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Abstract

The objective of these experiments is to explore the effect of LIPUS on the
ultraexpansion and osteogenic differentiation of harvested passage-4 HUCPV-
SCs. HUCPV-SCs were divided into two groups: a treatment group that received
LIPUS for 10 minutes for 1, 7, and 14 days and a control group that received a
sham treatment utilizing both basic and osteogenic media. The results in basic
media and osteogenic media demonstrated nonsignificant differences in cell
count, ALP, DNA content, and CD90. Statistically significant expression of OPN
and PCNA was observed on day 14 in LIPUS treated group. Nucleostemin
expression in the LIPUS-treated group was insignificant on days 1 and 7.
However, a selective increase in osteogenic markers was obtained on day 7 for
ALP and OCN and on day 14 for OPN. Future experiments are required to
explore the effects of different application times and/or techniques of LIPUS on

the behaviour of HUCPV-SCs.
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CHAPTER 1
1. Introduction and Literature Review
1.1 Introduction

Cumulative studies from the past two decades have made it possible to
conclude that stem cells are capable of self-renewal and subsequent
differentiation into multiple lineages with functional outcome in vivo (1).
Methodologies to isolate mesenchymal stem cells (MSCs) have been developed
to allow cellular expansion ex-vivo without any apparent modification in the
phenotype or loss of function. These unique inherent characteristics of MSCs are
instrumental for the development of cellular-based therapies and tissue repair in
regenerative medicine (2). The most common source of MSCs has been bone
marrow that is obtained via direct and invasive bone marrow aspiration. Bone
marrow remains a rich source for MSCs, however, it has been demonstrated that
the number and the potential for differentiation of bone marrow MSCs decreases
with age (2). The need to identify alternative sources for MSCs is increasing due
to the limited number of bone marrow MSCs available for autologous use and the
significant comorbidity at the donor site (3). The search for different sources of
MSCs has been a promising avenue for research, where the focus has shifted to
tissues containing cells of higher proliferative potency and differentiation capacity
as well as lower risk for viral contamination and immune-rejection (2).

Sarugaser et al. (2005) postulated that human umbilical cord stem cells
are competitive candidates due to their close anatomical relation to fetal
vasculature, and thus to a source rich in oxygen and nutrients (4). Their rationale
was that human umbilical cord perivascular (HUCPV) cells should encompass a

subpopulation that is capable of exhibiting a functional mesenchymal phenotype
1



(4). This is an attractive option because HUCPV cells are usually discarded and
they can be obtained noninvasively as is not the case for bone marrow extracts
(3). “HUCPV-SCs [human umbilical cord perivascular stem cells] represent a
noncontroversial source of primitive mesenchymal progenitor cells that can be
harvested after birth, cryogenically stored, thawed, and expanded for therapeutic
uses” (3). These cells are major histocompatibility complex class Il (MHCII)
negative and express both an immune privileged and an immune-modulatory
phenotype. In addition, their MHC class | (MHCI) expression levels can be
manipulated, making them a potential cell source for MSC-based therapies (3).

MSCs have the potential for self-renewal and differentiation into various
phenotypic lineages including bone, cartilage, and fat (5). Bone marrow is not
always the optimal source of these cells due to the significant drop in the cell
number along with a lower proliferative/differentiation potential with age. HUCPV
cells, therefore, emerge as a potential substitute for bone marrow cells (BMCs)
due to the immaturity of newborn cells (5). Umbilical cord blood transplantation
(UCBT) has become an established hematopoietic therapy for patients with
unmatched or unrelated donors (6).

Low intensity pulsed ultrasound (LIPUS) is a noninvasive form of
mechanical energy that can be transmitted as high-frequency acoustical pressure
waves into biological tissues at frequencies ranging from 1.5-2 MHz and an
intensity of 30 mW/cm? (7). LIPUS can provide a direct mechanical stimulation to
osteoblast preparations that potentially may enhance osteoblast proliferation,
endochondral ossification, in vitro mineralization, and accelerate fracture healing
(7). LIPUS has been repeatedly shown to induce DNA synthesis and production

of different peptides with various effects on cell membrane permeability and
2



repair of connective tissues such as bone, muscle, tendon, and cartilage (8). The
precise mechanism by which LIPUS induces these cellular modifications has not
been elucidated (8).

In vitro LIPUS applications to human osteoblasts, fibroblasts, or
monocytes have been shown to induce cellular proliferation and differentiation
into different mesenchymal phenotypes such as bone formation and
angiogenesis (9). Direct LIPUS stimulation to bone marrow-derived MSCs has
been demonstrated to affect osteogenic cells, leading to formation of mineralized
nodules and enhancing chondrogenesis (9). Dimitriou and Babis have shown that
application of ultrasound has accelerated the healing of bone fractures when
applied during the inflammatory and early proliferative phases of bone
regeneration (9). However, when applied in the late proliferative phase, it
stimulated cartilage growth, suggesting that the time of application plays an
integral role in the biological effect of ultrasonic energy on these tissues.

Tam et al. (2008) reported that LIPUS could stimulate a human periosteal
cell model at an early period of intervention, and that different energy settings
and durations might give different outcomes (10). Rutten et al. (2008)
documented LIPUS-accelerated fracture healing of delayed fracture unions of the
fibula by increasing osteoid thickness, mineral apposition rate, and bone volume
(11). Korstjens et al. (2008) also reported LIPUS stimulated chondrocyte
proliferation and matrix production in cartilaginous tissues obtained from regions

with degenerating cartilage (12).



1.2. Literature Review
1.2.1. Stem Cells and Craniofacial Tissue Engineering

The active research on connective tissues inspired workers in the dental
field to invest in this fertile area. Integral structures of interest to the dental field
include the enamel, dentin, dental pulp, cementum, periodontal ligament,
craniofacial bones, and temporomandibular joints. This includes bone,
fibrocartilages and ligaments, skeletal muscles and tendons, skin and
subcutaneous tissue, and salivary glands (13). All these craniofacial structures
are phylogenetically derived from neural crest cells and mesenchymal cells (13).
Bone marrow-derived, tooth-derived and adipose-derived stem cells belong to
distinct subfamilies of MSCs (13). Postnatally, clusters of mesenchymal cells
continue to reside in various tissues and are the logical sources of adult MSCs
(13).

The prevalence of stem cells in the adult dental pulp has been
established in different species including humans, dogs, rats, and mice (14-17).
Stem cells derived from dental pulp stem cells (DPSC) have the ability to
differentiate into odontoblast-like cells in both in vitro and in vivo conditions.
These cells have shown plastic responses whereby they can differentiate into
specialized lineages that are distinct from the original tissue (18). Gronthos et al.
(2000) reported that human DPSCs could differentiate into adipocyte-like cells,
which expressed adipocyte-specific transcripts. DPSCs have also revealed a
potential for neurogenic commitment (14). Pierdomenico et al. (2005) found that
human DPSCs derived from dental pulp stem cells showed the ability to
differentiate into osteogenic and adipogenic lineages in vitro (19). Other studies

have shown that stem cells from human dental pulp are able to evolve into
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osteogenic, adipogenic, and myogenic phenotypes (20-22, 23). The tissue-
engineered craniofacial structures to date are instrumental prototypes that
require further development (23).

Newly characterized craniofacial stem cells have differentiation potential
similar to bone marrow MSCs (24). The regenerative capacity of craniofacial-
derived MSCs needs to be compared to that of bone marrow MSCs (23) under
the effect of various mechanical stressors (25). The spectrum of craniofacial
tissue engineering should signify the real corresponding developmental
sequences (23, 26). Bone marrow derived MSCs became a focus of research
into the repair of congenital or acquired craniofacial bone defects and the
replacement of oral tissues (27). Both autografting and allografting techniques
used in reconstruction of craniofacial and dental defects have numerous
limitations and complications, and use of MSCs bypasses many of these
disadvantages (27). The utility of stem cell-based craniofacial regeneration has
been tested on experimental animal models through surgically seeding these
cells onto an appropriate scaffold material (15-17, 27). Surgical approaches in
craniofacial defects reconstruction implemented various methodologies ranging
from autogenous bone grafts, allergenic materials, and various prostheses (23).
Each strategy has its inherent advantages and drawbacks. Autogenous bone
grafts require a donor site with resultant morbidity. Prosthetic materials impose

the risk of loosening hardware and tissue infection (23).



1.2.2. Human Stem Cells and Tissue Engineering of the
Temporomandibular Joint

Minimally invasive techniques for correction of craniofacial defects have
reduced the perioperative morbidity and promoted faster recovery. Nonetheless,
bone grafts or soft tissue flaps remain a source of significant donor site morbidity
(28). Tissue engineering may be viewed as the hope for reproduction and
recapitulation of various structures and actual organs for autogenous
implantation (28).

Temporomandibular disorders (TMD) produce pain, myalgia, headaches,
and other symptoms that result from degenerative joint disease (23). A severe
form of temporomandibular joint (TMJ) disorder may eventually require surgical
replacement of the mandibular condyle (23). Over the past few years, some
studies have shown that tissue engineering can be implemented to recapitulate
the actual biological dimensions of the mandibular condyle of the human

temporomandibular joint (29-31).

1.2.3. Bone Augmentation and Repair

The primary target of regenerative medicine is to drive embryonic cells by
the activation of progenitor cells that are capable of proliferation and
differentiation to the desired end-point lineages (32). This is exemplified by the
repair of long bone fractures to recapitulate the embryonic processes and ends in
near-perfect repair (33). Angiogenesis precedes bone regeneration in vivo and
the osteo-progenitors are perivascular cells (33). These perivascular progenitor
cells are essential agents for stimulating osteoblastic differentiation in vitro (33).

This has shifted the emphasis from the properties of materials to the inherent
6



potential of the cells and has led to new approaches in tissue engineering of
osteoblastic regeneration (33).

“‘An estimated 1,600,000 bone grafts are performed every year to
regenerate bone lost to trauma and disease, of which 6 percent (96,000) are
cranio-maxillofacial in nature” (34). These procedures rely on autologous bone
grafting, allogenic grafting, and natural or synthetic bony biomaterials (34). The
amount of bone that can be harvested limits the extent of autologous bone
grafting (34). The long-term outcome of osteoconductive biomaterials primarily
depends on the ability to induce local cells to regenerate the defect that is often
not enduring (34). New techniques are required to predictably restore function

and form, particularly for craniofacial defects (34).

1.2.4. Expansion of Stem Cells for Tissue Engineering

Over the years, efforts have been made to expand stromal cells for tissue
engineering. IL-11 or granulocyte-colony stimulating factor (G-SCF) and FIt3
ligand (FL) have been used to stimulate the growth of rat MSCs (35). Expansion
of the progenitor cells by 40 fold has been achieved under the stimulatory effect
of these factors within 2 weeks of incubation. Alternatively, prolactin-like protein E
(PLP-E) and human thrombopoietin (TPO) have not been shown to affect the
expansion of human MSCs (36). Glucocorticoids were claimed effective in
recruiting rather than in stimulating cellular proliferation (37). Dickkopf homolog 1
(Dkk-1) was shown to stimulate MSC expansion (38). Conversely, culture flasks
coated with heparin and N-(O-beta-(6-O-sulfogalactopyranosyl)-6-oxyhexyl)-3, 5-

bis (dodecyloxy)-benzamide have been shown to expand MSCs (39). A similar



study showed that angiopoietin-like proteins expanded human MSCs 24-30 fold
in 10 days (40).

Pulsed electromagnetic fields (PEMF) appear to increase proliferation of
chondrocytes and osteoblast-like cells (41, 42). However, no studies have
examined the effect of PEMF on HUCPV-SCs. Low intensity pulse ultrasound
(LIPUS) is an intermittent pulsed electromagnetic energy. Leung et al. (2004) did
not notice any periosteal cell proliferation using LIPUS for 2 and 4 days at 5, 10,
and 20 minutes (43). The lack of an observable stimulatory effect could have
been due to the short duration of ultrasound treatment in that experiment.
Nonetheless, LIPUS was effective for fracture repair after 3 weeks of application
(44). Ebisawa et al. (2004) showed that LIPUS treatment increased matrix
production but not cell proliferation of human MSCs (45). The methodology of
direct application of LIPUS in that study by inserting the transducer inside the
culture media might explain the positive effect (45). This invasive method should
be balanced against the potential for infections or other deleterious effects on the
cells (45). Also, MSCs have cell-to-cell growth inhibition when they are in close
proximity to each other (45). LIPUS has been shown to promote matrix
production and proliferation of intervertebral disc cell culture (46). The effects of
LIPUS are dose dependent and have different outcomes depending on the cells’

origin, either nucleus pulposus (NP) or annulus fibrosus (AF) (46).

1.2.5. Mechanical Stresses on Chondrogenic and Osteogenic Cell
Differentiation
It has been reported that the material properties of tissue-engineered

cartilage constructs are measured in the range of kilopascals (KPa) which are an
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order-of-magnitude lower than typical articular cartilage that are in the range of
megapascals (MPa) (47-52). One of the major challenges in tissue engineered
cartilage construction is the shortage of mechanical stresses (51, 52). Some
recent studies reported that using bioreactors enhanced the material properties
of tissue-engineered cartilage constructs (49-54). Moreover, cyclic compressive
loading was demonstrated to induce phenotypic changes between cartilaginous
and osseous tissues and chondrocyte differentiation (55, 56). Others
documented an anabolic effect of LIPUS on osteoblasts, on chondrogenic
differentiation, and on matrix production in vitro and in vivo (45, 64, 65). These
results are still uncertain and parameter optimization has not been validated yet.
In addition, mechanical testing machines and bioreactors have not yet been

clinically applicable (57-63).

1.2.6. Phenotypic Characteristics of Human Umbilical Cord Perivascular
Stem Cells

The complex composition of the human umbilical cord has necessitated
multiple attempts to characterize and purify stem cell constituents. The isolation
of a HUCPV-SC subpopulation remains a subjective process due to the different
protocols for isolation and cultivation. Various approaches have been
implemented to induce differentiation of human umbilical cord mesenchymal
progenitor cells into osteogenic cells. These cultural modules have been
successful in mediating the expression of more specific progenitor markers.

Multiple studies showed that HUCPV-SCs tested negative for the
endothelial/hematopoietic cell markers CD34, CD45, and MHCII, but positively

stained to the MSC markers, namely CD90 and MHCI (4, 66-68). These cells
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demonstrated a particular trend to differentiate into osteogenic cells after 3
weeks, as well as into multiple mesenchymal lineages (66—68). Collectively,
HUCPV-SCs emerged as an alternative and attractive source for bone marrow
MSCs.

Kim et al. (2007) noted a potential capacity of HUCPV-SCs to differentiate
into osteocyte cells after 2 weeks (69). Nevertheless, HUCPV-SCs continued to
test negative to MHCII and CD31, but positive to MHCI, similar to bone marrow
MSCs (69). HUCPV-SCs also demonstrated a potential for osteogenic
differentiation similar to that of bone marrow stem cells (69). Furthermore,
several in vitro studies revealed that HUCPV-SCs were negative to CD34, CD45,
CD31, and MHCII, but persistently stained positive to CD90 (70-74). These
findings have eliminated the possibility of endothelial or hematopoietic
contamination and have provided a pure MSC progenitor precursor (70-73).

On the other hand, Zhang et al. (2004) reported that those cells
substantially expressed osteopontin (OPN) in osteogenic differentiated media
(70). Rosada et al. (2002) further documented an intense positivity of HUCPV-
SCs for osteocalcin (OSC) and alkaline phosphatase (ALP) in osteogenic media
(72). This was further corroborated by Gang et al. (2004) who showed a florid
positivity of HUCPV-SCs for ALP and OPN (73). Interestingly, this reactivity to
ALP and OPN gradually increased over 2 weeks within osteogenic media (73).
Moreover, Sarugaser et al. (2005) reported a high positivity of HUCPV-SCs to
ALP that reflects their metabolic activity and proliferation capacity. These cells
could easily be elaborated to induce bone nodules starting at Passage 0 (4). The
same group also observed that HUCPV-SCs were osteoprogenitor cells that

expressed the osteogenic phenotype and provoked bone matrix in culture (4).
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1.2.7. Summary

The vast majority of current dental restorative practice relies on synthetic
materials rather than biological-based regenerative therapy. Synthetic dental
prosthesis such as tissue grafting and metal implants retain multiple limitations;
recipient immune rejection and potential viral transmission are a few examples.
These inherent complications at the biologic-hardware interface invoke a
tremendous need for biological-based regenerative therapy. MSCs and umbilical-
cord derived stem cells that are capable of guided phenotypic differentiation
paved the road for an ever-expanding regenerative technology. We have pursued
a search for new, safe, and available sources of cellular lineages with lower
potential for immune rejection. Our project also aimed to study the effects of the
mechanical energy from LIPUS on newly characterized HUCPV-SCs. Our review
of the current literature revealed that the application of LIPUS may enhance
tissue regeneration. The biologic effect of LIPUS on furthering stem cell
proliferation and differentiation might not be significant in vitro. Most positive
results from prior research were derived from in vivo applications of the LIPUS
technique. This may reflect the differences between the physiological variables of
a human environment compared to that of tissue culture media. Nonetheless, this
may also imply that application of LIPUS directly to living tissue can foster a more
natural healing process. Further studies and clinical trials are required to define
the optimal parameters of a regenerative role for LIPUS on tissue remodeling and

healing in the craniofacial region.
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1.3. Objectives of the Study

A. The first objective of our study is to evaluate whether LIPUS has a
stimulatory effect on HUCPV-SCs; that is, whether LIPUS treatment will increase
their proliferation while maintaining their stem cell characteristics.

B. The second objective is to evaluate whether LIPUS has a stimulatory

effect on osteogenic differentiation of HUCPV-SCs.

1.4. Research Hypothesis

Hypothesis 1. The stimulatory effect of LIPUS on HUCPV-SC expansion is dose
dependent. This hypothesis is based on previous studies that showed the
positive stimulatory effect of LIPUS on MSC expansion and proliferation as
reflected by increased cell count and ALP level.

Hypothesis 2. LIPUS-expanded HUCPV-SCs will maintain their stem cell and
their osteogenic potentials after exposure to different LIPUS regimens. This
hypothesis is based on previous research that showed that mechanical loading is

stimulatory for chondrogenic and osteogenic differentiation (56).
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CHAPTER 2

Expansion of HUCPV-SCs in Basic Media Using LIPUS

2.1. Key Words: Low intensity pulsed ultrasound (LIPUS), stem cells, human

umbilical cord perivascular stem cell (HUCPV-SC).

2.2. Introduction

Cumulative experience from studies over the last two decades has
defined stem cells as progenitor cells capable of self-renewal and differentiation
into multiple lineages (1). Mesenchymal stem cells (MSCs) have been isolated
and cultured with a reasonable degree of phenotype preservation (2). The source
for MSCs is primarily bone marrow where access is limited due to the significant
morbidity of bone marrow aspiration (3). The invasive collection of bone marrow
stem cells by direct bone marrow aspiration triggered the need to find an
alternate source of stem cells (3, 4). Human umbilical cord perivascular stem
cells (HUCPV-SCs) are good candidates because of their close anatomical
relation to fetal vasculature, an environment rich in oxygen and essential
nutrients (4). HUCPV-SCs encompass a cellular subpopulation capable of
exhibiting a functional mesenchymal phenotype (4). HUCPV cells are usually
discarded and their harvest does not entail any invasive procedure as is the case
for bone marrow extracts (3).

Interest in MSCs as a tool for therapeutic applications has recently
increased because of the relative ease of isolation and culture and the high
potential for cell expansion in vitro (5). HUCPV-SCs are characterized by a low

immunorejective capacity and a sizable reservoir of perivascular progenitor stem
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cells (4, 6). Therapeutic application of ultrasound waves, particularly low-intensity
pulsed ultrasound (LIPUS), has been shown to facilitate healing of bone fractures
(7). The physiologic effects of LIPUS application has been related to an increase
in the integration of calcium ions in osseous and soft tissues (8). LIPUS also
appears to stimulate the expression of genes that mediate the healing process,
including aggrecan and insulin-like growth factor (IGF) (8). The cellular
mechanisms mediating the observed therapeutic actions of LIPUS are still poorly
understood (9). The cavitation phenomenon represents the pulsation of gas or
vapor-filled voids in a sound field resulting in compression of microtubules by
direct ultrasonic energy (10, 11). This transmitted energy could invoke a direct
effect on cell membrane permeability and on second messenger adenylate
cyclase activity (10). Subsequent changes in ion channels or protein transport as
a result of altered second messenger pathways could modify the intracellular
signals for gene expression (10). Alternatively, the use of low-intensity ultra
sound reduces the heating (compared to high intensity ultra sound) of underlying
tissues and also minimizes the extent of cavitation phenomena (11).

Wang et al. (1993) reported that application of mechanical stressors to
the cytoskeleton could influence cell metabolism through changes in gene
expression (12). Intermittent high-frequency acoustic pressure waves are a
noninvasive form of mechanical stress. LIPUS protocols are applied at
frequencies ranging from 1.5-2 MHz at an intensity of 30 mW/cm? (13). LIPUS
has been shown to induce synthesis of DNA and proteins with resultant changes
in the permeability of cell membranes and the recovery of various connective
tissues, including bone, muscle, tendon, and cartilage (14). “LIPUS application is

a nonthermal and nondestructive tool because of the low-intensity of the
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acoustical pressure waves” (15). The acoustic pressure of low frequency
ultrasound waves does not increase the tissue temperature more than 1°C and
does not significantly alter cellular activity (15).

This study investigates whether LIPUS stimulates HUCPV-SC
proliferation while maintaining the stem cell character of the cells. Effects of
LIPUS in vitro on cultured HUCPV-SCs was assessed in five different assays:
cell count, alkaline phosphatase (ALP) level, DNA content, gPCR, and
immunophenotyping of cells derived from HUCPV-SCs by flow-cytometric

analysis.

2.3. Materials and Methods
2.3.1. Cell Culture

Approval for these experiments was obtained from the Health Research
Ethics Board, University of Alberta, Edmonton, Canada (approval number 6431,
2006). After obtaining patient consent, HUCPV-SCs were obtained from patients
undergoing full-term caesarean sections. Cells were isolated according to
methods described by Sarugaser et al. (2005) and were generously provided by
Dr. J. E. Davies (University of Toronto, Ontario, Canada) (4). HUCPV cells at
passage 1 were thawed and seeded into three T-75 cm? tissue culture flasks
(Sigma Aldrich) containing Dulbecco’s modified Eagle’s medium with low glucose
(DMEM-LG) (GIBCO, Invitrogen) supplemented with 15% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic (Sigma Aldrich ) at an initial cell density of
3.6 x 10%/ml. Cells were incubated at 37°C in 5% CO,, then expanded for 10 days
until P4. Media was changed every 2-3 days. When cell confluence was 80%

(4.2 x 10%ml), cells were harvested and trypsinized using 0.25% trypsin (GIBCO,
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Invitrogen), collected in 50 ml tubes, centrifuged, then distributed into nine 6 well
plates (Sigma Aldrich) at 2 x 10*/ml. 27 wells were treated for 10 min/day by 4
“Exogen LIPUS” devices with 4 transducers placed immediately below the wells
and coupled to the well bases with standard ultrasound coupling gel transducers
previously calibrated (Figure 2.1). The ultrasound frequency, intensity, and
duration were identical to that used in the clinic for bone fracture repair (Exogen
Bone Healing System, Smith and Nephew, Memphis, TN, USA); that is, each
produced a 1.5-Mhz ultrasound wave composed of a 200 ps burst with an output
intensity of 30 mwW/cm? for 1 day, 7 days, and 14 days. The other 27 wells were
sham treated using the same transducers without turning the machines on. Each

group was evaluated at each time point (see Figure A1.8 in Appendix 1).

6 well plate

" LIPUS
Transducers

2 S . LIPUS Box

®© /0 /o®

Figure 2.1 Schematic diagram shows experimental LIPUS application
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2.3.2. Cell Count

Cells were washed using PBS (GIBCO, Invitrogen), then trypsinized.
Cells and medium were collected in 15 ml tubes for centrifugation (6 min at 600
rom). The supernatant was vacuumed away. Cells were counted using a

Beckman Coulter counter (Faculty of Dentistry, University of Alberta, Canada).

2.3.3. Alkaline Phosphatase Activity Assay

ALP activity of HUCPV-SCs was determined by a colorimetric assay at
the indicated time points (days 1, 7, and 14) (16). ALP is a biochemical marker
for cell differentiation of osteogenic lineage (17, 18) Cells were washed with
phosphate buffered saline (PBS) and lysed with 2 ml of ALP assay buffer per well
(0.5 M 2-amino-2-methyl-1-propanol and 0.1% Triton- X-100, pH 10.5). Two
hours later, after lysis, 1 ml of lysed cells was used for an ALP gquantification
assay. Phosphatase substrate (p-nitrophenyl phosphate) (Sigma) was added to
the ALP assay buffer in a 1mg/ml (1:1) ratio. 100 pl of lysed cells and 100 pl of
substrate mixture were loaded to each well of a 96 well plate to a final
concentration of 1 mg/ml. The changes in optical density (absorbance, 405 nm)
were determined in a multiwell plate reader at periodic intervals of 5, 10, 15, and

30 minutes.

2.3.4. Cell Proliferation and DNA Quantification Assay

1 ml of the lysed cell solution was used to measure the amount of DNA
with the CyQUANT Cell Proliferation Assay Kit (Molecular Probe, Invitrogen ).
The CyQUANT Cell Proliferation Assay Kit measures the quantity of DNA

through nucleic acid binding to a fluorescent dye (Molecular Probe, Invitrogen).
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The binding of nucleic acids enhances the dye’s ability to fluoresce. Thus the
extent of proliferation is determined by comparing a treated cell’s fluorescence,
and consequently its DNA content, with the fluorescence of untreated control
cells. Cells are incubated with dye for 30-60 minutes during which time lysis
occurs and the dye binds to the released nucleic acids. Fluorescence is
measured in a microplate reader. The assay is designed to produce a linear
analytical response in a 96-well microplate (Molecular Probe, Invitrogen). A DNA
standard provided with the CyQUANT kit was utilized to determine the DNA
concentrations in each group of cells. According to the manufacturer's
instructions, DNA was quantified using a fluorescence plate reader (excitation at
480 nm; emission at 527 nm) (Faculty of Chemical Engineering, University of

Alberta).

2.3.5. Immunophenotyping Using Flow-Cytometry Analysis

Further characterization of expanded HUCPV-SCs at passage 4 using
cell surface antigen phenotyping was performed on days 1, 7, and 14. The
following cell-surface epitopes were labeled with antihuman antibodies: CD31
(PECAM-1) fluorescein isothiocyanate (FITC, BD Biosciences), CD34-R-
phycoerythrin  (R-PE, BD Biosciences), CD45-phycoerythrin (PE, BD
Biosciences), CD90 (Thyl) R-phycoerythrin (R-PE, BD Biosciences), MHCI
(HLA-A,B,C) R-phycoerythrin (R-PE, BD Biosciences), and MHCII (HLA-DR)
fluorescein isothiocyanate (FITC, BD Biosciences) (Becton Dickinson; Beckman
Coulter) (Table 2.1.a). FITC-conjugated isotype-mouse 1gG,; and PE-conjugated
isotype-mouse IgG,; served as secondary antibodies. 10,000 labeled cells were

acquired and analyzed using a FACScan flow cytometer running CellQuest
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software (Becton Dickinson) at the flow cytometry facility (Faculty of Medicine
and Dentistry, University of Alberta). HUCPV-SCs were suspended and prepared

using standard direct staining protocols (19, 20).

Markers | Description

CD90 stem cell marker

CD31 endothelial cell marker

CD34 hematopoietic cells and vascular endothelium marker

CD45 differentiated hematopoietic cell marker

MHCI recognized during graft rejection and found on all nucleated cells
MHCII a marker for B-lymphocytes, macrophages and dendritic cells

(initiates a primary immune response by activating lymphocytes and
secreting cytokines)

Table 2.1a Immunophenotyping markers using flow-cytometry analysis

2.3.6. Quantitative Real-Time PCR Analysis (QPCR)

RNA was isolated and cDNA was synthesized; total RNA was extracted
from each triplicate group of both LIPUS treated and sham treated groups using
the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada/Valencia, USA). RNA
samples were quantified fluorometrically at 260 nm using SYBRgreen (Molecular
Probes, OR, USA) as recommended by the manufacturer. Single stranded DNA
(cDNA) was synthesized from 1 pg of total RNA using the Omniscript Reverse
Transcription Kit (Qiagen, Mississauga, ON, Canada).

Primers for real-time PCR were designed with Primer Express 2.0
software from Applied Biosystems (ABI) (Foster City, CA). Real-time PCR
reactions were performed using TagMan®Gene Expression Assays (Applied

Biosystems AB) and TagMan®Gene Expression Assays protocol (Applied

29




Biosystems AB). The TagMan®MGB probes and primers were premixed to

concentrations of 18 pM for each primer and 5 pM for the probe. Amplifications

were carried out in a final reaction volume of 10 pl. IDs for gene assays and gene

symbols are explained in Table 2.1b; the reaction mixtures were aliquoted into 96

well ABI reaction plates. The plates were placed in an ABI Prism 7500 fast

system V 1.4.0 Applied Biosystems gPCR machine under the following

conditions: stage 1 consisted of 95°C for 10 min; stage 2 consisted of 40 cycles

of 95°C for 15 s, followed by 60°C for 1 min. The qPCR data were analyzed with

SDS 7500 Fast system V.2.01 software (ABI).

Gene Name Gene Assay ID
Symbol

Endogenous control: human glyceraldehyde 3- | GAPDH | 4333764F
phosphate dehydrogenase (GAPDH)

Osteocalcin (OCN) BGLAP | Hs00609452 g1
Osteopontin (OPN) SPP1 Hs00959009 _m1
Proliferating cell nuclear antigen (PCNA) PCNA | Hs99999177 g1
Nucleostemin (NST) GNL3 Hs00205071_ml

Table 2.1b qPCR genes and gene symbols
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2.3.7. Statistical Analysis

Data are presented as mean and standard deviation. MANOVA was
applied to all acquired data to compare the expansion capacities of the treated
(LIPUS) group and the control (sham) group. A two-way ANOVA was used to
analyze the flow-cytometry data and gPCR data. Differences were considered
significant at P < 0.05. The SPSS software package (version 16.0; SPSS Inc.)

was used for the statistical tests.

2.4. Results

The HUCPV-SCs were observed on days 1, 7, and 14 after the
application of LIPUS. Spindle-shaped monolayer cells appeared at the bottom of
the culture plates. They grew as swirls into fibroblast-like cells. The cell count
showed a nonsignificant increase (P < 0.9) in the LIPUS treated group compared
to the sham treated group (Figure 2.2). The cell count was less in the LIPUS
treated group on day 1. However, the overall cell count on days 1, 7, and 14 in
the LIPUS treated group was comparable to the sham group with no significant
difference. Nonetheless, LIPUS may promote HUCPV-SC proliferation capacity if

applied for 2—3 days (21).
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HUCPV-Cell count Results after Application of LIPUS 10 min/day
(days 1,7, and14) in BM
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Figure 2.2. HUCPV-cell count results after application of LIPUS 10 min/day

(days 1, 7, and 14) in basic media, L = LIPUS, C = Control, BM = basic medium.

The cell proliferation assay exhibited a nonsignificant increase in DNA
synthesis when equilized with the ALP level in the LIPUS treated group (P < 0.9).
The DNA content (Figures 2.3 and 2.5) on day 1 was not significantly different
from the control. In addition, we did not detect a significant difference in DNA
content between samples treated with LIPUS for 10 minutes per day versus
control samples on days 1, 7, and 14. DNA content was quantitatively slightly
higher on day 7 in the LIPUS treated group compared to the control group, and
on day 14 compared with the sham treated group (see Appendix 1 and Table

2.2).
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Figure 2.3. HUCPV-DNA level results after application of LIPUS 10 min/day

(days 1, 7, and 14) in basic media, L = LIPUS, C = control, BM = basic medium
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Figure 2.4.HUCPV-ALP level results after application of LIPUS 10 min/day (days

1, 7, and 14) in basic media, L = LIPUS, C = control, BM = basic medium
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ALP activity was increased on day 1 in the LIPUS treated group
compared to the control group (difference 0.018+0.004). ALP activity, however,
was less on day 7 in the LIPUS treated group compared to the sham treated
group (difference = 0.012 + 0.005). ALP activity increased significantly on day 14
in the LIPUS treated group compared to the control group (difference = 0.020 +

0.010) (Figure 2.5 and Table 2.2).

HUCPV-Normalization of ALP/DNA Results after Application of
LIPUS 10 min/day (days1,7, and 14) in BM
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Figure 2.5. HUCPV-normalization of ALP/DNA results after application of LIPUS
10 min/day (days 1, 7, and 14) in basic media, L = LIPUS, C = control, BM =

basic medium
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Day 1 Day 7 Day 14

L C L C L C
B
Q@ Mean + |Mean + [ & Meant |Meant | S Mean + |Mean + [ &
QO = = =
< < S S
5 =|sp SD > |sb SD > |sD SD >
> m o o o
Cell 58916.7 | 70161. | 0.9 139986 | 122913. | 0.9 346834 | 344140. 1 0.9
count |+ 3+ + 3+ + 7+

48341.1 | 36247. 63343 66881.7 365337. | 257946.

8 8 5

DNA 7.2+ .96 | 7.5+£2.210.7 |10.7% 9.3x1.8 (0.9 12+3.9 |11+2.9 |09

2.9

ALP 0.129 + | 0.117 0.1 [0.123+ | 0.130+ |0.05 [0.217+ |0.164+ |0.05

I+

0.016 0.012 0.017 0.036 0.025 0.024

ALP/ ]0.018 *=|0.016 0.7 [0.012+ | 0.014+ |04 (0.020+ |0.015+ |0.4

I+

DNA 0.004 0.005 0.005 | 0.003 0.010 0.004

Table 2.2. Comparison of mean + SD of cell count, ALP, DNA, ALP normalized to
DNA levels between the LIPUS (L) and control (C) groups on days 1, 7, and 14 in

basic media

Immunophenotyping by fluorescent activated cell sorting (FACS) was
used to analyze cell surface markers on HUCPV-SCs at passage 4. Cells were
gated according to size and expressed surface markers. HUCPV-SCs were
negative for CD31 (found on endothelial cells, platelets, macrophages) and
MHCII (HLA-DR) (Figures 2.6, 2.7, and 2.8). The marker MHCII is a cell surface

antigen that mediates graft-versus-host disease and is responsible for the
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rejection of tissue transplants in human leukocyte antigen (HLA) mismatched
donors.

HUCPV-SCs were negative for CD34 (a hematopoietic stem cell marker)
and CD45 (a leukocyte common antigen). Conversely, they were strongly
positive for CD90 (mesenchymal progenitor—specific markers) and moderately
positive for MHCI (HLA-A,B,C) (recognized during graft rejection, found in all
nucleated cells in the body). LIPUS treated HUCPV-SCs expressed a high level
of CD90 on day 14 compared with the sham treated group (Table 2.3).

The data from this experiment may confirm part of our hypothesis that
LIPUS has the ability to maintain the stem cell characteristics after one day of
treatment. We further investigated this hypothsis by testing the expression of
nucleostemin after LIPUS treatment. Nucleostemin was reported as a marker of
undifferentiated human mesenchymal stromal stem cells and appeared to be
involved in regulation of their proliferation (5, 22). In addition, we studied the
expression of the proliferating cell nuclear antigen (PCNA), osteocalcin (OCN),
and osteopontin (OPN) after equalizing them to the endogenous control gene
GAPDH. HUCPV-SCs expressed significantly higher levels of OPN and PCNA in
the LIPUS treated group (P < 0.01) on day 14. However, no difference in
nucleostemin expression on days 1, 7, and 14 was observed. The level of PCNA
was significantly higher in the LIPUS treated group (P < 0.01) on day 14. This is
supported by the findings of Yoon et al. (2009) and may further validate our
hypothesis that the LIPUS can increase PCNA (the proliferation gene of HUCPV-
SCs) while maintaining their stem cell characteristics after 14 days of treatment

(21).
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We also examined the effects of LIPUS on levels of OPN and OCN
expression in HUCPV-SCs. The results showed that the level of OCN was almost
0.25 fold higher in the LIPUS treated group than in the control group on days 1
and 14, but was 0.25 fold less on day 7. We further investigated the difference in
OSP expression. OSP expression was 1.25 fold higher in the LIPUS treated
group on day 14 (P < 0.01) and 0.25 fold higher on day 1, but was comparable to

the control group on day 7 (Figures 2.9, 2.10, 2.11, and Table 2.4).
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Markers | Day 1 Day 7 Day 14

/BM L C P- L C P- L C P-

Mean | Mean | Value | Mean Mean Value | Mean Mean | Value

+ + + t t s
SD SD SD SD SD SD
Isotype [3+0.9|83%4 (o 27.3 +]1254 £(0.8 99 =*([65+ |08
I9G 9.7 8.1 2.5 2.9
CDh31 16.3 +119.8 £ 0.8 416 +£[389 +|0.2 13.7 £[89+ (0.2
8.8 135 125 10.9 1.7 1.3

CD90 221193204 (0.3 3896.9 [4394.2 | 0.4 1383.2 [ 534.8+ (0.4

+ 689.6 * * * 471.3
1644.4 953.6 |2033.9 1403.9

CD34 12.8 +]22.5+ 0.5 45 +1473 +£|0.8 10.8 +|6.8+ [0.8
5.7 20.6 20.8 30.2 21 2.9

CD45 259 +|14.5+7 0.8 67.6 +|43.7 £[0.6 115 +|169+ |06
27.9 61.3 24.7 1.3 2.7

MHCI 346.2 | 2415 |0.07 [2179 [2199 (0.8 44.9 35.1+ 0.8

+ 592 |+ * + 75 + 6.9 (58
38.9 69.1
MHCII 139 +£]228 +]|04 411 |46 +|0.6 143 £|(85+ (0.6
4.6 19.8 13.6 275 3.7 1.2

Table 2.3 . Mean * SD of flow-cytometry results of HUCPV-SC (isotype IgG,
CD31, CD90, CD34, CD45, MHCI, and MHCII) treated with LIPUS 10 min/day on
days 1, 7, and 14: difference between LIPUS (L) and control (C) in basic media
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Figure 2.6a. Flow cytometry analysis results on day 1 represented by histogram,

LIPUS (L), control(C), basic media (BM)
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Flowcytometry Analysis HUCPV-SCs after Application of
" LIPUS 10 min/ day on Day 1 in BM
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Figure 2.6b. Flow cytometry analysis results on day 1 represented by charts,

LIPUS (L), control (C), basic media (BM)
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Figure 2.7a. Flow cytometry analysis results on day 7 represented by histogram,

LIPUS (L), control (C), basic media (BM)
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Flowcytometry Analysis HUCPV-SCs after Application of
“ LIPUS 10 min/ day on Day 7 in BM
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Figure 2.7b. Flow cytometry analysis results on day 7 represented by charts,

LIPUS (L), control (C), basic media (BM)
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Figure 2.8a. Flow cytometry analysis results on day 14 represented by histogram,

LIPUS (L), control (C), basic media (BM)
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Flowcytometry Analysis HUCPV-SCs after Application of
LIPUS 10 min/ day on Day 14 in BM
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Figure 2.8b. Flow cytometry analysis results on day 14 represented by charts,

LIPUS (L), control (C), basic media (BM)



Q-PCR Results of HUCPV-SCs ( NST, OCN, OPN, and PCNA
equalized to GAPDH) Treated by LIPUS 10 min/day on Day 1 in
BM
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Figure 2.9. gPCR results on day 1 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in basic media

Q-PCR Results of HUCPV-SCs ( NST, OCN, OPN, and PCNA
equalized to GAPDH) Treated by LIPUS 10 min/day on Day 7 in
BM
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Figure 2.10. gPCR results on day 7 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in basic media
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Q-PCR Results of HUCPV-SCs ( NST, OCN, OPN, and PCNA
equalized to GAPDH) Treated by LIPUS 10 min/day on Day 14 in
BM
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Figure 2.11. gPCR results on day 14 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in basic media



Genes /| Day 1 Day 7 Day 14

BM L C P- L C P- L C P-
Meant | Mean | Value | Mean + | Mean + | Value | Mean + | Mean | Value
SD + SD SD SD +

SD SD

GAPDH | .00 £ .00+ [0.03 .00 + .00 + 0.9 .00 + .00+ 0.7
.00 .00 .00 .00 .00 .00

NST 158+ (1.33+ |04 79+ 8l+ 0.9 .88 + .85+ 0.7
44 .32 .03 15 .16 .16

OCN 132+ [.82+ |07 30+ A3 + 0.3 1.26+ |.81+% 0.9
.27 .33 .04 A1 .29 .22

OPN 1.18+ [.76 £ |0.9 1.06+ |[.99+ 0.5 795+ |3.69+ |0.01
.37 21 12 .48 6.20 2.26

PCNA 138+ [.96+ |0.9 33+ 35+ 0.5 1.09+ |.61+% 0.01
.24 .28 .09 A7 49 .29

Table 2.4 gPCR comparison of mean + SD of nucleostemin, osteocalcin,

osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on days 1, 7, and 14 in basic media
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2.5. Discussion

In this study, we investigated the effects of LIPUS on the characteristics
and proliferation capacity of HUCPV-SCs. The 10 minute LIPUS application was
based on a previous study by Zhou et al. (2004) (23) that showed that LIPUS
exerted its optimum stimulatory effect on skin fibroblasts when applied at 10
minutes per day for 7 days. Our results showed that LIPUS did not significantly
increase HUCPV-SC cell counts after 10 minute daily applications on days 1, 7,
and 14. This is in disagreement with previous studies that showed that LIPUS
had a stimulatory effect on a variety of cell lines such as osteoblasts,
chondrocytes, and marrow-derived stromal cells (24, 25, 26).

Conversely, other studies demonstrated that continuous mechanical
stress may decrease cellular activities as reflected by DNA content, ALP levels,
and calcium content (27). Others reported that persistent mechanical stress
reduced the activation of mechanosensitive cation channels in osteoblast-like
cells (28). Parvizi et al. (1999) did not detect any effects of LIPUS on the
expression of transforming growth factor-p, osteocalcin, ALP, or a (I)-procollagen
genes in cultured osteoblasts (29). They noted that cell proliferation is not
stimulated by ultrasound at 4, 6, or 8 days at intensities of 20 and 50 mW/cm?.

LIPUS cavitation is the pulsation of gas or vapor-filled voids in a sound
field that results in compression of microtubules (29). This potentially changes
the permeability of cell membranes and calcium channels (29). Some of these
findings were confirmed in our study where no significant differences in cell
count, DNA content, or ALP levels existed between the LIPUS treated group and

the control, except that there was increased ALP on day 14 in the LIPUS treated
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group. These data indicate that the potential stimulatory effect of LIPUS on these
cells may occur at and beyond 14 days.

Some increase in the expression of CD90, PCNA, and OPN was detected
in the LIPUS treated group compared to the sham treated group on day 14.
PCNA, OCN, and OPN increased 0.25 fold and nucleostemin (NST) increased
0.2 fold on day 1. The increments in the expression of these genes may relate to
enhancement of intracellular metabolic activities by LIPUS. The rise in PCNA (P
< 0.01) was not associated with a measurable increase in cell count in the LIPUS
treated group, probably due to the short time of LIPUS treatment in our study.
Experiments with longer duration of LIPUS application may further our
understanding of the biological behaviors of HUCPV-SCs.

The LIPUS induced increase in ALP, OPN, and OCN on day 14 may
indicate that LIPUS may have an anabolic effect on HUCPV-SCs. This agrees
with a previous report that LIPUS enhanced osteogenic differentiation of human
gingival fibroblasts (37). The increased NST expression induced by LIPUS may
signify that LIPUS maintains the stem cell characteristics of HUCPV-SC
stimulated cells. Supportive studies suggested that application of LIPUS on
different types of cells could result in nonsignificant differences in cell proliferation
(25, 30-36) and differentiation (21, 25, 36). Our findings were consistent with
literature reports of MSCs (31-33) and chondrocytes (25, 33, 34, 36) that
postulated that the mechanical stress of LIPUS may direct cell efforts toward

maintenance rather than proliferation and differentiation.

49



2.6. Conclusion

The optimum application of LIPUS has not been unequivocally
established. Our study suggests that LIPUS may induce HUCPV-SC proliferation
while maintaining the phenotypic stem cell characteristics of these cells. This
may prove true if we could apply an alternative methodology of LIPUS treatment.
Furthermore, our findings signify that a short duration of LIPUS treatment may
not enhance HUCPV-SCs sufficiently to overcome the conventional limitations of
bone marrow mesenchymal stromal progenitor cells. In addition, our experiments
suggest that direct contact of LIPUS transducers within the media may enhance
the expansion and proliferation of HUCPV-SCs as assessed using various
biological markers. Future investigations are required to test the effect of LIPUS
on the differentiation capacity of HUCPV-SCs into multiple lineages, including

osteogenic and neurogenic differentiation capability.
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CHAPTER 3

Differentiation of HUCPV-SCs in Osteogenic Media Using LIPUS

3.1. Key Words: LIPUS (low intensity pulse ultrasound), stem cells, human
umbilical cord perivascular stem cells (HUCPV-SCs), osteogenic differentiation

(OST).

3.2. Introduction

The capacity for self renewal and the capacity for multilineage
differentiation are intrinsic features of mesenchymal stem cells (MSCs) that allow
them to evolve into mesodermal, ectodermal, and endodermal cells (1, 2). The
limited accessibility for bone marrow stem cells and the effect of the donor’s age
have narrowed the widespread use of bone marrow specimens for progenitor
stem cells (6). The harvest of bone marrow is a highly invasive procedure and the
number, differentiation potential, and maximal life span of MSCs from bone
marrow decline with increasing age. Therefore, alternative sources from which to
isolate MSCs are subject to intensive investigation (9). Umbilical cord blood has
been increasingly used as an alternative source for hematopoietic stem cells
(HSC) for allogenic stem cell transplants (3—7). However, the lack of common
standards for initial cell preparation remains an obstacle for standardization of
research methodology and the clinical application of MSCs (8).

MSCs (stromal cells) have been isolated from both human umbilical cord
blood and bone marrow preparations (10, 11). “Mesenchymal stem cells derived
from the umbilical cord vein are functionally similar to bone marrow MSCs” (12).

Isolation of umbilical cord MSCs is less invasive than bone marrow derivations,
56



and because of the fetal origin of MSCs, their proliferative and differentiation
potential could be better than that of MSCs from other sources (12). In a
comparative study, Baksh et al. (2007) documented that human umbilical cord
perivascular stem cells (HUCPV-SCs) have higher capacity to differentiate and to
proliferate than bone marrow MSCs (13). In addition, HUCPV-SCs were shown to
have a faster rate of osteogenic differentiation compared to bone marrow MSCs
(13). Cells with MSC characteristics can be harvested from multiple organs and
tissues including brain, heart, spleen, liver, kidney, lung, bone marrow, muscle,
thymus, and pancreas (14). Umbilical cord sources provide a pool of cells of vast
abundance, and with the advantage of less donor site morbidity.

Umbilical cord MSCs during the neonatal stage are less mature than
MSCs from the adult stage and do not posses a potent immune rejection in
unrelated donor transplantation (15). An umbilical cord blood graft can tolerate 1—
2 mismatches between unmatched human leukocyte antigen (HLA) subtypes,
which significantly expands the available donor pool (15). Human umblical cord
stromal cells have the character of mesenchymal stem cell lineages (16,17).
Wang et al. (2004) induced the differentiation of umbilical cord stromal cells into
mesenchymal cell lineages; osteogenic, adipogenic, cardiomyogenic, and
chondrogenic types have been accomplished (16, 18). In addition, Sarugaser et
al. (2005) demonstrated techniques for harvesting and culturing HUCPV-SCs and
their achieved osteogenic nodules, and described their differentiation behavior
(18). In general, the blood that remains inside the human umbilical cord is usually
considered a valid source of hematopoietic stem cells (19, 20). Current clinical
applications of mesenchymal progenitor stem cells (MPCs), including treatment

of osteogenesis imperfect, demonstrated impressive histologic changes of
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trabecular bones with new dense bone formation (21). The stromal cell
population in bone marrow has shown a capacity for expansion and
differentiation into various phenotypic cellular lineages such as bone, cartilage,
muscle, stroma, neural, and fat cells (22).

Heckman (1994), Kristiansen (1997), Mayr (2000), Nolte (2001), Leung
(2004), Tsumaki (2004), Gebauer (2005), Gold (2005), Ricardo (2006), and
Schmelz (2006) (23-32) confirmed that LIPUS enhances bone remodelling and
bone formation and decreases healing time significantly. Mechanical stresses
have been reported to enhance activities of osteoclasts and osteoblasts leading
to increases bone remodeling and bone regeneration, respectively (33). Different
forms of mechanical stress such as LIPUS have been clinically tested for their
ability to enhance new bone formation (34).

Acceleration of fracture healing by LIPUS was attributed to the recurrent
pressure waves that trigger a complex series of biochemical and molecular
events at the cellular level (35). An increase in alkaline phosphatase (ALP)
activity was detected in human osteoblast cultures after continuous exposure to
the low intensity pressure waves of LIPUS (36).

This experimental study investigated whether LIPUS has a stimulatory
effect on osteogenic differentiated HUCPV-SCs that can potentially increase the
differentiation capacity of these stem cells during certain periods of time. We
studied the effect of LIPUS in vitro on cultured HUCPV-SCs. The influence of
LIPUS was assessed using different methods including cell count, ALP assay,
DNA assay, real-time PCR, and immunophenotyping of cells derived from

HUCPV-SCs by flow-cytometry analysis.
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3.3. Materials and Methods
3.3.1. Cell Culture

Ethical approval was obtained from the Health Research Ethics Board,
University of Alberta, Edmonton, Canada (approval number 6431, 2006). After
obtaining patient consent, HUCPV-SCs were obtained from patients undergoing
full-term caesarean sections. Cells were isolated according to methods described
by Sarugaser et al. (2005) and were generously provided by Dr. J. E. Davies
(University of Toronto, Ontario, Canada) (18). HUCPV cells at passage 1 were
thawed and seeded into three T-75 cm? tissue culture flasks (Sigma Aldrich). Cell
culture osteogenic media contained Dulbecco’s modified Eagle’s medium with
low glucose (DMEM-LG) (GIBCO, Invitrogen) supplemented with15% fetal bovine
serum (FBS), 1% antibiotic-antimycotic (Sigma Aldrich), 10 M dexamethasone
(Sigma Aldrich ), 5 mM B-glycerophosphate (Sigma Aldrich), and 50 pg/ml L-
ascorbic acid (Sigma Aldrich) (18). Initial cell density used was 3.6 x 10°/ml. Cells
were incubated at 37°C in 5% CO? HUCPV cells were expanded for 10 days
until P4 and media was changed every 2—-3 days. When their confluence reached
80% (4.2 x 10°ml), cells were harvested and trypsinized using 0.25% trypsin
(GIBCO, Invitrogen), collected in 50 ml tubes, centrifuged, then plated into nine 6
well plates (Sigma Aldrich) at 2 x 10*/ml. As shown in Figure 3.1, 27 wells were
treated for 10 min/day by 4 “Exogen LIPUS” devices with 4 transducers placed
immediately below the wells and coupled to the well bases with standard
ultrasound coupling gel transducers previously calibrated. The ultrasound
frequency, intensity, and duration were identical to that used in the clinic for bone
fracture repair (Exogen Bone Healing System, Smith and Nephew, Memphis, TN,

USA). Each produces a 1.5 Mhz ultrasound wave composed of a 200 ps burst
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with an output intensity of 30 mW/cm? for 1 day, 7 days, and 14 days. The other
27 wells were sham treated using the same transducers without turning the
machines on. Each group was evaluated at each time point (see Figure A2.8 in

the Appendix 2).

6 well plate

" LIPUS
Transducers

» LIPUS Box

e & ® © e®

Figure 3.1 Schematic diagram shows experimental LIPUS application

3.3.2. Cell Count

Cells were washed using PBS (GIBCO, Invitrogen) then trypsinized, Cells
were watched for de-attachment under the microscope. Basic medium was
added to stop the trypsin reaction. Cells and medium were collected in 15 ml
tubes for centrifugation (6 min at 600 rpm). The supernatant was vacuumed
away. Cells were counted using a Beckman Coulter counter (Faculty of Dentistry,

University of Alberta, Canada).
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3.3.3. Alkaline Phosphatase (ALP) Activity Assay

ALP activity of HUCPV-SCs was determined by a colorimetric assay at
the indicated time points (on days 1,7 and 14) (37). ALP is a biochemical marker
for cell differentiation of osteogenic lineage (38, 39). Cells were washed with PBS
and lysed with 2 ml of ALP buffer/well (0.5 M 2-amino-2-methyl-1-propanol and
0.1% Triton X-100, pH 10.5). Two hours later, after lysis, 1 ml of lysed cells was
taken for an ALP activity assay. Phosphatase substrate (p-nitrophenyl
phosphate) (Sigma) was added to the ALP buffer in a 1 mg/ml (1:1) ratio. 100 pl
of lysed cells and 100 pl of substrate mixture were loaded to each well of a 96
well plate to a final concentration of 1 mg/ml. The changes in optical density
(absorbance, 405 nm) were determined in a multiwell plate reader at periodic

intervals 5, 10, 15, 30 minutes.

3.3.4. Cell Proliferation and DNA Quantification Assay

1 ml of the lysed cell solution was used to measure the amount of DNA
with the CyQUANT Cell Proliferation Kit (Molecular Probe, Invitrogen). The
CyQUANT cell proliferation kit assay measures the quantity of DNA through the
enhancement of fluorescence of a dye when it is bound to nucleic acids
(Molecular Probe, Invitrogen). Lysed cells were incubated with the dye for 30—60
minutes, then fluorescence was measured in a microplate reader. The assay is
designed to produce a linear analytical response in a 96-well microplate
(Molecular Probe, Invitrogen). DNA standard provided with the CyQUANT kit was
utilized to determine the DNA concentrations in each group of cells. According to
the manufacturer’s instructions, DNA was quantified using a fluorescence plate

reader (excitation at 480 nm; emission at 527 nm).
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3.3.5. Immunophenotyping Using Flow-Cytometry Analysis

Further characterization of expanded HUCPV-SCs at passage 4 using
cell surface antigen phenotyping was performed on days 1, 7, and 14. The
following cell-surface epitopes were labeled with antihuman antibodies:
CD31(PECAM-1) fluorescein isothiocyanate (FITC, BD Biosciences), CD34-R-
phycoerythrin  (R-PE, BD Biosciences), CD45-phycoerythrin (PE, BD
Biosciences), CD90 (Thyl) R-phycoerythrin (R-PE, BD Biosciences), MHCI
(HLA-A,B,C) R- phycoerythrin (R-PE, BD Biosciences), and MHCII (HLA-DR)
fluorescein isothiocyanate (FITC, BD Biosciences) (Becton Dickinson; Beckman
Coulter), FITC (fluorescein isothiocyanate)-conjugated isotype-mouse 1gG,; and
PE-conjugated isotype-mouse 1gGy; served as secondary antibodies (Table
3.1a). 10,000 labelled cells were acquired and analyzed using a FACScan
(fluorescence activated cell sorting) flow cytometer running CellQuest software
(Becton Dickinson) at the flow cytometry facility (Faculty of Medicine and
Dentistry, University of Alberta). HUCPV-SCs were suspended and prepared

using standard direct staining protocols (40, 41).
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Markers Description

CD90 stem cell marker

CD31 endothelial cell marker

CD34 hematopoietic cells and vascular endothelium marker

CD45 differentiated hematopoietic cell marker

MHC | recognized during graft rejection and found on all nucleated cells

MHCII a marker for B-lymphocytes, macrophages and dendritic cells (initiates a
primary immune response by activating lymphocytes and secreting cytokines)

Table 3.1a. Immunophenotyping markers using flow-cytometry analysis

3.3.6. Quantitative Real-Time PCR Analysis (QqPCR)

RNA was isolated and cDNA was synthesized. Total RNA was extracted
from each triplicate group of both LIPUS treated and sham treated groups using
the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada/Valencia, USA). RNA
samples were quantified fluorometrically at 260 nm using SYBRgreen (Molecular
Probes, OR, USA) as recommended by the manufacturer. Single stranded DNA
(cDNA) was synthesized from 1 pg of total RNA using the Omniscript Reverse
Transcription Kit (Qiagen, Mississauga, ON, Canada).

Primers for real-time PCR were designed with Primer Express 2.0
software from Applied Biosystems (ABI) (Foster City, CA). Real-time PCR
reactions were performed using TagMan®Gene Expression Assays (Applied
Biosystems AB) and TagMan®Gene Expression Assays protocol (Applied
Biosystems AB). The TagMan®MGB probes and primers had been premixed to
concentrations of 18 uM for each primer and 5 pM for the probe. Amplifications
were carried out in a final reaction volume of 10 pl. IDs for gene assays and gene
symbols are listed in Table 3.1b; the reaction mixtures were aliquoted into 96 well

ABI reaction plates. The plates were treated in an ABI Prism 7500 fast system V
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1.4.0 Applied Biosystems qPCR machine under the following conditions: stage 1
consisted of 95°C for 10 min; stage 2 consisted of 40 cycles of 95°C for 15 s,
followed by 60°C for 1 min. The qPCR data were analyzed with SDS 7500 Fast

system V.2.01 software (ABI).

Gene Name Gene Assay ID
Symbol

Endogenous control human glyceraldehyde 3 — | GAPDH | 4333764F
phosphate dehydrogenase (GAPDH)

Osteocalcin (OCN) BGLAP | Hs00609452 g1
Osteopontin (OPN) SPP1 Hs00959009 m1l
Proliferating cell nuclear antigen (PCNA) PCNA Hs99999177 gl
Nucleostemin (NST) GNL3 Hs00205071_m1

Table 3.1b. gPCR genes and gene symbols

3.3.7. Statistical Analysis

Data are presented as mean * standard deviation. MANOVA was applied
to all acquired data to compare the expansion and the proliferation capacities of
the treated (LIPUS) group and the control (sham) group. A two-way ANOVA was
used to analyze the flow cytometry data. Differences were considered significant
at P< 0.05. The SPSS software package (version 16.0; SPSS Inc., Chicago,

USA) was used for the statistical tests.

3.4. Results

The HUCPV-SCs were observed on days 1, 7, and 14 after application of
LIPUS and sham treatments. The cell count in the LIPUS treated group was
nonsignificantly reduced on days 1 and 14 despite an increase noted on day 7

that was also statistically nonsignificant (Figure 3.2 and Table 3.2).
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HUCPV-Cell Count Results after Application of LIPUS 10min /day
(days 1, 7, and 14) in OST
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Figure 3.2. HUCPV-cell count results after application of LIPUS 10 min/day

(days 1, 7, and 14) in OST, L = LIPUS, C = control, OST = osteogenic media

The cell proliferation assay as reflected by DNA content did not change
after equalization with ALP level in the LIPUS treated group (P < 0.9). The DNA
content in the LIPUS treated group was nonsignificantly lower on day 1 (P < 0.7).
During osteogenic differentiation, no significant differences in DNA content could
be detected between samples treated with LIPUS for 10 minutes per day and the
untreated sham group (Figures 3.3 and 3.4; Table 3.2). DNA content was 0.5 fold
higher on day 7 in the LIPUS treated group (0.018 + 0.003), whereas it was lower
on day 14 in the LIPUS treated group (0.015 + 0.006) compared with the sham

group (Table 3.2).
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HUCPV-DNA Level Results after Application of LIPUS 10min/day
(days 1,7, and 14) in OST
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Figure 3.3. HUCPV-DNA level results after application of LIPUS 10 min/day
(days 1, 7, and 14) in OST, L = LIPUS, C = control, OST = osteogenic media
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Figure 3.4. HUCPV-ALP level results after application of LIPUS 10 min/day
(days 1, 7, and 14) in OST, L = LIPUS, C = control, OST = osteogenic media
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HUCPV- Normalization of the ALP/DNA Results after Application
of LIPUS 10 min/ day (days 1, 7, and 14) in OST
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Figure 3.5. HUCPV-normalization of ALP/DNA results after application of LIPUS
10 min/day (days 1, 7, and 14) in OST, L = LIPUS, C = control, OST =

osteogenic media

HUCPV-SCs expressed a nonsignificant increase of ALP activity in the
LIPUS treated group compared to the sham group (P < 0.9). ALP activity was
slightly reduced on day 1 (0.018 + 0.006), higher on day 7 (0.018 + 0.003), and
slightly lower on day 14 (0.015 £ 0.006) in the LIPUS treated group compared to

the control (Figure 3.5, Table 3.2).
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Day 1 Day 7 Day 14

0 L C L C L C

o}

@ Mean | Mean Meant | Mean + Mean + | Mean +

o)

2 + + 0 SD SD g SD SD o

g < g T
sb |sD > . >

o o o

Cell count |35013. | 50298. [ 0.7 | 145642. | 125711. | 0.6 | 244756. | 328923. | 0.6
3+ 0+ 0+ 3+ 7+ 3+
15617. | 30519. 23730.5 | 10938.5 177275. | 305838.
3 4 6 9

DNA 73+ |71+ |07 [104 £ |109 + [0.6 |113 % [10 £+ |06
0.9 1.4 3.7 3.2 3.6 2.7

ALP 0.129+ [ 0.140+ (0.9 [0.183+ |0.126+ |0.08 |0.161+ [0.172+ |0.08
0.043 |0.03 0.051 |0.011 0.012 |0.021

ALP/DNA |0.018+ | 0.020+ | 0.9 |0.018+ [0.012+ (0.2 [0.015+ |[0.019+ |0.2
0.006 |0.005 0.003 | 0.004 0.006 | 0.006

Table 3.2. Comparing mean + SD of cell count, ALP, DNA, ALP normalized to

DNA levels between the LIPUS (L) and control (C) on days 1, 7, and 14 in OST

Immunophenotyping (FACS) was performed to analyze cell surface

markers on HUCPV-SCs at passage 4. Cells were gated according to size and

expressed surface markers. HUCPV-SCs were negative for CD31 (found on

endothelial cells, platelets, macrophages) and MHCII [HLA-DR] (Figures 3.6, 3.7,

and 3.8). MHCII antigens are cell surface markers involved in graft-versus-host

disease and the rejection of tissue transplants in HLA mismatched donors.
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HUCPV-SCs were also negative for CD34 (a hematopoietic stem cell marker)
and CD45 (leukocyte common antigen). Conversely, HUCPV-SCs were strongly
positive for CD90 (a mesenchymal progenitor—specific marker) and moderately
positive for MHCI [HLA-A,B,C] (recognized during graft rejection, found in all
nucleated cells). HUCPV-SCs in the LIPUS treated group expressed a high level
of CD90 on day 14 compared with control (Table 3.3).

We further investigated our original hypothesis, that LIPUS-expanded
HUCPV-SCs will maintain their osteogenic differentiation potential, by assessing
the expression of nucleostemin, PCNA, OCN, and OPN after equalization to the
endogenous control gene GAPDH. Nucleostemin is a marker of undifferentiated
human mesenchymal stromal stem cells and is involved in regulation of MSC
proliferation (42). HUCPV-SCs expressed lower levels of nucleostemin in the
LIPUS treated group on days 1 and 7 compared to the control, with a
nonsignificant higher expression on day 14 (Table 3.4). Alternatively, the level of
PCNA was significantly higher in the LIPUS treated group on day 14 (P < 0.001).

The levels of OCN expression were approximately 0.2 fold lower in the
LIPUS treated group on day 1, 1.5 fold higher on day 7, and 0.5 fold higher on
day 14. These responses were, however, statistically nonsignificant. The level of
OPN was 1 fold higher on day 14 (P < 0.001), whereas it was 0.2 fold lower on
day 1 and almost comparable to the control group on day 7. These findings
suggest that LIPUS treatment for 10 min/day may enhance osteogenic
differentiation of HUCPV-SCs on day 14 and beyond (Figures 3.9, 3.10, and

3.11; Tables 3.4) (see Appendix 2 Figure A2.9).
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Day 1 Day 7 Day 14
L C L C L C
'g Mean | Mean Mean | Mean Mean | Mean
% + + % + + % + s %
g SD SD Z SD |sD Z SD SD Z
Isotype | 9.3t 8.4+2. 105 18.5+ | 16.7+ | 0.6 10.1+ | 4.5+2 | 0.6
[e]€} 29 5 4.6 9.3 9.6 5
CD31 11.6+ 14+1. | 0.3 19+2. | 22+14. | 0.3 141+ | 7.3+2 | 0.3
3.4 8 5 4 8.2 2
CD90 2766.7 | 2854. | 0.7 1731. | 1601.1 | 0.9 516.7+ | 370.7 | 0.9
+ 5+ 3+ + 2925 |+
156.9 549.4 7329 | 771.5 162.5
CD34 115+ | 9.4+ 0.9 216+ [ 198+ | 0.9 7¥49 | 4.6x1 | 0.9
6.2 15 10.9 12.4 .6
CD45 9.543. | 19.4+ | 0.3 244+ [ 30.5¢ | 0.9 7.615. | 4.5+1 | 0.9
6 15.1 14.6 30 4 A
MHC | 211.5+ | 2945 | 0.7 170.3 | 155.9+ | 0.9 43.6x |42.7+ | 0.9
66.5 + + 157.7 24.8 22.7
177.6 164.7
MHC I 40.1+ ([ 34.4+ | 0.7 26.5+ [ 219+ 0.8 13.9+7 | 149+ | 0.8
25.5 27.2 3.4 16.2 8.7

Table 3.3 . Mean % SD of flow-cytometry results of HUCPV-SC (isotype IgG,

CD31, CD90, CD34, CD45, MHCI, and MHCII) treated with LIPUS 10 min/day on

days 1, 7, and 14 between LIPUS (L) and control (C) in OST
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Figure 3.6a. Flow cytometry analysis results on day 1 represented by histogram,

LIPUS( L), control (C), osteogenic media (OST)
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Flowcytometry Analysis HUCPV-SCs after Application of LIPUS
“» 10 min/day on Day 1 in OST
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Figure 3.6b. Flow cytometry analysis results on day 1 represented by charts,

LIPUS( L), control (C), osteogenic media (OST)
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Figure 3.7a. Flow cytometry analysis results on day 7 represented by histogram,

LIPUS (L), control (C), osteogenic media (OST)
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Flow ctometry Analysis HUCPV-SCs after Application of LIPUS 10
“» min/day on Day 7 in OST
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Figure 3.7b. Flow cytometry analysis results on day 7 represented by charts,

LIPUS (L), control (C), osteogenic media (OST)
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Figure 3.8a. Flow cytometry analysis results on day 14 represented by histogram,

LIPUS (L), control (C), osteogenic media (OST)
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Flowcytometry Analysis HUCPV-SCs after Application of LIPUS
" 10 min/ day on Day 14 in OST
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Figure 3.8b. Flow cytometry analysis results on day 14 represented by charts,

LIPUS (L), control (C), osteogenic media (OST)
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Q-PCR Results of HUCPV-SCs(NST,OCN,OPN, and PCNA equalized
to GAPDH) Treated by LIPUS 10 min/day on Day 1 in OST
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Figure 3.9. gPCR results on day 1 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in OST
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Q-PCR Results of HUCPV-SCs ( NST,OCN, OPN, and PCNA
equalized to GAPDH) Treated by LIPUS 10 min/day on Day 7 in
_ OST
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Figure 3.10. gPCR results on day 7 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in OST

Q-PCR Results of HUCPV-SCs ( NST, OCN, OPN, and PCNA
equalized to GAPDH) Treated by LIPUS 10 min/day on Day 14 in
osT
25
g
~— 20 .
c
.0
E 15 -
E
c 10 mL
5}
> 5 - mC
2
g 0
GAPDH NST OCN OPN PCNA
Genes

Figure 3.11. gPCR results on day 14 that compare levels of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous

control gene (GAPDH) between LIPUS (L) and control (C) in OST
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Day 1 Day 7 Day 14
Genes /
L C P- L C P- L C P-
OST Mean | Mean | Value | Mean [ Mean | Value [ Mean | Mean | Value
+ + + ot ot +
SD SD SD SD SD SD
GAPDH | 0.00 [0.00 (0.8 0.00+ |0.00% | 0.9 0.00 |0.00+ (0.9
+ + 0.00 0.00 + 0.00
0.00 |0.00 0.00
NST 1.23 [1.32 [0.6 0.39+ (066 [0.9 0.95 ]0.33 |0.9
+ + 0.42 0.57 + +
0.16 [0.19 0.10 |0.05
OCN 0.79 |0.87 |0.7 3.33+|1.18+ (0.08 |0.62 [0.22 |0.9
+ + 3.54 1.39 + +
0.19 |0.12 0.29 ]0.07
OPN 0.43 |0.57 |0.4 054+ (056+ (0.9 21.84110.25]0.001
+ + 0.40 0.65 + +
0.21 [0.42 15.64 | 3.61
PCNA [0.87 (091 (04 276+ 292+ (0.9 0.98 |0.51 |0.001
+ + 2.01 3.62 + +
0.15 |[0.04 0.10 |0.05

Table 3.4. gPCR comparison of mean + SD of nucleostemin, osteocalcin,

osteopontin, and PCNA after their equalization to the endogenous control gene

(GAPDH) between LIPUS (L) and control (C) on days 1, 7, and 14 in OST
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3.5. Discussion

MSCs have been shown to be suitable for osteoblastic lineage (16, 18,
49). Osteogenic differentiation of MSCs was established in culture media
containing ascorbic acid, B-glycerophosphate, and dexamethasone. The HUCPV-
SCs that we used in our experiments were shown in other studies to be capable
of osteogenic differentiation in vitro after incubation in osteogenic media for 5, 21,
and 28 days (16, 18, 49). The stimulatory properties of LIPUS has been
documented in many studies using a variety of cell lineages such as osteoblasts,
chondrocytes, and marrow-derived stromal cells (43-46).

Our experiments measured the osteogenic differentiation capacity of
HUCPV-SCs after a 10 minute/day application of LIPUS. Our results showed a
nonsignificant increase in HUCPV-SC osteogenic differentiation capacity after 1
day of LIPUS treatment. On day 7 of LIPUS treatment, increases in some
osteogenic markers, namely OCN and ALP, were evident, and there was a
measurable rise in OPN on day 14. No quantitative differences in cell count, DNA
content, or immunophenotypic characteristics were detected between the LIPUS
treated preparation and a sham treated control.

DNA content, ALP activity, and calcium content were used as surrogate
measures for cellular activities in some experimental studies. These markers
were found to decline in response to various forms of mechanical stress, such as
stretching and loading (47). Similarly, intermittent loading mechanical stress also
appeared to reduce the activation of mechanosensitive cation channels on
osteoblast-like cells (48). Intermittent cyclic loading has been used as a form of

applied mechanical stress (47, 48). Some of these findings were consistent with
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our results; that is, we observed downregulation of some cellular markers after
exposure to LIPUS.

Nonsignificant increases of CD90 and nucleostemin on day 14 were
noted in the LIPUS treated group. In the LIPUS treated group, nonsignificant
changes in levels of OCN were observed: OCN was approximately 0.2 fold lower
on day 1, 1.5 fold higher on day 7, and 0.5 fold higher on day 14. Statistically
significant higher expression of PCNA and OPN in the LIPUS treated group
compared to the control was observed on day 14. These findings suggest that
the stimulatory effect of LIPUS takes 14 days and beyond to upregulate OPN

gene expression in HUCPV-SCs.

3.6. Conclusion

The results of our study suggest that LIPUS can induce osteogenic
differentiation of HUCPV-SCs at or beyond 14 days if applied daily for 10 minutes
in osteogenic media. LIPUS treated HUCPV-SCs may retain their original
phenotype in culture without spontaneous differentiation. Intermittent daily
treatment of LIPUS may maintain the multipotent stem cell properties of HUCPV-
SCs if LIPUS treatment is continued for a minimum of 14 days. The differences
between our results and the findings of Leung et al. (2004) may be related to the
LIPUS application technique or to the machine used in our study (27).

Effects of LIPUS methodology have not been conclusively established,
therefore, different LIPUS techniques might be used in future experiments on
HUCPV-SCs, including direct application of LIPUS within the tissue culture
medium. The effects of LIPUS on human umbilical cord stem cell differentiation

need to be explored, particularly for chondrogenic and neurogenic lineages.
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CHAPTER 4
General Discussion and Conclusion
4.1. Discussion

Duarte et al. (1983) was the first to develop and clinically use a
biophysical profile utilizing LIPUS treatment to stimulate bone osteogenesis (1).
The LIPUS signal used by Duarte consisted of a 200 ms burst of 1.5 MHz sine
waves at a frequency of 1 kHz delivered at 30 mW/cm? spatial and temporal
averaged (SATA) intensity (2). In a double-blind clinical trial, Pilla et al. (1990)
reported a significant recovery of bilateral fibular osteotomies in rabbits after
LIPUS application for 20 min/day (3). Subsequently, several researchers
confirmed the potential of LIPUS to accelerate fracture healing in various animal
models (2-5). Some studies reported that LIPUS increased the activity of inter-
vertebral disc cells by stimulating expression of various receptors, promoting
collagen synthesis, and enhancing sensitivity to growth factors (6—8). They
theorized that this involved a direct effect of mechanical stress and an indirect
effect of vibration on the extracellular matrix (6—8). Other studies reported that
direct application of LIPUS for 20 min/day at 30 mW/cm? intensity through cell
culture media significantly increased the expression of BMP-2 mRNA of rat
osteoblast cells on days 5-14, with a peak on day 7 (9, 21). In addition, they
demonstrated that the optimal stimulatory effect of LIPUS on skin fibroblasts was

achieved at 10 min/day for 7 days (9, 21).
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Figure 4.1. Exogen 2000, Smith and Nephew device (LIPUS)

Based on these reports, we investigated the effect of LIPUS on HUCPV-
SC monolayers in tissue cultures to evaluate the effect of LIPUS on their
proliferation capacity and on their potential for osteogenic differentiation. The
results of our experiments showed an unusually differential response of HUCPV-
SCs after LIPUS treatment. In order to assess the experimental findings, we
carried out previously accepted methodologies in testing this type of cells. Levels
of CD90 and nucleostemin, validated stem cell markers (16, 17, 20), were
measured. We also estimated levels of ALP, OCN, and OPN as they were
previously validated markers for osteogenic differentiation (15, 18, 19). We found
that HUCPV-SCs tend to maintain their phenotypic stem cell characteristics and
their osteogenic differentiation capacity after LIPUS treatment (Figure 4.1). These
two characteristics increased in response to 10 minutes of daily LIPUS
application for 1, 7, and 14 days. However, some markers of these two
characteristics appeared not statistically significant, such as cell proliferation,
DNA content, and ALP levels. The differential effect of LIPUS on various markers

may be related to the LIPUS application method in this study.
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More potent stimulatory effects were obtained by direct application of
LIPUS to tissue culture media in other experimental studies (9, 10, 30-32). The
accurate direct application methods and the application time seemed to be
crucial factors for successful ultrasound treatment (9, 10, 30-32). In our study,
LIPUS application directly to the culture medium resulted in multiple occasions of
fungal outgrowth despite strict sterile conditions. We therefore shifted the
application method to project from beneath the tissue flasks instead of direct
insertional application. LIPUS application outside the tissue container might
account for the variable responses of some markers, as the thickness and
homogeneity of the flask materials are likely variable and thus power dissipation
would have been inconsistent. HUCPV-SCs from the LIPUS treated group
expressed a high level of CD90 on day 14 compared with cells in the sham
treated group in both basic and osteogenic media (Tables 2.3, 3.3).

Some studies reported evidence that continuous mechanical stress may
decrease cellular activities in terms of DNA quantity, ALP activity, and calcium
content (13, 22, 24). Persistent mechanical stress was shown also to reduce the
activation of mechanosensitive cation channels in osteoblast-like cells (13, 14,
22, 24). Our results correlated with some of these findings as there were no
significant differences between the LIPUS treated group and the sham treated
group in terms of cell proliferation, quantitative DNA measures, and ALP levels in
basic media or in osteogenic media.

In basic media, higher expressions of CD90, PCNA, and OPN were
observed in the LIPUS treated group compared to the sham group. HUCPV-SCs
expressed significantly higher levels of OPN and PCNA in the LIPUS treated

group compared to the sham group on day 14 (P < 0.01). This suggests that
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LIPUS may enhance osteogenic phenotypic differentiation of HUCPV-SCs in
basic media after 14 days. This result was consistent with Mostafa et al. (in
press) that showed LIPUS-enhanced osteogenic differentiation of human gingival
fibroblasts in basic media (33). Nevertheless, there was no difference in
nucleostemin expression on days 1, 7, and 14. The level of PCNA was
significantly higher in the LIPUS treated group on day 14; this result is supported
by the findings of Yoon et al. (2009) (12). The findings from Yoon et al. (2009)
and Mostafa et al. (in press) appear to validate part of our hypothesis—that
LIPUS can increase PCNA (the proliferation gene of HUCPV-SCs) while
maintaining the stem cell characteristics of the cells after 14 days of treatment in
basic media.

We also examined the effects of LIPUS on OCN and OPN expression of
HUCPV-SCs after osteogenic induction using dexamethasone and (-
glycerophosphate. The level of OCN expression was almost 0.2 fold lower in the
LIPUS treated group on day 1, but it was 1.5 fold higher on day 7. It was almost
comparable to the sham treated group on day 14 (Figures 3.9, 3.10, and 3.11). In
osteogenic media on day 14, LIPUS treated HUCPV-SCs expressed a high level
of OPN, almost 1.5 fold greater than the sham treated group (P < 0.001) (Figure
3.11). However, OPN expression was almost comparable on day 7 in both
groups. These findings suggest that LIPUS might have a selective and time-
dependent stimulatory effect on the osteogenic differentiation of HUCPV-SCs.
Interestingly, LIPUS treated HUCPV-SCs in osteogenic media expressed a high
level of CD90 on day 14 compared with the sham treated group (Table 3.4).
These data support further investigation of the effects of LIPUS on stem cell

markers and osteogenic differentiation.
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These observations appear consistent with the hypothesis that LIPUS has
selective and time-dependent effects on the osteogenic differentiation of HUCPV-
SCs. This is further supported by the notable increases in CD90 and
nucleostemin on day 14 in osteogenic inducing media in the LIPUS treated
group. Based on these findings, LIPUS appears to have unpredictable effects on
the osteogenic differentiation of HUCPV-SCs after 14 days.

Supportive studies suggest that application of LIPUS on different types of
cells could result in variable but nonsignificant differences in cell proliferation (10,
22-28) and differentiation (12, 27, 28). Our results are consistent with studies of
MSCs (22—-24) and chondrocytes (25-28) that postulated that the mechanical
stress of LIPUS may push cells toward maintenance rather than proliferation and
differentiation. Another study reported a nonsignificant outcome in LIPUS treated
HUCPV-SCs in terms of cell proliferation and differentiation (12). One study
reported LIPUS stimulation of nucleus pulposus (NP) cells after adding the
growth factor TGF- (6). The growth factor treated NP cells yielded a significant
difference in TGF-B type | receptor gene expression when exposed to LIPUS for
20 min/day on days 3 and 4 (6). This finding suggested that LIPUS enhanced the
sensitivity of NP cells to TGF-B1 despite a nonsignificant difference in cell
proliferation (6). Another experiment demonstrated that LIPUS treatments of 15
min/day at 30 mW/cm? intensity for 6 days applied through a water bath placed
underneath the culture flask had no significant effect on immature cementoblast
cell proliferation (10). In addition, bone sialo-protein (BSP), osteocalcin (OCN)
and osteopontin (OPN) were not detected with or without LIPUS exposure (10).

One investigator stated that LIPUS had a positive osteogenic

differentiation effect on human periosteal cells only on day 6 of treatment (11). A
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similar study reported that LIPUS application for 50 seconds/day at an intensity of
30 mwW/cm?® significantly increased the HUCPV-SC count after 3 days of
application (n = 3). They noted that different time periods of applications—1.7
min, 5 min, and 10 min—yielded different results (12). There was a 3.3 fold
increase in cell proliferation numbers at a LIPUS regimen of 1.7 min/day, while
LIPUS exposure for 5 min/day and 10 min/day induced less cell proliferation than
observed in relative control groups (12). However, they reported an unlikely
adverse effect of LIPUS on the differentiation potential for these timed
applications (12). Inconsistent results were also shown in previous studies that
evaluated the effects of LIPUS on different types of cell line (27, 29). Another
study showed that LIPUS stimulated aggrecan m-RNA expression and
proteoglycan synthesis, but did not influence cell proliferation of rat chondrocytes
in vitro (29). Nevertheless, some authors stated that LIPUS could enhance cell
proliferation in an intensity dependant manner with no significant difference in cell
proliferation at 30 mwW/cm? and significant differences at 2 mwi/cm? (27).
However, LIPUS was not associated with increased expression or synthesis of

aggrecan and type Il collagen of chick embryo chondrocytes in vitro (27).

4.2. Conclusion

LIPUS appears to have a selective and time-dependent stimulatory effect
on the osteogenic differentiation of HUCPV-SCs. The effect of LIPUS on cellular
proliferation could be improved by changing the LIPUS application technique.
Our results suggest that LIPUS may have a more anabolic effect on HUCPV-SCs
if the LIPUS transducer were introduced directly inside the media. Additionally,

the presented results suggest that LIPUS may enhance the osteogenic
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differentiation of HUCPV-SCs after 7 days of application. Future studies might
further our understanding of the biological behaviour of HUCPV-SCs by exploring
the following factors:
1. The effects of LIPUS on the osteogenic differentiation of HUCPV-
SCs beyond a 14 day treatment.
2. The effects of LIPUS treatment on chondrogenic and neurogenic
differentiation of HUCPV-SCs.
3. Comparisons of LIPUS effects on HUCPV-SCs using different

treatment duration protocols.
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Figure Al.1. Unstained samples: mean differences of Isotype IgG between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14

Parameter Estimates

Dependent WariableLInstain e g Bl
95% Confidence Interval

Earammeter B Std. Error 1 Sig. Lowwer Bound Upper Bound
Intercept 9.897 3260 3.036 010 2794 16.9949
[Tirne=1] -6.8490 4,610 -1.485 161 -16.935 31585
[Tirme=7] 17.387 4.610 377 .00z .34 7431
[Time=14] o2

[Treatment=C] -3.367 4.610 -. 730 A47a -13.411 G.67E
[Treatment=L] o2

[Tirme=1]* [Treatment=C] 3697 E.520 1.334 207 -5.504 22902
[Time=1]* [Treatment=L] o2

[Time=7]* [Treatment=C] 1.480 E.520 227 a4 12725 15.684
[Time=71* [Treatment=L] na

[Titme=14]* na

[Treatment=_C]

[Titme=14] * [Treatment=L] gl

a. This parameter is setto zero because itis redundant.

Table Al.1. Mean + SD results of t-test of mean of unstained samples: isotype
IgG; differences between LIPUS (L) and control (C) in basic media on days 1, 7,
and 14
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Figure Al.2. CD 31: mean differences between LIPUS (L) and control (C) in
basic media on days 1, 7, and 14

Parameter Estimates

DependentVarjable: CD31Megn Bhi

95% Confidence Interval
Parametar B Std. Error t Sig. Lower Bound | Upper Bound
Intercept 13.710 5.483 2.500 028 1.764 25 656
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[Time=7]7* [Treatment=L] E
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[Treatment=1C]
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a. This parameter iz setto zero hecause itis redundant.

Table Al1.2. Mean + SD results of t-test of mean CD31 differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Figure Al1.3. CD 34: mean differences between LIPUS (L) and control (C) in

basic media on days 1, 7, and 14
Parameter Estimates

DependentwarigblecDadmagn Bl

95% Confidence Interval
Parameter B Std. Error t Sii. Lower Bound | Upper Bound
Intercept 10.840 10,0328 1.080 Reiny| -11.031 3271
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a. This parameter is setto zero because itis redundant.

Table A1.3. Mean * SD results of t-test of mean CD34 differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Figure Al.4. CD 45: mean differences between LIPUS (L) and control (C) in
basic media on days 1, 7, and 14

Parameter Estimates

Dependentvarjiable:CD45Mean, B

95% Confidence Interval
Pararneter B St Error t S, Lower Bound | Upper Bound
Intercept 11.503 17.012 ETE A12 -25.563 48570
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a. This parameter is setto zero hecause itis redundant.

Table Al.4: Mean = SD results of t-test of mean CD45 differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Figure A1.5. CD 90: mean differences between LIPUS (L) and control (C) in
basic media on days 1, 7, and 14

Parameter Estimates

Dependent Varjable:CDaniean Bi

H4% Confidence Interval
Paratmeter B Std. Error 1 Sig. Lower Bound | Upper Bound
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a. This parameter is setto zero because itis redundant.

Table A1.5: Mean * SD results of t-test of mean CD90 differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Figure Al1.6. MHCI: mean differences between LIPUS (L) and control (C)
in basic media on days 1, 7, and 14
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Parameter 5] Std. Error 1 Sig. Lower Bound | Upper Bound
Intercept 44 973 23481 1914 08n -G.188 96135
[Time=1] 301,243 33.208 5072 .aon 228.880 373.887
[Time=7] 172923 33.208 5.207 .aon 100.870 245277
[Time=14] 0.
[Treatment=C] -§.887 33.208 -.298 7T -B2.240 F2. 487
[Treatment=L] na .
(Time=11* [Treatrment=C] -44.830 46 9R3 -2.014 i -197 1463 7.403
[Time=11* [Treatmeni=L] ne | .
[Time=7]™* [Treatrment=C] 11.893 46,963 253 .an4 -90.430 114216
[Time=T71* [Treattment=L] na
[Tirme=14]* ga
[Treatment=C]
[Time=14]* [Treatment=L] na

a. This parameter is settozero because itis redundant,

Table Al1.6: Mean + SD results of t-test of mean MHCI differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Estimated Marginal Means of MHC.ILMean.BM
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Figure Al1.7. MHCII: mean differences between LIPUS (L) and control (C)
in basic media on days 1, 7, and 14

Parameter Estimates

Dependentvariable MHC ILMean B

95% Confidence Interval
Pararmeter B Std_Error t Sin. Lower Bound | Upper Bound
Intercept 14343 8.72A 1.644 126 -4 670 33.356
[Tirme=1] -433 12341 -034 ar3 -27.322 26.455
[Time="7] 26.800 12.341 2172 041 -.088 A3.688
[Time=14] ne . ) . ) )
[Treatrment=C] -5.817 12.341 -471 546 -32.705 21.072
[Treatment=L] na | . . . . .
[Tirme=1]* [Treatment=C] 14717 17.453 843 416 -23.309 H2.743
[Time=1] * [Treatment=L] ne . . . . .
[Time=7]* [Treatment=C] 10.707 17.453 £13 &a1 -27.3149 48.733
[Time=7]* [Treatment=L] o4
[Time=14]* hE
[Treatment=0C]
[Time=14]* [Treatment=L] n4

a. This parameter is setto zero hecause it is redundant.

Table A1.7. Mean * SD results of t-test of mean MHCII differences between
LIPUS (L) and control (C) in basic media on days 1, 7, and 14
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Experiment Design

(4.5) LIPUS Treated Plates (4.5) Control Plates

BM
Application Of LIPUS for
1day

BM

Application Of LIPUS for
7days

BM -
Application Of LIPUS for

14days

Figure A1.8. Schematic diagram that explains the experimental design; basic

media, LIPUS = low intensity pulsed ultrasound
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Parameter Estimates

Etepende 95% Confidence Interval
i Pararmeter B Std. Error 1 Sig. Lower Bound | Upper Bound

Cellcount  Intercept 346834.000 | 108562.409 31495 .oog 110296.831 £83371.169
[Tirme=1] -287917.333 | 159353043 -1.875 .0as -622431.405 46596.738
[Tirme=7] -2068458.000 | 1535304 -1.347 203 -541362.072 127666.072
[Time=14] n? | . . . . .
[Treatrment=C] -2693.333 | 153530431 -.01g a6 -337207.405 I3ez0.738
[Treatment=L] ga i . . . .
[Time=1]~ [Treatment=C] 13938.000 | 217124817 064 a0 -4559136.337 487012.337
[Tirme=1] * [Treatrment=L] 02 i . . . .
[Time=7]~ [Treatment=C] 14379333 | 217124817 -.066 948 -487453.670 458695.004
[Time=7]* [Treatment=L] na
[Tirme=14] * na
[Treatment=1C]

[Time=14] * [Treatment=L] ga i . . . .

DA Intercept 12.018 1.827 T.ar2 .ooo 2.692 146,345
[Tirme=1] -4.785 2159 -2 26 047 -9.4848 -.081
[Time=7] -1.284 21549 -.594 563 -5.988 3.420
[Time=14] oa | . . . . .
[Treatment=C] -.997 2159 - 462 653 -5.701 3707
[Treatment=L] 04 i . . . .
[Time=1]* [Treatment=C] 1.309 3.053 429 676 -5.343 7962
[Time=1] * [Treatment=L] ga ) R . . .
[Time=7]* [Treatrment=C] -.388 3.0583 -127 a0 -7.040 6.265
[Tirme=7]* [Treatrment=L] 0a
[Time=14] * pa
[Treatment=C]

[Tirme=14] * [Treatment=L] 04 . . . . .

ALF Intercept 217 014 16917 .oao 187 247
[Tirme=1] -.088 0149 -4.539 oo -130 -.046
[Time=7] -.094 019 -4.874 .0oo -136 -.052
[Time=14] na | . . . . .
[Treatrment=C] -.0a3 019 -2.728 018 -.09a -.011
[Treatment=L] 0a i . . . .
[Time=1]* [Treatment=C] 040 .0zr 1.476 166 -.0149 0o
[Time=1] * [Treatment=L] 0? ) R . . .
[Titme=7]* [Treatment=C] .00 .0z7 21497 048 .0ao 114
[Time=7]* [Treatment=L] na
[Time=14] * 04
[Treatment=C]

[Time=14] * [Treatment=L] ga ) R . . .

ALP.DNA - Intercept .0zo 003 5.843 .oao 013 .02a
[Tirme=1] -.002 0058 -.384 708 -013 004
[Time=7] -.0o8 .00s -1.674 142 -.018 .00z
[Time=14] ga . . . . .
[Treatment=C] -.005 .0as -.838 367 -.015 006
[Treatment=L] 04 i . . . .
[Time=1]* [Treatrment=C] ooz .oar 407 691 -012 o
[Tirme=1] * [Treatrment=L] 0a ) R . . .

[Time=7] = [Treatment=C] 006 .oar .8az 3495 -.009 021
[Tirme=7]* [Treatrment=L] 09
[Time=14] * a
[Treatment=C] 0
[Time=14] * [Treatment=L] 02

a. This parameter is setto zero because itis redundant.

Table A1.8. Comparison of the mean + SD of t-test of cell count, ALP, DNA, ALP
normalized to DNA levels between LIPUS (L) and control (C) on days 1, 7, and
14 in basic media
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Q-PCR of HUCPV-Sc ( NST, OCN, OSP & PCNA equalized to GAPDH)
treated 10 min/LIPUS at Day 1,7 & 14 - BM
9 -
— 8 B
a
£ 7
c
6
o
g5 W GAPDH
£ 4 mNST
‘5 - OCN
g, 0SP
L]
 , | B8 ) = ) mPCNA
o _ -
L/ Day1 C/Day1 L/ Day7 C/Day7 L/Dayl4 C/Dayl4
LIPUS/ Control -10 min/ Day 1,7 & 14

Figure A1.9. gPCR comparison of levels of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on days 1, 7, and 14 in basic media
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Flowcytometry Analysis HUCPV-Sc ( unstained, CD31,CD90, CD34, CD45, MHCI & MHCII)
treated LIPUS 10 min [/ at Day 1, 7 & 14) Basic media

5000 -

4500 -
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3500 -
= 3000 - B Unstain.
s m (D31
%‘ 2500 - = D90
q (D34
2 2000 -
s B CD45
&
s 1500 - B MHCI
2

B MHCI
1000 -
500 - I
0 — I .
L/ Day1 C/Day1 L/ Day7 C/Day7 L/Day1ld  C/Day14
LIPUS /Control- 10min f Day 1, 7 & 14

Figure A1.10. Flow-cytometry of HUCPV-SC (isotype IgG, CD31, CD90, CD34,
CD45, MHCI, and MHCII) treated with LIPUS 10 min/day on days 1, 7, and 14 in
basic media; differences between LIPUS (L) and control (C)
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Target Treatment Mean Std. Deviation
Day 1

GAPDH C .00 .00
L .00 .00

NST C 1.33 .32
L 1.58 44

OCN C .82 .33
L 1.32 27

OPN C .76 21
L 1.18 .37

PCNA C .96 .28
L 1.38 24

Table A1.9. qPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 1 in basic media

Target Treatment Mean Std. Deviation
Day 7

GAPDH C .00 .00
L .00 .00

NST C .81 .15
L .79 .03

OCN C .43 A1
L .30 .04

OPN C .99 .48
L 1.06 12

PCNA C .35 A7
L .32 .09

Table A1.10. gPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 7 in basic media

112



Target Treatment Mean Std. Deviation
Day 14

GAPDH C .00 .00
L .00 .00

NST C .85 .16
L .88 .16

OCN C .81 .22
L 1.26 .29

OPN C 3.69 2.26
L 7.95 6.20

PCNA C .61 .29
L 1.09 .49

Table Al1.11. qPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 14 in basic media
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Parameter Estimates

DependentYatiable Relative Guantif B

85% Confidence Interval
Parameter B Std. Error t 2id. Lower Bound | Upper Bound
Intercept 1.380 094 13.986 000 1.183 1877
[Targret=GAPDH] -1.380 A36 | 10477 000 -1 641 -1.110
[Targret=r3T] 1498 136 1.462 148 -072 464
[Targret=0CHN] - (B4 144 - 447 ik -.343 214
[Targret=03F] -.1498 140 -1.420 60 - 477 080
[Targret=PCMNA] ga . . , ) )
[Treatment=C] -424 144 -2.833 004 =712 -134
[Treatment=L] g
[Targret=GAPDH] *
[Treatment=C] A24 1495 2168 034 034 814
[Targret=GAPDH] * G
[Treatment=L]
[Targret=M3T]* )
Treatment=C] A78 202 B3 382 225 580
[Targret=KST] * I
[Treatment=L]
[Targret=0CM] * ) . -
Mreatment=C] 077 232 (361 14 A00 347
[Targret=0CH] * i
[Treatment=L]
[Targret=035F)* )
Mreatment=C] 02 201 010 B9z 399 A03
[Targret=05P]* e
[Treatment=L]
[Targret=PCHA] * i
[Treatment=C]
[Targret=PCMNA] * iE
[Treatment=L]

a. This parameter is setto zero hecause itis redundant.

Table Al.12. t-test of gJPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 1 in basic
media
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Dependent Vatjable-Relative Guaptif B

Parameter Estimates

95% Confidence Interval
Parameter B Std. Errar t Sig. Lower Bound | Upper Bound
Intercept 326 060 5.471 000 208 445
[Targret=GAPDH] -.326 084 -3.869 000 -.494 -.148
[Targret=N3T] AB7 084 55349 000 .299 B35
[Targret=0CN)] -.024 084 -.289 73 -192 143
[Targret=05F] F36 084 872z 000 568 B804
[Targret=PCRA] na
[Tretrnent=C] 019 084 222 825 -149 187
[Tretment=L] iE
[Targret=GAPDH] *
[Trefment=C] -.014 118 -147 875 -. 250 214
[Targret=GAPDH] * iE
[Tretment=L]
[Targret=MET] * i
Tretment=C 0o 118 004 997 237 238
[Targret=MET] * a
[Tretment=L] 0
[Targret=00CHMN] * i
[Tretment=C] A14 118 857 a4 123 352
[Targret=00CHMN] *
[Tretment=L] 02
[Targret=08F] * ) . .
[Tretrment=c] 033 119 T4 A1 326 149
[Targret=08P] *
[Tretment=L] o2
[Targret=PChA] * 08
[Tretment=C]
[Targret=PCMA] * 08
[Tretment=L]

3. This parameter is setto zero because itis redundant.

Table A1.13. t-test of gPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 7 in basic

media
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Parameter Estimates

Dependent Vardahle:Relative Guantif B

95% Confidence Interal
Parameter B atd. Error t i, Loweer Bound | Upper Bound
Intercept 1.094 Ja0 14870 20 -.244 2.491
[Targret=GAPDH] -1.099 840 -1.1110 270 -3.068 A7
[Targrat=N5T] - 216 840 -218 B28 -2.184 1.754
[Targret=0CN] 65 880 67 BB -1.804 2134
[Targrat=05P] fi.550 840 f.921 ilii] 4,880 8.814
[Targret=PChA] E ] , ] ]
[Tretrnent=C] -487 880 -.4492 624 -2.457 1.482
[Tretrent=L] 02
U s a7 | e | 3| 72 2298 3272
[Targret=GAPDH] * L
[Tretment=L]
%fgtgr;eet;{j%}] 458 | 100 324 747 2331 3230
[Targret=MET] * 02
[Tretment=L]
%fg?rﬁe‘;g%;“” 033 | 1400 024 981 2752 2818
Tarret=0CH]) * na
[Tretrnent=L]
%fgtgr[fet;g%?] 3766 | 1400 | -2601 009 6551 g1
[Targret=08F* na
[Tretrent=L]
[Targret=PCHA] * na
[Tretment=C]
[Targret=PCMHA] * 02
[Tretrnent=L]

a. This parameter is setto zero hecause it is redundant.

Table Al.14. t-test of gPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 14 in basic
media
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A2

Estimated Marginal Means of Unstain.Mean.OST
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Figure A2.1. Unstained samples: mean differences of isotype 1gG between
LIPUS (L) and control (C) in OST on days 1, 7, and 14

Parameter Estimates

Dependentarighle linstain egn OST

95% confidence Intarval
Pararmeter B Std. Error 1 Sig. Lower Bound | Upper Bound
Intercept 10.087 3.409 28rd 014 2441 17.732
[Tirme=1] -.787 4.963 -84 arr -11.594 10.026
[Time=7] 8.363 4 963 1.635 118 -2.449 19176
[Time=14] o? . . . . .
[Treatrment=C] -5.587 4.963 -1.126 282 -16.3949 5.226
[Treatment=L] 04 . . . . .
[Tirme=1]~* [Treatment=C] 4717 7.018 Br2 814 -10.574 20.008
[Tirme=1]* [Treatmeant=L] o2 . . . . .
[Tirme=7]~* [Treatment=C] 3.7aT T.018 540 5499 -11.4508 19.078
[Time=7]* [Treattment=L] 02
[Tirme=14]* na
[Treatment=_C]
[Time=14] * [Treatment=L] g

a. This parameter is setto zero hecause itis redundant.

Table A2.1. Mean + SD results of t-test of mean unstained samples isotype 19G
differences between LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of CD31.Mean.OST
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Figure A2.2. CD 31: mean differences between LIPUS (L) and control (C) in OST
ondays 1, 7, and 14

Parameter Estimates

Dependent varjable G2 Mean OST

95% Confidence Interval
Parameter =] Std. Error t Sin. Lower Bound | Upper Bound
Intercept 14,133 4.080 3.456 005 5223 23.044
[Tirne=1] -2A17 5784 - 435 BT -15118 10.085
[Time=7] 4.850 5784 844 A14 -77z2 17.492
[Time=14] ne )
[Treatment=C] -6.787 a.784 11745 263 -19.3498 5.805
[Treatment=L] na
[Tirne=1] " [Treatrnent=C] 5183 a8.174 1.123 284 -8.638 27.005
[Time=1] * [Treatment=L] ne
[Tirne=7] ™ [Treatrment=C] §.7r0 8174 1.1594 255 -8.051 27.5M
[Titne=7] * [Treatment=L] na
[Time=14]* na
[Treatment=C]
[Time=14] * [Treatmeni=L] na

a. This parameter is setto zero because itis redundant.

Table A2.2. Mean % SD results of t-test of mean CD31 differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of CD34.Mean.OST
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Figure A2.3. CD 34: mean differences between LIPUS (L) and control (C) in OST
ondays 1, 7, and 14

Parameter Estimates

Dependentvarighle.c034 Mean OST

495% Confidence Interval
Parameter B Std. Error t Sin. Lower Bound | Upper Bound
Intercept 7.030 4,351 1.616 132 -2.450 16.510
[Time=1] 4 467 6.153 T26 A82 -g.941 17.874
[Tirme=7] 14.583 £.153 2370 M35 1176 2799
[Tirme=14] o2 . . . . .
[Treatment=C] -2.407 £.153 -.aMm 703 -16.814 11.0M
[Treatrment=L] na | . ) . : .
[Tirne=1] * [Treatment=C] 307 a.roz 035 H72 -18.654 19,267
[Time=1]* [Treatment=L] e . . ) . .
[Tirne=7]* [Treatment=C] 453 8.0z 64 450 -18.407 19.514
[Time=7]* [Treatment=L] iE
[Time=14]* na
[Treatment=C]
[Time=14]* [Treatment=L] iE

a. Thiz parameter is setto zero because it is redundant.

Table A2.3. Mean * SD results of t-test of mean CD34 differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of CD90.Mean.OST
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Figure A2.4. CD 90: mean differences between LIPUS (L) and control (C) in OST

ondays 1, 7, and 14

Parameter Estimates

Dependentariable C0A0 Megn QST

95% Confidence Interval
Parameter B Stil. Errar t Sig. Lower Bound | Upper Baund
Intercept 816.700 295 396 1.744 06 -126.912 160,312
[Tirne=1] 2248963 417.7583 5,386 an 13349.758 3160168
[Time=7] 1214 887 417783 2807 13 ang sz 2124 TR2
[Titne=14] T
[Treatrnent=C] -145.987 417.753 -.344 733 -1086.192 TE4.218
[Treatment=L] oa | . )
[Tirne=1]* [Treatrment=C] 233.783 890792 L3986 Rajelel -1083.441 1821.008
[Tirme=1]* [Treatment=L] od | . )
[Tirne=7]* [Treatrment=C] 16.873 a90.792 Ri 7Y -1271.351 1303.088
[Titne=7]* [Treatment=L] iE
[Time=14]~ na
[Treatment=C]
[Tirme=14] * [Treatment=L] 04

a. This parameter is setto zero hecause itis redundant.

Table A2.4. Mean * SD results of t-test of mean CD90 differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of CD45.Mean.OST
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Figure A2.5. CD 45: mean differences between LIPUS (L) and control (C) in OST
ondays 1, 7, and 14

Parameter Estimates

DependentVarjable:CD45 Megn OST
95% Confidence Interval

Parameter B Std. Errar 1 i, Lower Bound [ Upper Bound
Intercept 7633 h.816 1.384 14z -4.385 19.652
[Tirne=1] 1.887 7.801 242 813 -15.110 18.883
[Tirne=7] 13.880 7801 1782 nas -3.017 a0.avy
[Time=14] o2 . . . . .
[Treatrnent=C] -3.100 7.801 -.397 Bag -20.097 13.897
[Treatment=L] IERN ) ) . )
[Tirne=1]* [Treatrment=C] 13017 11.032 1.180 261 -11.020 3r.054
[Time=1] * [Treatment=L] T . . . .
[Time=7]* [Treatment=C] 1.247 11.032 113 412 -22.750 25.284
[Time=7]* [Treatment=L] 04
[Time=14]* na
[Treatment=0C]
[Time=14]* [Treatment=L] 04

a. This parameter is setto zern because itis redundant.

Table A2.5. Mean * SD results of t-test of mean CD45 differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of MHCI.Mean.OST
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Figure A2.6. MHCI: mean differences between LIPUS (L) and control (C) in OST
ondays 1, 7, and 14

Parameter Estimates

Dependentvarjable MHC| Megn OST

95% Confidence Interval
Parameter B Std. Errar 1 Sig. Lower Bound | UpperBound
Intercept 43,600 ¥0.353 620 A47 -109.685 196.885
[Tirne=1] 167.903 59,4494 1.688 17 -48.874 384 681
[Tirme=7] 126747 594494 1.274 237 -80.031 343524
[Tirne=14] I . . . .
[Treatment=C] -.887 59,4494 -.0oa 483 -217.6834 21591
[Treatment=L] na | . . . . .
[Tirne=1]* [Treatmemnt=C] 83.900 140.705 86 A62 -222.670 390,470
[Tirne=1]*[Treatment=L] T . . . .
[Time=7]* [Treatment=C] -13.543 140.705 - 096 25 -320113 293.027
[Tirne=7]* [Treatment=L] iE
[Time=14]* qa
[Treatment=C]
[Time=14]* [Treatment=L] 04

a. This parameter is setto zero because it is redundant.

Table A2.6. Mean + SD results of t-test of mean MHCI differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Estimated Marginal Means of MHCIl.Mean.OST
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Figure A2.7. MHCII: mean differences between LIPUS (L) and control (C) in OST
ondays 1, 7, and 14

Parameter Estimates

Dependent varigble HCI Megn ST

495% Confidence Interval
Pararneter B St Error 1 i, Lower Bound | Upper Bound
Irter;ept 13.983 5064 1.403 186 STTAT 35,694
[Tirme=1] 26140 14.0492 1. 856 naa -4 553 AhH.BA3
[Time=7] 12.4493 14.092 a8y 383 -18.210 431497
[Time=14] e . . . . .
[Treatment=C] a0 14.092 70 45 -29.713 31.6493
[Treatment=L] oa | . . . . .
[Tirme=1]* [Treatrment=C] -6.693 19.8249 -.336 743 -50.114 36,728
[Time=1]* [Treatment=L] ne . . . . ,
[Tirme=7]* [Treatment=C] -5.587 19.829 -.2a0 T84 -449.008 7834
[Time=7]* [Treatment=L] 04
[Time=14]* na
[Treatment=0C]
[Time=14]* [Treatment=L] na

a. This parameter is setto zero because it is redundant.

Table A2.7. Mean + SD results of t-test of mean MHCII differences between
LIPUS (L) and control (C) in OST on days 1, 7, and 14
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Experiment Design

(4.5) LIPUS Treated Plates (4.5) Control Plates

OST
Application Of LIPUS for
1day
OST
Application Of LIPUS for
7days
OST

Application Of LIPUS for
14days

Figure A2.8. Schematic diagram that explains the experimental design: OST,
LIPUS (low intensity pulsed ultrasound)
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Q-PCR of HUCPV-Sc ( NST, OCN, OSP & PCNA equalized to GAPDH)
treated 10 min/ LIPUS at Day 1, 7 & 14- OST Media
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Figure A2.9. gPCR comparison of levels of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on days 1, 7, and 14 (OST)
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Flowcytometry Analysis HUCPV-Sc (unstained, CD31,CD90, CD34, CD45, MHCI
& MHCII) treated LIPUS 10 min [ at Day 1, 7 & 14) OST media
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Figure A2.10. Flow-cytometry of HUCPV-SC (isotype IgG, CD31, CD90, CD34,
CD45, MHCI, and MHCII) treated with LIPUS 10 min/day on days 1, 7, and 14 in
OST,; difference between LIPUS (L) and control (C)
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Parameter Estimates

Etepende 95% Confidence Interval
Warjable Parameter B Std. Errar 1 Sig. Lower Bound Lipper Bound
Cell.count  Intercept 244756667 83938546 2916 013 £1870.285 427643048
[Tirme=1] -209742.332 | 118707.001 -1.767 103 | 488383735 48297 063
[Tirme=7¥] -99114.667 | 118707.031 -.8348 420 | -357746.068 168525 735
[Time=14] o | . .
[Treatment=C] 4166667 | 118707.031 709 492 | 174473735 342807 063
[Treatment=L] ga | . . .
[Tirne=1]* [Treatment=C] -EE882.000 | 167877.093 -.410 689 | 434654 764 206800 76H4
[Titne=1] * [Treatment=L] 03 . . .
[Time=7]* [Treatment=C] | -104097.333 | 167877.093 -.B20 547 | -4B9870.097 261675430
[Time=7] * [Treatment=L] na
[Time=14]* ga
[Treatment=C]
[Tirne=14]* [Treatment=L] na
DA Intercept 11.348 1.605 7.073 .ooo 7.852 14845
[Tirme=1] -4.086 2,269 -1.801 097 -9.030 858
[Tirne=7] - 960 2.269 -.423 680 -5.904 3.984
[Tirme=14] pa
[Treatment=C] -1.313 2.269 -A78 574 -B.257 363
[Treatment=L] 02
[Tirne=1]* [Treatment=C] 1.1490 3.209 a1 717 -A.802 2182
[Tirme=1]* [Treatment=L] pa
[Time=7]* [Treatment=C] 1.820 3209 567 581 SAAT2 5812
[Time=7] * [Treatment=L] o2
[Time=14]* ga
[Treatment=C)
[Time=14]* [Treatment=L] ne
ALF Intercept 161 018 5.833 .ooo 121 200
[Tirme=1] -0 026 -1.216 247 -.087 025
[Tirme=7¥] 022 026 854 410 -034 n7e
[Time=14] pa
[Treatment=C] 01 026 441 BT -.045 067
[Treatment=L] na
[Tirne=1]* [Treatment=C] -8.333E-5 036 -.002 498 074 079
[Time=1]* [Treatment=L] ne
[Time=7]* [Treatment=C] - 068 036 -1.862 087 -147 o2
[Time=7] * [Treatment=L] na
[Time=14]* ga
[Treatment=C)
[Time=14]* [Treatment=L] na
ALP.DMA  Intercept 015 003 4797 .ooo .oos 022
[Time=1] 003 005 571 578 -.007 o2
[Tirme=7¥] k] 005 585 alfe] -.007 o3
[Tirme=14] pa
[Treatment=C] 003 005 701 497 -.007 o3
[Treatment=L] 02
[Tirne=1]* [Treatrment=C] alii] 006 -154 880 -014 o3
[Tirme=1]* [Treatment=L] pa
[Time=7]* [Treatment=C] -.009 006 -1.383 189 -.023 o5
[Time=7] * [Treatment=L] i
[Time=14]* a
[Treatment=_C] u
[Time=14]* [Treatment=L] ne

a. This parameter is setto zero hecause it is redundant.

Table A2.8. Comparison of the mean + SD of t-test of cell count, ALP, DNA, ALP
normalized to DNA levels, between LIPUS (L) and control (C) on days 1, 7, and
14 in OST
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Target Treatment/Day 1 Mean Std. Deviation
GAPDH C .00 .00
L .00 .00
NST C 1.32 .19
L 1.23 .16
OCN C .87 12
L .79 .19
OPN C .57 42
L .43 .21
PCNA C 91 .04
L .87 .15

Table A2.9. qPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 1 in OST

Target Treatment/Day 7 Mean Std. Deviation
GAPDH C .00 .00
L .00 .00
NST C .66 .57
L .39 42
OCN C 1.18 1.39
L 3.33 3.54
OPN C .56 .65
L .54 .40
PCNA C 2.92 3.62
L 2.76 2.01

Table A2.10. gPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 7 in OST
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Target Treatment/Day 14 Mean Std. Deviation
GAPDH C .00 .00

L .00 .00
NST C .33 .05

L .95 .10
OCN C .22 .07

L .62 .29
OPN C 10.25 3.61

L 21.84 15.64
PCNA C .51 .05

L .98 .10

Table A2.11. qPCR comparison of the mean + SD of nucleostemin, osteocalcin,
osteopontin, and PCNA after their equalization to the endogenous control gene
(GAPDH) between LIPUS (L) and control (C) on day 14 in OST
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Parameter Estimates

Dependentvariable-Belative Guahtit B

95% Confidence Interval
Parameter B Std. Errar t Sig. Lower Bound | Upper Bound
Intercept 874 063 13.856 000 748 1.000
[Targret=GAPDH] -.874 089 -9.798 .0oo -1.052 - 696
[Targret=NET] 354 .089 3.966 .0oo A76 A3
[Targret=0CHN] -.080 089 -.8a7 373 - 257 058
[Targret=05F] -.440 089 -4.929 .0oo -B17 - 262
[Targret=P CMHA] na | . ) ) ) )
[Treatrnent=C] 0 .089 L350 728 - 146 209
Treatment=L] ne
LCE o ail] -03 136 - 247 805 -283 220
[Targret=GAPDH] * hE
[Treatment=L]
[Targret=M3T] * )
Mreatment=C] 064 126 405 B15 187 A
[Targret=pET]* 0?
[Treatment=L]
[Targret=0Ck] * )
Mreatment=C] 041 126 326 745 210 2592
[Targret=0C k] * na
[Treatment=L]
[Targret=05F] * )
Mreatment=C] 106 126 839 404 145 (35T
[Targret=035F] * 08
[Treatment=L]
[Targret=PCMA] * na
[Treatment=C]
[Targret=FP CMA] * pa
[Treatment=L]

a. This parameter iz setto zero hecause itis redundant.

Table A2.12. t-test of gPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 1 in OST
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Parameter Estimates

DenendentWarighle-Relative Guantif B

45% Confidence Interval
Eararmetet B Std. Error t 5in. Lower Bound | Upper Bound
Intercept 2787 Nilili} 4140 ooo 1.429 4.085
[Targret=GAFDH] -2.7a7 914 -3.012 .0o4 -4.582 -93z2
[Targret=MST] -2.360 4ra -242 018 -4.303 - 416
[Targret=0CH] Aari A14a BZa A34 -1.243 2.397
[Targret=035P] S22 8472 -2.3a87 021 -4.098 -342
[Targret=P CHA] na | . . : . .
[Tretrment=C] U166 914 181 .8ar -1.654 1.991
[TI’BTI’TIEI"IT:L] né
Motraneg 486 | 1278 | -130 897 -2708 2377
[Targret=GAPDH] * 0?
[Trefment=L]
ﬁﬁerﬁf;ﬂ%]?* 097 1337 073 942 -2.569 2.764
[Targret=MEST] * 0e
[Tretment=L]
Erag?rf;g%w* 2315 1319 | -1.756 083 -4.944 314
[Targret=00CHN] * it
[Tretment=L]
Hf’gﬁ;ﬁ;gg’l* 146 1337 -109 913 2813 25620
[Targret=05F] * na
[Tretment=L]
[Targret=P CHA] * iE
[Tretment=C)
[Targret=PChA * 0
[Tretment=L]

4. This parameter is setto Zero hecause itis redundant.

Table A2.13. t-test of gPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 7 in OST
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Parameter Estimates

Devendentiariable-Relative Guantif =

95% Confidence Interval
Pararmeter B Std. Errar 1 Sig. Lower Bound | UpperBound
Intercept H7A 1652 ATE AEE -2.383 4343
[Targret=GAPDH] -497h 2.393 -407 B85 -5.738 a.red
[Targret=NST] -.024 2.3593 -2 451 -4.781 4734
[Targrat=0CHN] -.358 23593 -.180 A8 -5.121 4,405
[Targret=05F] 20.8687 2.393 a.714 oo 16.104 28,630
[Targret=PCMA] na . . . . .
[Treatment=C] - 465 2383 -194 B4 -5228 4 2497
[Treatment=L] nd
LGPl 485 | 3385 138 891 -6.270 7.201
[Targret=GAFPDH] * 02
[Treatment=L]
[Targret=MST] * ) ) )
Treatment=C] 54 3.384 45 ol F.8849 §.582
[Targret=MST] * na
[Treatment=L]
[Targret=0CH]* _
Mreatment=C] NB7 3384 20 84 5.664 B.802
[Targret=CCMN] * na
[Treatment=L]
[Targret=05P]* ) ) ) )
Treatment=C] 11.130 3384 3.2488 0o 17.865 4,394
[Targret=C5F] * na
[Treatment=L]
[Targret=PCMA] * i
[Treatment=C]
[Targret=PCMA] * 04
[Treatment=L]

a. This parameter is setto zero because itis redundant.

Table A2.14. t-test of gJPCR comparing the mean + SD of nucleostemin,
osteocalcin, osteopontin, and PCNA after their equalization to the endogenous
control gene (GAPDH) between LIPUS (L) and control (C) on day 14 in OST

132



