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Microgravity (MG) during space flight is known bave adverse effect on bone quality
and quantity. Data collected from studies condiicte astronauts show a loss of 1-1.6% bone
mineral density (BMD) per month of space-flight.idecreased BMD has been recorded in the
load-bearing region of the legs and spine. Theactadn in bone quality can be due to decreased
osteoblast and/or increased osteoclast activitynwex@osed to microgravity. During space-
flights, rigorous exercise has been used to rettubene loss due to microgravity, but thus far it
has proven inadequate to produce significant res8itme studies have considered using drugs
and various growth factors to maintain bone massMG environment, but it can become too
expensive to maintain over longer periods of tirasitbes the systemic effects of such
treatments. The effects of MG are partially atitéa to the lack of mechanical force on bone
tissue, which alters osteogenic gene expressidogces rate of cell growth, proliferation,
differentiation, cytoskeleton polymerization andldar morphology. Thus, to reverse these
adverse effects on bone physiology, it is importarrovide cells with mechanical stimuli that

can provide essential signals for cells to coutiteradverse effects of microgravity.

Low intensity pulsed ultrasound (LIPUS) can belilgaappliedin vivo; human studies
have shown anabolic effects on osteopenic bongetisaurthermore, LIPUS has the potential to

be an inexpensive and non-invasive targeted thdmmlisuse induced bone loss. The objective



of this study was to examine effects of ultrasoand disuse bone model and osteoblast cell
cultures in simulated microgravity. This will halg understand the effects of ultrasound on
microgravity induced osteoporosis and provide ainoasive and more targeted approach to
reduce bone loss during space-flight. Ultrasoumag provide an option towards future human
space explorations. It is hypothesized that LIRt®ulation will reverse the detrimental effects
of microgravity on bone strength. The overall hyysis will be tested by studying the effects of
LIPUS on osteoblasts and MSCs in simulated micratyran hind limb suspended mice models.

The hypothesis was tested withvivo andin vitro disuse models.

Three-month old C57BL/6 mice were randomized toragéch (AM), non-suspended
sham (NS), non-suspended —LIPUS (NU), suspended €88), and suspended-LIPUS (SU)
groups. The results from the vivo after four weeks of suspension, micro CT analykesved
significant decreases in trabecular bone volunse/fés/olume (BV/TV) (36%, P<0.005),bone
mineral density ( BMD) (3%, P<0.05), Trabeculackmess (Th.Th) (12.5%, p<0.005), and
increased in bone surface/bone volume (BS/BV) (ps%005) relative to age match (AM).
Application of LIPUS for 20 min/day for 5 days/weedkgnificantly increased, BMD (3%,

p<0.05), Th.Th (6%, p<0.05), and increased BS/B841p<0.005) relative to AM mice.

Histomorphometric analyses showed increased fwyn&tion at metaphysis endosteal
and trabecular surfaces (0.104+0.07 vs. 0.03140r80(un?)/d) in SU mice relative to SS.
Four-point bending tests of SS femurs showed retlatastic modulus (53%, p<0.05), yield
(33%, P<0.05), and ultimate strength (45%,p <Odd3he femoral diaphysis relative to AM
samples. LIPUS stimulation mitigated the advergeced of disuse on bone elastic modulus

(42%, p<0.05), yield strength (29%, p<0.05), artdndte strength (39%, p<0.05) relative to SS



femurs. Analyses of contralateral control limbarir&U or NU showed that LIPUS had no

systemic effects, supporting the hypothesis thBUS provided targeted stimulation.

Thein vitro studies were conducted with MSCs and OsteobldistineSimulated
Microgravity (SMG) conditions. MSCs were cultureda 1D clinostat to simulate microgravity
(SMG) and treated with LIPUS at 30mW/tfor 20 min/day. The results showed significant
increases in ALP, OST, RANKL, RUNX2, and decreasedPG in LIPUS treated SMG
cultures compared to non-treated cultures. SMGfgigntly reduced ALP positive cells by
70%, p<0.01and ALP activity by 22%, p<0.05), wHhil®US treatment restored ALP positive
cell number and activity to equivalence with normavity controls. Extracellular matrix
(ECM) collagen and mineralization was assessedinys3Red and Alizarin Red staining,
respectively. SMG cultures showed little or ndagén or mineralization, but LIPUS treatment
restored collagen content to 50 %,( p<0.05) anceralization by 45% (p<0.05) in SMG

cultures relative to SMG samples.

The data from the osteoblast study showed thabbist exposure to SMG results in
significant decreases in proliferation (38% and 4&t%ay 4 and 6, respectively, p<0.01),
collagen content (22%, p<0.05) and mineralizat®rff, p < 0.05) and actin stress fibers. In
contrast, LIPUS stimulation under SMG conditiomgigantly increases the rate of proliferation
(24% by day 6, p<0.05), collagen content (52%,(pG%) and matrix mineralization (25%,
p<0.001) along with restoring formation of actiress fibers in the SMG-exposed osteoblasts.
The gene expression analysis showed significanéase in expression of RUNX2 and OST and

reduced RANKL expression after LIPUS exposure.

Vi



Collectively, the data suggest LIPUS has the g@kto provide essential
mechanotransductive anabolic stimulus to countexrsone disuse-induced bone loss while
showing no adverse effect on healthy bone. It sfsiwed increased structural and mechanical
integrity in LIPUS treated disuse bones. FurtheenbtPUS increased MSCs osteogenic
differentiation and osteoblastic activity in SMGhel'gene expression data indicates that LIPUS

has anabolic and anti-resorptive effects on ost=blalells.

Vi
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Chapter 1

Background and Significance



1.1 Bone Anatomy — Tissue to Cell

Bone is a mineralized tissue made up of bone aelilscalcified extra cellular matrix
(ECM). It functions to provide mechanical supparpiche for hematopoietic and mesenchymal
stem cells, serves as calcium reservoir and prewattachment sites for tendons and ligaments.
The calcified matrix allows it to be hard enougtptotect internal organs and flexible enough to

absorb energy subsequent to impacts.

The bone matrix is composed of organic and inoiyaamponents. The organic
component contains 90% collagen type | and 10%oofaollagenous protein such as
fibronectin, osteopontin, osteocalcin, bone siadtgin, and other proteoglycans, growth factors,
and enzymes. Collagen is a fibrous protein whidvigles the bone matrix with its tensile
strength and facilitates matrix mineralization. @ain phosphate hydroxyapatite
[Cayo(PO4)(OH),]Jforms the inorganic part of the bone matrix anovsles bone with its
necessary rigidity and hardness. The bone masx&tains 99% of the body’s calcium and
85% of its phosphorous. Without proper calcificatmne loses its rigidity and becomes too

flexible, while a lack of proper collagen can materittle [2].

The shape and structure of bone is maintained dgegses known as modeling and
remodeling. Modeling regulates bone growth in o&xse to physiological and biomechanical
conditions at specific anatomic sites. During modgbone formation and resorption are not
coupled and bone tissue can be added or removedendently, based up physiological
demand. It is mostly restricted to skeletal grovithcontrast, bone remodeling is the process by
which adult bone structure is maintained as it gbesugh day to day wear and tear. Daily

activities and physiological processes can induimeaftactures in bone tissue which are then



resorbed and replaced by newly formed bone. Tres®ptive and formative activities are
highly coordinated and are referred to as coupdaaodeling. Decoupling of resorption and
formation can lead to osteopenia and in severesaadeoporosis. The remodeling cycle takes

about 6 months and approximately 10% of bone tissuemodeled each year|[3].

The modeling and remodeling processes are cordrbifghree main types of cells;
osteoclasts, osteoblasts, and osteocytes. Osteoatadarge multinucleated cells responsible for
bone resorption that arise from hematopoietic stells. Osteoclast differentiation and
maturation is strongly regulated by receptor atiivaof nuclear factor kappa-B liganBANKL
,which is excreted by cells of mesenchymal oripliature osteoclasts adhere to damaged bone
and secrete hydrogen ions to create localized@acaipartment that breaks down the calcified
matrix. Osteoblasts are bone forming cells deriveoh mesenchymal stem cells (MSC). Mature
osteoblasts secrete type 1 collagen, osteocalsiappontin, and other matrix proteins. Calcium
binding lipids secreted from osteoblasts accumwalteium within lipid vesicles and interact
with phosphate ions to make hydroxyapatite crysiiiag the length of collagen type 1 fibers.
As osteoblasts mature, many become trapped witleircalcified matrix and further differentiate
into osteocytes. These cells form long cytoplagonacesses to communicate with other cells in
the matrix. Osteocytes are the most abundanticetiene and are located in lacunae and
interconnected through cytoplasmic extensions fogaianaliculi. Osteocytes are known as the
mechanosensory cells of bone as they mediate mieahaignals in the ECM and regulate the

activity of osteoblasts and osteoclasts [3].

On the tissue level bone is divided into cortigadl &rabecular bone. Cortical (compact or
dense) bone is compressed bone and accounts fooB@#al bone mass. Trabecular bone is

highly porous bone comprising 50-90% of bone voluimrabecular bone forms a network of

3



interconnected struts forming a sponge like stmectlirabecular struts form a network which is
connected to the cortical bone at its endosteéser Both cortical and trabecular bone are
composed of osteons (the basic unit of bone),aoterected osteocytes (residing in lacunae)
embedded within calcified matrix (lamellae), formia circular unit with a central canal to
facilitate blood and nutrient supply. Trabeculanb@steons are saucer shaped while cortical
bone has a network of circular osteons with a eéctinal to facilitate blood and nutrient supply,
cortical bone osteon network is commonly knownhesHaversian system [3]. Trabecular struts
forms a network which is connected with corticaéatiosteal surface of cortical bone.

1.2 Bone Remodeling

Bone is a dynamic tissue capable of adapting tchar@cal stimuli and repairing
localized damage. The metabolic activity of boneegulated by the synergistic activity of
osteoblasts and osteoclasts. These cells redadateformation and resorption within bones, at
sites such as the periosteum, endosteum, trabeankhiHaversian regions. Together these cells
from the basic multicellular units (BMU) that exéelone remodeling and this activity is

orchestrated by the osteocytes.

Bone remodeling is initiated by the presence oéliaed damage or mechanical demand
on the bone. It induces changes in bone lining¢clvimduces activation of osteoclasts to resorb
bone, which is, in turn, followed by a reversal ghécharacterized by osteoclast apoptosis), and
finally new bone formation by osteoblasts. Thismgg of osteoclast resorption followed by
osteoblast formation (BMU) is mainly responsiblettte removal of old and/or damaged bone
as well as bone adaptation to altered mechanicaadds[4]. Disruption of this BMU coupling
can lead to pathological conditions such as ostaape/here bone resorption outpaces bone

formation, leading to net bone loss. Healthy booesghrough constant remodeling by



formation of BMUs and the number of BMUs in a sfiedi volume of tissue can be used to

determine rate of remodeling in bone.

Osteoblasts are derived from mesenchymal stem(@®48€s) that reside in the marrow.
Differentiation of MSCs to osteoblasts is influedd®y a variety of biochemical and
biomechanical factors. Commitment of MSCs to theaslast lineage is controlled by
expression of the transcription factors Runx2 [5,BIx5,[7] and Msx2[8-10]. Following
osteoblast commitment, increases are seen in pression of type 1 collagen, osteocalcin,
bone-sialoprotein (BSP) [11], osterix (OSX) [12kaine phosphatase (ALP) [13] and Wnt
signaling proteins [14, 15] as the osteoblasts reatfrom pre-osteoblasts to mature osteoblasts.
As osteoblasts deposit matrix some become incotgubiato the matrix causing them to
differentiate into osteocytes and form long extensiprocesses to connect to other developing
osteocytes. Differentiation into osteocytes is erged with elevated expression of E11 [16],
dentin matrix protein-1(DMP-1) [17], matrix extrdicéar phosphoglyco protein (MEPE) [18,
19] and Sclerostin (SOST) [20, 21]. Osteocytegemainally differentiated cells and most

abundant in bone tissue.

Osteoclasts are derived from hematopoietic stdls ¢¢SC’s). As HSC differentiate into
mononucleated clear cells and accumulate at sitessorption they fuse to form multinucleated
immature osteoclasts (i.e., polykaryon). Formatbimmature osteoclasts requires expression
of macrophage colony stimulating factor (M-CSF),[23] and receptor activation of nuclear
factorkB ligand (RANKL). Further maturation of osteocléstependent on increased
expression of AP-1, c-fos [24, 25], microphthalraasociated transcription factor (MITF) [26,

27] and nuclear factor of activated T cells, cadcinn dependent 1 (NFAT-cl) [27]. Most



importantly, RANKL expression is important for difentiation, maturation and ultimate

survival of osteoclast cells.

RANKL is a soluble and membrane bound ligand essed by pre-osteoblasts and
stromal cells [28, 29]. RANKL has two receptors RARBO, 31] and osteoprotegerin (OPG)[32,
33]; RANK receptors are membrane bound recept@segmt on osteoclasts and their precursors
while OPG is a soluble receptor produced by preaigasts and stromal cells. RANKL interacts
with RANK to activate osteoclastogenesis by indg@mnpression of TNF receptor-associated
family members, nuclear facteB, c-fos, JNK, c-src and serine/ threonine king86s31]

OPG is secreted by pre-osteoblasts and stromaltodlinction as an inhibitor of
osteoclastogenesis by binding to RANKL thereby prélng RANKL-RANK interactions[28,
32]. As such the ratio of RANKL to OPG determinkes tate of osteoclastogenesis and BMU

activity.

Different anabolic and catabolic agents affect blomeostasis by altering the
RANKL/OPG ratio. Resorptive factors such as Panatidyhormone (continuous) (PTH )[34],
prostaglandins [35], interleukins [36], vitamin [B8¥], glucocorticoids [38] and corticosteroids
[39] are known to induce pre-osteoblasts and stltaglks to increase RANKL expression
leading to bone loss. In contrast, anabolic agamts as high frequency low amplitude vibration
[40] and ultrasound [41, 42] induce OPG expressieneby decreasing the RANKL/OPG ratio
and thus favoring in bone formation. Figure 1 iifates dynamic interactions of different bone

cells in the process of bone remodeling througferdht pathways.



1.3 Stem Cells

Stem cells are non-committed, highly proliferatoedls with the potential to differentiate
into a multitude of different cell types. Stem sadre sub-divided into three types; totipotent,
pluripotent, and multipotent stem cells. Totipotealls are capable of differentiating into all cell
types with the potential to create complete orgasisThese cells are obtained by extracting
them from blastocysts. Pluripotent stem cells ateaeted later in development from the inner
mass of the blastomere and have capability toreifiigate in to all cell types except for the
germal layers. Recent advancements in stem cétigyidiave led to the discovery of methods
that can be used to reverse differentiate somatis mto pluripotent stem cells. These cells are
known as induced pluripotent stem cells (iPSC) .[A8]Itipotent stem cells can be isolated
postnataly and are capable of differentiating thscell types found in their tissue of origin.
Embryonic stem (ES) cells have huge potentialgsui engineering but their use is hampered by
immunogenicity and ethical issues. The advent 8f0Rwoids these problems and therefore
offers tremendous potential. However, understandfrigese cells is still in the early stages and
recent studies have shown immunogenicity and tugeagsis can arise in iPSC treated mice [44,
45]. Adult multipotent stem cells are readily aghie and also have outstanding potential for
tissue engineering.

Mesenchymal stem cells (MSC) are type multipogtet cells that can be extracted
from fat, bone marrow, amniotic fluid, and umbilicard matrix [46, 47]. Adipose and bone are
the most commonly used sources of MSCs due to dlasie of extraction. MSCs were first
isolated by Friedenstein et al. and characterizetbony forming fibroblast like adherent cells
[48, 49]. Currently there is no single marker wgdo MSCs, thus different subsets of markers

are used. The most common markers are CD105+, COO1B390+, CD14-, CD34-, and CD45-



[49]. Depending on the biochemical and biomechdmingironment, MSCs can differentiate
into adipocytes [47], osteoblast [50], chondrocygd, myocytes[52] , and cardiomyocytes

[53], with some studies suggesting they also hawgonal potential [54]
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Bone serves as a supporting organ for the skedgstbém and experiences different kinds
of mechanical stimuli including tension, compressiituid shear stress, and hypostatic pressure.
These external mechanical forces provide mechasicauli to bone cells by inducing transient
structural deformation in the extracellular matiikiese deformations can activate
mechanosensitive cellular structures includinggntes, cytoskeletal proteins, stretch receptors,
ion channels, G protein coupled receptors and nuidese changes result in activation of
downstream signaling pathways such as calcium kigndocal adhesion kinases, mitogen
activated protein kinases (MPAK), G proteins, sifacid, RhoA, and Rock, along with other
mechanotransductive pathways [55]. Different meokansitive receptors and pathways can be
activated with different stimuli. The level of agtion with respect to different stimuli and

pathways is still not clear.

Different mechanical stimuli direct MSCs into diféat lineages, with studies showing
that compressive forces induce chondrogenesis wénkile forces induce osteogenesis. For
examples, application of hydrostatic pressure g1 uniaxial confined compression [56] on
MSCs has been shown to increase the expressidrooticogenic genes such as aggrecan, Type
Il collagen, Sox9, and bone morphogenic protein BBM[51, 56]; in comparison, tension [57] ,
cyclic tensile strain,[58] and stretch [59] haweehb shown to induce osteogenic genes such as
ALP, beta-catenin, RUNX2 and Wnt 8. Furthermorelicytensile strain has been shown to
result in rearrangement of the cellular cytoskeletnd inhibition of adipogenesis [57-59].
Studies done by Ruz and Chen [60] and McBeth @ldlhave shown the importance of
changes in cytoskeletal tensions, cell shape, imedrsthe differentiation of MSCs towards
osteogenic or adipogenic lineages by regulating RBiod GTPase in F-actin stress fibers [60,

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

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

Mechanical stimulation has been shown to increasedrogenesis and osteogenesis,
depending on the mechanical signal, while inhiitidipogenesis. However, the effects of
mechanical stimulation on MSC proliferation are defr yet. Kereny et al. reported that 2.5%
tensile strain decreased MSC proliferation whiberéasing the expression of RUNX2, BMP-2,
collagen type I, and osteocalcin through the atibweof the ERK —p38 pathway [50]. In
contrast, Riddle et al. has shown that fluid slsti@ss enhances MSC proliferation through
activation of calcium signaling and MAPK signalif@&g]. It is likely that rates of proliferation
and differentiation are dependent on the relatotevation of different mechanotransductive
pathways and more detail studies are requiredaatify fully elucidate the details of these

pathways.

1.4  Biomechanical Loading and Bone Remodeling

Mechanical loading within the physiological randsoampacts bone growth and
structure. Bone adapts to mechanical stress byifigrmore bone in high stress regions until the
stresses return to the physiological range. Thitustrated in the classic study by Wolff that
showed formation of trabecular struts aligning with direction of maximum stresses in the
proximal femur [64]. The same patterns have alemlmbserved in vertebral bodies, proximal
tibiae, and calcanei. The direction of trabeculaedases bone strength and stiffness in the
direction of trabecular alignment [64]. Corticalngomostly experiences tensile and compressive
stresses, and regions which experience higheléestsesses have their collagen fibers aligned

longitudinally whereas regions of high compresdiame collagen fibers that are aligned
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transversely [65] . These characteristics demoteshraw local mechanical stresses affect

directionality during one remodeling.

Bone remodeling is highly influenced by its mecleahenvironment. Lack of
mechanical loading, referred to as disuse, indboeg loss by altering the balance between bone
formation and resorption. Overuse can induce tigsueage (micro-factures) which activate
osteoclast activity and lead to bone remodelinthdfrate of bone damage is higher than the rate
of remodeling, accumulation of microfractures wasult in the formation of stress fractures.
Both disuse and overuse increase the number of leomedeling sites leading to increased

apoptosis in osteocytes [66].

Bone disuse lowers the stresses on bones, whichrirreduces bone formation and
increases bone resorption on periosteal, endostecrabecular surfaces. Long term disuse can
lead to structural changes in long bones, withsgestional geometry showing rounder shaped
long bones rather than the typical triangular shayéch reduce their moments of inertia and
strength [67]. The growing and mature skeletonordpifferently to disuse with bone loss
concentrated in different areas of bone surfac®s/[§. For example, studies performed on
growing dogs showed higher bone loss on periostgéhces, due to reductions in appositional
bone formation, that resulted in smaller bones wattuced second moments of inertia [68]. In
contrast, mature dogs showed increased bone lossdwsteal surfaces causing expansion of the
marrow cavities, as well as increased cortical pyd68]. Distal bones of the forelimbs showed
the highest bone loss in young and adult dogs,esigny higher sensitivity to lack of mechanical

stresses at this location [68].
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The distal-most regions of bones show the highastbolic activity under conditions of
disuse along with the highest anabolic responseeichanical stimulation. The high sensitivity
of distal bone regions may be due to their proxirtotthe ground thus experiencing greater
gravity and/or being farther from the heart whicluses lower interstitial pressure [71]. Long-
term bed rest patients experience the highest lo@san bones farthest from heart while bone
increases in skull due to increased interstitiabpure [72]. Progressive bone loss due to disuse
can lead to osteopenia (T score between -1 to aa&)n severe cases osteoporosis (T score

below -2.5).

Normal daily activities provide essential mechahstemulation for bone to maintain its
strength and structure. Repetitive loading indumase remodeling as new bone replaces old and
damaged bone. The amount of micro-damage is highéstbecular bone and increases with
age as the ability to replace damaged bone deaeaseessive mechanical loading can increase
the level of micro- damage leading to the formatbstress fractures, increasing trabecular
break down, and inducing micro cracks in corticahé [73, 74]. Micro damage induces
increased osteoclast activation and results ireas®d number of BMUs [73]. Excessive damage

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

15 Disuse Models

Osteoporosis is characterized by decreased borerahotensity and break down of bone
microstructure leading to compromised bone strectund strength [75]. Osteoporosis can arise
due to aging, with post-menopausal woman most camhnaidfected, or long-term disuse
resulting from extended bed rest or space travaaRdless of the cause, bone loss is more

severe in trabecular bone then in cortical boneredeer, these losses are site specific and
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concentrated in weight bearing bones such as tharfdibia, and vertebra. Post-menopausal
bone loss is induced by reduced estrogen andrisftre most often studied by ovaricectomy
(OVX) animal models [76]. The most common specsduare rat [76], mouse [77], dog [78,
79], monkey [80, 81], sheep [82], goat [83, 84]] amnipig [85]. Microgravity or long-term bed
rest induced bone lost has been studied by usingpinilized (IM) [86] rat [87], mouse [88], and
dog [68] models. The IM can be induced in limbseyve [89], spinal cord [89], and tendon
resection[90], limb casting[70], limb bandaging J®t hind-limb suspensions[92]. Different
methods have different advantages and disadvantégbke 1 is a comparison between some of

the most commonly used models.

The degree of bone loss in IM models is site spewaiith weight bearing bones
experiencing the highest amount of bone loss. Iddeases the rate of bone resorption and
decrease formation in trabecular and endocortieaglresulting in increased bone marrow area
[91, 93]. Cortical bone loss requires long term iofmitization [94]. Long-term studies in dogs
have shown increased rates of resorption in endlostiefaces and suppressed rates of bone
formation on periosteal surfaces, leading to cattione loss[95]. Early trabecular bone loss
eventually plateaus, despite continued immobilargtand a similar plateau is expected for
cortical bone loss, but has not yet been demoesti@6]. The earliest detectable trabecular
bone loss is found in the proximal and distal tini@taphysis after 14 days of IM. This is
followed by the caudal vertebral bodies at 21 d8y$. The earliest effects on cortical bone can
be seen in the femoral shaft at around 21 daya dietectable decrease in bone mineral density

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

Attributes Suspensio | Limb Nerve Tenotomy[1 | Limb

n[92] taping[93] resection[90, 04-106] casting[69,

103] 103]
Site Hindlimbs | One hindlimb One hindlimb Lower One limb
hindlimb
Surgery No No Yes (Sciatic or| Yes (knee | No
femoral nerve) | calcaneal)

Hardware Specialize | No (tape) No No No

d cages
Time frame tail Long term Long term Shortterm | Long term

harness

Short term

<5w
Responses
Blood Flow Yes Potential Potential ? v (?)
affected problem
Cellular fluid shift | Yes No No No No
Muscle function Yes Restricted No Mildly No
Nerve function Yes Yes No affected Yes

No

Cancellous bone | No v (50) v (50)(72) v (50) v (60) (68)
loss
Tb Formation v 66) |} (35) v (50) (45) v
Tb Resorption No 4 (50) 4 (150) 4 (125) 4
Cortical bone loss | No v (10) v 4 - v (50) (14)
Formation (Ps) v (85) v (90) v (40) - *
Resorption (Ec) No 4 (19 4 (100) -
Muscle weight v (48) v (55 v (70) - v
Convenience Daily carg  Daily care Minor care E>ardl| Weekly care
Recovery Possible| Yes Yes No Possible Yes

Ps- Periosteal; Ec- endocortical; Tb — trabecular
% decrease; - no data? - unknow

4 % increase;

Table 1. Describing different disuse models anceerpental conditions along with
physiological responses. Table compares hind lingpansion, limb taping, nerve resection,
tentomy and limb casting as different disuse models
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IM models present valuable tools to study the e¢$fe€ mechanical disuse on bone due to
long- term bed rest or long term microgravity théde models also have some limitations when
compared to the physiology of human bone. Rodeats &nd mice) are the most common IM
model for studying disuse induced bone loss. Ratsnaxpensive, easy to maintain, and have a
relatively short lifespan with rapid growth [100]he small size of rats makes them easy to
maintain but also reduces the amount of bone anuinssamples that can be collected for
analyses [100]. Furthermore, rats go through angated bone modeling phase (up to 12
months) and undergo little to no intracortical refeling [101]. Studies have shown that the
bone modeling phase significantly slows down assitedeton matures and is limited to a region
1mm below the growth plate. However, trabecularebbmm below the growth plate undergoes
remodeling and can be analyzed to study the eftdatamobilization on bone remodeling
[102]. Bone loss due to aging is concentrated abygelullary or pre-endocortical bone with
minimal effects seen in intracortical bone [70,.8lfje rat model has its limitations, but with
proper experimental design these limitations caads®unted for. The mouse model has the
same limitations but the broad availability of genic mouse models provides for better

understating of the role of genetics in bone rerting¢100].

Larger animal models utilizing both primates and4poimates have also been used in
IM studies but they are significantly more expeesand harder to maintain due to the longer life
spans and slow skeletal growth [100]. Despite thes&ations, dogs have been used to study

Haversian remodeling [107] and monkeys have beed tesstudy age related osteopenia [108].
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1.6  The Effects of Microgravity

Changes in bone strength and loss of total bodyuwalduring space flight have been
reported in different studies [109-112]. Astronabtmes show significant losses following their
time in space. Detailed analyses have revealedtrs loss is predominant in weight bearing
bones, [113] with large losses in trabecular bdf¥®] and no significant changes in bone shape
and radii [114]. Furthermore, five-year follow upidies have shown that bones continue to lose
density over a period of six months after astrosiagturn to Earth, and that it takes more than

five years for bones to recover from the effectspdceflight [112].

The effects of microgravity on bone architecture @we to a combination of compromised
systemic endocrine-metabolism and regional uncagpif osteoblast/osteoclast functioning.
Studies conducted in Euro Mir 95 showed significdedrease in levels of parathyroid hormone
(PTH), bone alkaline phosphatase (ALP), intactaskin, and type 1 pro-collagen peptide
(PICP) [115]. These changes affect the cellularégtof bone cells and lead to uncoupling of
osteoblast/osteoclast activity. The dynamics ofdo@modeling are further affected by reduced
numbers and activity of osteoblasts, as in spate-[118] they show lower proliferation,
maturation, and impaired bone mineralization. Reduzsteoblast activity along with increased
osteoclast activity will lead to the loss of BMDwsll as reduced rates of trabecular bone
formation and maturation of cortical bone [119]a&g flight data from animals shows that there
is no significant effects on osteoclast activityaispace environment [118, 120], but contrary to
these datan vitro studies conducted in space show that micrograwipairs osteoclastogenesis

and bone resorption [121].
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Space studies conducted on astronauts and ratphawided valuable data regarding the
effects of microgravity on bone. However, the hoglst of space flight has necessitated the
development of ground based models of unloadirigrtber analyze the effects of microgravity
on a cellular and organ level bathvivo andin vitro. Previous studies have used hind limb
suspension (also known as tail suspension), nesextion, and total body or leg immobilization
models to study the effects of microgravity. Thedhlimb suspension (HLS) model is generally
considered better than the other models as itaffégts hind limbs and the forelimbs remain
under normal gravity conditions. Thus, HLS enalbtesstudy of regional changes in the hind
limbs due to loss of gravity/mechanical stressféund shifting in hind limbs, while also
reducing the systemic effects of microgravity [1223]. Furthermore HLS causes the least

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

Skeletal unloading by HLS simulates the effecte@rogravity on bone architecture and
osteoblast/osteoclast coupling in many importantsiyauch as, HLS induces reductions in bone
formation, mineralization, and maturation [122, 4128]; trabecular and periosteal bone showed
higher sensitivity to HLS [130]; osteoblast numbhensturation, and differentiation are
significantly reduced in HLS animals, as are anabuobrkers [129, 131, 132] . Furthex vivo
studies have shown reduced proliferation of osteggmitor cells and impaired osteoblastic
differentiation [128, 133].

HLS appears to affect the local regulation of bmraodeling but not the systemic factors such
as PTH and corticosterone showing little changd]1dstead, under HLS, local factors such as
bone morphogenetic proteins (BMPs), transformiraywgin factorg (TGF{), basic and acidic
fibroblast growth factors (bFGF, aFGF), and inslike growth factors (IGF-1, IGF-11) appear

to play a major role in stimulation and prolifeaatiof bone cells, collagen production and
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proteoglycans syntheses [135, 136]. Under HLSelmomechanical integrity is also
compromised with the ones being more prone todrast[137-139]. All of these changes in

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

To understand the biological processes underlyorghbossin vitro studies have been
conducted on space station using a variety of diffebone cells. Osteoblasts and Osteoclasts
cultured in space show significantly reduced glecatdlization, and rates of proliferation and
mineralization [140-143]. The expression of ostengenarkers is also reduced, with mRNA and
protein levels of ALP, COX-2, osteocalcin, and agin 1 decreased relative to ground-cultured
controls [144, 145].In addition, cytoskeletal andtiear morphology are significantly
disorganized, causing cell arrest and hinderingdeision and proliferation [142, 146, 147].
Reduction in the expression of mechanosensitiveptecs such as epidermal growth factor
receptor (EGFr), proteoglycan growth factor betaeptor (PDGB receptor), and signaling
molecules such as c-fos and shc [148, 149] alotiy etianges in cell physiology adversely

affect anabolic activity of osteoblasts.

Conductingn vitro studies on the International Space Station ismsipe and
technically challenging; therefore in order to penii detailed studies of the cellular and
molecular mechanism underlying migrogravity indubede loss, different ground-based
simulated microgravity models have been used. tiWbemost common simulated microgravity
models are the Random Position Machine (RPM) aadRititating Wall Vessel (RWV). RWV
simulates MG by simulating continuous free fall§1351] and RPM exposes cells to different
orientations and positions resulting in the graveector to being zero, "gravity-vector
averaging” [152]. Studies conducted using theseilsitad modeled microgravity (MMG)

models show down regulation of ALP, Runx2,PTH récefh (PTHr1), BMP4, procollagen, and

19



osteoglycin, along with other regulatory genessteoblasts [135]. Furthermore, matrix
mineralization studies show a significant reductioformation of calcium nodules and collagen
matrix formation [144, 153Taken together, these studies reveal that ostaslgesvn in MMG
have the same alterations in cell morphology, dgtetal organization, apoptosis rates, and gene

expression as cells cultured in space flight.

Experiments conducted in space show that micrograignificantly reduces osteoblast
numbers by 60% [143]. This is due to either a highte of apoptosis, lower level of
differentiation or reduced rate of proliferation.drder to study this in more detail, microgravity
experiments have been conducted on MSCs whiledoesfiight and were found to significantly
reduce their rate of differentiation into osteobda8asso et al. showed that MSCs extracted from
14 day HLS rats had a 66% reduction in the foromatif ALP positive colony forming units and
a 76% reduction in osteoblast forming units thas @ssociated with a 50% loss in bone volume,
35% loss in osteoblast number and 46% reductidoone formation [154]. SMG studies using
MSCs has shown down regulation of osteogenic msyigP6, COL1A1, osteocalcin, RUNX2
and osteoprotegerin along specific genes and trigtist factors required for osteogenesis
[155]. MG down-regulates different signaling patlysiaaltering MSCs’ ability to differentiate

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

The effects of MG on osteoblasts and MSCs have wedirstudied, but the mechanism
behind these changes is still not clear. Recedietithave evaluated different, possibly affected
pathways. Zhenget al. suggested that the role 6flERIs to reduce expression of RUNX2
through increasing phosphorylation of p38MAPK in NIG6]. In addition, microgravity
reduces activation of IGF-1 activity in cells thgbudeactivation of the IGF-1 receptor, affecting

the downstream Ras and Akt pathways which are nssiple for proliferation and apoptosis
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respectively [135, 157]. Furthermore, other stuthi@ge implicated the focal adhesion complex
and downstream pathways [141, 143] in mediatingetfects of MG on MSCs.

1.7 Countermeasures:

Microgravity affects bone at different levels leaglto overall bone loss and increased
fracture risk. To make human space exploratiorsips it is important to engineer
countermeasures to mitigate the catabolic effefttsicrogravity. Astronauts spend ~2.5 hours
per day exercising but this is still not sufficiéatprevent bone loss. Furthermore, excessive
exercise can have adverse effects on bone quéabiye studies have shown anabolic effects
using drugs and growth factors but these pharmgmabagents are hampered by systemic
adverse effects, reduced efficacy in space, anéxrensive to utilize for long time

periods[158].

In past decades, researchers have explored thelemafibects of different mechanical
stimuli on bone because the process of bone remgdslsensitive to mechanical signals and
stimuli. Studies have shown that MSCs, osteoblasid,osteocytes are particularly responsive to
mechanical stimulation. Mechanical stimulation ioési activation of different enzymes such as
MAPKSs, Cox-2, INOS,and alters cell morphology réisigl in activation of Ras-ERk1/2, p38-
MAPK, B-Catenin, Sclerostin, NkB, SMADs, and Akt pathways in a threshold depande
manner [159]. Many different signaling pathwayséheen identified that respond to
mechanical signals by altering levels of growthdes, transcription factors, inducing enzymatic
activity, and changing cellular morphology. Mechstimoulation enhances the release of growth
factors, including insulin growth factor (IGF),vasgar endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), basic fidast growth factors (bFGF), transforming

growth facto3(TGH3), and bone morphogenic protein (BMP), that areessary for regulating
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localized osteogenesis [135, 160].The activatiomiwécellular pathways in combination with
elevated growth factors activates transcriptiondiecRUNX2, Osterixp-catenin, and ATF4

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

The MAPKSs pathways have been of particular intei@sésearchers studying mechano-
transduction [161, 162]. There are three distinétfds pathways: extracellular signal-regulated
kinases (ERK1/2), junN-terminal kinase/stress attig protein kinases (JNK/SAPK)), and p-38
MAPKSs pathway (anti-apoptotic pathway). ERK1/2 aiNK pathways are initiated by Rho
GTPase, namely Rac (regulates actin stress fibasRho (formation of membrane ruffles), and
Cdc42 (formation of peripheral filopodia) [162]. & kollective function of these proteins is to
regulate cell membrane morphology and activity efmbrane bound receptors, which are

important for mechanotransduction [162].

Recent studies have evaluated the effects of miavity on mechanotransductive
pathways. Bikel et al. reported a significant reducof different integrin subunits in HLS rats
after 7 days of suspension along with inactivatbthe IGF pathway. The IGF receptor is
associated with the Ras —ERK1/2 pathway, reguladmgferation and the RUNX2 transcription
factor, and the Akt —anti-apoptosis pathway. Traeiivation of IGF can lead to reduced rates of
proliferation and increased rates of apoptosis (& dédnditions [135]. Zhang et al. observed
significant decreases in phosphorylation of ERKdM#8 increased activation of p38-MAPKSs in
MSCs in MG. Furthermore, MSCs showed increasegogginic markers in MG environments,
suggesting that p38-MAPK activation induces expogsef adipogenic transcription factors and
such as PPAR2 and inactivation of ERK1/2 causes a reductioRONX2 levels [156]. The
function of the p38-MPAK pathway seems to be ceflehdent, as in osteoblasts it activates the

osteoblastic transcriptional factor activator prote (AP-1) [159], whereas in MSCs, it seems to
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activate adipogenic transcription factors like PPER156]. MG studies performed with
fibroblasts showed no significant changes in attiof JINK and p-38 MAPKSs but a reduction in

ERK1/2 activity [162].

Different models of mechanotransduction have besexl tio understand the effects of
mechanotransduction, namely: cyclic strain [163}18bration [167-169], and low intensity
pulsed ultrasound [170-174]. Cyclic strain has sh@mwcouraging results vitro but itsin vivo
applications are limited. Mechanical vibration lsa®wn good results in both vitro andin vivo
studies, but there are issues involved about thesyc effects of vibrations in whole body
vibrations. Ultrasound acoustic vibrations candmdily appliedn vivoand human studies and
have shown it to have anabolic effects on osteapessue and bone fractures. Ultrasound
provides a non-invasive and targeted treatmergdmns of interest and can be calibrated easily.
Moreover, as the FDA has already approved usevofritensity pulsed ultrasound for non-union
fractures, the path toward regulatory approval esumtermeasure for disuse induced bone loss

is easier than for a novel methodology.

1.8 Low intensity Pulsed Ultrasound:

An ultrasound wave provides pressure waves whidhda biochemical events in bone
cells [175-177]. The effects of LIPUS have beenlstldied and show that cells treated with
LIPUS have altered intercellular activity, cytokiredease [178], gene expression [179], calcium
mineralization [180], Akt pathway activation [18jjptassium influx [182], angiogenesis [183],
adenyl cyclase activity, and TGF-b synthesis [18#fse studies and many others suggest an

increase in rate of bone formation in the preseiddPUS.
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The exact mechanism through which LIPUS activagésablasts to increase the rate of
bone formation remains unknown. LIPUS is knowmiduce acoustic streaming in interstitial
fluid as well as localized mechanical vibrationghe extracellular matrix [185] that result in
local deformation of osteoblast cell membranessiredr stresses and strains [163, 164, 186-
189]. These mechanical deformations activate recgpn cell membrane such as integrins,
mechanosensitive-calcium channels, G-proteins, T&F{/BMP, and gap junctions, activating

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

Studies have also examined the effects of LIPUSifberent mechanotransductive
pathways. Tang et al. reported activation of thé pdthway and p-13 kinases, through
aggregation of integrin expression, resulting isuiction of nitric oxide, hypoxia inducible
factor-1, and increased activity of cox-2 [191, L98Itrasound treated osteoblasts also show
higher nuclear localization @fcatenin and activation of Wnt signaling pathwayfjL9A
microarray study done on ultrasound treated ossstdbkshowed enhanced gene expression of
integrins, TGHB family, IGF family, MAPKs pathway, ATP-related, @uine nucleotide binding
protein family, lysyl gene, and apoptosis-assodigtene families compared to non-treated

osteoblasts [195-198].

These cellular studies indicate that ultrasounatinent can activate
mechanotransductive pathways and significantlyease osteogenic differentiation in progenitor
cells and osteogenic maturity in osteoblasts. Gditabffects of microgravity are due to a lack of
mechanical stress in zero gravity that leads totivation of mechanotransductive pathways.
Ultrasound exposure has mechanotransductive prepdiiat allow it to induce mechanical
stress in bone cells and activate osteogenic pgthieading to bone formation. Therefore, the

anabolic effects of ultrasound may be able to lsel @s a countermeasure to prevent the
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catabolic effects of microgravitfthe objective of these experiments is to studgliigy of

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

mesenchymal stem cells in an in vitro simulatedogi@vity system and on bone quality and

architecture in a HLS mouse mod€&hese studies will test the overall hypothesid thtrasound

prevents the catabolic effects of microgravityim@ated microgravityn vitro andin vivo.
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Chapter 2

Hypotheses and Specific Aims
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2.0  Hypotheses and Specific Aims

Given the degree to which microgravity induces blass, the future of human space
flight requires the development of a non-invasind targeted mechanotransductive therapy to
maintain bone integrity. These experiments wergdesl to study the therapeutic potential of
LIPUS in thein vivo andin vitro disuse models. The experiments were designedaotifybone
formation, MSCs differentiation, and osteoblastwtgt under disuse conditions and determine if
LIPUS treatment could mitigate these detrimenteda$. The study was divided into three
Specific Aims: Specific Aim 1 examined the effecfd IPUS treatment in mice subjected to a
hind limb suspension (HLS) disuse model for 4 we&8secific Aim 2 was designed to study the
effects of LIPUS on the differentiation of MSCsadrasteoblasts under simulated a microgravity
(SMG) environment; and Specific Aim 3 was desigtestudy the effects of LIPUS on
osteoblast activity in an SMG environment.

Specific Aims

2.1  Specific Aim 1Determine if LIPUS can prevent bone loss in hintbl suspended mice

in vivo.

Hypothesis 1AL IPUS treatment will reduce the loss of bone qyAjilantity in hind limb

suspended mice.

Hypothesis 1BLIPUS treatment will enhance bone mechanical pitoggeim hind limb

suspended mice.

2.2 Specific Aim 2Determine the effects of LIPUS on human mesenchgtean cell

differentiation in microgravityn vitro.

Hypothesis 2LIPUS exposure will enhance osteogenic differeratrain MSCs under

microgravity conditions relative to non-treatedtaus
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2.3  Specific Aim 3AEvaluate the effects of LIPUS on osteoblast agtiduring simulated

microgravityin vitro

Hypothesis 3AUIltrasound will increase osteoblastic activitymicrogravity conditions.

Specific Aim 3BEvaluate the effects of LIPUS on osteoblast gespeession during simulated

microgravityin vitro

Hypothesis 3BUltrasound will enhance expression of osteogeaiteg.
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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 hintbl

suspended mice in vivo.
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3.1 Abstract:

Long-term bed rest, brain/spinal cord injury, apdce travel induces bone loss due to
decreased mechanical stress. Different anaboli@atidesorptive agents have been used to
limit or mitigate bone loss under such conditiddewever, the results for these treatments have
been mixed, in part due to the localized naturdisidise induced bone loss which is concentrated
on loading bearing bones. This study was baseti@hypothesis that low intensity pulsed
ultrasound (LIPUS) generated acoustic wave canigeavon-invasive, anabolic and targeted
stimulus that can reduce bone loss under disusditeams. Three-month old C57BL/6 mice were
randomized to five groups, age match (AM), non-sasied sham (NS), non-suspended —LIPUS
(NU), suspended sham (SS), and suspended-LIPUSHi®Ups. After four weeks of
suspension, micro CT analyses showed significarredses in trabecular bone volume/ tissue
volume (BV/TV) (36%, p<0.005),bone mineral dengi§MD) (3%, p<0.05), trabecular
thickness (Th.Th) (12.5%, p<0.005), and incread®oime surface/bone volume (BS/BV)
(16%,p<0.005) relative to age match (AM). Applicatiof LIPUS for 20 min/day for 5
days/week, significantly increased BMD (3%, p<0,084).Th (6%, p<0.05), and decreased

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

Histomorphometric analyses showed a breakdown o€ Insicrostructure under disuse
conditions. In comparison to SS mice, LIPUS tredtede showed increased structural integrity
with increased bone formation rates at metaphyse#dbsteal and trabecular surfaces
(0.104+0.07 vs0.031+0.30 pPftunr)/d. Four-point bending tests of SS femurs shoveeldiced
elastic modulus (53%, p<0.05), yield (33%, p<0.@®) ultimate strength (45%,P<0.05) at the

femoral diaphysis relative to AM samples. LIPUfstlation mitigated the adverse effects of
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disuse on bone elastic modulus (42%, p<0.05), welkehgth (29%, p<0.05), and ultimate
strength (39%, p<0.05) relative to SS femurs. Asedyof contralateral control limbs from SU or
NU showed that LIPUS had no systemic effects, stpmpthe hypothesis that LIPUS provided
targeted stimulation. In summary, the data from gtudy indicate that LIPUS has efficacy as a

non-invasive, targeted therapy for disuse oste®i®ro
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3.2 Introduction

Disuse osteoporosis is a regional phenomenon, ynosticentrated at load bearing sites.
Lower limbs are subjected to a high degree of maichhstress during daily activities that result
in functional static gravitational forces, groumgction forces, and dynamic muscular
contractions. Lack of mechanical stress due to-tengp bed rest, brain/spinal cord injury,
paralysis, and long-term exposure to microgravéty severely compromise bone microstructure
and bone mineral density leading to fractures. [blestresses resulting from disuse reduce bone
formation and increase bone resorption on perigstadocortical, and trabecular surfaces.
Long-term disuse can lead to structural changéig bones that result in the formation of
rounder shaped long bones rather than the typiaealgular shape, reducing moment of inertia

and strength [67].

Growing and mature skeletons responded differaattlisuse with bone loss
concentrated in different areas of bone surfac®s/[§. Studies done on growing dogs showed
higher bone loss on periosteal surfaces, due tactexhs in appositional bone formation, that
resulted in smaller bones with reduced second mswdnnertia [68]. In contrast, mature dogs
showed increased bone loss at the endosteal swdaseng an expansion of the marrow cavity
and increased cortical porosity [68]. Distal boogthe forelimbs showed the highest bone loss
in young and adult dogs, suggesting higher seitgitf these sites to lack of mechanical

stresses [68].

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

highest anabolic response to mechanical stimulationg-term bed rest patients experienced the
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highest rates of bone loss in bones farthest fterheart while bone formation increased in the
skull due to increased interstitial pressure [fi2 cross-section study of spinal-cord injury
patients, Kiratli et al. found 27%, 25%, and 43%&gductions in BMD at the femoral neck, mid-
shaft, and distal femur, respectively, comparedawnal controls [199]. Similar trends have
been observed in astronauts, with mean BMD decsezs® 4% in trabecular bone seen after 6

months of spaceflight [114].

Numerous anti-resorptive/anti-catabolic and anabadients haves been studied as
treatments for osteoporosis. Anti-resorptive ageath as bisphosphonates [200, 201], RANKL
inhibitors [201], and strontium ranelate [202, 268Juce osteoclast differentiation, maturation,
and activity, leading to increased bone strengthdelayed remodeling. Anabolic agents such as
PTH [204] and anti-sclerostin antibodies [205] rease bone formation rates, bone mass, and
mechanical strength by enhancing osteoblast actBiith anti-resorptive and anabolic agents
have shown encouraging results in treating ostegmboth in clinical (bisphosphonates, PTH)
and pre-clinical studies (strontium ranelate, aoterostin antibody). However, these anti-
resorptive and anabolic therapies have systemifticte, while disuse osteoporosis is a more
localized pathology. Therefore it is possible tthatse therapies can lead to undesired effects in
healthy bones. As disuse osteoporosis is causétkyf mechanical stimulation, numerous
studies have evaluated the use of induced mechatiicaulation as a countermeasure for disuse
osteoporosis. Several different modes of mechastoaulation have been evaluated, namely:
cyclic strain [163-166], vibrations [167-169], abdPUS [170-174]. Cyclic strain has shown
encouraging resulis vitro butin vivo applications are limited by skeletal structure.clinical
vibrations have shown promising results botlitro andin vivo but there are questions

regarding systemic effects of vibrations in whobel vibrations. LIPUS stimulation creates
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acoustic vibrations that generate localized shigass on cell membranes and has been shown to
induce anabolic responses in osteoblasts [206]eMar, LIPUS can be readily appligdvivo

and studies and have shown it to have anabokctsfion fresh fractures [207], delayed unions
[208, 209], non-unions [208, 209], and osteoporfsi] both in animal models [207, 208, 210]
and clinical studies [211, 212]. LIPUS providesoa{invasive and targeted treatment for

specific regions of interest. Furthermore, becahsd=-DA has approved LIPUS for non-union
fractures regulatory approval for its use in treguilisuse osteoporosis will likely present less of

a challenge than other modes of mechanical stimulat

The objective of this study is to investigate tffeas of LIPUS on the femora and tibiae
of hind limb suspended mice using high resolutioaraCT, dynamic histomorphometry, and
mechanical testing. It is hypothesized that exposul IPUS will provide sufficient mechanical

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

3.3 Methods and Materials:

3.3.1 Animals

Twelve-week old black B6/C57J mice were randomiméal 5 groups (n=15 per group): Age
match (AM), Sham non-suspended (NS), Non-suspefrddBUS (NU), Sham suspended (SS),
and Suspended + LIPUS (SU). LIPUS groups wereddeaith 1 kHz, 20% duty cycle, 30
mw/cn? pulsed ultrasound exposure for 20 min/day for sdzer week over 4 weeks with a
Sonicator 740® (Mettle Electronics, Anaheim, CA)r Ehe duration of treatment, the animals
were anesthetized with isoflurane. LIPUS was apiitethe left femur and tibia in LIPUS
treated animals and right legs were used as catdral untreated controls. Sham groups were

treated in same manner except that an inactivasatmd transducer was utilized. Suspended
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mice were tail suspended for a period of 4 weekg. 8ge match group was not exposed to

suspension or treatment.

Animals were observed for signs of stress twicayaahd animal weights were measured
daily for the duration of the study. In cases ofghéloss animals were given flavored treats and
to reduce dehydration, animals were given subcota@jections of saline. If any animals
exhibited more than 20% weight loss, infection@rese distress, veterinary staff was notified
and treatment recommendations were followed. Adlghocedures were done in accordance with

IACUC approved protocols.

After 4 weeks the animals were euthanized using & all four limbs were harvested
and stored at -8C until analysis.

3.3.2 _Microcomputed tomography

The proximal regions of the right and left tibiaer& scanned at 12 micron resolution
using microCT (uCT40, Scano Medical). To be cossisin analyses, a 400 slice region of the
bones distal to the end of epiphysis was acquingidtlae microstructure was evaluated for a
region beginning 20 slices below the epiphysis @mttinuing for 80 slices. To evaluate the
region of interest, contour lines were manuallyadraround the trabecular bone every 10 slices

and contour lines were morphed to fit the interagrslices.

The regions of interest were then evaluated fabdcular bone fraction (%, BV/TV),
bone mineral density (mgHA/cc, Mean2), Trabeculanher (1/mm, Tbh.N), Trabecular
Thickness (mm, Tb.Th), Trabecular separation (mmSp), and Bone surface/Bone volume
(mm/mm®, BS/BV) to determine the catabolic effects of mgnavity on bone microstructure

and efficacy of LIPUS treatment in preventing thefects.
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Cortical bone was analyzed from the left and righte at the mid-diaphysis, also at 12
micron resolution. Measurements included: cortimaie thickness (Cort.Th), cortical bone
mineral density (Cort. BMD), endosteal surface (&&J, periosteal surface (Peri S), and bone

area (BA).

3.3.3 _Dynamic Histomorphometry

Mice were injected with Alizarin red and Calceiral€zin (15mg/Kg) was injected at
weeks 1 and 3 and alizarin red (15mg/Kg) was iegett weeks 2 and 4. Mice were sacrificed
after 4 weeks and tibias were stored at -80C. Rrakiibiae were scanned using microCT and
samples were prepared for histomorphometry usihgmethyl methacrylate resin (PMMA)
embedding. Briefly, the bones were serially dehtgttaising 70%, 90%, and 100% isopropyl
alcohol, cleaned with petroleum ether and infigchtvith PMMA in three phases. In the first
infiltration, the bones were incubated in 85% meéthgthacrylate + 15% N-butyl phthalate, the
second infiltration was done with 85% methly metlgkte + 15% % N-butyl phthalate
+1g9/100ml benzoyl peroxide and in third infiltratiche bones were incubated in 85% methyl
methacrylate + 14% % N-butyl phthalate +2g/100nmzmgy| peroxide. At the completion of
infiltration the samples were then embedded in 88thyl methacrylate + 14% % N-butyl
phthalate +2g/100ml Benzoyl Peroxide solution &C37The tibias were polished and 5um thick
coronal sections were cut using a microtome (LB@aanockburn,IL). Osteomeausure software
(Osteometrics, Decatur,GA,USA) was used to trat@gaand alizarin red labels in proximal
tibia. Areas below the growth plates were contoumashually (metaphysis). The areas of
evaluation were consistent with the regions scamyeaicroCT. Regions of interest were
assessed in cortical bone, trabecular bone, vardsdouble and single labels. Samples were

analyzed for mineral deposition rate (Mar, um/ddgfined as the distance between double
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labels divided by the interval of injections (14ydg double labels from alizarin and calcein
were labeled separately and Mar values were averaggetermine average mineral deposition
rate over 14 days. Mineralizing surface was oletiny adding the ratio of double label surface
to 50% of the ratio of single label surface (ALSB®.5*sLS/BS). Mineralizing surface was
calculated separately for alizarin red and calegitt average mineralizing area has been
reported. Average bone formation rates were caledlby averaging alizarin red and calcein for
BFR/BS (uni/unf/day) values. Data from osteomeasure was alsotassiculated Bone

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

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

3.3.4 Finite Element Modeling

Finite element modeling (FEM) was used to modeldffiects of uniaxial compression on
proximal tibiae. MicroCT images of proximal tibia<7) were exported as dicom files and
stacked together to form 3-D models using Scantfvace (Simpleware, UK). The slices
exported were kept consistent with the slices asalyfor microCT analysis. 3-D models were
meshed using ScanlP using tetrahedral elementthardtal numbers of elements were kept
within a range of 0.75 — 1 x1@lements. ABAQUS (Simulia, USA) was used to apply
incremental uniaxial strain of 1, 5, and 10% onttesurfaces of the 3-D models with bottom
surfaces restrained. Cortical and trabecular ba&tevassigned the same Young’s modulus of 10

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

3.3.5 _Mechanical Testing:

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

from the AM, NS, NU, SS, and SU groups. Four pbending was selected over three point
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bending to minimize shear stresses. An MTS macfti@g Mini Bionix 1l) was used along with

a 100 N force transducer (SMT1-100N, Interface).sAmples were thawed slowly to room
temperature. The femurs were loaded in the fountdmending jig such the mid-diaphysis of
each femur was positioned in the middle of the sugpFigure 3), the posterior sides were
facing upwards, and the load was applied on theepos — anterior axis. The loading conditions
were controlled by Multi Purpose TestWare softw@&S). The piston was lowered with
preload of 1.5 N and then subjected to a ramp &adrate of 0.1mm/s until complete failure
occurred. Force and strain data were recorded gmatted to Microsoft Excel for analyses. The
Force/Strain curves, along with the mid-diaphy$e@l’ scans, were used to calculate Young's

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

Figure 2: Finite element modeling of the proxinmlla. Dicom files were exported from the
MicroCT and reconstructed into 3D models using $ahhe models were then meshed with
tetrahedral elements and exported to ABAQUS (SiaulsA) for simulated compressive
loading.
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Moment of inertia (I) was calculated using equatlomhere a, b, a’, and b’ were
measured using microCT images (Figure 3a). Elastidulus (E) was calculated using stiffness
(S); force over strain data obtained from four pb@nding; “L,” defined as the distance between
the bottom supports; and “c,” as the distance betvibe upper support and the midpoint of mid-
diaphysis. Stiffness was measured as the slogeegdlastic region from the force vs strain
graphs (Figure 3b). Elastic modulus was confirmgdgiequation 3, 4, and 5. Stresy&nd
strain €) were calculated by taking into account the applarce (F), displacement of piston (d),

a, c, |, and L.

3.3.6 Statistics:

The GraphPad Prism 3.0 software was used to rtistgtal analyses. All of the data was
presented in means * standard deviation. One-wa@¥A with Newman Keulspost hoc was
used to calculate significance within the differgrdups and time points; student t-test was used

within contralateral controls. p-value of <0.05 was considered to be significant.

40



Figure 3 — Four Point bending setup
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Figure 3a): Four Point bending setup, the load apgdied on the posteri— anterior axis
3b): Typical forcestrain curve generated by f-point bending. Stiffness was calculated fr
the tangent ahe elastic region. Yield and ultimate strengthevealculated using the yield po

and ultimate force measurements from f-strain curve.
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3.4 Results:

3.4.1 Micro CT Shows Anabolic effects of LIPUSabé¢cular and cortical bone

The microCT analyses of the proximal tibiae from Alite showed dense and intact
trabecular struts with no apparent differences wdwmnpared to either of the non-suspended
groups (NS,NU) (Figure 4). In contrast, trabecslants in suspended mice (SS) appear to be
thinning and breaking down. LIPUS treated tibiag8emonstrate more intact and denser
trabecular struts relative to untreated (SS) sasn@eantification of microCT parameters
showed that SS mice had a 36% decrease in trab&WlaV (p<0.001, Figure 5a), 3%in bone
mineral density BMD (p<0.05, Figure 5b), 4% in Th0.05, Figure 5c¢), 12.5% in Th.Th (
p<0.005, Figure 5d), along with a 16% increase $B/, in comparison to AM mice (Table 2).
Application of LIPUS increased trabecular BMD b$4a8 p<0.05) ,Tb.Th by 6% (p<0.05), and
decreased BS/BV by 10% (p<0.05). BV/TV, Th.N, &uhn. Den showed positive trends but
no significant changes were seen following exposutdPUS, when compared to SS mice.
Tibiae from NS and NU mice did not show any diffezes with AM controls, suggesting that
LIPUS has no adverse effect on healthy bone whiteveng anabolic effects in unloaded tibia.
LIPUS effects were localized to treated left tingano significant differences were observed in

non treated NU and SU mice.

Cort.Th showed 8% decrease between the AM and @ gi(p< 0.01, Figure 6a), while
the other parameters didnot show any significaahglks between AM and SS groups. However,
there were trends towards decreased Cort,BMD,ifnéviol, Peri S, and BA (Table 3, Figure 6
b-f). Exposure to LIPUS increased Cort.Th (p<0.@®xi S (p<0.05), and BA (p<0.05) in SU
animals, when compared to contralateral contref$ {{bia vs right tibia, Figure 6 a-f).

Differences between the left tibia of SS and SUeweat significant but positive trends were
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apparent. Trabecular bone was more responsiveltading and LIPUS treatment than cortical
bone. It is speculated that a longer duration wdystwvill show significant difference for cortical

bone parameters.
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Table 2: MicroCT Proximal Tibia Trabecular Bone ®at

AM NS NU SS SuU
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  0.0524843** | 0.05686+0.089
BMD 771.343+23.60 | 762.037+21.77 | 758.847+19.99 | 747.862+26.49* | 772.502+21.50t
(mmHg/cc) 773.603+17.07 765.202+25.60 765.352+29.6 754.623218| 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+0.004t
] 0.03753+0.0028| 0.03782+0.0036  0.03772+0.0028 0283P014* | 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 36.3668724| 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+6.961T

71.7236+6.66

73.5559+7.53

74.0938+5.5(

)

84.309+8.97

* 86.4818+13.03%

Table 2: MicroCT analyses of trabecular bone attegsis of proximal tibialhis table illustrates the effects of LIPUS on @ablar
bone in suspended and non-suspended mice proxbizad.tBV/TV (Bone Volume/ Tissue Volume), BMD (BeMineral Density),
Tb.Th (Trabecular Thickness), Conn.Den ( Connegtidensity), Tb.N (Trabecular Number) and BS/BV (BdSurface/Bone

Volume). Grey shaded rows are for treated tibitt)(dnd clear ones are for non-treated (right)abi
* P<0.05, ** P<0.01, **P<0.001 relative to AM

T P <0.05, 1 P<0.01 relative to SS,

T P<0.05, 1 P<0.01 relative to left tibia (cordtatal control)
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Table 2 :MicroCT Mid-Diaphysis Cortical Bone Data

Index AM NS NU SS SuU
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+0.008} 0.134®607 0.168238+0.010%

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 48.8B27+18.558 1051.641+16.64

BMD (mmHg/cc)

Endo. S (mn?) 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 2.89.23+0 2.89912+0.21

Peri. S (mn?) 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¥210.32%

Bone Area (mn) 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 0.595QPr8Y 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

Table 3:MicroCT analyses of cortical bone at thd-aiaphysis of tibia. This table illustrates théeefs of LIPUS on cortical bone in
suspended and non-suspended mice proximal tilitaet. Th (Cortical Thickness), BMD (Bone Mineral B#y), Endo.S (Endosteal
Surface), Peri.S (Periosteal Surface) and pMOlafpigloment of Inertia).Grey shaded rows are forté@dibiae(left) and clear one
are for non-treated (right) tibiae.

* P<0.05, ** P<0.01, **P<0.001 relative to AM,

t P <0.05, ft P<0.01 relative to SS,

¥ P<0.05, 1 P<0.01 relative to left tibia (cordtatal control)
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Figure 4: MicroCT images of trabecular proximhla

i ey

A )

Figure 4: Representative Proximal tibiae longitadiend cross sectional images showing intact trdbestruts in AM,NS and NU
mice. SS mice show disintegrated trabecular stnypsoximal tibiae, exposure to LIPUS (SU) show moyed trabecular struts
structure.

47



BV/TV
* % %

@su

0.125

y -

Figure 5: Trabecular Bone MicroCT

a)

ESS

48

OAM

b)



SU

(]

ESS

c)

Tb.Th

T. . A

d)

OAM

49



%k %k k
100 - . X ko |
e
75 - T T LT w
50 - S SR Ao
25 - L S B
e ! Ty
0 SR SHHHH
OAM ONS mNU B5ss gsu

Figure 5: Series of bar graphs showing the resiiltsicroCT assessment of Trabecular Bone,
showing significant changes in unloaded mice tibidBUS treatment show anabolic effects on
trabecular bone by significantly increasing BMD, T and reducing BS/BV. NS and NU tibiae
didn’t show any difference with AM controls, imphg that LIPUS has no adverse effect on
healthy bone, while showing anabolic effects inoaled tibiae.

a) BV/TV: 36 % bone volume fraction decrease wasutated in SS mice. LIPUS doesn’t
increase bone volume fraction in suspended micg.(SBUS exposure in non-suspended mice
showed no difference.

b) BMD: Suspension (SS) significantly reduces boreral density in trabecular bone (app
2.5%), LIPUS treatment enhances bone mineral deims8U to nearly the level seen in age
match animals.

c) Th.Th: SS mice showed significant reductionrabecular thickness; SU mice showed
significant increase.

d) Th.N: Trabecular number showed significant daseein HLS animals; LIPUS expose doesn’t
seem to recover trabecular number

e) BS/BV: SS mice show osteopenic tendencies i Isonface area/volume ratio as it increased
significantly and SU mice showed significant deseean 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 effiectortical bone in SS mice tibia but adverse
trend is apparent in inertia, Cort. BMD, Mol, BAdReri S. LIPUS exposure show significant
increase in Cort.Th, BA and Peri S when comparezbtdralateral controls (left vs right tibia).
No significant differences were observed in NS Biubtibia when compared to AM.

a) Cort. Th: A significant decrease in SS tibiaticat thickness, LIPUS increases cort.Th
significantly relative to untreated tibia of SSraals. SU/SS comparison show positive trend in
SU tibia but difference is not significant.

b) Cort. BMD: Cort. BMD reduces in SS mice tibiat oot significantly. LIPUS treatment show
positive trend (SU).

c) Inertia: SS mice tibia show decrease in indrtiadifference is not significant after 4 week of
suspension. SU show positive trends.

d) Endo.S: Endosteal surface doesn’'t show anyrdiften SS and SU tibia over 4 weeks of
suspension.

e) Peri S. Periosteal Surface reduces in SS tiliadit significantly. LIPUS treatment increases
Peri S in treated tibia relative to contralate@ttcols.

e) BA: Bone Area show similar trends to Peri Shvdéecreased BA in SS tibia and significant
increase SU-L relative to SU-R.

*P < 0.05, *P<0.01, **P<0.001

54



3.4.2 Dynamic Histomorphometry shows LIPUS incred®me formation in the proximal tibia

under disuse

Histomorphometric analyses were only performedanpes from the AM, SS and SU
groups as no significant difference were obsermatbn-suspended groups (NS and NU) in the
microCT data. AM mice showed compact cortical baith intact trabecular struts, along with
strong single labeling most prevalent in endostedl trabecular sites (Figure 7,AM). In contrast,
SS mice showed visibly broken and disoriented talae. Fluorochrome labeling was dispersed
with sporadic single labels mostly confined to @allar bone and endosteal surfaces (Figure 7,
SS). LIPUS treated tibiae retained their normaléoonicrostructure and visible double and single

labels present on the endosteal surface and tria@e@tigure 7, SU).

The histomorphometry data were consistent withehosm microCT scanning (Table 4).
As compared to age match controls, SS mice hadlé48BV/TV (p<0.05, Figure 8a) and 31%
less Th.Th (p<0.05, Figure 8). LIPUS treatment &adbolic effects as SU mice showed
significant increases of 38% in BV/TV (p<0.05) aB&&in Th.Th (p<0.05) in comparison to SS
mice in the metaphyseal region. In addition, BS&M Tb.Sp showed significant increases in
SS mice compared to SU, and LIPUS exposure sigimifig decreased BS/TV (p<0.05, Figure
8c). The trabecular bone formation rate decreas&sbimice, while treatment with LIPUS
significantly increased BFR/BS (p<0.05, Figure Bdproximal tibia metaphysis. Furhtermore
BFR/BS, MAR, and mineralization surface was reduaker 4 weeks of suspension. However,
application of LIPUS significantly increased BFR/Bf&d mineralization surface, while MAR

values showed positive trends (Figure 8e, f).
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Figure 7: Dynamic Histomorphometry Images
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Figure 7: Histomorphometry. Mice were injected withlcein (weeks 1 and 3) and alizarin red(weeksd243. Analyses were
performed on proximal tibia metaphyseal sectiorid.rAice showed intact microstructure along with skessisingle labeling, SS
mice showed broken down microstructure with lititeno labeling, and SU mice showed improved micuastire and with enhanced
double labeling along endosteal and trabeculaasas.
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Table 4: Dynamic Histomorphometry Data

Index AM SS SuU
BVITV 19.04+4.54 7.81+4.24* 12.72+3.21¢t
Th.Th(um) 84.70+25.91 26.58+22.02* 56.64+18.751
BS/BV 25.42+7.43 128.78+112.09* 35.46+16.191
Th.Sp(um) 317.21+67.50 427.42+4211.35* 369.88+160.71
BFR/BS 0.052+0.024 0.031+0.30* 0.104+0.07t
(um/(unr)/d)
MS 4.01+1.42 3.00+0.84 5.90+2.37
MAR (um/day) 1.41+1.01 0.75+0.55 1.57+0.92t

Table 4 Histomorphometry analyses of proximal tibiae mbiagis. This table shows significantly decreasebetcalar BV/TV,
Tbh.Th, MS and BFR/BS and increase BS/BV and TbhinSpS mice relative to AM mice. SU mice showed digantly increased
BV/TV, Th.Th, MA and BF/BS and decreased Bs/BV didSp in comparison to SS mice.

* P<0.05 compared to age match

T p< 0.05 compare to SS
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Figure 8: Dynamic Histomorphometry
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Figure 8: Histomorphometry results. Histomorphametnalyses were performed using
Osteomeasure. Bar graphs showing the resultsoéttalysis for a,b,c,d are shown. SS mice
proximal metaphysis show significant decreasesMAil®, Tb,T h and BFR/BS. LIPUS
treatment practically retains BV/TV and Th.Th wislgnificantly enhancing BFR and
mineralization surface.

a) BV/TV: 41% decreases in SS tibia metaphysisliegtpon of LIPUS reduces (SU) BV/TV by
38% relative to SS mice

b) BS/BV: increases in SS mice, SU metaphysis stignificant reduction in BS/BV ratio.

¢) Th.Th reduces by 31% in SS mice relative to ANhmls. Application of LIPUS metaphysis
retains ~53% more Tb.Th then SS mice.

d) BFR/BS: significant decrease in rate of bonenfation in SS mice, LIPUS exposure induces
increase in rate of bone formation in SU metaphysis

e) Rate of Mineral deposition reduces in suspemdied (SS) and show approximately full
recovery on application of LIPUS(SU)

f) Mineralization surface increases significantiyresponse 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 LIPUSgqutst proximal tibial strength during

disuse

Application of incremental strain showed higheessrlevels in disuse proximal tibias

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

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

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

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

Proximal tibia from SS showed increased Von Misé®ss with the highest average stress

(7.42x10Pa) calculated at 10% strain, (Table 5). Howevgplieation of LIPUS reduced

average Von Mises’ stress by 11% (Table 5, p<O@a}ive to disuse proximal tibias.

1% (MPa) 5% (MPa) 10% (MPa)
AM 7.17 £ 0.48 35.98+ 2.38 71.794.75
SS 7.94 +0.36 * 39.30 * 1.94* 78.61 +3.861
SU 7.03 + 0.63% 35.16 +3.171 70.34 +6.337

Table 5: This table shows the FEM derived Average Wlisses stress in AM, SS and SU
proximal tibias. Disuse tibiae (SS) show signifitamcreased stress relative to AM. LIPUS

treatment restores structural integrity of bone mauilices ave. stress on proximal tibia in state of

compression/strain.
* p< 0.05 relative to AM

T 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 Vased’ stress at proximal tibiae under
incremental strain (1, 5, and 10 %). Disuse proxiibéae showed significantly increased von
Mises’ stress mostly confined at cortical shellDijused tibiae showed app 10% increase
average von Mises’ stress at 1, 5 and 10% straif.(®). LIPUS treatment reduced av. von
Mises’ stress by 11% (p<0.05) and restored it to laivels.
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3.4.4 LIPUS improves femoral mechanical propentinder disuse

Although microCT analyses of femoral mid-diaphysi®wed no significant decreases in
cortical thickness in SS mice compared to AM msignificant differences in elastic modulus,
yield strength, and ultimate strength were seeh®@ISS mice in comparison to AM, NS, and
NU mice (Table 6). Suspension significantly compised femoral mechanical properties as SS
femurs had a 53% decrease in elastic modulus (p<BiQure 10a), 33% decrease in yield
strength, (p<0.05, Figure 10b) and 45% decreas#imate bone strength when compared to
AM femurs (Figure 10). LIPUS treatment significgnitinproved the mechanical properties of
the mid-diaphysis. Femoral elastic modulus inceddsy 42% (p< 0.05), yield stress increased
by 29% (p<0.05), and ultimate strength increased@®®p (p<0.05), in SU compared to SS.
Contralateral femora of SU mice confirmed the iaseein elastic modulus, yield strength, and
ultimate strength in LIPUS treated femurs. Finatigmpared to AM mice, SU mice showed an
18% decrease in elastic modulus, 6% decreaselohsti@ngth, and 10 % decrease in ultimate

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

Index AM NS NU SS SuU
Cortical Thickness 0.149017+0.008 0.14381+0.009 0.14182+0.007 0.13205+0.012* 0.13295+0.008
(mm) 0.146117+0.009 0.14824+0.017 0.14039+0.014 0.13653H* 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 1069.3361 1075.57+25.57
Elastic Modulus 1730.66+ 631.94 1581.32+737.71 1578.52+712.35 811.86+344.52* 1407.64+581.01t
(GPa) 1772.12+682.38 1793.27+619.87 1881.03+642.78 7264818 792.76+310.41%%
Yield Strength 69.79 + 25.77 74.94+37.65 75.28+27.86 46.41+18.99* 65.44+26.981
(MPa) 74.38+25.27 75.52+30.98 69.12+12.99 33.07+12.20 1841.2.67%
Ultimate Strength 86.66+31.22 88.68+32.45 91.19+35.80 47.49+25.02* 78.07+38.781
(MPa) 92.03+35.22 90.40+44.66 81.21+22.01 36.42+13.29 4585 5,601+

Table 6— Four Point Mechanical testing analyzingebelastic modulus and strength under disuse dongiand anabolic effects of
LIPUS on femoral mid-diaphysis. Gray row repredezated (left) tibiae, Clear rows represent unte@dright) tibia

* P<0.05, ** P<0.01, **P<0.001 relative to AM

t P <0.05, ft P<0.01 relative to SS, ¥ P<0.05,
11 P<0.01 relative to left tibia (contra-laterahtrol)
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Figure 10: Mechanical Testing
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Fig 10) Mechanical Testing- four point bending bharts showing significantly decrease in
mechanical properties of SS mice femur (Elastic mheg] yield and ultimate strength). LIPUS

exposure retains mechanical integrity of femoraiéo

a) Elastic modulus: SS mice showed a significaoteBese in elastic modulus relative to AM.

LIPUS exposure increased elastic modulus in SU mice

b) Ultimate strength: decreased significantly inf&®urs in comparison to AM mice. SU

showed a significant increase in ultimate stremgtative to SS mice.

c) Yield stress: significantly decreased in SS midBUS exposure increased yield stress

relative to SS mice.
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35 Discussion:

Disuse osteoporosis is a degenerative bone difiegiseompromises bone strength and
leads to a high risk for fractures. This type ohbdoss is concentrated on weight bearing limbs.
The localized pathology of disuse osteoporosisfaadargeted and non-invasive approach to
treatment, which can provide the essential mechastonuli required to maintain bone quality.
Since LIPUS has shown encouraging results in pnogien anabolic stimulus that promotes
bone healing, this study examined LIPUS as a piatlesduntermeasure for disuse induced bone
loss. The microCT results confirmed the detrimeattdcts of disuse on trabecular and cortical
bone, with trabecular bone showing more sensitiatgisuse than cortical bone. Trabecular
bone showed significant decreases in BV/TV, BMD,TH and Th.N along with an increase in
BS/BV. Cortical bone showed significant losseshickness with lesser effects on BMD, BA,
MOI, Endo S, and Peri S. Application of LIPUS miigd the decreases in trabecular BMD,
Th.Th, and showed increases in BS/BV with no effseten for BV/TV. LIPUS treatment
partially mitigated the losses in cortical thickeesd bone area. The contralateral untreated
tibiae (SU) and non-suspended LIPUS treated (Nb@eidid not show significant changes in
bone microstructure relative to treated left tibiadicative of the targeted nature of LIPUS

stimulation.

Histomorphometry results confirmed those from miEFpshowing that LIPUS treated
mice retained bone microstructural integrity and mcreased bone formation rates.
Furthermore, the histomorphometry data showedrafgignt increase in proximal tibiae
BV/TV, which was not apparent in the microCT anabysThis is likely due to the higher
sensitivity of histomorphometry compared to micro@Taddition, the histomorphometry

images showed fluorochrome labels concentratechdosteal and trabecular bone surfaces with
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little or no labeling at the periosteal surface.ths endosteal and trabecular surfaces are lined
with osteoblasts, increased labeling is indicati¥ancreased rates of bone formation by
osteoblasts. Previous studies have shown incrdasezlloss on the endosteal surface and
reduced trabecular thickness in response to ddwsédack of bone formation [68, 70], our data
indicate that LIPUS treatment can induce bone féionaon endosteal and trabecular surfaces to

counteract the adverse effects of disuse.

Femoral mechanical properties were severely comigearin SS animals despite no
differences being found for BMD and cortical thieles of AM and SS. This suggests that other
factors such as collagen alignment, collagen cliaksig, porosity, microcracks etc. may play
an important role in determining bone mechanicapprties. Application of LIPUS patrtially
restored the mechanical properties of bone wits@utificantly affecting cortical thickness and
BMD. In vitro studies have shown that application of LIPUS impgocollagen cross-linking in
calcified matrix by increasing prostaglandindetivity in osteoblast cell cultures [213]. Itis
speculated that the absence of mechanical stimeies under disuse may similarly adversely
affect collagen cross-linking, leading to comproadisnechanical properties, and LIPUS

stimulation partially mitigates this effect to ingme biomechanical function.

The results of this study indicate that LIPUS Haesdtrong potential to be used as a
targeted, non-invasive and non pharmacological isvmeasure for disuse induced bone loss.
Increased calcein and alizarin red staining on ste@b and trabecular surfaces indicated that
LIPUS was increasing bone formation, but the curstundy did not examine the effects of
LIPUS on osteoclast activity and/or numbers. Boom&ostasis is preserved by the synergistic
activities of osteoblasts and osteoclasts. Incceaseeoblast activity can reduce osteoclast

activity and differentiation. Studies have showatthiPUS stimulation increases osteoblast
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activity, resulting in increased production of T@G&-and reduced levels of TNkand IL-6

[178], which combine to decrease osteoclast agtj2it4, 215]. Furthermore, LIPUS decreases
RANKL expression in osteoblasts, which is essembiabsteoclast differentiation (unpublished
data). Considering the effects of LIPUS stimulatiamm in vitro studies it is possible that
LIPUS decreases osteoclastogenesis and osteodliadityaleading to reduced bone resorption.
However, more detaile vivo studies are required to fully determine the effeftLIPUS on

osteoclast activity and differentiation.

These results indicate localized anabolic effettdiBUS in disuse induced bone loss.
LIPUS has the potential to be used in clinicalisgt as in non-invasive, targeted therapy for age
related, post menopausal and long term bed restatosteopenia and osteoporosis.
Furthermore, LIPUS provides a portable and easyetoply-with therapy for microgravity
induced bone loss in astronauts and can be a pihet@apy to increase the duration of time
astronauts can spend in microgravity, a well agdipg rehabilitation upon returning to earth.
Data from contralateral controls showed no effecis to LIPUS treatment thus indicating
localized and targeted stimulation of bone cellhaut any adverse effects on healthy bone

tissue.

The exact mechanism through which LIPUS enhandesbiast activity and increases
the rate of bone formation remains unknown. Ultuagbis speculated to induce acoustic
streaming in interstitial fluid and localized menkeal vibrations in the extracellular matrix
[185]. This results in local deformation of cell mierane and the induction of shear stresses and
strains in osteoblasts [163, 164, 186-189]. Thesehanical deformations activate receptors on

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

193].

This study explored the potential of LIPUS as a-masive, non- pharmacological
targeted therapy for disuse osteoporosis. Thetsesuggest that LIPUS has very strong potential
as a non-invasive and targeted anabolic agentisase osteoporosis. The study did not evaluate
the effects of LIPUS on osteoclast and osteocyttsgity in vivoand futures studies will be
required to study these responses as well as perfedepth analyses of alterations in bone

matrix and gene expression in order to begin teetstdnd 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 mesenghym
stem cell differentiation in simulated microgravityvitro.
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4.1 Abstract

Adult stem cells can differentiate into multiplaéiages depending on their exposure to
differing biochemical and biomechanical inductieetbrs. Lack of mechanical signals due to
disuse can inhibit osteogenesis and induce adigsgEenf MSC. Long-term bed rest due to
brain/spinal cord injury and space travel can keadisuse osteoporosis that is in part caused by
a reduced number of osteoblasts. To induce ostesgeunder disuse conditions, it is essential
to provide proper mechanical stimulation. The otdyecof this study was to examine the effects
of low intensity pulsed ultrasound (LIPUS) on tletemgenic differentiation of adipose-derived
human stem cells (Ad-HMSC). Cells were cultured itD clinostat to simulate microgravity
(SMG) and treated with LIPUS at 30mW(/tfor 20 min/day. It was hypothesized that the
application of LIPUS to SMG cultures would restosteogenesis in Ad-HMSCs. The results
showed significant increases in ALP, OSX, RANKL, RXR2, and decreases in OPG in LIPUS
treated SMG cultures compared to non-treated @dtiBMG significantly reduced ALP positive
cells by 70%, p<0.01land ALP activity by 22% (p<Q,08hile LIPUS treatment restored ALP
positive cell number and activity to equivalencéhwiormal gravity controls. Extracellular
matrix (ECM) collagen and mineralization was asséds/ Sirius red and Alizarin red staining,
respectively. SMG cultures showed little or ndagén or mineralization, but LIPUS treatment
restored collagen content to 50% (p<0.05) and ralieation by 45% (p<0.05) in LIPUS
treated-SMG cultures relative to SMG-only culturd@he data suggests that LIPUS treatment

can restore normal osteogenic differentiation ofQ4S
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4.2 Introduction

Adult mesenchymal stem cells (MSC) are multi-potatn cells capable of self-renewal
and differentiation into osteoblastic, adipogeniyogenic, and chondrogenic lineages. Recent
studies have examined the effects of the presenalsence of mechanical stimuli on
commitment of MSCs to different lineages [216-21BJechanical vibrations, stress, and shear
forces can all enhance osteogenic differentiatiod 8Cs while the lack of mechanical stimuli
can induce adipogenesis [217, 219]. Luu et alelslown that low magnitude mechanical
stimulation (LMMS) induces osteogenesis and inkibdipogenesis [220, 221] and MSCs
extracted from LMMS treated mice show increased&sgion of RUNX2 relative to PPAR
[220]. A recent study by Yang et al. has shown dyatic tensile strain increased RUNX2
expression while inhibiting PPARN rat MSCs [222]. In contrast, lack of mechangtaéss can
induce adipogenesis and inhibit osteogenesis [2&3)]. Loss of gravity in space or lack of
physical activity due to spinal/brain injury cagmificantly reduce mechanical stresses thus
leading to decreased rates of osteogenesis arehsen rates of adipogenesis [221]. The lack of
mechanical stress during spaceflight induces bos®df 1-2 % per month which can eventually

lead to disuse osteoporosis [224].

MSCs are progenitor cells to osteoblasts, and ¢vengental effects of disuse on MSCs
can significantly reduce their rates of prolifeoatiand differentiation into osteoblasts [223].
Microarray analysis of MSC cultures in simulatectragravity (SMG) have shown reductions in
expression of genes controlling the cell cyclepsigeleton, proliferation, and differentiation
along with increased expression of apoptotic géb®s]. Furthermore, MSCs cultured in SMG
had disorganized microfilaments and reduced F-gdiymerization [47, 223]. Huang et al.

have shown that this is in part due to inhibitidrthee ERK1/2 and AKT pathways, leading to
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reductions in proliferation, RUNX2, and ALP concdamt with increased PPARevels [47]. In

general, lack of mechanical stimulus appears tefdfSCs into a state of quiescence.

To restore MSC self-renewal and osteogenic diffeaan, it is essential to provide an
anabolic mechanical signal, ideally one which casvigle a localized mechanical stimulus.
LIPUS produces pressure waves which induce bioateravents in bone cells [175-177]. The
effects of LIPUS on intercellular activity, cytokinelease [178], gene expression [179], calcium
mineralization [180], Akt signaling [181], potassiunflux [182], angiogenesis [183], adenyl

cyclase activity, and TGF-b synthesis[184] havéda#n studied.

LIPUS induced mechanical deformations activatepears on cell membranes such as
integrins, mechanosensitive-calcium channels, Geprs, IGF, TGH/BMP and gap junctions,
activating different downstream pathways [181, 18%)-193].These studies, and many others

show that rates of bone formation are increaseddampresence of LIPUS.

A number of studies have specifically evaluatedathects of ultrasound on
mechanotransductive pathways. Tang et al. reporteattivation of the Akt pathway and p-13
kinase, through aggregation of integrin expressidnch resulted in induction of nitric oxide,
hypoxia inducible factor-1, and increased actiatyox-2 in osteoblast cells [191, 192].
Similarly, LIPUS treated osteoblasts show highesl@ar localization of-catenin and activation
of Wnt signaling [194]. A microarray study done ldiRPUS treated osteoblasts showed
enhanced gene expression of integrins, cytoskeletaponents, TGB-family members, IGF
family members, MAPKs pathway, ATP-related, Guamoeleotide binding protein family,
lysyl genes, and apoptosis-associated gene famsie®@mpared to non-treated osteoblast [195-

198].These cellular level studies indicate thatasibund treatment can activate
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mechanotransductive pathways and significantlyease osteogenic differentiation in progenitor
cells and promote osteogenic maturity in differatetl osteoblasts. Recent studies have also
shown increased RUNX2, ALP, Collagen type 1, arélgnn beta 1 expression in LIPUS treated
MSCs [225]. Finally LIPUS exposure has been shawenthance cell adhesion, focal adhesion

formation, and increase proliferation in MSCs [225]

The catabolic effects of disuse are driven by inatibn of mechanotransductive
pathways and they also severely affect MSC activis/LIPUS exposure has
mechanotransductive properties, it has the potdntiaduce mechanical stress in MSCs and
promote osteogenic differentiation in micrograwtydisuse conditions. This study was
performed to test the hypothesis that LIPUS exposestores 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 Clinostatps developed to keep cells in continuous 1-
D rotation at a speed of 15 rpm around the horaaatis. This resulted in an averaging out the
net gravitational forces (Figure 11). Lee Silveaktexplained in detail the effects of 1-D
rotation on cells and sub-cellular organelles watbpect to gravity, showing that continuous
rotation along the horizontal axis disables cdbiditst to respond to gravitational force and
induces a lack of orientation. In our clinostag tbtation resulted in a radial force less than
0.045N. Further, the rotator is controlled by aafale speed motor and the holder is 80 mm
(radius = 40mm) in width allowing it to holding &@cell® (Nunc, VWR, Bridgeport, NJ.USA)

cartridges.

Each Opticell cartridge is 2 mm thick and MSCs wseded on their gas-permeable
polystyrene membranes. Each cartridge was fillatd wd ml of media and, to prevent fluid
shear stress, all air bubbles were carefully rerdoVee clinostat was kept under sterile
conditions at 37C in 5%CQ in a standard humidified incubator (Thermo scfantAsheville,

NC, USA) for the duration of all experiments.
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Figure 11: 1-D Rotation and clinostat setup
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Figure 11: Simulated microgravity (SMG) bioreactyy.One dimensional rotation results in net
gravity vector of magnitude zero, thus producingidated microgravity B) SMG bioreactor
setup inside incubator with experimental and cdrsaonples setup.
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4.3.2 Ultrasound Exposure:

LIPUS stimulation was applied using an acoustiaag\Sonicator® 740 (Mettler
Electronics, Anaheim, CA) with a 10érmansducer (35mm diameter) utilizing a modified
repetitive frequency at 100 Hz pulse, an ultrascehattacteristic frequency of 1IMHz and a pulse
width of 20Qus repeated at 100 Hz at an intensity of 30 mW¥/Aom20 minutes/day. This type of
LIPUS application at a modified low repetitive caangble dynamic frequency may lead to a
new approach for noninvasive stimulation of borraduer. The region of LIPUS treatment was
marked with a 10cm diameter circle before the sthetach experiment. All stimulations
targeted the same region of each Opticell and thrdge cells that were growing in the Region of
Stimulation (RoS) were harvested and analyzed.3FBmm distance between the transducer and
Opticell was filled with degassed water.

4.3.3 Cell Culture:

Adipose derived human Mesenchymal stem cells (A&B\LifeLine, CA) were
cultured in StemLife media (LifeLine, CA) at antial seeding density of 250,000 cells/Opticell.
Cells were distributed into five groups (n=4/graup) Control; 2) Gravity (G); 3) Gravity +
LIPUS (GU); 4) SMG (M); and 5) SMG + LIPUS (MU). llAhe groups were initially cultured
in proliferation media (StemLife media) until 90%néluency was reached. After 90%,GU,M,
and MU groups were supplemented with osteogentoifa¢50ug/ml ascorbic acid, 10mM beta-
glycerolphosphate), while the control group wasntaned in proliferation media to serve as a
negative control for osteogenesis. Microgravitydemion of M and MU groups was started after
initiation of osteogenic induction. GU and MU sae®lere stimulated with LIPUS for 20 min
per day 5 days a week, for the duration of the ewpnts while the G and M samples were

placed on a switched-off transducer for the sanmmeatiun. All cells were maintained at°€7and
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5% CQ 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 erpds LIPUS and immediately
lysed with lysing buffer for RNA collection. The RNfrom the control, G, and M was collected
in similar fashion. Total RNA was extracted usingdasy Mini Kit (Qiagen) and reverse
transcribed using random primers and a High cap&iA-to-cDNA kit (Applied Biosystems).
The cDNA was then amplified using a StepOnePlud-Rea PCR system (Applied

Biosystems). QPCR analyses were then performedliBr RUNX2, OSX, RANKL and OPG

4.3.5 _ALP Activity:

After 7 days of SMG, samples from all groups wesskned twice with double distilled water
and lysed using sonification. Cell lysates weraibated with p-nitrophenol phosphate (Sigma)
at 37°C for 1 hr. The enzymatic reaction was stdpyseng 1 M sodium hydroxide and
absorbance was measured at 540nm (Bio-Tek EL80Go&8ki, VT.USA)

4.3.6 Fluorescence-activated cell sorting — FACS:

Ad-HMSCs were trypsinized, washed with PBS, anthethwith primary anti-bone
alkaline phosphatase (abcam, ab17272) and secogdatyanti mouse IgG1 heavy chain (FITC)
antibodies (abcam, ab97239). After staining, thks egere washed, fixed with 1% formalin, and

analyzed for ALP positive cells using flow cytometr

4.3.7 Collagen Staining:

After 12 days of treatment, the RoS were cut duihe Opticells and fixed in 4%
paraformaldehyde for 30 min at room temperature Jdmples were then stained with 1% pico-

sirius red for 1 hr and the cells were washed wadtidified water (0.5 % acetic acid water) and
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dehydrated with serial ethanol washes: 70%, 90%,180% (5 min each). Digital images were
taken using polarized light microscopy (Nikon DiapR00, Melville, NY. USA) at 2.5X
magnification. After imaging, staining was elutesing sodium hydroxide and quantified at
540nm optical density

4.3.8 Matrix Mineralization:

After 12 days of treatment, the RoS were cut ouhefOpticells and the cells were fixed
in 70% ethanol for 1 hr at room temperature. Theyenstained with 40mM alizarin red (pH 4.2)
for 10 min, afterward washed with tap water, alldwe dry at room temperature and imaged
using an Axiovert 2000M Inverted Microscope (Caelss, Axiocam MRC, Thornwood,NY).
Following imaging, the stain was eluted off thes@l a solution of 10% cetylpyridinium
chloride in 10mM sodium phosphate for 15 min. Thaesl stain was then measured at 562nm in
a spectrophotometer (Bio-Tek EL800, Winooski, VIBA). All samples were quantified against
an alizarin red standard curve in 10% cetylpyrigimiand normalized to the total number of
cells.

4.3.9 Statistics:

The GraphPad Prism 3.0 software was used to rtistgtal analyses. All of the data is
presented in average * standard deviation. OneAM®OVA with Newman Keuls Post -hoc was
used to calculate significance within the differgrdups 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 osteogenicgengd-HMSC

PCR analyses were completed to assess the effe8MG and LIPUS on the expression
of osteogenic genes. SMG significantly reduced esgion of all the genes analyzed (ALP,
RUNX2, OSX, RANKL, and OPG) (Figurel2). Applicatioh LIPUS increased gene expression
of ALP, RUNX2, OSX, RANKL (Figure 2a-d), and redacexpression of OPG (Figure 12e).
MU samples showed significant increases in expoassi ALP, RUNX2, OSX and RANKL
relative to M samples, and restored the expregssitimese genes to levels seen in G samples
(Figurel2a-d). In the GU samples, LIPUS exposuosvsid positive correlations with osteogenic
gene expression but no significant differences i@uad relative to G cultures. OPG expression
levels went down significantly with application lbfPUS in the GU and MU samples (Figure
12e). When combined with RANK-L expression, an @ased RANKL/OPG ratio was seen
following application of LIPUS with the highest iaseen in GU and MU samples. This finding

suggests that LIPUS stimulation favors bone foramativer bone resorption (Figure 12 f).
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Figure 12: Ad-MSCs Gene Expression
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Fig 12: PCR analyses of osteogenic genes in resdorSMG and LIPUS exposure.

a) ALP expression decreases in SMG and applicafi&hPUS significantly increases ALP
expression; highest expression observed in MU sasnpl

b) OSX gene expression significantly reduces in SM@ LIPUS exposure induces significant
increase in MU samples relative to M samples. Ghn@as show little effect on OSX
expression relative to G samples.

c) RUNX2 shows similar expression patterns as i?And OSX MU samples show significant
increase compared to M samples and LIPUS exposateres RUNX2 expression in HMSC.

d) RANKL expression levels significantly reduceNhsamples but not significantly compared to
control.

e) M samples showed significantly higher OPG exgpoesthan G, GU and MU samples.
Exposure of LIPUS further reduces OPG expressieHM&C.

f) RANKL/OPG ratio is indicative of osteogenic contment: M samples show same ratio as
Controls and LIPUS exposure significantly increaR&NKL/OPG ratio.
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4.4.2 LIPUS restores ALP positive population andPAsctivity in Ad-HMSC

ALP, a membrane bound enzyme is considered toebmital marker of osteogensis as
MSCs differentiate into osteoblasts. We lookedadh kithe percentage of ALP positive cells and
total AMP activity levels in ad-MSC under SMG wiihd without LIPUS exposure. SMG
reduced the ALP positive population in M group, 7lé%s then G, resulting in levels similar to
control (Figure 13). Exposure of LIPUS significaniticreased the percentage of ALP positive
cells in GU samples by 3% and restored ALP positeles in MU samples in comparison to

gravity controls (G).

ALP positive cells and ALP activity were signifidgnreduced in M cultures relative to
gravity controls (G)(Figure 13b).However, LIPUSwtilation increased ALP activity in GU
samples by 45% and completely restored ALP actinitylU samples relative to G samples

(Figure 13b).
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Figure 13: ALP Positive Cells and activity
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Figure 13. ALP positive popultion and activity.

a) ALP positive popultion signigicantly goes doverlevels of control in M cultures. Application
of LIPUS restores the ALP postive population in idamples and signifcantly increases in GU
samples relative to G samples.

b) ALP Activity showed same pattern as ALP pospepulation, as ALP activity in M sampels
was signifcantly reduced and application of LIP@Stored ALP acitivity in differentiating cells.
Application of LIPUS increases ALP acitvity in GUltures.
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4.4.3 LIPUS exposure significantly reverses SMGred decreases in collagen production:

Collagen deposited by osteoblasts was measured 8sins red (stains collagen,
predominantly type | and Il fibers). Histologioglralitative analyses showed a reduction in
collagen level in the SMG exposed samples (M) agwifscant recovery due to stimulation with
LIPUS (MU) as evidenced by dark red clusters ofag@n evenly distributed throughout the
RoS (Figure 14a). The application of LIPUS on®i¢ samples resulted in a significant
increase in collagen secretion as compared toaheat (G) (Figure 14a). In addition, while all
three cultures, G, GU and MU showed variable celtadensity (with scattered areas of lower
and denser clusters of collagen), the M culturesveld weaker staining and overall low collagen
density throughout the cultures, almost resemtilegcollagen levels in the G group (Figure
14a). Further, quantitative measurement of thensitg of Sirius Red staining in these cultures
identified a significant reduction of 21% of coli&gsecretion in the presence of SMG in
comparison to the G samples (Figure 14b). In cehttdPUS stimulation reversed this trend and
restored collagen levels to those observed in tear@ples and actually enhanced collagen

content in GU samples by 24% (Figure 14b).
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Figure 14: Ad-MSC Collagen Content
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Figure 14 Collagen Content and Quantification.

a) Sirius Red stain showing collagen clusters fagnn extracellular matrix. Control samples
show little or no collagen and Gravity (G) samaswed evenly distributed collagen clusters
over the ECM. Simulated microgravity (M) sampleswhd little or no collagen clusters and
much more comparable to control cultures. Applaranf LIPUS to simulated microgravity +
LIPUS (MU) samples apparently increased collagentesd, making them more comparable to
G samples. Gravity + LIPUS (GU) samples showed elecsllagen clusters and formation of
thick collagen fibers (scale bar 500um).

b) Sirius red quantification showed a significaatieéase in collagen content in M cultures to the
levels of control. Application of LIPUS restoredlagen content in MU cultures, making them
more comparable to G samples. LIPUS exposure ggnify increases collagen in MU and GU
samples.
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444 LIPUS exposure significantly reverses SMGred decreases in calcification:

To further probe the positive effects of LIPUS stlation on SMG-exposed cells, matrix
calcification was investigated using Alizarin Redising. Results from these experiments
showed even distribution of calcium phosphate icuures, but with LIPUS stimulation, a
much denser and wider pattern of calcification wlaserved in ECM. (Figure 15a, GU). M
cultures showed decreased levels of Alizarin Rathisty comparable to the control samples
(Figure 15a, M). LIPUS exposure in SMG (MU) sammhsewed increased distribution of
calcium phosphate nodules resembling that seenGviffigure 15a, G). LIPUS exposure also
enhanced alizarin red staining in GU cultures, ilegtb the formation of denser positively
stained clusters. Further, after quantitativelyamging the concentration of the eluted dye, a
75% decrease in matrix calcification was observeldl icompared to G but with LIPUS
stimulation it was increased by 45% in the MU crdtu Furthermore, there was a significant

increase of 56% in the GU cultures in compariso@ f@-igure 15b).
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Figure 15: Ad-MSC-Matrix Calcification
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Figure 15) Matrix mineralization and Alizarin Redi&htification

a) No or little mineralization was apparent in Gohsamples. Gravity samples showed
formation of mineralized clusters distributed eyeover the area of ECM. M samples showed
no visible clusters and ECM morphology comparatov€ontrols. Application of LIPUS in MU
samples induced mineralization as calcium clusisrsapparent in ECM and morphology was
more comparable to G samples.GU cultures showeskdealcium cultures and with higher
frequency (scale bare 500um).

b) Alizarin red quantification showed significareatease of ECM calcification in M cultures
almost to the level of the control group. LIPUS esyre restored mineralization of ECM.
Application of LIPUS significantly increased calc#tion in MU cultures relative to M and GU
cultures relative to G.
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45 Discussion:

Mesenchymal stem cells are multipotent cells theag pn important role in tissue repair
and regeneration in adult humans. Recent studies ¢taown that both mechanical and
biochemical stimuli are important for differentiati of stem cells into different lineages.
Yamazaki et al. showed that a lack of mechanitaks can inhibit osteogenesis and induce
adipogenesis in bone marrow MSC [223]. MSC playngportant role in bone remodeling being
the progenitor cells to osteoblast cells and alfecting, osteoclastogenesis by the regulation of
OPG. Disuse conditions due to brain/spinal injurgmace travel can severely affect MSCs
ability to differentiate into osteoblasts and attex balance of the bone remodeling process
leading to disuse osteoporosis. This study lookekeaeffects of LIPUS as a potential

mechanotransductive stimulus to induce osteogeimeSMG-MSCs cultures.

In the presence of biochemical and mechanical $tiwh8Cs differentiate into bone
matrix secreting osteoblasts, characterized byasdelexpression of ALP, Runx2, OSX, and
RANKL along with secretion of matrix proteins. dpresent study confirmed the inhibitory
effects of SMG on osteogenic differentiation of MSGMG cultures showed reduced
expression of ALP, RUNX2 , OSX, RANKL and increas®©PG. In addition, SMG cultured
MSCs showed fewer ALP positive cells and reduce® ALtivity, which was more comparable
to the non-induced MSCs (control). SMG cultured M50 showed little or no collagen
production or matrix mineralization after 12 daywolture in osteogenic media. The data show
that SMG-MSC (M)are drastically hampered from ogtewesis after 12 days of culturing in
osteogenic media and instead resemble non-indu&d sdiltures. These results confirm that
lack of gravity or mechanical stress severely asf@&tSC osteogenic differentiation. Meyers et

al. have reported similar results with ALP and RUNekpression and collagen content under
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SMG [226]. The same study reported inactivatiothefMAPK-ERK pathway due to reduced
expression of collagen 1 in extracellular matrixdmg to inhibition of Runx2 expression and
osteogenesis [226]. Furthermore, Sheyn et al. BRgen that SMG down-regulates genes
regulating cell proliferation, differentiation, agion, cytoskeletal proteins, and cell

communication and upregulates stress related gerfesnan MSCs [227].

LIPUS exposure increased expression of ALP, OSXINRR) and RANKL and
decreased OPG gene expression in SMG cultureseatated it to levels similar to normal
gravity grown control samples. RANKL and OPG aret@ins secreted by osteoblasts and
MSCs to control osteoclastogenesis. As MSCs difiteaie into osteoblasts, the level of RANKL
increases while that of OPG decreases. LIPUS expascareased the RANKL/OPG ratio in
normal and SMG cultures, thus enhancing osteogéfierentiation of MSCs. Similarly, recent
studies by Liu et al. have shown that static anthdyic pressure can increase the RANKL/OPG
ratio in early osteogenesis [228]. These findinggsadate well with our study as LIPUS is an
acoustic pressure wave providing localized andetad)stimulation. On the contrary, Rubin et
al. has reported that cyclic strain reduces RANKpression in murine marrow stem cells [229].
It is speculated that different mechanical stingal induce different responses in MSCs.
Detailed study of mechanical stimuli relative taresponding mechanotransductive pathways is

required to understand MSC role in osteoclastoge@esl osteogenesis.

ALP positive population and activity increased wetkposure to LIPUS stimulation.
SMG cultures had little or no ALP positive cellppéication of LIPUS restored ALP positive
cells. ALP, a membrane bound enzyme, functionatalgze phosphate addition to calcium ions
resulting in the formation of hydroxyapatite crystand matrix mineralization. Since ALP

expression is known as an early osteogenic mark@eases in ALP positive cell numbers and
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ALP activity is indicative of MSC osteogenic diféattiation as seen in the LIPUS treated
cultures.

Collagen and matrix mineralization also increasét the application of LIPUS.
Collagen is an extracellular matrix protein thatilitates cellular adhesion, mineralization, and
mechanotransduction through integrin alpha 2 ata H@26]. The reduction of collagen content
inhibits integrina2B1 activation, formation of focal adhesion compleaad MAP-ERK
pathways, which are essential from osteogenic itolucLIPUS exposure restores collagen in
ECM resulting in increased cellular adhesion, matrineralization and activation of MAPK-

ERK pathway.

The lack of mechanical stimulus can severely imgregrability of MSCs to differentiate
into osteoblasts. Studies have shown downregulafidime focal adhesion complex, MAPK and
TGFp signaling pathways in MSCs under SMG. LIPUS iswndo induce acoustic streaming in
interstitial fluid and localized mechanical vibats in the ECM [185] resulting in the local
deformation of cell membranes and shear stressksteins to osteoblasts [163, 164, 186-189].
These mechanical deformations subsequently actinggrin, mechanosensitive-calcium
channels, G-proteins, IGF, TGF¥BMP and gap junctions, activating different doweam
pathways [181, 188, 190-193]. As such, these s$udicate that the LIPUS treatment can
activate mechanotransductive pathways and significencrease osteogenic differentiation in

stem cells.

The objective of this study was to investigatedffects of LIPUS on osteogenic
differentiation of MSCs in disuse conditions. Amgaliion of LIPUS increased the expression of
osteogenic genes along with increasing ALP acti@itgl expression. LIPUS treated SMG

cultures had higher collagen content in ECM andamoatrix calcification. Further studies are
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needed to understand underlying mechanotransdyzdivevays and the effect of LIPUS on
early osteoclastogenesis/osteogenesis in MSCsnTagether, we conclude that LIPUS
provides the essential mechanical stimulus to iadisteogenesis in a SMG environment and
has the potential to be used as a therapy for elissteoporosis 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 agtiv

during simulated microgravity in vitro
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51 Abstract:

Microgravity (MG) is known to induce bone loss str@nauts during space travel. The
bone loss is caused by a lack of mechanical sth@ss$o the absence of gravity. Mechanical
stimulation can be used to provide essential sggttabone cells and potentially serve as
countermeasure to the catabolic effects of MG. dihjective of this study was to examine the
effects of low intensity pulsed ultrasound (LIPW®B) osteoblasts in a simulated microgravity
(SMG) environment (created using a 1D clinostatdaotor).Specifically, we evaluated the
hypothesis that osteoblasts’ (human fetal ostetiblgdfob] cell line) exposure to LIPUS for 20
min per day at 30 mW/ctwill significantly reduce the detrimental effects@MG. Effects of
SMG and LIPUS were analyzed using the MTS assaprfaiferation, Phalloidin for F-actin
staining, Sirius red stain for collagen and Alimared for mineralization. Our data show that
osteoblast exposure to SMG results in significatreases in proliferation (38% and 44% at day
4 and 6, respectively, p<0.01), collagen conteR¥{2p<0.05) and mineralization (37%, p <
0.05) and actin stress fibers. In contrast, LIPti&wdation under SMG conditions significantly
increases the rate of proliferation (24% by day).p5), collagen content (52%, p < 0.05) and
matrix mineralization (25%, p<0.001) along withtoegg formation of actin stress fibers in the
SMG-exposed osteoblasts. These data suggest ¢hatdluistic 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 spadg#t can significantly reduce bone
mineral density (BMD). Overall, 1-2% monthly losSBMD is observed during a typical 3-6
month space mission, in which, greater bone lossakaerved in the weight-bearing sites,
especially in the low extremity and lumbar spin242230]. Further, ~20-30% total bone loss is
expected in a 30-month manned mission to Mars [232], which will significantly hamper the
astronauts bone’s structural and physiological ionc Thus, it is important to understand the
effects of MG on skeletal remodeling, both on lazsteoblast/osteoclast coupling and on
systemic hormones (PTH, calcitonin, etc.) and hHoeytmay influence bone metabolism. To
make long term space exploration possible, it igsdrative that an effective countermeasure
against the catabolic effects of MG can be devalophis countermeasure should be able to
maintain the integrity of the skeleton’s mechanamad physiological, as well as have the
capacity to meet the technical challenge in space, noninvasive, lightweight, and portable. To
address such a challenge, astronauts usually s{ehdrs/day exercising (running and weight
lifting while in space flight), but this is stillat sufficient enough to attenuate their bone loss.
Promising studies have shown anabolic effects usings and growth factors, but long-term
effects of pharmacological agents are still unclBarthermore, drugs have mostly systemic
effects, are not as effective in space, and caarbe@rohibitively expensive over an extended
period of time [158].

To understand the underlying biological processtsria the observed bone lossyitro
studies were conducted at the International Sptate@8 using various types of bone cells. For

example, osteoblasts cultured in space showedfisigmi reduction in glucose utilization, rate of
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proliferation and mineralization [140-143] and selg affecting cytoskeletal organization and
cell adhesion [232].

Conductingn vitro studies at the Space Station is greatly limite@dgess and can be
expensive with many technical difficulties. Themefato address these disadvantages, different
ground base SMG models have been developed armmdtilThe two most commonly used
SMG models are the Rotating Wall Vessel (RWV) [1881] and Random Position Machine
(RPM) [152]. Studies conducted using these SMG nsasfeowed down-regulation of a number
of bone related genes including alkaline phospleadkP), runt-related transcription factor 2
(RUNX2), parathyroid hormone receptor 1 (PTHrl)p&onorphogenetic protein 4 (BMP4),
procollagen and osteoglycin, as well as significaductions in the formation of calcium
nodules and collagen matrix formation [151, 1564stly, osteoblasts grown in SMG also show
similar effects on morphology, cytoskeleton, apsf@nd gene expression as those cultured
during space flight [151, 155].

In the past decade researchers have also explmethaibolic effects of various
mechanical stimulatory signals, namely vibratidaigdf flow, and ultrasound on the skeleton.
Specifically, low-intensity pulsed ultrasound (LIBUwas applieih vivo and showed reversal
of osteopenia and bone fracture healing [170-1&@¢litionally, LIPUS exposure induced
anabolic events in bone cells [175-177, 233], cytekelease [178], increased mMRNA
expression of RUNX2. ALP, Osterix (OSX) and collagg179], calcium mineralization of
ECM [180], Akt pathway activation[181], potassiunilix[182], angiogenesis[183], adenyl
cyclase activity and TGB-synthesis, resulting in increased osteogenedsmd stromal cells

[184].
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Despite these effects, the exact mechanism thraidngth LIPUS enhances bone cell
properties and increases the rate of bone formatimains unknown. As such, we attempted to
further explore the effects of LIPUS by testing biypothesis that LIPUS serves as aneffective
countermeasure for the detrimental effects of SM@steoblast activity and morphology.
Herein, we show that LIPUS positively regulatesraestress fiber polymerization, proliferation,

and matrix mineralization in human osteoblasts.
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53 Materials and Methods

5.3.1 Rotation Microgravity Simulation

A one-dimensional clinostat (1-D Clinostatas used as described in section 4.3.1.

5.3.2 Ultrasound Exposure:

Ultrasound exposure and setup were kept identicegtup described in 4.3.2.

5.3.3 Cell Culture:

Human fetal Osteoblasts (Hfob 1.19, ATCC, Mana¥&8a$)SA) were cultured in
DMEM:F12 media supplemented with 15% FBS, 0.3md@a#18with an initial seeding density
of 250,000 cells/Opticell. Cells were distributatbi four groups (n=4/group):1) Gravity (G); 2)
Gravity + LIPUS (GU); 3) SMG (M); and 4) M + LIPUMU). GU and MU samples were
stimulated with LIPUS for 20 min/day for the dugatiof the experiments while G and M
samples were placed on a switched-off transdus#cells were maintained at 3Z and 5%
COvand the culture medium was changed every other day.

5.3.4 Cell layer Deformation:

Hfob cells were allowed to reach confluency andrf@ar monolayer in Opticells (visually
inspected using a light microscope). Cells werd keper simulated MG for 7 days and the cell
layer was observed for structural integrity usimigit field microscopy (Axiovert 200, Carl
Zeiss, Thornwood, NY, USA).

5.3.5 Proliferation Assay:

Hfob cells were cultured at 250,000/opticell andevallowed to adhere to the Opticell
surface for 24 hr before being subjected to theosliat. Daily LIPUS was applied after 24 hr of

MG. Samples were collected at Day 2, 4 and 6 and BaS was cut out of the Opticell and
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processed with an MTS reagent (Invitrogen) in seless DMEM per manufacturer’s
instructions. Briefly, the cells were incubated fonours at 3TC, 5% CQ with the MTT reagent
followed by lysis with DMSO for 10 min. Finallyhé supernatant was analyzed at 540nm in a
spectrophotometdBio-Tek EL800,Winooski, VT.USA.

5.3.6 Collagen Staining:

Staining protocol details were kept identical t@ @escribed in section 4.3.6

5.3.7 F-Actin Staining:

Hfob cells were seeded at initial density of 100,@8lls/opticell and were allowed to
adhere for 24 hr. The cells were cultured in MG3atays and then fixed in 10% formaldehyde
buffer for 15 min at room temperature and washeat ®BS. The cell membrane was
permeabilized using 1% Triton-X100 for 10 min felled with three, 5 min PBS washes. The
cells were then blocked with 1% BSA and incubat&tt Whodamine-conjugated Phalloidin for
20min and mounted using Vectashield mounting mediantaining DAPI (Vector labs,
Burlingame,CA. Finally, the cells were imaged at 100x using aiogert 2000M Inverted
Microscope (Carl Zeiss, Thornwood, NY, USA).

5.3.8 Matrix Mineralization:

Experimental procedure and methods were kept iclErto section 4.3.7

5.3.9 Real Time Quantitative PCR

Experimental methods were kept consistent withigeet.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 statisinalyses. All data is presented in
+ standard deviation. One-way ANOVA with Newman kKeBost hoc was used to calculate
significance within the different groups and tina@rgs. Ap value of <0.05 was considered to be

significant.
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54 Results

5.4.1 Simulated microgravity disrupts the cellulaonolayer:

As osteoblast function is highly dependent on t@dEany deficiency in the quality of
the ECM will negatively affect osteoblast activiys such, we investigated the effects of MG
and LIPUS on the integrity of the cellular monolayeuring SMG cells were observed daily and
after 7 days of SMG, M samples displayed dark atfegsrepresent disruptions in the cell
monolayer (Figure 16, M, arrows). In contrast, gnavity control samples (G) maintained a
uniform and intact cell monolayer (Figure 16, G).

Figure 16: Osteoblast — Cell Layer Deformation

L i A R
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Figure 16:SMG induces gaps in cellular layer. Bright fieldcnoiscopy was conducted on Day 7,
bright field microscopy of primary osteoblasts e presence of SMG (M) and Gravity (G).
Images clearly show gaps within the cell monolafehe M cultures (arrows) as compared to
the G. Scale Bar = 100um
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5.4.2 LIPUS exposure significantly reverses SMGred decreases in osteoblast

proliferation:

The observed non-uniform cell layers in M samplesiadicative of either a reduced rate
of proliferation or a compromised ECM. Thus, weided to examine these possibilities starting
with cell proliferation. Results from these expeents showed that the rate of proliferation is
significantly reduced in samples exposed to SMG ljpMB8% (p<0.01) and 45% (p<0.01), on
day 4 and 6 samples, respectively (Figure 17).afpdication of LIPUS reversed this trend and
in fact, it increased cell proliferation by 24% (p&5) and 19% (p<0.001), when compared to the
M samples at day 4 and 6, respectively (Figure Ii7)contrast, LIPUS stimulation had no major
effect on cell proliferation in the gravity sampl&3U) as compared to the control (G)(Figure

17).
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Figure 17: Osteoblast Proliferation
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Figure 17: LIPUS exposure significantly reversesGMduced decreases in Osteoblast
proliferation Osteoblast proliferation (n=4) is shown in the gas conditions (G, GU, M, MU)
and time (Day 2, 4 and 6). G cultures show a steaigyof proliferation whereas SMG
significantly reduces osteoblast proliferation. U exposure increases proliferation rate in
SMG (* P<0.05, ** p<0.01,***p<0.001). Osteoblastisav significant growth between day 2 to
4 and 6(p<0.01). SMG cultured cells show no sigaifi proliferation between days 2-4 and 4-6
(p>0.05). LIPUS stimulation induces significant lieration between days 2-4 and 2-6
(p<0.05).
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5.4.3 LIPUS exposure significantly reverses SMGred decreases in collagen production:

As we postulated earlier, disruption of the cellnolayer in the presence of SMG may
also be due to a compromised ECM. Thus, we souogietasure the amount of secreted collagen
by osteoblasts using Sirius red (stains collagegggminantly types | and 11l fibers).
Histological/qualitative analyses show a reductionollagen staining in the SMG exposed
samples (M) and significant recovery when stimulatgh LIPUS (MU) (dark red patches of
collagen distributed evenly in extracellular matfigure 18a). The application of LIPUS on the
G samples (GU) did not result in any significardréase in collagen secretion as compared to
the control (G) (Figure 18a). In addition, whiletaree cultures, G, GU and MU showed
variable collagen density (with scattered areasibtesser and denser collagen patches), the M
cultures showed weaker and overall very low coltagensity throughout the culture (Figure
18a).Further, when we quantitatively measuredntensity of the staining in these cultures we
detected a significant reduction (22%, p<0.05)alfagen secretion in the presence of SMG in
comparison to the G cells (Figure 18b).In contraB?US stimulation reversed this trend and in
fact, restored collagen levels to those observeld the G and GU samples (Figure. 18b).
Specifically, LIPUS stimulation decreased the lossollagen in the presence of SMG by 52%

(p<0.05) (Figure 18b).

109



Figure 18: Osteoblast — Collagen ECM Content
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Figure 18: LIPUS exposure significantly reversesGMduced decreases in collagen
production

A) Sirius Red Staining: G samples show evenly ihisted collagen fibers. LIPUS stimulation
(GU) increased the stain intensity of collagentbia the ECM. Cell cultures in SMG (M) show
minimal collagen fibers, whereas exposure of LIRkSeases collagen staining. MU samples
show uneven collagen distribution. Scale Bar = 500

B) Quantitative measurement of Sirius Red staia fasiction of collagen content: Significant
decrease in collagen in SMG; LIPUS treatment rexogellagen content in the ECM (* p <

0.01).
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5.4.4 LIPUS exposure significantly reverses SMGred decreases in calcification:

To further probe the positive effects of LIPUS silation on SMG-exposed cells, we
investigated matrix calcification using alizarirdrstaining. Results from these experiments
showed an even distribution of calcium phosphat® oultures, but with LIPUS stimulation, we
observed a much denser and wider presence of dtpatehes of calcified matrix (Figure 19A,
GU). Alizarin red staining was less evenly distitdd in the M cultures with apparent areas of
no staining, probably due to the reduced numbeeli$ and collagen (Figure 19A, M). This was
again reversed in the presence of LIPUS (MU) whethb formation of calcium phosphate
nodules resembled that seen with GU (Figure 199, Gurther, when we quantitatively
measured the concentration of the eluted dye, weda 37% (p<0.05) decrease in matrix
calcification in M as compared to G but with LIPGmnulation it was increased by 25%
(p<0.01) in the M cultures. Although there wasighdlincrease (16%) in the GU cultures in

comparison to G, it was not statistically signifita
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Figure 19: Osteoblast —Matrix Mineralization
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Figure 19: LIPUS exposure significantly reversesGMduced decreases in Osteoblast matrix
calcification.

A) Calcification of ECM: G cultures shows evenlgtlibuted calcified matrix and with LIPUS
stimulation denser patches (white arrows GU) asilg. In contrast, M cultures show a
dispersed calcification pattern with areas of Heifieation (black arrow M). LIPUS exposure
increases the area of calcified matrix and fornmatibdenser calcium nodules (MU).Scale Bar =
500pm

B)Quantification of ECM Calcification: SMG inducedteoblasts show 47% less matrix
calcification than G controls. LIPUS restores matalcification significantly by 25%. (*p

<0.05, **p<0.01). GU cultures show positive calc#tion trends after 14 days of LIPUS

exposure.
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5.4.5 LIPUS exposure increased expression of osteogenes while reducing expression of

osteoclastogenic genes.

PCR analyses were done to investigate the effdctRi#S on osteogenic gene, specifically
RUNX2, OSX and RNAKL, on ostoeblasts cultured un8BtG conditions. RUNX2 and OSX
expression showed downregulation after 24 hou&MEG. MU samples showed significant increases in
RUNX2 and OSX immediately after LIPUS stimulati@lJ samples showed little to no increase in
RUNX2 and OSX expression levels after LIPUS stirata
RANKL expression was studied to see the effectdBUS on osteoclastogensis when exposed to SMG
conditions. RANKL expression didn’t show signifitaimange due to SMG, however LIPUS exposure

significantly decreased RANKL expression (Figure [260.0.5) in MU cultures relative to G and M.
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Figure 20: Osteoblast PCR Results
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Figure 20: LIPUS increases osteogenic genes esipreand reduces osteoclastogenic gene expression.
a) RUNX2 showed no change in GU but was signifigamduced in M cultures. Application of LIPUS
increased RUNX2 expression significantly relatiweéMt cultures.

b) OSX decreased significantly in M cultures anglation of LIPUS increased OSX expression
significantly in MU but didn’t show any significachanges in Gravity samples.

¢) RANKL expression showed decreases M; exposutdRifS further decreased RANKL expression in
MU cultures and showed little reduction in GU cuist
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55 Discussion

The experiments, reported herein using the 1-Dostet to generate simulated MG,
confirm previousn vitro experiments conducted both in space and under &d@itions on the
ground[146, 147, 230] that this experimental sesugapable of inducing SMG. Further, it
enabled us to test the hypothesis that LIPUS cawe & a countermeasure for MG-induced
bone loss.

Application of LIPUS significantly restored thenittional and morphological changes in
human osteoblasts as induced by SMG. The obselisagption in the cell monolayer in the
presence of SMG resulted from both, the reducticiné rate of proliferation and decreased
ECM leading to reduced cell adherence. Initiallg, showed that SMG inhibited osteoblast
proliferation which was fully restored in the prese of LIPUS but not to the level of the control
cells. Itis well known that mechanical stimulih@mce the differentiation of osteoblasts, which
can lead to a reduced rate of proliferation [23d¢ Bame observation has been made by Pre et
al. (2009) with low-amplitude high frequency meciecahvibrations [235].In contrast, other
studies have shown increased osteoblast proliéeratiiring LIPUS exposure [236, 237]. While
Chen et al. used signals of 50, 100 and 150 m\A/fenB min per day, our study used
30mW/cnf for 20 min per day, and perhaps it is possiblé tthevdifference in intensity and time
resulted in the observed changes in cell proliferatRaucci et al. (2008) have argued that the
relative activation of the ERK and AKT pathwayseteatines the tendency of osteoblasts
towards differentiation or proliferation [234]. Spigcally, high ERK expression induced
osteoblast proliferation and increased expressigxkKd enhanced differentiation. In addition,
Ultrasound stimulation is known to upregulate tiRKE/2-MPAK pathways through activation

of integrins [159, 238, 239] andvarious studiesenstvown activation of the AKT pathway after
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LIPUS exposure [240, 241]. Thus, it is possiblg thterent intensities and durations of
treatment may affect different mechanotransdugiathways. Unfortunately, it is still unclear
how and if LIPUS regulates the synergy between BfRKAK and AKT pathways. Alvarenga et
al. showed increased proliferation at days 5 amdpfimary osteoblast cultures when stimulated
with LIPUS (30mw/crf, 20 min per day, 1.5 MHz) and as such it was dpéedi that different

cell types and stimulation frequency can potemntiaffect the cellular response to LIPUS. More
in depth studies are required to fully understdredexact LIPUS effects on rate of proliferation

relative to different signal parameters.

SMG has also been found to reduced the amountllafgem in the ECM leading to
decreased osteoblast adhesion and even inducetkeéi [242]. This is consistent with our data
where we showed that LIPUS exposure restored tloaianof collagen in MU compare to the M
cultures showing areas with little or no stainipggbably due to a reduced number of cells as a
result of apoptosis (but this was not experimeyntadirified). Interestingly, LIPUS stimulation
did increase collagen content in the GU cultunegdicating that the ultrasound signal is capable

of stimulating collagen production, under normatditions.

LIPUS stimulation also increased the SMG-inducehliciion in matrix mineralization.
Specifically, the LIPUS treated SMG samples show@8% increase in mineralization in
comparison to the untreated M cultures, but thggsificantly lower than the controls (G). Our
mineralization study was conducted over 14 daysitasgossible that extended exposure of
LIPUS can continue to increase mineralization em@lJ samples. The LIPUS-induced increase
in mineralization in the cultures exposed to SM@&dibons is probably due to an increase in the
number of osteoblasts, higher content of collagemetion and an overall increase in

osteoblastic activity. This study extends the fingdi of other studies using LIPUS as anabolic
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stimuli in bone cells. For example, Suzuki etshlbwed that daily application of LIPUS for 14
days increased the expression of RUNX2, ALP, DBM@P-2 and OSX, as well as the matrix
calcification in rat osteoblast cells. The anabefiects of LIPUS were also reported in various
animal models of bone fracture healing and ovataray [243, 244]. These studies, along with
our data, suggest that LIPUS can potentially bel tseeverse the detrimental effects of MG on

the mammalian skeleton.

This study showed that LIPUS stimulation inducedtéased F-actin polymerization,
which is known to play an critical role in both ttemsegrity and mechanosome concepts of
mechanotransduction[245]. Tensegrity is based ertrdnsmission of applied forces on a cell
membrane to chromosomes resulting in chromosonfairdations and changes in transcription
[246]. This is highly dependent on the continucassfer of forces from the plasma membrane
to chromosomes through intact connections of thes&gletal actin stress fibers to the plasma
and nuclear membranes [246, 247]. The mechanodwoeneytis based on localized changes on
the plasma membrane, specifically, the inductionarfformational changes on cell surface
proteins leading to activation of different signglipathways and resulting in transcriptional
changes [248]. Thus, actin plays an importantimlae conduction of mechanical
conformational changes of cell surface receptothéactivation of downstream signaling
pathways. Further, it is also known that acousgtcations caused by LIPUS lead to
conformational changes in integrin receptors anae downstream mechanotransductive
pathways [249]. Yang et al. has shown increasegyiitt expression after ultrasound stimulation
in osteoblast cells [193], thereby activating thKHE/2-MAPK downstream pathways [192].
Kook et al. has also shown that the ERK pathwayspéa important role in collagen expression

[250]. Since osteoblasts are known to mineralizeebmatrix along collagen fibers [251-253]),
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any decrease in collagen content will lead to acedn in osteoblast adhesion to the ECM as
well as a reduction in matrix mineralization. e bther hand, reduced numbers of F-actin
stress fibers in MG can inhibit the integrin medthERK1/2 pathway, resulting in a reduced rate
of proliferation and ultimately resulting in low ltmgen production and overall matrix
mineralization (as observed with the SMG exposaapsas). It would be interesting in future
studies, to determine whether the structural ptegseof collagen and calcium phosphate crystals

are altered in SMG conditions.

SMG significantly reduced the expression of RUNRKEX and RANKL. LIPUS
exposure restored RUNX2 and OSX expression butéureduced expression of
RANKL.RUNX2 and OSX are established osteogenic marland increased levels of RUNX2
and OSX indicates anabolic effects due to LIPUStinent. Conversely, RANKL is known to
induce osteoclastogenesis and osteoclast actikiitg,the reduced RANKL expression seen in
LIPUS treated groups (MU & GU) is indicative of theti-resorptive effects of LIPUS
stimulation in osteoblast cultures. Gene expresamalysis confirmed LIPUS as an anabolic and

anti-resorptive stimulus for osteoblast cells.

The objective of this study was to test the hypsiththat LIPUS serves as an effective
countermeasure for the detrimental effects of SM@s&teoblast activity and morphology. We
found that application of LIPUS significantly inased the rate of osteoblast proliferation and
restored F-actin polymerization. Further, theagd#in content was fully restored and
mineralization showed significant increase with UB?exposure relative to SMG cultures.
Taken together, we conclude that LIPUS can sucagskrve as a countermeasure to the
detrimental effects of MG on osteoblasts. LIPUS patentially provide a non-invasive and

targeted therapy for astronauts in space as ultrastvansducers or arrays can be designed such
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that they adhere to the region of interest (irabb and spine) and operated by rechargeable
batteries. Regardless, further studies are reduo completely understand the molecular
mechanism(s) by which LIPUS induces mechanotrargmum osteoblasts before it can be

accepted as a “true” countermeasure for microgranduced bone loss.
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Chapter 6

Conclusion
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6.0 Conclusion

The objective of this study was study the effects of ultrasound as a counteroreas the

catabolic effects of MG on osteoblast and mesenahgt®m cells in an in vitro simulated microgravity

system and on bone quality and architecture in &todel. The study was designed in three specific

aims, the first specific aim examined the effedtelBUS on disuse bone structural integrity and
mechanical properties, the second specific aimdeagyned to investigate LIPUS effects on osteogenic
differentiation in MSG conditions; and lastly, tterd specific aim targeted osteoblastic activityaMG
with and without LIPUS stimulation. Tha vivo study showed LIPUS partially restored bone stmadtu
integrity in a disuse model, as evidenced Micro@d histomorphometry data, showing significant
increases in BV/TV, BMD and trabecular thicknesstdiled analysis of histomorphometry data also
revealed increased bone formation rate in the eedbsurface of the proximal tibia. Furthermore? US
did not show any adverse effects on non-suspendedindicating that LIPUS only targeted area afié®o
loss and did not negatively affect healthy bonguis The endosteal surface is enriched with MS@s an
osteoblasts, which plays a pivotal role in bonenftion. Increased bone formation in the endosteal
surface indicated LIPUS effecting bone formatiod #vus differentiation of MSCs and osteoblast
activity. LIPUS exposure increased ALP activitygtnix collagen content and mineralization. LIPUS
treated MSCs showed increased expression of RURISX and ALP. LIPUS also increased the
RANKL/OPG ratio; RANKL is predominantly excreted pye-osteoblast and osteoblast lineage cells,
thus an increase in RANKL indicates an increasesteogenesis. That said, RANKL is essential also fo
osteoclastogenesis and osteoclast maturation,ittaieasing osteoclast number and activity. Further
studies are required to understand the underlylegaf early MSC osteogenic differentiation in
osteoclastogenesis. LIPUS exposed osteoblastseshamwincrease in osteogenic activity in SMG a$ wel
as an increase in osteoblast proliferation, ma&illagen and mineralization. LIPUS restored exposss
of RUNX2 and OSX in osteoblast and further decréd&&NKL expression, indicating a decrease in

osteoclastogenesis.
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Collectively, the data suggest LIPUS has the styprtgntial to provide an essential
mechanotransductive anabolic stimulus to countexrsmme disuse-induced bone loss while showing no
adverse effect on healthy bone. This study shameéased structural and mechanical integrity in
LIPUS treated disuse bones. Furthermore, LIPUSas®d MSCs osteogenic differentiation and
osteoblastic activity in SMG. RANKL expression dessed in LIPUS treated osteoblast cells, indicating
decreased osteoclastogenesis but on the contnariRANKL/OPG ratio increased in LIPUS treated
disused MSCs. RANKL is highly expressed in ostastsl while OPG is predominately excreted by
MSCs, thus an increased RANKL/OPG ratio is morécitilve 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 formationmsdrption which in turn controlled by
osteoblasts, osteocytes and osteoclasts couplbedheidifferentiation potential of their respective
progenitors, MSCs and HSCs. This study focusedherbbne formation aspects of bone remodeling.
Previous studies have shown increased osteoclassigeand osteoclast activity during microgravity o
disuse conditions [232, 254]. Results from thisigtshowed LIPUS decreased osteoblast RANKL
expression in SMG conditions but increased RANKMSCs. Thus it is not clear if LIPUS will increase
or reduce osteoclastogenesis. Experiments neezldedigned to study the effects of early osteogenic
differentiation on osteoclastogenesis. Furthermowesulture experiments should be designed torsee t
effects of MSC osteogenesis and/or osteoblastigotim osteoclast differentiation and activity, batith

and without LIPUS stimulation.

Thein vivo study also focused on bone formation and the ambgpught about due to disuse and
application of LIPUS, but did not consider boneorpion/osteoclastogensis/osteoclastic activityiciwh
is the other half of the bone remodeling equatiriure studies are needed to investigate osteoclast
numbers and activity under disuse conditiamgl this could be done by analyzing bone for BMldsun
and microfractures. The current study showed afgignt decrease in mechanical properties at thee mi
diaphysis but micro CT data didn’t show a corresjdog decrease in cortical BMD. It is speculated tha
disuse can affect matrix collagen alignment anacstire but further research is required to thortugh
examine collagen content and alignment in corticaede. The data from this study showed that LIPUS
can be used as a countermeasure for disuse indocedoss; That LIPUS reduced bone loss partially,
considering the treatment was limited to 20 mingeer 5 days a week, while animals were in suspansio
continuously over the period of 4 weeks, it is spated that increasing the number of stimulatioss p

day may reduce bone loss further.
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This study focused on the anabolic effects of LIRIiSone in disuse conditions, and further
investigated MSCs differentiation and osteoblasvig in SMG conditions, with and without LIPUS oT
optimize the anabolic effects of LIPUS it is impont to study the cellular and molecular mechanisms.
This study didn’t look at mechanotransductive patyswvith respect to LIPUS stimulation. The ideal

next step for this study will be to study LIPUS atifferent mechanotransductive pathways.

In summary, LIPUS has the potential to beaabolic agent to induced bone formation in disuse,
bothin vivoandin vitro disuse models. LIPUS reduced bone loss in HLS owee 4 weeks of
suspension, specifically reducing loss of trabecBW&/ TV, Tb.Th, BMD and increasing BS/BV.
Dynamic histomorphometry confirmed MicroCT data ahdwed an increased bone formation rate in
LIPUS treated disuse bone, with most of that bane&tion limited to the endosteal surface. Cortical
bone showed improved biomechanical properties)RE& increased Young’'s modulus and ultimate
strength of disuse bone. LIPUS increased osteogkffiscentiation of MSCs in SMG. It also increased
ALP positive cells and ALP activity along with im@sing matrix collagen content and mineralization.
LIPUS treated MSCs showed increased expressidreaisteogenic genes RUNX2, ALP, and OSX.
Osteoblast activity was severely compromised in Séd@Gditions and LIPUS exposure increased
osteoblast proliferation and matrix collagen andearalization. LIPUS increased expression of RUNX2

and OSX expression in SMG osteoblast cultures.
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