductive anabolic stimulus to counter measure disuse-induced bone loss while showing no 

adverse effect on healthy bone.  This study showed increased structural and mechanical integrity in 

LIPUS treated disuse bones. Furthermore, LIPUS increased MSCs osteogenic differentiation and 

osteoblastic activity in SMG. RANKL expression decreased in LIPUS treated osteoblast cells, indicating 

decreased osteoclastogenesis but on the contrary, the RANKL/OPG ratio increased in LIPUS treated 

disused MSCs.  RANKL is highly expressed in osteoblasts while OPG is predominately excreted by 

MSCs, thus an increased RANKL/OPG ratio is more indicative of increased osteogenesis but detailed 

studies are required to examine this in further. 
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Chapter 7 

 

 

 

 

Limitations and future studies 
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7.0  Limitation and Future Studies 

Bone remodeling is regulated by bone formation and resorption which in turn controlled by 

osteoblasts, osteocytes and osteoclasts coupled with the differentiation potential of their respective 

progenitors, MSCs and HSCs. This study focused on the bone formation aspects of bone remodeling. 

Previous studies have shown increased osteoclastogenesis and osteoclast activity during microgravity or 

disuse conditions [232, 254]. Results from this study showed LIPUS decreased osteoblast RANKL 

expression in SMG conditions but increased RANKL in MSCs. Thus it is not clear if LIPUS will increase 

or reduce osteoclastogenesis. Experiments need to be designed to study the effects of early osteogenic 

differentiation on osteoclastogenesis. Furthermore, co-culture experiments should be designed to see the 

effects of MSC osteogenesis and/or osteoblast activity on osteoclast differentiation and activity, both with 

and without LIPUS stimulation.  

The in vivo study also focused on bone formation and the changes brought about due to disuse and 

application of LIPUS, but did not consider bone resorption/osteoclastogensis/osteoclastic activity, which 

is the other half of the bone remodeling equation. Future studies are needed to investigate osteoclast 

numbers and activity under disuse conditions, and this could be done by analyzing bone for BMU units 

and microfractures. The current study showed a significant decrease in mechanical properties at the mid 

diaphysis but micro CT data didn’t show a corresponding decrease in cortical BMD. It is speculated that 

disuse can affect matrix collagen alignment and structure but further research is required to thoroughly 

examine collagen content and alignment in cortical bone. The data from this study showed that LIPUS 

can be used as a countermeasure for disuse induced bone loss; That LIPUS reduced bone loss partially, 

considering the treatment was limited to 20 min per day 5 days a week, while animals were in suspension 

continuously over the period of 4 weeks, it is speculated that increasing the number of stimulations per 

day may reduce bone loss further.  
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This study focused on the anabolic effects of LIPUS on bone in disuse conditions, and further 

investigated MSCs differentiation and osteoblast activity in SMG conditions, with and without LIPUS. To 

optimize the anabolic effects of LIPUS it is important to study the cellular and molecular mechanisms. 

This study didn’t look at mechanotransductive pathways with respect to LIPUS stimulation. The ideal 

next step for this study will be to study LIPUS and different mechanotransductive pathways.  

In summary, LIPUS has the potential to be an anabolic agent to induced bone formation in disuse, 

both in vivo and in vitro disuse models. LIPUS reduced bone loss in HLS mice over 4 weeks of 

suspension, specifically reducing loss of trabecular BV/TV, Tb.Th, BMD and increasing BS/BV. 

Dynamic histomorphometry confirmed MicroCT data and showed an increased bone formation rate in 

LIPUS treated disuse bone, with most of that bone formation limited to the endosteal surface. Cortical 

bone showed improved biomechanical properties, as LIPUS increased Young’s modulus and ultimate 

strength of disuse bone. LIPUS increased osteogenic differentiation of MSCs in SMG. It also increased 

ALP positive cells and ALP activity along with increasing matrix collagen content and mineralization. 

LIPUS treated MSCs showed increased expression of the osteogenic genes RUNX2, ALP, and OSX.  

Osteoblast activity was severely compromised in SMG conditions and LIPUS exposure increased 

osteoblast proliferation and matrix collagen and mineralization. LIPUS increased expression of RUNX2 

and OSX expression in SMG osteoblast cultures.  
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