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Abstract

Introduction: The value of low-intensity pulsed ultrasound (LIPUS) in
regeneration of the dental tissue has not been fully investigated. The aim of this
investigation is to research the potential of LIPUS on specific dental stem cells
with the following objectives (1) to observe the biological effects of LIPUS under
different ultrasound parameters, and (2) specify the role of signalling pathways in
regulating stem cell responses.

Materials and Methods: Dental pulp stem cells (DPSCs), periodontal ligament
stem cells (PDLSCs), and bone marrow stem cells (BMSCs) were isolated and
cultured from Wistar rats. LIPUS was applied to the cells at the following
intensities: 250mW/cm? and 750mW/cm?.

Results: LIPUS significantly increased cell growth and proliferation of DPSCs,
PDLSCs and BMSCs. LIPUS at 750mW/cm? exerted the greatest effects on
DPSCs. The maximum effects of PDLSCs was seen at 250mW/cm2. BMSCs
showed equal responses to both LIPUS intensities.

LIPUS influenced the underlying signalling mechanism and MAPKSs activation. In
DPSC, ERK1/2 was activated immediately, whereas ERK1/2 inhibition modulated
the proliferation effects. In BMSC, INK MAPK was activated, and the post-LIPUS
proliferation was decreased by JNK inhibition. In PDLSC, JNK MAPK was
activated immediately post-treatment, and p38 MAPK was activated until 1 hour.
Subsequently, specific JNK and p38 inhibition decreased proliferation effects after
LIPUS.

Piezo1/2 were up-regulated post-treatment in DPSC, but not statistically significant
in PDLSC. Ruthenium Red (RR), an inhibitor of Piezol/2, only inhibited ERK1/2
activation, but not JNK or p38 MAPK. Furthermore, when Piezo1/2 were inhibited
before LIPUS exposure, it modulated the increase of proliferation in DPSC, not in
PDLSC.

Conclusion: 1) LIPUS does promote proliferation of dental stem cells, and
intensity is most important not duration; 2) the proliferation of dental stem cells is
dependent on MAPK signalling, and there was variation in different MSC lineages;
3) LIPUS may also have an effect on ion channels such as Piezol/2. Such
mechanically activated mechanisms have implications for future stem cell-based
dental tissue regeneration.
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Introduction



Chapter 1 Introduction

Despite the relatively high prevalence of the diseases of tooth and periodontal
tissues , pulpitis and periodontitis are currently mainly treated by root canal
therapy or debridement which removes bacteria as well as the infected dental
tissue. The loss of dental tissue is challenging as root canal therapy (RCT)
removes pulp tissue from the root canal and replaces it with an inert root filling
material. Debridement approaches remove plaque and calculus on teeth to

maintain oral hygiene and control caries and periodontitis progression.

Cell homing can be utilised in tissue regeneration given the chemotaxis
environment to recruit endogenous cells, including stem/progenitor cells, into
anatomic tissue compartments. Chemotaxis environment is supplemented by
multiple cytokines to induce active recruitment of regenerative stem/progenitor
cells. The delivery of fibroblast growth factor (FGF), vascular endothelial
growth factor (VEGF), platelet derived growth factor (PDGF), alone or in
combination with nerve growth factor and bone morphogenetic protein 7 (BMP7)
induce cell homing, angiogenesis, and mineralized tissue formation.
Chemotaxis-induced cell homing can lead to regeneration of the dentin-pulp
complex (Kim et al., 2010). However, the removal of existing pulp stem cells by
RCT, hampers the regeneration potential of the tooth. Within healthy tissues, the

progenitor/stem cell niches are usually maintained in a quiescent state. During



the process of reparative dentinogenesis, significant dental tissue injury leads to
the death of the odontoblasts within the dentine-pulp complex matrix which lie
beneath the injurious lesion. Subsequently a cascade of complex and as yet not
fully clarified events, are signalled by the released of dentine matrix components
if the injurious process is arrested (Cooper et al., 2010). These signals then
cause the progenitor/stem cell population to proliferate and be recruited to the
site of injury where they differentiate into odontoblast-like cells (Tecles et al.,

2005).

The regenerative feature of dentine-pulp complex is the basis for dental tissue
engineering, and this study is aimed at enhancing the proliferative process of
dental pulp stem cells in vitro using optimized low intensity pulsed ultrasound

(LIPUS).

1.1 Ultrasound and Medicine

Ultrasound (US) encompasses sound waves greater than 20kHz which are
beyond the human hearing range. Since its first introduction to medicine in the
1920s (Miller et al., 2012), the use of US has grown substantially ranging from
applications in clinical diagnosis and surgery to novel therapeutic approaches to

repair hard and soft tissues throughout the body.



Therapeutic ultrasound utilises the ability of US to break chemical bonds or
form active radicals using a process generally known as sonolysis (Pflieger et al.,
2014). Sound waves can be destructive and rely on the process of cavitation
whereby small bubbles are formed that rapidly implode and release an intense
shock wave that produces relatively large amounts of heat energy and a variety
of highly active radicals, which can completely destroy or activate adjacent
material (O'Brien, 2007). Indeed, the heat energy released by cavitation breaks
down bonds between large molecules. In medical procedures, cavitation can be
used to destroy blood clots, kidney stones, dental plaque and calculus (Shaw and
Hodnett, 2008). The application of US to dentistry began in 1955 (Zinner, 1955)
and US periodontal scaling is now widely applied in tooth cleaning (Walmsley

etal., 1992).

Ultrasound devices are non-invasive and easy-to-use hand-instruments thus are
popular in dentistry. Dental US devices generally operate with frequencies from
20kHz up to several megahertz depending on the particular application.
Megahertz frequency US, between 1-20 MHz, is referred to as being high-
frequency and has been applied as a diagnostic tool for early carious enamel
lesions and periodontal disease (Ghorayeb et al., 2008). Kilohertz-frequency US

is in the 20 - 200 kHz range, and is termed “low frequency”. It is currently more


http://phys.org/tags/cavitation/
http://phys.org/tags/heat+energy/

broadly used in daily dental practice for periodontal scaling and root canal

cleaning (Ahmadi et al., 2012).

Whilst kHz US is widely used in dentistry, there is another form of ultrasound
and termed LIPUS, which might bring out biological effects on cells (Marvel et
al., 2010). LIPUS is a relatively novel therapy generally using 1.5 MHz
frequency, pulsed and repeated at 1 kHz, and intensity around 30mwW/cm?, for
20 minutes/day. The physical and biological effects of LIPUS are dependent on
the US conditions which can be optimized by adjusting parameters related to the
energy profile of ultrasound, including frequency, intensity, power, wavelength
and ultrasonic pressure (see Table 1). Various physical parameters related to US
contribute to its biological effects including: intensity, frequency and duration of
treatment sessions, wavelength, amplitude, beam non-uniformity ratio (BNR),
continuous/pulsed therapy, tissue composition, coupling medium (transmissive
medium of acoustic sound waves), effective radiating area of transducer head,

movement and angle of transducer (Patel et al., 2015).



Table 1. Factors affecting the energy profile of the ultrasound beam

Parameters Definition Unit
Frequency Number of cycles per second Hertz (Hz)
Intensity Acoustic energy transmitted across Watt per centimeter
unit area per second squared (W/cm?)
Power Acoustic energy produced per Watt (W)
second
Ultrasonic Deviation of the pressure from its  |Pascal (Pa=N/m?)
pressure original value
Wavelength Meter (m)
Time Second (s)




Frequency, intensity and treatment time are understood to be the three most
critical parameters for application (Harle et al., 2001). The difference of LIPUS
and medical US is the frequency and intensity. In therapeutic US, frequency is
especially important which determine its effective depth/size for tissue treatment.
Intensity determines the energy of transmitting ultrasound and therefore the
local temperature and thermal effect. The optimization of US treatment
parameters in various clinical fields has been widely studied. Notably, clinical
conditions for therapeutic US (20kHz to 20MHz) applications have been
improved to enhance its efficacy and specificity in a range of clinical areas
including: cosmetics (20-500kHz) (Esenaliev, 2006), dentistry (25—
42 kHz), lithotripsy (100-200 kHz) (Mitragotri, 2005), drug delivery (20KHz-
2MHZz), high intensity focused ultrasound (0.6-7MHz) is used in fracture healing

(0.5-7.5MHz), and physiotherapy (1-3MHz) (Table 2).



Table 2. US conditions and medical applications (Ahmadi et al., 2012)

Intensity
range

Low
intensity

High
intensity

Application

Sonophoresis;
Glucose
extraction;
Drug delivery
to the brain

Cosmetic
applications

Dentistry

Lithotripsy

Sonothrombol-

ysis

Surgical

Lipoplasty

Phacoemulsifi-
cation

Description

*Sonophoresis: Transdermal drug
delivery

*Glucose extraction: Extraction of
glucose or other material from the
skin in an opposite direction
compared to sonophoresis

+Skin scrubbing,

*Microderm-abrasion — a method
for facial rejuvenation

Two main applications are:

*Dental descaling (tooth cleaning
and calculus removal)

*Root canal therapy

Extracorporeal shock wave
lithotripsy (ESWL) -the non-
invasive breaking of kidney
stones using acoustic pulses

Sonothrombolysis — the break
down (lysis) of blood clots using
acoustic waves

Tissue dissection and
fragmentation

Ultrasonic lipoplasty — the use of
ultrasound waves to loosen fat
beneath the skin’s surface before
its removal by means of suction

Phacoemulsification cataract
surgery - break up and removal of
a cloudy lens, or cataract, from
the eye to improve vision

Low-
frequency
range

20—

100 kHz
Drug
delivery to
the brain:
80—

180 kHz

20—
500 kHz

25-42 kHz

100—
200 kHz

20-25 kHz

20-60 kHz

20-50 kHz

25-62 kHz

Temporal-
average
intensity?

0.05-
3.5 W/cm?

Various

0.58 W/cm?

In the range
of 10 MPa

0.5~
50 W/cm?

10—
850 W/cm?

10-
300 W/cm?

Up to 1000
W/cm?
continuous
wave

2 Temporal-average intensity is mostly the average intensity over time, or over one repetition
period for pulsed US.


http://www.sciencedirect.com/science/article/pii/S0079610712000053#tbl1fna

1.2 High-intensity Focused Ultrasound (HIFU) and Low Intensity Pulsed
Ultrasound (LIPUS)

Intensity is the acoustic energy transmitted by US, therefore this determines the
thermal effect of US on localised areas. Intensity of US is commonly
categorized into two areas: high-intensity and low-intensity. High-intensity
ultrasound (HIFU) directs focused acoustic energy ranging from ~5W/cm? to
several thousand W/cm?. High-intensity focused ultrasound is used in cancer
therapy as the heat generated by the absorbed wave energy of HIFU causes local
temperature rise to such a level as to destroy cancer tissue. Indeed, when local
temperature rises excessively, irreversible tissue damage is caused (Al-Bataineh

etal., 2012).

Low-intensity devices generally deliver an intensity range of between 0.025-
3W/cm?. Continuous wave US results in significant increases in temperature,
thereby to reduce US-induced temperature rise of exposed tissues, US can be
delivered by pulsed mode, whereas the acoustic wave is emitted intermittently
rather than continuously. Pulsing the ultrasound beam reduces the temperature
rise proportionately to the pulsing ratio. LIPUS has been shown to induce
fracture healing (Dyson and Brookes, 1983), orthodontic root resorption (Liu et
al., 2012), whole teeth regeneration (Rego et al., 2012), muscle laceration injury
healing (Chan et al., 2010) and soft tissue healing within cartilage (Khanna et al.,

2009) (Table 2). In addition, therapeutic low-intensity US, especially LIPUS,



has shown significant promise for hard tissue engineering and regenerative
medicine. Notably, LIPUS could be applied clinically to stimulate dental tissue
repair (Scheven et al., 2009b). Studies have already suggested that exposure of
dental tissue to US may trigger dentinogenesis in the dentine-pulp complex as

well as accelerating periodontal tissue healing (Al-Daghreer et al., 2012).

10



1.3  Biophysics of LIPUS

As a propagating pressure wave, US is capable of exerting thermal and
mechanical effects which influences the physiology of mammalian tissues.
Thermal, cavitation and micro-streaming effects are the main recognized and
well documented mechanisms responsible for eliciting the biological effects of

ultrasound.

1.3.1 Thermal and Non-Thermal Effects

When US waves propagate through a tissue, US energy transforms into heat
after being absorbed and attenuated. Intensity describes the transmitted energy
of US and is therefore related to the thermal effect of US and the significance of
thermal effects rises with increasing intensity. However, because of the low-
intensity and pulsed nature of LIPUS, there is minimal increase monitored in
local temperature (<1°C) (Malizos et al., 2006). The thermal aspect can
therefore commonly be excluded from the mechanism of action of LIPUS.
Instead, the most likely mechanism of its clinical benefit in fracture and soft
tissue healing is considered to be largely dependent on its non-thermal

biomechanical effects (Dyson, 1982).
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When thermal effects are insignificant or strictly controlled, the assumption is
that the biological responses of the targeted cell or tissue are most likely derived
from a non-thermal, mechanical effect by US (Baker et al., 2001). Non-thermal

effects include cavitation, acoustic micro-streaming and radiation.

1.3.2.1 Cavitation

Acoustic cavitation is the term used to describe the influence of an ultrasonic
wave on the formation, growth, oscillation and collapse of gaseous bubbles in
liquid (Fig. 1). A propagating wave through liquid consists of expansion
(negative pressure) and compression (positive pressure) half cycles. When the
sound wave pressure is high, in the expansion half cycles, the distance between
liquid molecules can increase to an extent which creates unstable gas bubbles.
The energy generated following collapse of these bubbles may result in
hydrodynamic shearing and micro-streaming fields which possibly are sufficient
to disrupt chemical bonds and bioactive molecules and tissues. Under lower
sound wave pressure, stable cavitation maintains pre-existing bubbles without

formation and increase in bubbles (Stride and Coussios, 2010).
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Figure 1. Cavitation and microstreaming effects in response to acoustic pressure
of ultrasound. A) Stable cavitation —Ilow-intensity ultrasound is
related to periodic oscillating bubbles which generate fluid forces
around them. B) Inertial cavitation —bubbles rapidly grow and
violently collapse when subjected to high-intensity ultrasound.
Diagram taken from the following reference (Fix et al., 2015).
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1.3.2.2 Acoustic Micro-streaming

Acoustic micro-streaming is the fluid shear forces generated by the formation of
a steady state streaming pattern within the liquid close to the surface of an
oscillatory object (normally, but not exclusively associated with gaseous
bubbles). The occurrence of acoustic micro-streaming rises with the intensity of
US. Acoustic micro-streaming can be disruptive to cells when spontaneous
cavitation occurs with high-intensity US. In contrast, at lower frequencies,
mechanical stress produced by oscillation micro-streaming can be beneficial by
allowing cell membranes to be more penetrable to foreign particles or impacting
the cell cytoskeletal structure and resulting in intracellular signal transduction.
Acoustic micro-streaming is considered as an important mechanism of
biological action for low-intensity US (Rego et al., 2012, Tran et al., 2008, Khan

and Laurencin, 2008, Romano et al., 2009).

1.2.3.3 Radiation Force

Acoustic radiation is an US-induced force on the medium to elicit a biophysical
motion when particles are pushed by the acoustic wave in the propagating
direction (O'Brien, 2007). The magnitude of the radiation force mainly depends
upon the intensity of US, thus the effect of radiation in low-intensity US might
be relatively weak (Ahmadi et al., 2012). However notably, in biophysical

studies, radiation force has been implicated to associate with US-induced
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biological responses such as tactile response (Dyson and Brookes, 1983), bone
repair (Dyson and Brookes, 1983), and auditory response (Foster and

Wiederhold, 1978).

1.4  Biological Effects of LIPUS

1.4.1 Biomechanical Mechanisms Associated with LIPUS

The earliest research regarding therapeutic US was published in 1920, and
indicated that US could stimulate cellular biological reactions (Wood, 1927).
Subsequently, therapeutic US has been extensively studied with the aim of
translating it for clinical applications, by better understanding the parameters for
delivery and the underlying mechanism(s) of action (Baker et al., 2001, ter Haar,

2007, Mason, 2011, Miller et al., 2012).

LIPUS is reported to stimulate cellular processes mainly by micro-streaming.
The mechanical aspects of micro-streaming led to the supposition that
mechanotransduction is the underlying signalling mechanism of LIPUS.
Subsequently LIPUS is associated with stimulating various cellular biological
processes such as calcium oscillation (spontaneously oscillated cytosolic Ca?*
concentration or upon receptor ligand binding), production of growth factors,

extra cellular matrix production, proliferation, migration, and osteogenic

15



differentiation. Concurrently, mechanical forces stimulate similar changes in
cellular biological reactions which indicates LIPUS might share similar

signalling mechanisms to influence cellular behaviour (Mahoney et al., 2009).

1.4.2 Low-intensity Ultrasound and Tissue Regeneration

1.4.2.1 Bone Regeneration

The therapeutic application of US for tissue repair is mostly evidenced for bone
repair (Pounder and Harrison, 2008, Khan and Laurencin, 2008). Indeed, LIPUS
has shown to be effective in accelerating fracture repair in non-union, delayed or
impaired fracture healing and treatment of distraction osteogenesis. LIPUS
therapy of 20 min/day is generally applied in vivo and in vitro research although
the evidence for the need for such a treatment time period is limited (Khan and
Laurencin, 2008). Despite the apparently positive experimental and clinical data
supporting LIPUS as a treatment for bone repair, the cellular processes and
underlying molecular mechanism and relating signalling pathways remain
largely unknown. A wide range of in vivo and in vitro experiments have
demonstrated that LIPUS is able to stimulate various cellular activities including
extracellular matrix synthesis, cell migration, cell proliferation, cell

differentiation, bioactive molecule synthesis, gene expression, and cytosolic
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Ca?"and integrin expression (Bandow et al., 2007, Borsje et al., 2010, Feng et

al., 2010, Lietal., 2012, Man et al., 2012a).

1.4.2.2 LIPUS and Stem-cell Based Tissue Repair

The biological effects of US on soft tissue are controversial. However, an in
vitro study with LIPUS showed increased extracellular matrix production in 3D-
cultured fibroblasts (Bohari et al., 2012) while no effect was detected on cell
proliferation. Furthermore, studies have indicated that LIPUS positively affects
human adipose derived adult stem cells (hASCs) and bone marrow derived
mesenchymal stem cells (hnMSCs) (Marvel et al., 2010, Jiang et al., 2012). A
number of studies have demonstrated the mechanical responsiveness of stem
cells (Titushkin et al., 2010), yet the clinical translation of this mechanical stress
is not well known. US provides a feasible non-invasive clinical application, thus
it is foreseeable that low-intensity US may be easily applied as adjuvant therapy

in future stem cell research and tissue engineering approaches.
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1.5 LIPUS and Dental Tissue Regeneration

In the dental clinic, low-frequency kHz US is used in dental surface cleaning,
periodontal scaling and endodontic instrumentation (Walmsley et al., 1988b,
Lumley et al., 1988, Walmsley et al., 1992, Walmsley et al., 1988a). The
evidence for the application of LIPUS in fracture repair supports further
exploration into its potential for dental tissue repair (Scheven et al., 2009b).
Notably a variety of in vitro studies have been performed in dental tissue related
cells such as odontoblast-like cells (Scheven et al., 2007, Scheven et al., 2009a),
periodontal ligament cells (Ren et al., 2012), gingival fibroblasts (Mostafa et al.,

2009), and cementoblasts (Dalla-Bona et al., 2008).

LIPUS has been demonstrated to accelerate periodontal tissue wound healing
after mucoperiosteal flap surgery demonstrating the US-responsiveness of
periodontally-related cells, e.g. periodontal ligament cells, cementoblasts,
mandibular osteoblasts (Ikai et al., 2008). Orthodontic force application to in
vitro dentoalveolar structures has shown increased cementum and predentine
thickness, and subodontoblast and periodontal ligament cell counts in the US
treated groups (El-Bialy et al., 2011). Enhanced gingival fibroblast growth
factor secretion and differentiation were also observed in the absence of effects

on fibroblast proliferation (Mostafa et al., 2009).
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The human dentine-pulp complex is responsible for dentine repair and
regeneration. Proliferation and differentiation of odontoblast-like cells were up-
regulated along with increased vascular endothelial growth factor (VEGF)
expression under low frequency, low-intensity US (Scheven et al., 2009a),
which may be regulated by Wnt canonical signalling (Man et al., 2012b). Higher
odontoblast cell counts were also observed in the dentine—pulp complex after
US exposure (Al-Daghreer et al., 2012). As recruitment of dental pulp stem
cells/progenitor cells and odontoblast-like cell differentiation are key steps in
reparative dentinogenesis, these observations support the hypothesis regarding
the potential positive effects of US on DPSC-related pulp repair (Scheven et al.,

2009b).
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1.6 Mesenchymal Stem Cells Related to Dental Tissue Regeneration

Many conventional therapies used to repair tissue defects currently rely on the use
of replacement materials such as exogenous tissue, artificial and natural
biomaterials and implants however it would be therapeutically advantageous if the
existing tissue could be stimulated to repair itself using multilineage stem cells. In
current research, stem cell related regenerative therapy involving transplantation of
cells to enhance tissue regeneration and endogenous cell homing by recruiting host
cells residing in nearby tissues is being explored extensively (Lin et al., 2009,
Chen et al., 2011, Chen et al., 2012). Furthermore, the clinical potential of stem
cell-based tissue regeneration to treat dental tissue damage is now recognised (Seo
et al., 2004, Shi et al., 2005, Lin et al., 2009, Yoshida et al., 2012) and a number of
different mesenchymal stem cells (MSCs) of dental origin have now been
identified including: Dental pulp stem cells (DPSCs) (Gronthos et al., 2000), stem
cells from exfoliated deciduous teeth (SHED) (Miura et al., 2003), periodontal
ligament stem cells (PDLSCs) (Seo et al., 2004), stem cells from apical papilla
(SCAP) (Sonoyama et al., 2008), dental follicle progenitor cells (DFCs) (Handa et
al., 2002) and MSCs from gingival tissues (Mitrano et al., 2010) (Fig. 2). Dental
tissue regeneration and engineering has been explored extensively in vitro and in

vivo with multi-source dental stem cells. Unlike bone marrow derived stem cells,
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dental stem cells exhibit higher proliferation capacity and are generally more easily

accessed from extracted teeth (Gronthos et al., 2000).
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Figure 2. Scheme of mesenchymal stem cells originating from teeth and
supporting tissues. A) Late bell stage of tooth development. Making up
the tooth bud, Enamel organ gives rise to enamel, dental papilla gives
rise to dental pulp, whilst dental follicle gives rise to PDL and supporting
bones. In this study, DPSC is isolated from dental pulp tissue which
derived from dental papilla at the stage of tooth development, PDLSC is
isolated from periodontal ligament (PDL) which derived from dental
follicle, whereas BMSC resides in supporting bone around tooth.
Modified from Wikipedia.
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1.6.1 Dental Pulp Stem Cells (DPSCs)

The dentine-pulp complex develops from cranial neural crest-derived cells during
tooth development. Within the tooth the interior structure comprises a loose pulpal
connective tissue containing cells, extracellular matrix, blood vessels, and nerves,
encased by the rigid dentine, which provides a role as a barrier against bacterial,
chemical, and physical insults. Pulp tissue also contains a variety of cell types,
including fibroblasts, odontoblasts, blood cells, neuronal cells, inflammatory cells,

along with DPSCs.

The first human dental stem cells were isolated from dental pulp tissue of extracted
third-molar teeth (Gronthos et al., 2000, Gronthos et al., 2002). These DPSCs are
understood to reside predominately in a stem cell niche in the perivascular regions
of the dental pulp, from where they migrate to the site of injury in reparative
dentinogenesis. Cell surface marker expression for DPSCs is similar to that of
BMSCs and includes: CD13, CD29 (integrin-1), CD44, CD90 (Thy-1), CD105
(endoglin), CD106 (vascular cell adhesion molecule -1), CD146, CD166 (activated
leukocyte cell adhesion molecule), STRO-1 and STRO-3 (Shi et al., 2005,

Bakopoulou et al., 2011).

DPSCs are capable of regenerating dentine- and bone-like hard tissue and pulp-like

soft tissue in in vivo studies (Laino et al., 2006, Graziano et al., 2008). In addition,
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DPSCs have the potential to differentiate into chondrocytes, adipocytes,
osteoblasts, as well as into neuronal cells (Arthur et al., 2008, Sugiyama et al.,
2011). Interestingly, DPSCs showed a higher osteogenic potential compared with
bone marrow MSCs (Ito et al., 2011). Thus, DPSCs have been recognized as a
highly-proliferative and easily accessible source of stem cells and have been
widely studied for various tissue engineering applications, such as tooth
engineering, periodontal ligament regeneration and bone regeneration (Peng et al.,

2009, Huang et al., 2009, Kim et al., 2011).

1.6.2 Periodontal Ligament Stem Cells (PDLSCs)

The PDL is located between the cementum and the alveolar bone / tooth socket as
the central part of the tooth-supporting apparatus that surrounds and holds the tooth
in position (Luan et al., 2006). As the most common threat to the integrity of the
dentition, periodontitis is a bacterially driven chronic inflammatory disease of the
periodontium (the periodontal ligament, alveolar bone and root cementum) which
can result in tooth loss. Clinically available non-surgical/surgical treatments (i.e.,
periodontal ultrasonic scaling, bone graft placement and guided tissue/bone
regeneration) have shown limited success in terms of complete regeneration of the

complex triple layered structure of the tooth and its supporting tissues. In recent
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years, stem cell-based regeneration (including cell transplantation and endogenous
cell homing) has shown improved efficiency and reliability in reconstruction of
tooth-supporting tissue regeneration (Lin et al., 2009, Chen et al., 2012, Yoshida et
al., 2012, El-Bialy et al., 2012). The ex vivo expansion and delivery of stem cells
into human patients has already commenced in clinical trials (Chen et al., 2011,

Chen et al., 2012, Yoshida et al., 2012).

Human PDLSCs were first described in 2004 (Seo et al., 2004). PDLSCs represent
a relatively small population of MSC-like cells which reside in the PDL connective
tissue. They demonstrate self-renewing capacity and multilineage differentiation
potential to give a variety of cell types including osteoblasts, fibroblasts and tooth
cementoblasts, as well as adipocytes, chondrocytes and neurocytes in in vitro
induction experiments (Kaneda et al., 2006, Techawattanawisal et al., 2007, Kim et

al., 2009).

Like DPSCs, PDLSCs have no single recognised specific marker identified and
they share common cell surface markers with bone marrow MSCs and DPSCs,
which include CD13, CD29, CD44, CD90, CD105, STRO-1 (Seo et al., 2004,
Laino et al., 2006, Schumann et al., 2006). An advantage of PDLSC is their
relatively easy access and availability such as following 3rd molar tooth extraction

(Wang et al., 2011). Using PDLSCs as the stem cell source, cementum /PDL-like
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tissue regeneration with collagen fibres connecting cementum and PDL have been

generated in in vivo studies (Seo et al., 2004).

1.7  Mechanotransduction Pathways of LIPUS

The mechanical induction component of LIPUS is most likely responsible for its
various associated biological responses. As ultrasound passes through the tissues,
the particles will oscillate and it is this small movement that will influence the
activity of the cell (See 1.3.2.1). Cellular mechanotransduction is the mechanism
by which cells convert mechanical signals into biochemical responses. This
cellular biological response to mechanical stimuli is complex, and specific
signalling pathways are activated, followed by changes in extracellular matrix gene
expression and protein synthesis (Schriefer et al.,, 2005). Mechanosensitive
components are considered to be cell surface receptors, ion channels, integrins,
focal adhesion molecules and the actin cytoskeleton (Katsumi et al., 2004,

Mobasheri et al., 2005, Schwartz and DeSimone, 2008).

In adherent cells, integrins reportedly serve as major signalling receptors involved
in mechanotransduction (Katsumi et al., 2004). Integrins connect the extracellular
matrix proteins to the cytoskeleton and focal adhesion complexes, which can act as

mechanosensors (Titushkin et al., 2010). In addition to the critical and universal
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role in mechanotransduction in various cell types, integrins are also linked to
signalling pathways which affect cell proliferation, differentiation, migration, and

apoptosis (Schriefer et al., 2005).

Focal adhesion complexes are usually associated with the actin stress fibres and are
sensitive to mechanical forces either by conformational changes of individual focal
adhesion molecules (e.g. FAK, src, vinculin, paxillin) or their relative positions
(Bershadsky et al., 2006, Wozniak et al., 2004). Mechanical stimuli trigger integrin
dependent activation of intracellular signal transduction molecules such as
mitogen-activated protein kinase (MAPK) (Kook and Lee, 2012) which regulate
adhesion-dependent gene expression, and cell proliferation and differentiation
(Chen et al., 2001). Notably MAPK signalling (including ERK, JNK, p38 MAPK
etc.) has previously been demonstrated to play a role in mechanotransduction in
various cell types, such as osteoclasts (Liedert et al., 2006), periodontal ligament

cells (Kook and Lee, 2012) and muscle cells (Li and Xu, 2007).

The influx of Ca?" through mechanically-activated ion channels provides a further
possible cellular means of detection of mechanical stimuli due to US. Calcium is a
universal second messenger that regulates various cellular processes such as ion
channels, and its activation leads to intracellular signalling proteins which regulate

alterations in gene expression, proliferation, differentiation, and cytoskeletal
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reorganization. Notably MSCs demonstrate relatively highly active calcium
oscillations (Kawano et al., 2006). In addition, Ca?* transportation is regarded to be
closely involved in mechanotransduction mechanisms in mature osteoclasts (Guo
et al., 2006). Furthermore, the intracellular flow of Ca?* appears to be regulated by

specific voltage-gated calcium channels (Kawano et al., 2006).

Piezo proteins (Piezol and Piezo2) provide a further class of transmembrane pore-
forming ion channels which have recently been highlighted as mechanically
responsive ion channels present on mammalian cells (Coste et al., 2012).
Interestingly, Piezoelectric effect of bone has been well-known as the translation of
a mechanical stimulus into a biological signal controlling growth or resorptive
processes of bone. Piezol/2 have been shown to induce mechanically activated
(MA) cationic currents in various cell types, connecting mechanical forces to
biological signals (Bagriantsev et al., 2014). The role of Piezol/2 in cellular
migration, proliferation, and elongation has been implicated to be involved with
integrin activation (Volkers et al., 2015). Piezol and Piezo2 proteins were recently
identified to be encoded by the FAM38A and FAM38B genes respectively (Lee et
al., 2014). Notably Piezo2 is highly expressed in dorsal root ganglia suggesting
involvement in neural system responses. In addition, both proteins have been

shown to transduce mechanical forces to biological signals by inducing cationic

28



currents in several eukaryotic cell types (Ranade et al., 2014, Schrenk-Siemens et

al., 2015).

1.8  Hypothesis, Aims and Objectives

This PhD study was designed to investigate the effects and mechanisms of LIPUS
on dental stem cells isolated from different sources to corroborate the hypothesis
that LIPUS can increase the proliferation of dental stem cells which is related to

mechanically responsive cell signalling processes.

The aims of this study were:

1) LIPUS will increase proliferation of dental stem cells.

2) Proliferation of dental stem cells is regulated by specific MAPKSs.

3) Piezo proteins are involved in the transduction of the initial LIPUS-
associated biomechanical signals to activate MAPKs as an important cell

membrane-located mechanotransduction component on stem cells.
Subsequently this study had the following research objectives:
1) Establishment and comparison of DPSC and PDLSC cultures, whilst BMSC

were used as the gold standard MSC-type.
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2) Analyse of effects of LIPUS conditions on proliferation of DPSC, PDLSC
and BMSC.

3) Determination of LIPUS effects on MAPKSs activation in relation to cell
proliferation.

4) Study of the presence and role of Piezol/2 in LIPUS stimulation of DPSC

and PDLSC, and their involvement in MAPK signalling.
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Materials and Methods
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2.1 Cell Isolation and Culture of rat Mesenchymal Stem Cell Populations

Isolation of mesenchymal stem cells from various tissues has been highly
developed since this term first introduced two decades ago (Augello et al., 2010,
Caplan, 1991). Previous work has already proved that the lab protocol related to
the isolation of DPSCs and BMSCs are reproducible and reliable (Davies et al.,
2015). In each independent experiment, DPSCs, BMSCs and PDLSCs were
isolated from three independent rats (three biological repeats). Cells derived from
each rat were assayed three times (technical repeats) and combined to calculate a

mean.

2.1.1 Isolation of DPSC

Incisors were extracted by removing the surrounding tissues (jaw bone and
periapical tissues) with scissors and scalpel. Pulp tissue was dissected from
incisors carefully mechanically extracted from Wistar male rats (120-140gq)
( , UK). Dental pulp was minced using scalpels and
digested in a solution of Trypsin/Ethylenediaminetetraacetic Acid (EDTA) (2.5 g/L
trypsin in 0.38 g/L EDTA) (Invitrogen, UK) for 50 min, at 37°C with vigorous

agitation (Gale et al., 2011).

32



Enzymatically released cells were passed through a 70m cell sieve (BD Falcon)
to remove tissue residues and the filtrate was collected in a 50mL falcon tube
(Nunc, UK). The filtered solutions were then centrifuged at 900g for 5 min
(Eppendorf 5804R, Eppendorf, UK) and washed with 5mL phosphate-buffered
saline (PBS). Cell pellets were seeded in 75cm? tissue culture flasks (Nunc, UK)
and cultured in 10mL complete culture medium (a-MEM supplemented with 20%
FBS, 100U/mL penicillin, and 100pug/mL streptomycin) in a 37°C incubator
(Galaxy S+, RS Biotech Ltd, UK) in a humidified atmosphere of 5% CO,. DPSCs
were subcultured when they reached 70% confluence (usually after ~ 7 — 10 days).
Medium was discarded and cells were gently rinsed with PBS three times prior to
addition of 3mL preheated Trypsin/EDTA for 3 - 5 min, followed by addition of 3
- 5mL of complete a-MEM medium to terminate enzyme activity. The cell
suspension was transferred to a 15mL falcon tube (Nunc, UK) and centrifuged at
500g for 5 min (Eppendorf 5804R, Eppendorf, UK). DPSCs were resuspended in
complete a-MEM medium supplemented with 20% fetal bovine serum (FBS),
100U/mL penicillin, 100pg/mL streptomycin and seeded into two 75cm? tissue
culture flasks (Nunc, UK). Primary cell cultures from passage 2 - 4 were used in

all downstream experimental work.
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2.1.2 Isolation of PDLSC

Gingival tissue was carefully removed from molars extracted from Wistar male
rats (120-1409g) ( , UK). Molars with attached PDL
tissue were rinsed once in PBS supplemented containing 100U/mL penicillin and
100pg/mL streptomycin. The enzymatic digestion procedure used on the PDL was
adapted from previous reports (Kaneda et al., 2006, Techawattanawisal et al.,
2007). Molars were placed into a 15mL falcon tube (Nunc, UK) containing SmL a-
MEM with 2mg/mL collagenase (Sigma-Aldrich, UK) and Trypsin/EDTA (2.5 g/L
trypsin in 0.38 g/L EDTA), and incubated at 37°C for 45 minutes, with gentle
agitation. The resulting cell suspension was passed through a 70pm cell sieve and
the filtrate was collected in a 50mL falcon tube (Nunc, UK). The cell suspension
was then centrifuged at 900g for 5 min and washed with 3 mL of PBS. Cells were
seeded in 25cm? tissue culture flasks and cultured in a-MEM supplemented with
20% FBS, 100U/mL penicillin, and 100pg/mL streptomycin at 37°C in a

humidified atmosphere of 5% CO,.

When 70% culture confluence was reached (~ 7 -14 days), the PDL-derived cells
were subcultured as described above for DPSCs. PDL cells were resuspended in
complete medium and subcultured to two 25cm? culture flasks. Primary cell

cultures from passage 2 were used in all downstream experimental work.
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2.1.3 Isolation of BMSC

The femurs and tibia were removed from Wistar male rats (120-140g) (

, UK) and immersed in a-MEM, 100U/mL penicillin, 100pug/mL
streptomycin. Joints at both ends of the diaphysis were removed using sterile
scissors. A 20 mL syringe (BD Bioscience, UK) containing a-MEM was attached
to a 22 gauge needle (Appleton Woods, UK), which was inserted into the bone
marrow cavity and used for flushing the tissue using a-MEM medium. Cells were
collected in a falcon tube (Nunc, UK) and centrifuged at 900g for 5 min. Cell
pellets were resuspended in complete medium and transferred to a 75cm? culture
flask for incubation at 37°C in a 5% CO, supplemented incubator. Half of the
culture medium was removed after 24 h of culture and fresh medium was added.
Medium was changed every 2 to 3 days until 70% confluence was achieved
(usually at ~ 7 to 10 days) (Davies et al., 2015). Primary cell cultures from passage

2 - 4 were used in all downstream experimental work.

2.2  Storage of Cell Isolates

Passage 0 and passage 1 of DPSC, PDLSC and BMSC cells were cryopreserved
under liquid nitrogen (BOC Gases) for use in future experiments. Trypsin/EDTA

(Gibco, UK) was used to detach monolayers prior to storage. Cells were
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centrifuged for 5 min at 900g, the cell pellet was aspirated and resuspended in 1mL
90% (v/v) FBS (Gibco, UK) containing 10% (v/v) dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, UK). The cell suspension was then transferred to cryogenic vials
(Corning, UK). The cryogenic vials were incubated at 4°C for 1 h, -20°C for 2 h,
followed by -80°C overnight freezing and finally transferred to liquid nitrogen for

storage in the vapour phase.

Vials of cells were recovered from storage by thawing in 37°C water bath for ~2
min. Residual DMSO was removed by pelleting cells using centrifugation at 900g
for 5 min prior to resuspension in a-MEM culture medium, the supernatant was
aspirated, and the cell pellet was carefully resuspended and transferred to a 15mL
falcon tube (Nunc, UK) prior to seeding in a 75cm? culture flask (Nunc, UK) with

complete medium.

2.3 Multilineage Differentiation Induction

For differentiation experiments, 50,000 DPSCs, PDLSCs or BMSCs were seeded
in each well of 6-well plate (Corning, UK) and maintained in a-MEM / 10% FBS
for 24 h prior to adding the freshly prepared differentiation induction medium

(Table 3).
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Table 3. Medium supplementation for lineage-specific differentiation

Lineage ) )
_ Medium Supplementation
Induction
2-Phospho-L-ascorbic acid 5mM
a-MEM with
Osteogenic B-glycerophosphate 10mM
10% FBS Penicillin 100U/mL
Streptomycin 100pg/mL
Dexamethasone 1uM
o-MEM with | Indomethacin 200puM
Adipogenic Isobutyl-methylxanthine (IBMX) 0.5mM
10% FBS T
Penicillin 100U/mL
Streptomycin 100pg/mL
a-MEM with | Penicillin 100U/mL
Control .
10% EBS Streptomycin 100ug/mL
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2.3.1 Osteogenic Differentiation and Alizarin Red Staining

70% confluent cultures were incubated in osteogenic medium (Table 3) for up to 3-
weeks. Medium was changed every 2—-3 days. Cultures were fixed using 10%
neutral buffered formaldehyde (Leica Biosystems, UK) at room temperature for 15
min, and the calcification of the extracellular matrix was visualized using alizarin
red S (ARS) staining. The stain solution used comprised of 2 mg/mL 40 mM ARS
in 0.5 M acetic acid (BDH Laboratory Supplies, UK) and its pH adjusted to 4.2
using 1 % (v/v) ammonium hydroxide (BDH Laboratory Supplies, UK). Cultures
were washed with PBS in duplicate, and ARS stain solution was added to the
cultures which were then incubated for a further 20 min at room temperature.
Cultures were washed with distilled water for four consecutive washes. Stained
cells were kept at 4°C before examination under a phase-contrast microscope

(Axiovert 25, Zeiss, UK).

2.3.2 Adipogenic Differentiation and Oil Red O Staining

Subconfluent (~70%) cultures were incubated in adipogenic medium (Table 3) for
up to 3- weeks. Medium was changed every 2-3 days. Cells were stained with oil
red O (ORO) stain, which is a lysochromic dye used to visualize intracellular lipid

droplets. An oil red O stock solution was prepared by dissolving 0.5g of oil red O
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stain (VWR, UK) in 200mL isopropanol (VWR, UK). This mix was heated at 56°C
for 1 h and allowed to cool at room temperature for 2 h. A working solution was
prepared by mixing 3 parts of stock solution with 2 parts distilled water.
Immediately before staining, this solution was filtered to remove undissolved dye.
Cultures were initially washed with PBS twice and then fixed with 4% formalin for
10 min in 4°C, and incubated with oil red O working solution for 40 min at room
temperature with gentle agitation. Cultures were then washed once with 60%
isopropanol (Sigma-Aldrich, UK), followed by 2 washes in PBS. Phase-contrast
microscope (Axiovert 25, Zeiss, UK) was used to obtain images of stained culture

plates.

2.4  Set-up of LIPUS Treatment for Use in vitro

A DuoSon therapeutic ultrasound device (SRA Developments, UK) was used for
ultrasound delivery (Fig. 4). The DuoSon device was calibrated annually by the
suppliers using a radiation force balance (SRA Developments, UK). The
calibrated device delivers ultrasound at low frequency (45kHz) and at high
frequency (LMHz). Pulsed (a 63Hz repetition rate with a pulse duration of 3.2

milliseconds) high frequency ultrasound was applied in the studies reported below.
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Figure 4. Set-up of DuoSon therapeutic ultrasound device to deliver ultrasound to
in vitro cultured cells in the culture dish. The single culture dish was
housed in the multiwall plate. The 37°C water bath in the anti-reflective
chamber has direct contact to the bottom of the dish to control the
environment temperature of cells under ultrasound irradiation.

40



2.4.1 Ultrasound Treatment Conditioning

A silicon anti-reflection chamber was custom built to house culture dishes of stem
cells for ultrasound treatment (Man et al., 2012a, Balmaseda et al., 1986). This
chamber was moulded to fit a 6-well plate (Corning, UK) with a water bath used to
strictly maintain the temperature of media in culture plates at 37°C during LIPUS

treatment.

As described in previous studies (Patel et al., 2015, Man et al., 2012b), the DuoSon
ultrasound transducer was placed in the culture medium resulting in the culture
medium being used as the contact medium for ultrasound delivery. Prior to
ultrasound delivery, for disinfection, the silicone chamber and the modified multi-
well culture plate were immersed in 70% industrial methylated spirit (IMS) (VWR,
UK) for at least 8 h and then left to air-dry under ultraviolet light exposure

overnight in a Class Il laminar flow hood (Fisher Scientific, UK).

Immediately prior to use, the chamber was filled with autoclaved ddH,O and
placed into a 37°C incubator with 95% humidified air with 5% CO,. The hotplate
(Bibby, UK) and DuoSon were swabbed with 70% IMS and allowed to air-dry in
the culture hood. The transducer head was dis-assembled and washed with 100%
ethanol, allowed to air-dry and rinsed with a-MEM prior to ultrasound delivery.

The head unit of the ultrasound transducer was positioned inside the well of the 6-
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well plate without disturbing the adherent cells seeded on the culture dish (Fig. 4).
This enabled the transducer to be kept 2mm from cells adhered to the culture disk.
Ultrasound delivery was then activated by selecting the mode and time on the
DuoSon device control panel. The temperature of the water bath was monitored

constantly using a standard thermometer.

2.4.2 Delivery of LIPUS Treatment

Two low-intensity levels and two single treatment durations were used:
250mW/cm? and 750mW/cm? was applied for 5 min and 20 min respectively to the
cell cultures. Four experimental groups (5 min 250mW/cm?; 20 min 250mW/cm?;
5 min 750mW/cm?; 20 min 750mW/cm?) plus one control group designed
identically to the 20 min experimental groups but with no ultrasound irradiation

were used for all ultrasound experiments.

100,000 viable cells were seeded into each well of 6-well plate in a-MEM / 10%
FBS for 24 h before ultrasound treatment. Cultures were washed with PBS and
7mL fresh supplemented culture medium were added to each culture dish
immediately before ultrasound exposure. The transducer was carefully immersed
into the medium and held within the well without touching the bottom of the

culture dish during exposure (see Fig. 4) (Man et al., 2012b, Gao et al., 2016).
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Figure 4. Schematic of the in vitro system used for LIPUS treatment of cells
cultured in a 6-well plate. The water bath was used to maintain the
temperature of the culture medium at 37°C. An silicon anti-reflective
chamber was used to hold the 6-well plate in position and to limit the
reflection of ultrasonic waves based on the previously reported set-up
(Man et al., 2012b, Patel et al., 2015)
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2.5  Cell Count and Trypan Blue Assay

Following LIPUS treatment, cultures were trypsinised and cell numbers counted
using a haemocytometer. The Trypan blue assay was undertaken using a cell
counting procedure. 10uL of a cell suspension was mixed thoroughly with an equal
volume of 0.4 % (w/v) Trypan blue cell stain (Sigma-Aldrich, UK). The
suspension was then transferred to a haemocytometer (Hawksley, UK) and viable
cells (trypan blue unstained cell) counted manually under a phase-contrast

microscope (Axiovert 25, Zeiss, UK). All samples were counted five times.

Cell growth were calculated using the equation below.

%0 Viable Cell = Viable cell number/Total cell number
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2.6  Cell Proliferation using BrdU Staining

Methods to analyse cell proliferation are comprised of four main types: DNA
synthesis, metabolic activity, cell proliferation antigens and ATP concentration.
Here, Cell proliferation was analysed by the BrdU assay using 5-Bromo-2'-deoxy-
uridine Labelling and Detection Kit Il (Roche, Germany) because of its reliability
and accuracy in detecting DNA synthesis. 5-Bromo-2'-deoxy-uridine (BrdU) binds
to DNA in place of thymidine and therefore cells undergoing DNA synthesis can
be easily visualized by the BrdU incorporated detected using antibodies under light

microscopy.

2.6.1 Cell Seeding

Coverslips were washed with ddH20 followed by a 70% ethanol rinse followed by
autoclaving for disinfection. 10,000 cells were seeded onto the coverslips (Fisher
Scientific, UK) and placed in the wells of a 6-well plate (Corning, UK). Culture
medium was added and cultures utilised when cells appeared to be 4h adherence to
the coverslip. The plate assembly was then placed in an incubator at 37°C for a
minimum of 4h prior to the cells being washed with sterile 1x phosphate buffered

saline (PBS, Sigma-Aldrich, UK).
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2.6.2 BrdU Staining

Prior to the staining procedure, Glycerol Gelatin mounting medium (G-mounting)
(Sigma-Aldrich, UK) was preheated in a 50°C incubator for fixation and storage of
stained coverslips. BrdU labelling medium was performed as per the
manufacturer’s protocol. 25uL BrdU labelling reagent was mixed with 25 mL
culture medium and incubated with cell samples for 1 h at 37°C, 5% CO,. After
washing 3 times with PBS, the cells were fixed with ethanol fixative at -20°C for at
least 20 min. Cultures were washed 3 times with PBS to remove the fixative. Anti-
BrdU working solution was prepared by mixing 100 L Anti-BrdU with 900 pi
incubation buffer. This was then incubated with the cells for 30 min at 37°C and 5%
CO,. The cultures were washed three times with PBS prior to incubation with an
anti-mouse-1g-AP solution for 30 min at 37°C in a humidified atmosphere of 5%
CO; and then washed three times with PBS. The colour substrate solution was
prepared in the dark room and included 5 NBT, 4L BCIP and 1mL substrate
buffer. The coverslips were then incubated with colour substrate for 20 min at
room temperature. 60 of preheated G-mounting was pipetted onto the slides and
covered with coverslips. When cooled to room temperature, the slides were stored

at 4°C prior to use.
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2.6.3 Determination of the Proliferation Ratio

Stained coverslips were viewed by microscopy (Axiovert 25, Zeiss, UK) and
Images captured using a digital camera prior to analysis. Captured images were
analysed with ImageJ software and using a Java program developed by Kurt De
Vos (University of Sheffield, UK) obtained online

(http://rsbweb.nih.gov/ij/plugins/cell-counter.ntml)  (Young et al., 2013).

Immunopositive and negative cells in images were marked manually by an
observer, and only those cells with nuclei observable by light microscopy were
counted (Fig. 5). The labelling index as a measure for cell proliferation was
calculated using a cell counter as the percentage of immunopositive cells compared
with the total cell number in a microscopic field. Cell counts were presented as
averages from 5 different fields of view per time point and from three independent

experiments.
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Figure 5. Procedure used for BrdU staining of cells cultured on microscope slides. Step 1, cells were cultured on
slides until 50% confluent and were subjected to LIPUS treatment. Step 2, cells are stained with 5-
Bromo-2'-deoxy-uridine Labelling and Detection Kit Il following manufacturers’ instruction (Roche,
Germany). Images from five random fields of view were captured. Step 3, Captured images were
processed using the ImageJ plugin Cell Counter’ (Young et al., 2013).
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2.7 Use of Pharmacological Inhibitors and MTT Assay

For pathway inhibition experiments, cultures were treated with the
pharmacological MAPK inhibitors PD98059 (ERK1/2), SB203580 (p38) and
SP600125 (JNK) (TOCRIS, Bristol, UK) 2 h prior to ultrasound exposure (KOOK
AND LEE, 2012). Cell metabolic analysis using the 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT) assay was performed for all cell types
prior to pathway inhibition experiments using concentrations of 10pM, 20M and
40pM of PD98059, SB203580 and SP600125, which had been previously utilised

in comparative studies (Kojima et al., 2007, Wang et al., 2007).

MTT cytotoxicity analysis was also applied for Ruthenium Red (Sigma-Aldrich,
UK) analysis in concentrations of 5pM, 10uM, 201M, as this is pharmacological
inhibitor of Piezol and Piezo2 activity. For the MTT assay cultures in 75cm?
culture flasks were trypsinised and cells pelleted by centrifugation in a sterile
15mL falcon tube (Nunc, UK) at 900g for 5 min. The supernatant was removed
and cells were resuspended in 1mL complete DMEM media. Cell number was
counted and recorded as described above (Section 2.5). Complete media was used
to dilute the cells to 75,000 cells per mL. 100 of medium containing 7500 total
cells was then added into each well of the 96-well plate (Nunc, UK) prior to

incubation overnight. All the culture medium was removed carefully and the cells
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were treated with different concentrations of inhibitors diluted by complete media
separately and incubated for a further 24 h. 20pL of 5mg/mL MTT (Sigma-Aldrich,
UK) was then added to each well of the 96-well plate aseptically. Control wells
comprised MTT reagent alone. After incubation with MTT for 3.5 h at 37°C,
media in the wells were carefully removed without disturbing the cells. 150
MTT solvent was added to each well and then the 96-well plate was agitated using
a plate shaker for 15 min in the dark. The absorbance was read in a ELx800 plate
reader (Biotek, UK) at 590nm with a reference filter of 620nm for three times for

each plate.
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2.8  Enzyme-linked Immunosorbent Assay (ELISA)

ELISA is a plate-based quick and sensitive method to quantitatively analyse the
change of specific proteins. ERK 1/2 ELISA Kit (ab176660), p38 MAPK alpha
ELISA Kit (ab176664) and JNK 1/2 ELISA Kit (ab176662) are purchased from

Abcam and repeated 3 times each experiment.

2.8.1 Total Protein Isolation

Protein samples were collected and prepared using methods provided by the
manufacturer (Abcam, UK) from experimental and control groups. The 6-well
plate was gently washed with ice-cold PBS following ultrasound treatment. The
cells in each well were lysed with 100 of freshly prepared Lysis Mix per well
(supplied in kit), with shaking (~300 rpm) at room temperature for 10 min. Then
the supernatant was aliquoted to Eppendorf tubes on ice and stored at -80°C prior
to future use. The freeze/thaw cycles were minimized and the protein samples were

used within 2 weeks.
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2.8.2 Bradford Assay

The Bradford method (1976) was used to analyse the total protein content of
samples. 5L of a 0.1-1.4mg/mL protein sample was applied to wells in the 96

well plates.

The Bradford reagent (Sigma-Aldrich, UK) was gently mixed in the bottle and
allowed to equilibrate at room temperature. Serial dilutions were then prepared in
buffer at concentrations ranging from 0.1-1.4 mg/mL using BSA protein standard
(Sigma-Aldrich, UK). 5L of the protein standards were added to separate wells in
the 96 well plate and 5 of buffer were added to the blank wells to provide a
control. To analyse the exact protein concentration, experimental protein samples
were prepared within the concentration 0.1-1.4 mg/mL. To each well being used,
250 of the Bradford Reagent were added and mixed by agitation for 30 s. The
samples were then incubated at room temperature for 15 min and the plates were
measured using a ELx800 plate reader (Biotek, UK) at a 595nm absorbance. The
net absorbance vs. the protein concentration of each standard was then plotted.
Finally, a standard curve was generated and the protein concentration of the
unknown samples was determined by comparing the net A595 values against the

standard curve.
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2.8.3 ELISA

ELISAs were used to determine total and phosphorylated p38, ERK1/2, INK p38
MAP kinase using the MAPK ELISA Kit (Abcam, UK). The protein samples were
stored at -80°C were brought to room temperature. The desired number of
microplate strips per experiment were obtained from the ELISA kits. 50uL/well of
protein lysate was added to each well of the microplate. Then 50uL/well of Lysis
Mix was added as negative control wells and 50uL/well of Control Lysates were
added for the positive control wells. 50uL/well of kit Antibody Mix were then
added to experimental and control wells. The microplate was covered with
adhesive seal and incubate for 1 h at room temperature and agitated on a
microplate shaker (400 rpm). The wells were then washed gently with 350uL/well
1X kit Wash Buffer 3 times. After the final wash, the remaining wash solution was
completely removed. 100uL/well of TMB was added and incubated at room
temperature in the dark for 20 min on a plate shaker set to 400rpm. Finally,
100 /well of Stop Solution was added to each well and mixed briefly (1 min) on
a microplate shaker. The OD value was recorded at 450nm using a ELx800 plate
reader (Biotek, UK). The phosphorylated ratio was calculated as phospho-

MAPKSs/total MAPKS.
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2.9 Gene Expression Analysis

2.9.1 RNA Isolation

Total RNA was extracted from rat MSC cultures using the RNeasy mini kit
(Qiagen, UK) in accordance with manufacturer’s instructions. First, cells were
collected by incubating cultures in 350uL of buffer RT with 10ulL beta-
mercaptoethanol (Sigma-Aldrich, UK) for 5 min at room temperature under
constant agitation. Then the lysate was transferred to an Eppendorf tube (Nunc,
UK) and mixed by rapid pipetting. An equal volume of ice-cold 70% ethanol was
then added to the mixture and the lysate mixture was transferred to a spin column
assembly. Total RNA binds to the membrane of the column and the genomic DNA
was removed by digestion by addition of DNase | (Qiagen, UK) to the spin column
assembly. After incubating for 15 minutes, contaminants were removed by serial
washes and centrifugation using wash water and ethanol kit buffer. Purified RNA
was then eluted in 30 uL RNase-free water. The RNA concentration and purity

was determined using a Biophotometer (Eppendorf, UK).

For RNA visualisation, a 1% non-denaturing agarose gel was prepared using 0.6g
of agarose (Web Scientific, UK) dissolved in 60mL of 1x TAE buffer, a mixture of
2M Tris-acetate and 0.05M EDTA (Qiagen, UK), by heating the suspension in a

microwave (Sanyo, UK). The mixture was generated by combining 1uL of the
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isolated RNA, 3uL. RNase-free water and 1uL 10X loading buffer (Promega, UK).
After loading into wells in the agarose gel, electrophoresis was performed at 120 V
for ~ 40 min. The SYBR gold nucleic acid stained gel was visualised and analysed
using a gel documentation and analysis unit (G:Box, Syngene, UK) to show the

presence and integrity of the isolated RNA.

2.9.2 Reverse Transcription - PCR

cDNA was produced by QIAGEN Omniscript RT kit from reverse transcribed
RNA. Following the manufacturer’s instructions (Qiagen, UK), 2ug of RNA was
diluted in 12puL of RNase-free water. 2uL. of 10uM oligo-dT primer (Ambion, UK)
was added to the diluted solution and incubated for 10 min at 80<€, followed by
quenching for 5 min on ice. A PCR master-mix was synthesised by combining 2
uL reverse transcriptase buffer, 2 uL. deoxynucleoside triphosphates (ANTP), 1 uL
RNase inhibitor (Promega, UK) and 1pL omniscript reverse transcriptase. The
master-mix was mixed with the diluted RNA solution and incubated at 37<€ for 1 h

followed by heating to 95 <€ for 5 min to allow the synthesis reaction of cDNA.

Lyophilised primers (Table 4) were dissolved in sterile water to a final
concentration of 100uM for use. These stocks were further diluted with RNase-free

water to provide a 25uM working stock solution and stored at -20°C prior to use.
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Table 4. Primer sequences and conditions used in the sqRT-PCR analysis

Gene
GAPDH

CD29

CD90

Vimentin

Nanog

Klf4

DMP1

OCN

OPN

BSP

Sequences

F-CCCATCACCATCTTCCAGGAGC

R-CCAGTGAGCTTCCCGTTCAGC
F-AATGGAGTGAATGGGACAGG
R-TCTGTGAAGCCCAGAGGTTT
F-AGCTCTTTGATCTGCCGTGT
R-CTGCAGGCAATCCAATTTTT
F-AGATCGATGTGGACGTTTCC
R-GCAGGTCCTGGTATTCACG
F-TATCGTTTTGAGGGGTGAGG
R-CAGCTGGCACTGGTTTATCA
F-ATCATGGTCAAGTTCCCAGC
R-ACCAAGCACCATCGTTTAGG
F-CGGCTGGTGGTCTCTCTAAG
R-CATCACTGTGGTGGTCCTTG

F-TCCGCTAGCTCGTCACAATTGG
R-CCTGACTGCATTCTGCCTCTCT

F-AAGCCTGACCCATCTCAGAA
R-GCAACTGGGATGACCTTGAT
F-ATGGAGATGGCGATAGTTCG
R-TCCACTTCTGCTTCTTCGTTC

Classification
Housekeeping

MSC marker

MSC marker

MSC marker

Pluripotent marker

Pluripotent marker

Mineralization
marker

Mineralization
marker

Mineralization
marker

Mineralization
marker

Annealing
temperature (°C)
60.5

60.5

60.5

60.5

60.5

60.5

60.5

60.5

60.5

60.5

Cycle
no.
27

27
26-33
27

33

27
31-33
33

33

27

Accession no.
NM_017008

NM_017022.2

NM_012673

NM_031140.1

NM_001100781

NM_052713

NM_203493.3

NM_013414.1

NM_012881.1

NM_012587.2

56



REDTag® ReadyMix (Sigma-Aldrich, UK) was used to make REDTaqg mastermix,
comprising 12.5uL of REDTaq ready mix (SigmaAldrich, UK), 12.5uL of RNase-
free water, 1uL of 1uM forward primer (Invitrogen, UK) and 1pL of 1uM reverse
primer (Invitrogen, UK). 50ng of cDNA was added to the master mix containing
the target gene of interest. The samples were gently agitated and briefly
centrifuged to collect residual liquid and subsequently transferred to a
Mastercycler® Gradient Thermal Cycler (Eppendorf, UK) for amplification.
Activation of REDTaq® was achieved by heating the samples to 95°C for 5 min
prior to thermal cycling. After the designated number of cycles, 6L of the
amplified product was then used for visualisation and quantification by gel

electrophoresis as described below (Section 2.9.3).
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2.9.3 Gel Electrophoresis Analysis

1.5% agarose gel was produced by dissolving 0.8g of agarose in 60mL of 1x TAE
buffer as described above (Section 2.9.1). The agarose was cooled under flowing
water to 50-55°C before adding 10mg/mL ethidium bromide (Helena Biosciences,
UK). The gel was then carefully mixed and cast in a tray. Well-forming combs
were added before the agarose gel cooled to room temperature. Once solidified, the
gel was immersed in 1x TAE buffer in an electrophoresis tank (Bio-rad, UK) and

the combs were removed.

Following electrophoresis, the gel was transferred to the G-BOX (Syngene, UK).
For image quantification, GeneSnap image acquisition software (Syngene, UK)
was used for visualization and analysis. To obtain the volume density of amplified
samples, the band intensity of specific genes was normalised against the band
intensity of GAPDH. Normalised values were expressed as a percentage of the

highest volume density value obtained.
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2.10 Western Blot Analysis

Western blot analysis was used to visualise and quantitatively analysis the
concentration of proteins involved in cellular processes such as signalling

transduction and cell cycle progression.

2.10.1Protein Isolation

6-well plates were placed on ice and the cells in each well were washed with 2mL
of ice-cold PBS. Then 1mL of ice-cold PBS was added to each well and the cells
are scraped off the dish using a plastic cell scraper (Millipore, UK). The cell
suspension was gently transferred into a pre-cooled 15mL falcon tube (Nunc, UK)
and stored on ice. After centrifugation, the supernatant was aspirated, and 0.5mL
of ice-cold RIPA lysis buffer (Sigma-Aldrich, UK) was added to each sample.
Constant agitation was maintained for 30 min at 4°C. After centrifugation (20 min
at 12,000rpm at 4°C), the tubes were gently removed from the centrifuge and
placed on ice. Finally, the pellet was discarded, the supernatant was aspirated to a

fresh tube and stored at -20°C prior to further experimental analysis.
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2.10.2 Sample Loading and Gel Analysis

The protein quantification assay (Bradford Assay) (as previously described) was
performed using a small volume of lysate to determine the protein sample
concentrations. The volume of each protein sample was mixed with an equal
volume of 2x Laemmli sample buffer. To reduce and denature, each cell lysate was
boiled in sample buffer at 100°C for 5 min. Lysates were aliquoted and stored at -

20°C prior to future use.

20 g of protein were loaded and run on pre-cast 4-12% Bis-Tris gels (Invitrogen,

UK). Gels were run in an electrophoretic tank (BIO-RAD).

Subsequently the proteins were transferred from gels to a polyvinylidene fluoride
(PVDF) membrane using the Trans-Blot Turbo Transfer System (BIO-RAD). This
system reduces transfer duration to 8 min without sacrificing performance when

compared with traditional tank transfer.

2.10.3 Antibody Staining

Membranes were incubated with 5% fat-free milk prior to incubation with rabbit
polyclonal antibodies directed against GAPDH (1:10000 Abcam), FAM38A
(1:500 Abcam), FAM38B (1:500 Abcam), and c-fos (1:1000 Cell Signalling
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Technology), c-jun (1:1000 Cell Signalling Technology), Proliferating Cell
Nuclear Antigen (PCNA, 1:1000, Cell Signalling Technology), ERK (1:1000 Cell
Signalling Technology), phospho-ERK (1:1000 Cell Signalling Technology), p38
MAPK (1:1000 Cell Signalling Technology), phospho-p38 MAPK (1:1000 Cell
Signalling Technology), JNK (1:1000 Cell Signalling Technology), phospho-JNK
(1:1000 Cell Signalling Technology) overnight at 4°C. Then the goat anti-rabbit
(680 RD) florescent antibody was applied for 90 minutes at room temperature
(1:5000, LI-COR) prior to washing with PBS. Visualisation and quantification was
undertaken with the LI-COR Odyssey® scanner and software (LI-COR

Biosciences). Quantification was performed on ImageJ.

2.11 Statistical Analysis

The individual experiments involved 3 replicates per group. The data were
processed by SPSS, and calculated mean / standard deviation was used for
presentation in graphs and tables. Statistical differences between the experimental
groups were determined using the Analysis of variance (ANOVA) followed by

Tukey post-hoc analysis. p<0.05 was considered as statistically significant.

61



Chapter 3

Results

Isolation and Multipotency of rat

Mesenchymal Stem Cells
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3.1 Introduction

DPSCs, PDLSCs and BMSCs are three of the main stem cell sources used for
dental tissue regeneration with a significant amount of research reporting that
mechanical loading, such as orthodontic forces (Dhopatkar et al., 2005b), tensile
stretch (Han et al., 2008, Lee et al., 2008, Lee et al., 2010), hydrostatic pressure
(Yu et al., 2009) can affect matrix protein secretion, adhesion, proliferation and

differentiation of these cells.

Study of the responsiveness of DPSC, PDLSC and BMSC to LIPUS is of
considerable interest to enable this approach to be used as an adjuvant stimulus for
dental tissue regeneration. This chapter describes the findings relating to DPSC,
BMSC and PDLSC isolation from rat tissues and their subsequent characterisation

as MSC-like cells.
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3.2 Isolation and Culture of rat MSCs

Following protocols derived from previous studies (See 2.1), DPSC, BMSC and
PDLSC were isolated and subcultured for in vitro LIPUS treatment. The
heterogeneity in terms of cell morphology of passage 0 cells can be observed in all

stem cell types (Fig. 6)

3.2.1 Dental Pulp Stem Cells (DPSCs)

Digestion of the dental pulp using the trypsin-based protocol yielded ~5,000,000
cells from 8 incisors (derived from two 6-week-old male rats). Over the first week
of culture, the DPSCs expanded as distinct colonies which subsequently merged in

culture and the cells appeared fibroblast-like and spindle-shaped in morphology

(Fig. 5).

3.2.2 Bone Marrow Stem Cells (BMSCs)

After 24 h, a heterogeneous culture of BMSCs scattered evenly on the surface of
the culture flask was observed. Their polygonal cell shape was indicative as
BMSCs (Fig. 6). After 3-7 days of culture, 70% confluence was achieved and cells

were subcultured and expanded for further analyses.
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3.2.3 Periodontal Ligament Stem Cells (PDLSCs)

Digestion of the PDL with type | collagenase combined with trypsin yielded
~200,000 cells from ~20 molars obtained from two 6-week-old male rats. After 7-
14 days culture, the dissociated PDLSCs expanded as colonies which subsequently
merged (Fig. 6). The cell morphology also appeared spindle-shaped and fibroblast-

like. Cells were subsequently subcultured and expanded for further analyses.
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Figure 6. Representative phase-contrast images of primary cultures of DPSC, PDLSC and BMSC. Passage zero
cultures (PO) at 10X, 20X, 40X magnification, respectively. Scale bars represent 100m.
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3.3 Multipotency of rat MSCs

3.3.1 Dental Pulp Stem Cells (DPSCs)

DPSCs were cultured in osteogenic and adipogenic media to determine their
differentiation potential. Following osteogenic induction, mineralized nodules were
observed after culture for 3 weeks and mineralization was confirmed by ARS
staining. No mineralization was observed in the control cultures which were not
supplemented with lineage induction media (Fig. 7). DPSC demonstrated strong
potential for osteogenic differentiation by producing a large amount of ARS

positively stained, calcified nodules (Fig. 7).

In adipogenic induction, lipid-containing cells were observed after culture for 3
weeks. Oil red O staining highlighted the presence of lipid droplets within the cells.

No lipid droplets were observed in the control culture (Fig. 7).

3.3.2 Bone Marrow Stem Cells (BMSCs)

Mineralization was confirmed in the BMSC cultures by ARS staining which was
extensive following long-term culture in osteogenic-induction medium (Fig. 7). No
ARS stained mineralization was observed in control cultures (Fig. 7). In BMSC,

the mineralization was abundant and the calcified nodules formed a sheet-like
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calcified layer.

In adipogenic induction media, lipid-filled cells were observed after culture
following 3 weeks of induction (Fig. 7). No lipid droplets were observed in the

control group.

3.3.3 Periodontal Ligament Stem Cells (PDLSCs)

In osteogenic media, PDLSC cultures formed limited and scattered mineralized
nodules compared with DPSC and BMSC -cultures. No mineralisation was
observed in the control supplemented cultures (Fig. 7). Similarly, following
adipogenic induction, no lipid droplets were present in the control group (Fig. 7)

however lipid-filled cells were observed after culture for 3 weeks (Fig. 7).
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Figure 7. Differentiation induction analysis in DPSC, BMSC and PDLSC cultures. Osteogenic differentiation and
mineralization was evident by ARS staining for mineralization. Oil red O staining was used to
demonstrate lipid-filled cells to signify adipogenic differentiation. Representative images of three
experiments were obtained using a phase-contrast microscope. Scale bars represent 100m.
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3.4  Gene Expression Characterisation of rat MSCs

Semi quantitative RT- PCR (sgRT- PCR) analysis demonstrated the expression of
CD29, CD90, vimentin, Nanog, KIf4, DMP1, OCN, OPN and BSP (Fig. 8). CD29,
CD44, and vimentin are regarded as MSC markers; Nanog and Klf4 as pluripotent
markers; DMP1, OCN, OPN and BSP as hard tissue, mineralization-related
markers relevant to dental tissues. Relatively lower expressions of these genes, in
particular the MSC marker CD90, were observed in cultures in passage 4
compared with passage 2. Thus, passage 2 cells were used in all downstream

ultrasound studies.

3.4.1 Dental Pulp Stem Cells (DPSCs)

DPSCs in passage 2 and 4 showed differential expression of MSC and
mineralization markers (Fig. 8). DPSCs in passage 2 generally showed higher
relative gene expression levels of CD29, CD90, DMP1, OCN, OPN and BSP.
DPSCs in passage 4 showed the limited expression of CD90. However, DPSCs in
passage 4 demonstrated higher expression of the pluripotent marker Nanog. The
expression of KIf4 showed no statistical difference between passage 2 and 4

cultures.
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3.4.2 Bone Marrow Stem Cells (BMSCs)

For BMSC, cells in passage 2 and 4 showed differential expression of MSC and
mineralization markers, except pluripotent markers Klf4 and Nanog (Fig. 8).
BMSCs in passage 2 generally showed higher gene expression levels of CD29,
CD90, Vimentin, DMP1, OCN, OPN and BSP. Expression of KIf4 and Nanog
showed no statistical difference between cells in passage 2 and 4. Interestingly,

both BMSCs and DPSCs in passage 4 showed weak expression of CD90.

3.4.3 Periodontal Ligament Stem Cells (PDLSCs)

PDLSCs in passage 2 showed higher gene expression of CD90, DMP1, OCN and
OPN than passage 4 (Fig. 8). Expression of CD29, Vimentin, Nanog, Klf4 and
BSP showed no statistical difference between cells in passage 2 and 4. Compared
with DPSCs and BMSCs, PDLSCs showed limited differential expression levels of

the marker genes studied.
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Figure 8. sgRT-PCR analysis for gene expression profiles demonstrating the influence of passage on the
expression of genes related to the MSC and dental cell phenotypes. All three cell types expressed CD29,
CD90, vimentin, Nanog, KIf4, DMP1, OCN, OPN, and BSP. The expression of marker genes in passage
2 and passage 4 are analysed and compared against each other. *p<0.05, **p<0.01 and ***p<0.001
versus experiments. Values represent the mean £SD of three independent assays.
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3.5 Conclusion

The isolation and culture of DPSC, BMSC and PDLSC have been described
together with their osteogenic and adipogenic differentiation potential. The gene
expression of MSC markers, pluripotent markers and mineralization-related

markers were highlighted using sqRT-PCR.

In conclusion, the isolated DPSC, BMSC and PDLSC showed typical
characteristics of MSCs: 1) adherence to plastic surface, 2) multilineage
differentiation potential, and 3) stable expression of MSC markers. Compared with
passage 4 cells, passage 2 cultures displayed a higher expression of several
markers genes, hence the latter cultures were used for the experiments described in

the following results chapters.
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Chapter 4

Results

Effect of LIPUS on

Proliferation of rat MSCs
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4.1 Introduction

The biological effect of LIPUS on cells are dependent on intensity and treatment
duration but may also be cell type dependent (Hsu and Huang, 2004, Feng et al.,
2010). Stem cell proliferation is an important response during the processes of
tissue renewal, repair and regeneration (Cui et al., 2007, Sloan and Smith, 2007).
This chapter aimed to compare the effects of LIPUS on cell growth and
proliferation of DPSC, BMSC, and PDLSC and to identify the optimal parameters

for each stem cell lineage to underpin further study.

4.2 Cell Growth

Cells subjected to LIPUS were observed under phase-contrast microscopy. The
morphology of the cells post-LIPUS appeared to remain unchanged. However, the
post-treatment cells clustered in denser arrangements than the control group

potentially indicating an increase of cell growth post-LIPUS treatment (Fig. 9).
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Figure 9. Representative phase contrast microscope images of control and LIPUS
treated cells cultured for two days post-exposure. Images of cultures
were captured 20X magnification. Scale bars represent 200m.
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Cell growth was increased by LIPUS after two day-culture in all experimental
groups. However, the extent of the proliferative effects differed among cell types
(Fig. 10). Increase in cell numbers in response to LIPUS in rat MSCs ranked as:
DPSC < PDLSC < BMSC (Fig. 10). DPSC numbers increased by 14.1% (p<0.05)
and 20.2% (p<0.01) compared with non-treated controls following 5 and 20 min
750mW/cm? ultrasound exposure, respectively; PDLSC cell number increased by
27.0% (p<0.01) and 20.3% (p<0.05) following 5 min and 20 min 250mW/cm?
ultrasound exposure; BMSC numbers increased by 29.7% (p<0.01) and 50.2%
(p<0.01) following 5 min and 20 minutes 750mW/cm? ultrasound exposure (Fig.

10).

The effect of LIPUS on DPSC numbers was only evident after 250mW/cm? of
LIPUS or for PDLSCs after 750mW/cm?of LIPUS. In all groups, 5 min or 20 min
exposure duration exerted no statistical differences in cell numbers for the same
cell types and/or intensities (p>0.05). These findings indicated that low-intensity
ultrasound promoted cell growth increases dependent on intensities, but not on the

tested US exposure durations.
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Figure 10. The effect of ultrasound on DPSC, BMSC and PDLSC cell numbers following exposure to 1MHz
ultrasound at 250mW/cm? and 750mW/cm?. Results are expressed as percentage of viable cell number
after 48 h post-exposure. *P<0.05, **P<0.01, compared with controls which were untreated with respect
to LIPUS exposure.
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4.3  Effect of LIPUS on Cell Proliferation Analysed by BrdU Labelling

LIPUS increased cell proliferation of DPSC, BMSC and PDLSC, regardless of the
LIPUS treatment duration as determined by BrdU labelling. Proliferation of DPSC
was significantly increased in response to all ultrasound exposures with the highest
proliferation ratio resulting from 750mW/cm? treatment (Fig. 11). In BMSCs,
proliferation was equally increased in all ultrasound groups (p<0.05) while
750mW/cm? ultrasound induced a slightly higher increase in comparison with the
lower intensity (Fig. 11). Interestingly, PDLSC proliferation was significantly
increased following 5 min exposure to 250mW/cm? ultrasound (p<0.01) (Fig. 11).
Notably, the 5 min treatment group showed the higher stimulation with regards to

BrdU labelling as compared with the 20 min exposure group in PDLSC.
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Figure 11. LIPUS effect on cell proliferation as determined by BrdU labelling 24 h
after ultrasound treatment. Four ultrasound parameters were tested: 5
min 250mW/cm?, 20 min 250mW/cm?, 5 min 750mW/cm? and 20 min
750mW/cm?. *p<0.05 and **p<0.01 versus the untreated controls.
Values represent the mean percentage of BrdU positive cells = SD of
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4.4  Selection of Ultrasound Parameters for Future Cell Analyses

The above findings indicated that 1) LIPUS increased cell proliferation in a cell
specific way. 2) The intensity of LIPUS influenced the level of increase. 3) The
effect of extended treatment duration (20 min) did not produce a further significant

difference in cell proliferation of the different cell types.

In the following experiments, the specific parameters which stimulated the highest
level of increase in cell proliferation were selected. These were 5 min 750mW/cm?

for DPSC and BMSC:; 5 min 250mW/cm? for the PDLSC cultures.

4.5 Analysis of Levels of Proliferation-related Proteins Following US

Exposure

Western blotting was used to analyse levels of proliferation related proteins
including PCNA, c-fos and c-jun in DPSC, BMSC and PDLSC post-LIPUS
treatment. Level of proteins were normalized to that of GAPDH. The results
demonstrated that LIPUS increased the expression of the proliferation related
proteins analysed in DPSC, PDLSC and BMSC (Fig. 12). In DPSC and PDLSC, 4
h and 24 h after 5 min of ultrasound stimulation, the expression of PCNA, c-jun

and c-fos were increased. Interestingly, the highest level of PCNA and c-jun were
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observed 24 h after ultrasound while highest level of c-fos was observed 4 h after

ultrasound (Fig. 12 A,B,E,F).

In BMSC, the protein levels of c-jun increased time-dependently. However, unlike
DPSC and PDLSC, the highest level of PCNA and c-fos in BMSC were observed 4

h after ultrasound exposure (Fig. 12 C,D).
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Figure 12. Western blot analysis of proliferation related proteins in DPSC, BMSC
and PDLSC post-LIPUS treatment. Cell samples were treated by LIPUS
and collected at 4 and 24 h post-exposure. GAPDH was used to
normalise levels of protein in control and experimental groups. A, C, E):
Representative ~ Western-blotting image captured by LI-COR
visualization. B, D, F): colorimetric analysis showing quantification of
proliferation related proteins after LIPUS treatment. *p<0.05, **p<0.01
and ***p<0.001 compared with the untreated controls, n=3.
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4.6 Conclusion

Cell counts and BrdU staining analyses demonstrated LIPUS-induced changes in
cell growth and proliferation, respectively. These data were supported by Western
blot analyses showing the up-regulation of proliferation-related proteins (PCNA, c-
fos and c-jun) in all dental stem cells analysed (i.e. DPSC, BMSC and PDLSC).
The results indicated that the increase in proliferation is irrespective of LIPUS
treatment duration, but dependent on the LIPUS intensity. Thus, in all following
experiments, 5 min 750mW/cm? were applied to DPSC and BMSC and 5 min

250mW/cm? to PDLSC cultures.
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Chapter 5

Results

MAPK Signalling Following

Ultrasound Stimulation

This chapter has partly been published in Ultrasound Stimulation of Different

Dental Stem Cell Populations: Role of Mitogen-activated Protein Kinase
Signaling. J Endod, 2016. Q Gao, AD Walmsley, PR Cooper, BA Scheven.

42(3): p. 425-431
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5.1 Introduction

The mechanism by which LIPUS stimulates cells and tissues has generally been
attributed to its biomechanical component. Through acoustic microstreaming and
physical radiation, LIPUS may affect the cell membrane and the cytoskeleton to
trigger downstream signalling processes (Padilla et al., 2014). MAPKs (ERK, JNK
and p38 MAPK) have been demonstrated to play a role in mechanotransduction in
various cell types, such as bone cells (Liedert et al., 2006), periodontal ligament
cells (Kook and Lee, 2012), and muscle cells (Li and Xu, 2007). p38 and ERK
pathways have also been reported to control cell proliferation following

mechanical stimuli (Kook and Lee, 2012, Zhou et al., 2004).

This study analysed the cellular activation of ERK1/2, JINK and p38 MAPK after
LIPUS treatment to gain further insight into the signalling mechanisms

underpinning LIPUS-increased proliferation.
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5.2 Activation of p38, ERK1/2, INK MAPK after US Exposure

Specific ultrasound treatment parameters which promoted the highest level of cell
proliferation for each cell type (Section 4.3) were selected to analyse the activation

of signalling pathways following ultrasound treatment.

5.2.1 Dental Pulp Stem Cells (DPSCs)

DPSCs were treated with 750mW/cm? LIPUS for 5 min (see Chapter 4). In DPSC,
ERK1/2 was activated immediately post-treatment, followed by a decrease in the
activation level until 1h after ultrasound exposure. Levels then increased again and

remained relatively high up to 4 h post-treatment (Fig. 13).

5.2.2 Bone Marrow Stem Cells (BMSCs)

Ultrasound exposure of 5 min at 750mW/cm? was applied to BMSCs which led to
an increase in phosphorylation of INK MAPK (Fig. 13). Interestingly, JINK was
also activated immediately post-treatment, followed by a decrease until 1h after
ultrasound treatment, after which the JNK phosphorylation increased again and

remained relatively high for up to 4 h post-treatment (Fig. 13). This activation
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profile was similar to that detected in the US-induced ERK1/2 activation in

DPSCs.

5.2.3 Periodontal Ligament Stem Cells (PDLSCs)

For PDLSCs, 5 min 250mW/cm? was applied based on results presented in Fig. 9
(see Chapter 4). After ultrasound treatment, JNK MAPK was activated
Immediately and remained relatively high from 1 h to 4 h post-treatment (Fig. 13).
Activation of p-p38 MAPK was increased significantly only at 4 h after ultrasound

exposure (Fig. 13).
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Figure 13. Activation of MAPKSs is involved in ultrasound stimulated DPSC, BMSC and PDLSC proliferation. To

indicate the role of MAPK in ultrasound induced proliferation, total and phosphorylated MAPK pathway
protein (p-ERK1/2, p-JNK and p-p38) were determined by ELISA. The phosphorylation ratio was
calculated up to 4 h after ultrasound application. *p<0.05 and **p<0.01 versus the untreated controls.
Values represent the mean £SD of three independent assays.
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5.3 Long-term Activation of p38, ERK1/2, INK MAPK after US Exposure

Western blot analysis was performed in DPSC and PDLSC cultures to confirm
activation of the MAPK signalling pathways post-LIPUS and to determine whether
relatively long-term activation can be observed after the 5 min ultrasound
treatment. BMSC was not analysed in this section because ELISA has been done

prior to western blot.

ERK1/2, JNK and p38 MAPK (phosphorylated and total) were measured
quantitatively 4 h and 24 h after LIPUS treatment (Fig. 14). The results
demonstrated that MAPK phosphorylation increased in both DPSC and PDLSC
cultures and persisted for up to 24 h after LIPUS treatment. In DPSC at 24 h post-
LIPUS, the phosphorylation of ERK1/2 increased approximately 5-fold compared
with untreated controls and was 2-fold increased compared with 4 h post-LIPUS
treatment (Fig. 14B). In PDLSC, the highest level of JNK was observed 4 h after
LIPUS treatment and JNK phosphorylation decreased at 24 h compare with levels
at 4 h after treatment (Fig. 14G). Thus, long-term activation of MAPKSs in both cell
lineages post-LIPUS corresponded with previous short-term ELISA results

presented in Chapter 4.

Meanwhile, phosphorylation of p38 increased time-dependently in PDLSC after

LIPUS, and at 24 h after treatment the level of phospho-JNK was ~3-fold higher
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than the untreated control (Fig. 14H). Interestingly, while the above signalling
pathways were significantly activated, the phosphorylation of JINK MAPK in

DPSC, p38 MAPK in DPSC and ERK1/2 in PDLSC signalling pathways

decreased (Fig. 14 C,D,F).
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Figure 14. LIPUS effects on MAPK signalling in DPSC and PDLSC. A):
Immunoblotting image of DPSC and PDLSC when subjected to LIPUS
for 5 min and then processed for Western blot analysis 4 h and 24 h post-
treatment. B) — F): Change of MAPKS activation in DPSC and PDLSC
in long-term groups. The phosphorylated ratio MAPKSs are presented as
parameter of MAPK activation. Phosphorylated ratio = phospho-MAPKSs
/ total MAPKSs. *P<0.01, **P<0.01 and ***P<0.001 versus the untreated
controls. Values represent the mean £SD of three independent assays.
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54 Analysis of the Cellular Effects of Specific Inhibitors of ERK1/2, p38,
JNK MAPK Following LIPUS Exposure

Three MAPK inhibitors were used: PD98059 is a selective inhibitor of ERK1/2;
SB203580 is a selective inhibitor of p38 MAPK; and SP600125 is a selective INK
inhibitor (Kook and Lee, 2012). Application of 10pM of these inhibitors is the
recommended culture media concentration as reported in the literature, as well as
by the manufacturer (TOCRIS, Bristol, UK) (Kook and Lee, 2012). However, to
avoid cell type-specific cytotoxicity, the MTT assay was performed to select the
appropriate concentration for each cell type. Three concentrations were
subsequently selected for analysis: 10pM, 20pM and 40pM. Cell samples are
collected 24 h (Day 1) and 48 h (Day 2) after culture with inhibitor. With the
increase of inhibitor concentration, cell number generally decreased, and this was
especially apparent in the 40M exposure group (Fig. 15). Conclusively, 10pM

inhibitors was applied in the subsequent pathway inhibition experiments.
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Figure 15. Analysis of cytotoxicity of specific MAPK inhibitors using the MTT
assay. Three concentrations were tested: 10, 20 and 40pM. MTT assay
was performed 24 h and 48 h after treatment with inhibitors. The
absorbance values were obtained using an ELx800 plate reader (Biotek,
UK) at 590nm. *p<0.01 and **p<0.01 comparison between experiment
groups. Values represent the mean £SD for three independent assays.
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5.5 Specific Inhibition of MAPK Pathways Suppress Cell Proliferation
Following US Exposure

5.5.1 Dental Pulp Stem Cells (DPSCs)

By culture addition of PD98059, an ERK1/2 inhibitor, 2h prior to ultrasound
exposure, US-stimulated proliferation of DPSCs was abrogated indicating a key
role of ERK1/2 activation in regulating this process (Fig. 16). However, addition of
the JNK and p38 inhibitors SP600125 and SB203580 exerted no inhibitory effects

on LIPUS-induced proliferation.

5.5.2 Bone Marrow Stem Cells (BMSCs)

The LIPUS-induced proliferation was not observed in the JNK inhibition group (by
adding SP600125) indicating a key role of JNK activation in BMSC cultures.
BMSC proliferation was not inhibited by PD98059 and SB203580 culture
supplementation, excluding the role of ERK1/2 and p38 in BMSC LIPUS

activation (Fig. 16).

5.5.3 Periodontal Ligament Stem Cells (PDLSCs)

JNK inhibition by SP600125 and p38 inhibition by SB203580 in PDLSCs

subjected to ultrasound treatment blocked proliferation post-treatment. These data
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indicated involvement of both p38 and JNK MAPK signalling in PDLSC LIPUS

activation (Fig. 16).

5.6 Conclusion

LIPUS induced the activation of MAPKSs up to 24 h in a cell type-specific manner,
as shown by ELISA in combination with Western-blot analyses. In DPSC, ERK1/2
appears to be responsive to LIPUS, but not INK and p38 MAPK signalling. In
BMSCs, JNK signalling is sensitive to LIPUS treatment. However, JNK and p38

were both responsive to LIPUS in PDLSCs.
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Figure 16. MAPKSs inhibitors were used to identify the role of specific pathways in
cellular LIPUS activation. For DPSCs, ultrasound-induced cell
proliferation was inhibited by the ERKZ1/2 inhibitor. For BMSCs,
proliferation was inhibited by the JNK inhibitor, whilst in PDLSCs
inhibited by the JNK and p38 inhibitor. *P<0.05 and **P<0.01
compared with the untreated controls. #P<0.05 and ##P<0.01
comparison between experiment groups. Values represent the mean £SD
of three independent assays.
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Chapter 6

Results

Role of Piezo-type Mechanosensitive
lon Channels in LIPUS-induced

ERK1/2 MAPK Signalling

This chapter has in part, been submitted in a paper to a dental journal.

98



6.1 Introduction

Piezol and Piezo2 have been implicated in transferring mechanical forces into
biological signals by inducing cationic currents in various eukaryotic cell types,
such as endothelial cells and neural crest cells (Ranade et al., 2014, Schrenk-
Siemens et al., 2015). Interestingly, Piezol and Piezo2 channels might also be
involved in integrin activation to affect cellular migration, proliferation and
elongation (Volkers et al., 2015). The possible role of Piezol and Piezo2 as
upstream effectors of integrin-mediated MAPKS activation is therefore studied in

this chapter.

Currently only non-specific inhibitors are available for Piezo proteins (Bagriantsev
et al., 2014). In this study, Ruthenium Red (RR) was used which reversibly blocks
Piezol and Piezo2 channels from the extracellular environment. RR is also known
as an efficient polycationic pore blocker of TRP channels, which blocks Piezol
and Piezo2 induced mechanically activated (MA) currents (Bagriantsev et al.,

2014).

This chapter focused on the signalling mechanism of ultrasound stimulated
proliferation in dental stem cells (DPSC and PDLSC), thus BMSC was excluded in

the following experiments.
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6.2 Expression of Piezol and Piezo2 after US Exposure

Piezol and Piezo2 protein expression levels were measured quantitatively by
Western blotting in DPSC and PDLSC cultures. In DPSC, LIPUS increased
expression of Piezo2 time-dependently. At 24 h post-treatment, Piezoland Piezo2
were increased by ~3-fold. In PDLSCs, an increase of Piezol and decrease in
Piezo2 levels were noted after LIPUS treatment; however, these changes were not

found to be statistically significant (Fig. 17).
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Figure 17. Expression of Piezol and Piezo2 in DPSC and PDLSC cultures following LIPUS treatment as
determined by Western Blotting. A) and C): Immunoblotting image for DPSC and PDLSC protein
expression, 4 h and 24 h after LIPUS exposure (LIPUS parameters see Section 4.3). Protein levels of
Piezol and Piezo2 were normalized against GAPDH levels. *P<0.05 and ***P<0.001 compared with the
untreated controls. Values represent the mean =+ SD for three independent assays.
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6.3 Piezo Inhibitor Ruthenium Red Cytotoxicity Analysis

The MTT assay was performed to determine the cell type-specific cytotoxicity of
RR. No significant difference in terms of cytotoxicity between the different
concentrations tested were detected (Fig. 18). Thus, 20M RR was used for the
experiments, which also corresponded with concentrations used in the literature
(Szallasi and Blumberg, 1999, Xu et al., 1999) and, was in accordance with the
manufacturer’s (Sigma-Aldrich, UK) recommendation. RR was added 5 min prior

to US application to provide an optimal inhibition effect.
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Figure 18. MTT assay to determine the cytotoxicity of Ruthenium Red. Three
concentrations were tested: 5uM, 10pM and 20pM. Control group was
cultured with OpM inhibitor. MTT solution was added 24 h after
exposure of cultures to RR. The absorbance (Optical Density; OD) was
measured in an ELx800 plate reader (Biotek, UK) at 590nm. Values
represent the mean =SD for three independent assays.
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6.4 Inhibition of Piezol and Piezo2 Suppress ERK1/2 MAPK

The effects of RR on MAPK phosphorylation was initially evaluated by ELISA.
Six groups were used which included: control, 5 min post-LIPUS, 1 h post-LIPUS,
control with RR, 5 min post-LIPUS with RR, 1 h post-LIPUS with RR (Fig. 19).
Consistent with previous data (Section 5.2), ERK1/2 MAPK was activated in
DPSC after LIPUS treatment, but only JNK and p38 MAPK were activated in

PDLSC 5 min or 1 h after LIPUS exposure.

In the RR pre-treated groups, ERK1/2 phosphorylation was significantly decreased
by ~75% (Fig. 19 A, D) at one hour after LIPUS treatment, while ERK1/2
increased time-dependently in RR-free LIPUS treated groups, pre-treated DPSC
and PDLSC both showed a decrease in ERK1/2 phosphorylation. However,
addition of RR was not correlated with the change of JINK or p38 activation in both

DPSC and PDLSC (Figure 19 B, C, E, F).

Conclusively, Piezol and Piezo2 inhibition blocks ERK1/2 activation which is not
cell type-specific. These findings indicate that Piezo proteins are intimately

involved in the ERK1/2 MAPK signalling.
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Figure 19. Effects of Ruthenium Red (RR) on ERK1/2 MAPK activation after
LIPUS treated DPSCs and PDLSCs. Experimental groups were treated
by RR and LIPUS. A) B) C): Change of ERK1/2, JNK and p38 MAPK
activation with/without LIPUS and RR in DPSC. D) E) F): Change of
ERK1/2, JNK and p38 MAPK activation with/without LIPUS and RR in
PDLSC. *p<0.05, **p<0.01 and ***p<0.001 compared with the
untreated controls. ###p<0.001 comparison among RR groups. Values
represent the mean £SD of three independent assays.
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6.5 Piezo Inhibitor Suppresses Cell Proliferation After US Exposure

In order to clarify if Piezo 1 and Piezo 2 are involved in LIPUS-induced
proliferation, the pharmacological inhibitor (RR) of Piezol and Piezo2 was added
5 min prior to LIPUS treatment. Interestingly, adding RR prior to LIPUS treatment
inhibited proliferation 24 h post-treatment, compared with RR-free LIPUS treated
groups in DPSC cultures (Fig. 20). In addition, groups treated with RR only (no
LIPUS exposure) showed no change in proliferation ratio for DPSCs 24 h post-
treatment. However, the increase of proliferation of PDLSC by LIPUS was not
reduced by RR and showed no statistical difference with the RR-free group (Fig.

20).
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Figure 20. Effects of the piezo inhibitor RR on proliferation of DPSCs and
PDLSCs as determined by BrdU labelling. RR decreased proliferation in
LIPUS-treated DPSC but not in PDLSC cultures. *p<0.05 compared
with the untreated controls. #p<0.05 comparison between experiment
groups. Values represent the mean +=SD of three independent assays.
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6.6 Conclusion

LIPUS led to a significant increase in Piezol and Piezo2 protein expression in
DPSCs but not in PDLSCs. Inhibition of Piezo proteins by RR abrogated activation
of the ERK1/2 MAPK pathway and proliferation of DPSCs. These experiments
indicated the involvement of Piezol and Piezo2 in LIPUS-activated ERK1/2

MAPK signalling in DPSC.
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Chapter 7

Discussion
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Chapter 7 Discussion

Low intensity pulsed ultrasound is seen as a healing approach. The literature has
used different methods of applying LIPUS to different therapeutic conditions and
cells as previously discussed (Section 1.4 and 1.5). Dental tissue regeneration is of
great interest and previous work has shown US-induced change of cell behaviours
(Man et al.,, 2012a, Man et al., 2012b). The previous work characterised the
therapeutic effects of LIPUS on dental stem cells and elucidated potential
signalling mechanisms involved in LIPUS stimulation. The overall aim of this
study was to evaluate the potential of LIPUS in stem cell-based dental tissue

regeneration and then the objectives were as follows:

1) Isolation and characterization of dental stem cells;

2) Evaluation of the biological effect of LIPUS and selection of the most

effective US parameters

3) Study of the underlying MAPK signalling processes activated by LIPUS.

For this work, rodent mesenchymal stem cell types were isolated: DPSC, BMSC
and PDLSC. LIPUS parameter-dependently promoted the proliferation of DPSC,
BMSC and PDLSC. ERK1/2 MAPKSs have been proven to be involved in the

signalling processes of DPSC, whereas JNK and p38 have been proven to be
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involved in BMSC and PDLSC (See Supplement paper). Piezol/2 located on cell
membrane could possibly be mechanically activated by LIPUS and participate in

ERK1/2 MAPK signalling.

The acoustic low-intensity pulsed energy of LIPUS has been shown to be
beneficial for bone repair and wound healing (Romano et al., 2009, Khanna et al.,
2009). There are properties of the ultrasound that are causing beneficial changes in
the tissues. Ultrasound delivery is a non-invasive treatment which is relatively easy
to apply, safe and inexpensive. This makes it very attractive as a means of
stimulating the expansion of stem cells. LIPUS particularly exerts mechanical
stimuli which effect intracellular mechanotransduction and signalling. LIPUS
affect cells most likely through microstreaming and radiation force which
generates oscillating strain on cell membrane (Padilla et al., 2014). What happens
to the cell membranes after LIPUS-induced strain on the cells is an unknown field,
however, we can speculate that the push and pull forces might cause membrane to
be more penetrable and also change of mechanosensitive membrane molecules i.e.
integrins, ion channels, focal adhesions (Schwartz and DeSimone, 2008). As a
result, the related downstream signalling pathways and cellular processes are likely
to be activated by LIPUS (Ren et al., 2013). Supportively, mechanical forces and

LIPUS activate similar intracellular signalling such as the MAPK, Rho ROCK, and
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Wnt pathways (Dyson and Brookes, 1983, Zhou et al., 2004, Mahoney et al.,

2009).

Indeed, several commercial devices have been developed for therapeutic
application, however, current clinical utilization of LIPUS remains limited. This
shortcoming might be explained for a variety of reasons and include 1)
controversies on the therapeutic efficacy of LIPUS; and 2) limited information
with regard to the mechanism of action of LIPUS (Mitragotri, 2005, Tanaka et al.,
2015). Thus, the current status of LIPUS treatment on bone fracture healing
corroborates the importance of determining the most efficient LIPUS parameter

and the mechanism underlying its therapeutic effects (Dyson and Brookes, 1983).

In the tissue engineering field, LIPUS is reported to promote stem cell proliferation,
differentiation and matrix production to accelerate regenerative events (Ebisawa et
al., 2004, Cui et al., 2006, Lee et al., 2006). It may therefore provide an ideal
stimulus for dental tissue regeneration by stimulating endogenous stem cells to
home and/or promote their expansion (Scheven et al., 2009b). This work focuses
on identifying how LIPUS affects the proliferation of DPSCs and compared this

with the responses of PDLSCs and BMSCs.
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7.1 Isolation and Characterization of DPSC, BMSC and PDLSC

Odontoblasts, periodontal ligament cells, cementoblasts, gingival fibroblasts, and
osteoblasts have all been reported to be responsive to ultrasound exposure; and
these cell types are important in craniofacial and dental tissue homeostasis and
repair (Inubushi et al., 2008, Shiraishi et al., 2011, Man et al., 2012b). Postnatal
stem cells isolated from a variety of tissues have been used for tissue regeneration
in vitro and in vivo (Huang et al., 2009), and in this study, MSCs derived from

dental pulp, periodontal ligament and bone marrow were adopted.

Adult MSCs separated from tissues are heterogeneous (Phinney, 2012). The
heterogeneity between experiments however of the MSCs used could be minimised
by utilising the following criteria: 1) adherence to culturewear surfaces in standard
culture medium; 2) differentiation ability into osteoblasts, adipocytes, and/or
chondroblasts under standard in vitro induction conditions, and 3) expression of

certain cell surface antigens (e.g. CD29, CD90 and CD105) (Dominici et al., 2006).

Initially, the transcriptional analyses confirmed the expression of a range of MSCs
markers. Subsequently, the osteogenic and adipogenic differentiation potential of
the dental MSCs (DPSC, PDLSC) was demonstrated following osteogenic and
adipogenic induction. DPSC and BMSC cultures demonstrated a greater ability for

osteogenic and adipogenic differentiation compared with PDLSC as demonstrated
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by ARS and ORO staining, respectively. As the semi-quantitative methods of ARS
and ORO by extracting the dye manually are reported to lack precision (Zou and
Shen, 2007), RT-PCR analyses of mineralization-related markers were performed

on the isolated stem cells to substantiate these initial differentiation observations.

Interestingly, different patterns of mineralization were observed in various studies.
Previously, DPSC displayed a sheet-like layer of mineral while ADSCs and
BMSCs demonstrated more scattered mineralised nodule formation (Davies et al.,
2015). However, analyses by others have underscored that the potential of DPSC
for osteogenic differentiation was higher than that of BMSC (Davies et al., 2015).
In this study, the pattern of mineralization in BMSC and DPSC demonstrated the
converse (Fig. 7). Indeed, the mineralization nodules of DPSC appeared discrete
while that of BMSC were merged together and densely displayed. This
phenomenon might be explained by the fact that the pattern of mineralization is not
dependent singularly on cell lineages, but also on experimental conditions, such as
cell isolation / culture approaches, composition of induction medium, cell growth

profiles, and cell viability.

Previous work from this group has confirmed the expression of CD29 and CD90 in
rat DPSC and BMSC by flow cytometry, which also demonstrated the multi-

differentiation potential of different MSC types (Davies et al., 2014, Augello et al.,
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2010). A range of MSC surface markers, pluripotent markers as well as
mineralization-related markers were analysed by RT-PCR, as good monoclonal
antibodies required for flow cytometry are relatively difficult to obtain for rat-
derived cells. Gene expression analysis demonstrated distinct expression of MSC,
pluripotent and mineralization-related markers. Interestingly, passage 4 cells
consistently showed lower expression of these markers compared with passage 2
cells, the expression of CD90 in particular, in all MSC culture types. Combined
with evidence from the literature, passage 2 cells ware adopted in all experiments

(Elkhenany et al., 2016).
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7.2  LIPUS Promoted Proliferation of rat MSCs

To determine the optimal efficacy of LIPUS delivery for different tissue-derived
MSCs, the biological effects of ultrasound exposure duration and intensity
conditions were compared. According to the data obtained, a single 5-min LIPUS
treatment significantly promoted proliferation of DPSCs, PDLSCs and BMSCs.
This result suggests that LIPUS can promote MSC expansion in stem cell-based
therapy. Interestingly, the time of LIPUS exposure as determined from this
investigation (5 or 20 min) was not a critical factor in LIPUS-induced DPSC and
PDLSC proliferation. This is consistent with a well-established biomechanical
theory that proposes that mechanosensitive cells can become sensitised following
long-term mechanical loading (Schriefer et al., 2005). The results presented here
indicate that a 5-min exposure of LIPUS is adequate for stimulating proliferation,
and a longer treatment would not further enhance these biological effects.
Clinically, 20-min LIPUS for daily treatment is widely applied for bone repair,
however, the findings presented here suggest that shorter treatment duration may
be adequate to achieve the same treatment efficacy (Khanna et al., 2009, Schriefer
et al., 2005). Notably, the ultrasonic transduction environment in monolayer cells
in vitro are largely different from cells reside in in vivo tissue. Thus, further in vivo
research regarding the time-dependent effects of LIPUS need to be performed to
warrant the 5-min treatment to be sufficient for therapeutic purposes.
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There are reports indicating that DPSCs and PDLSCs are responsive to various
mechanical stresses (Dhopatkar et al., 2005a). The dynamics of proliferation,
differentiation and ECM secretion could be related to mechanical stimuli such as
compression, stretch, and hydrostatic pressure (Han et al., 2008). Interestingly, in
this study, proliferation of DPSC and BMSC were maximally promoted after
750mW/cm? treatment whilst PDLSC proliferate reached a maximum at
250mW/cm? LIPUS. Besides, the RT-PCR results showed varied expression level
of pluripotent/differentiation markers among DPSC, BMSC, and PDLSC. It may
be deduced that postnatal MSCs derived from different tissues may represent
tissue/niche-specific biological characteristics, which may explain why MSCs
respond in a distinct manner to different LIPUS intensities (Augello et al., 2010). It
could be speculated that the reason why DPSCs are less responsive to mechanical
intensity might be their residence in the hard-tissue-enclosed dental pulp which
protects them from constant mechanical stimulation, unlike PDLSCs subjected to
continual and dynamical mechanical forces such as biting and orthodontic forces.
However, further biological evidences are required to fully understand the

differences in various lineages of MSCs.
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7.3  MAPKs Mediate Increase of Cell Proliferation Induced by LIPUS

This study investigated intracellular signal transduction post-LIPUS via activation
of MAPKs by analysing their phosphorylation levels using ELISA and Western

blotting techniques.

The results obtained indicated that the proliferation of DPSC was dependent on
ERK1/2 MAPK signalling, while BMSC and PDLSC proliferation was dependent
on JNK and p38 MAPK signalling. MAPK inhibition suggested that the dental
stem cell proliferative response to ultrasound was linked to specific MAPK
pathways. Thus, ERK1/2 may participate in regulating LIPUS-induced DPSC
proliferation, whereas in BMSCs, JNK activation may represent the main
regulatory signalling pathway. Furthermore, data presented here indicated that,
JNK and p38 signalling may be both involved in stimulation of PDLSC
proliferation. These specific MAPKs were activated immediately post-LIPUS and
remained activated for up to 24 h post-LIPUS treatment. The fact that the single
LIPUS treatment still resulted in a subsequent increase in MAPK activation
underlines the potential long-acting benefits of therapeutic ultrasound (Man et al.,

2012b).

The role of MAPKSs is to enable a cellular response to extracellular stimuli and

rapidly facilitate further downstream intracellular signalling, which ultimately
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leads to altered gene expression, molecular and cellular behaviour (Zhang and Liu,
2002). The up-regulation of the proliferation related genes, c-jun, c-fos and PCNA,
post-LIPUS as observed here could be explained by the down-stream regulation

following activation of MAPKSs.

Notably, a pattern of MAPK pathway activation was observed in all the MSC types
studied, which comprised a reduction of relevant phosphorylated MAPKSs
following the initial activation (phosphorylation). This phenomenon may be
explained as the de-phosphorylation phase in the process of enzymatic alternating
phosphorylation-dephosphorylation, which is an intracellular homeostatic

mechanism to regulate cell function and mitosis (Bononi et al., 2011).

It should be noted that due to the limitations in the pharmacological inhibitors used,
including off-target effects, cytotoxicity and transience of effect (Wauson et al.,
2013), further work is needed to specify the role of each MAPK pathway.
Application of RNA interference (RNAI) techniques to silence specific genes may

be more informative and enable pathway-specific data to be generated.
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7.4  Piezol and Piezo2 are Upstream Effectors of ERK1/2 MAPK

Piezo proteins (Piezol and Piezo2) are membrane bound pore-forming ion
channels which have recently been highlighted as mechanically activated (MA)
and are expressed by several mammalian cell types (Coste et al., 2012). Piezol and
Piezo2 proteins have been identified to be encoded by the FAM38A and FAM38B
genes, respectively (Lee et al., 2014). Studies have reported that Piezol is
expressed in human PDL cells, is associated with the NF-xB signalling pathway

and involved in mechanical stress—induced osteoclastogenesis (Jin et al., 2015).

Derived from different mesenchymal origins during embryonic tooth development,
DPSCs (from dental papilla) and PDLSCs (from dental follicle) are two of the
most widely studied dental stem cells (Huang et al., 2010). In previous group work,
DPSCs and PDLSCs showed diverse signalling mechanism in LIPUS-induced cell
proliferation, possibly reflecting their different embryonic origins. To determine
whether Piezo proteins might be important mechanotransduction components in
MSCs, this research focused on DPSCs and PDLSCs which are biologically
representative of dental stem cells characteristic. Initially, Western-blotting was
performed to analyse the expression of piezo proteins in DPSCs and PDLSCs and
to identify the possible association of the Piezo proteins with LIPUS induced

responses. Notably Piezo proteins have reportedly shown the highest expression in
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kidney and lung tissue, whilst their expression in rat dental tissue has not been
shown (Volkers et al., 2015). In this study, the presence of Piezol and Piezo2
proteins in rat DPSC and PDLSC was demonstrated for the first time. Piezol and
Piezo2 levels were significantly increased after LIPUS treatment in DPSC,
however this phenomenon was not observed in PDLSCs. These observations
underline the cell specific differences between these dental MSC types. These
findings also indicate that Piezol and Piezo2 are responsive to LIPUS in DPSCs
and may possibly be involved in their LIPUS-induced responses. It may be
postulated that Piezo proteins might only be linked to specific MAPKSs (such as
ERKZ1/2 which involved in LIPUS stimulation of DPSC), but not other MAPKSs

due to the differential activation profiles of MAPKSs in specific types of stem cells.

To elucidate the role of Piezol and Piezo2 following LIPUS exposure, an inhibitor
of Piezos: Ruthenium Red (RR) was applied. RR is a polycationic pore blocker of
transient receptor potential (TRP) channels, which blocks Piezol- and Piezo2-
induced MA currents (Coste et al., 2012, St Pierre et al., 2009). TRP channels are a
group of ion channels located on the membrane of most cell types. RR blocks the
pore of Piezo-induced MA channels from the extracellular surface, reportedly
exerting its strongest inhibitory effect 5 to 20 min prior to LIPUS stimulation
(Zagorodnyuk et al., 2005). lon channels like Piezol and Piezo2 are also reported

to be able to react immediately after external stimuli are delivered to cells. RR only
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exerts transient blocking effect on ion channels, thus 5 min and 1 h time points
were selected accordingly to show the immediate and direct effect of RR/Piezos
inhibition on MAPK signalling (Xu et al., 1999). In the ELISA experiments
performed here, a rapid decrease of ERK1/2 was observed, whilst the JNK and p38
assays showed no statistical difference in levels in both DPSC and PDLSC after
RR treatment. These findings indicate the potential close correlation of Piezo

proteins and ERK1/2 phosphorylation in dental stem cells.

Finally, cell proliferation analysis was undertaken using the BrdU incorporation
assay to study the possible functional/causal role of Piezos in LIPUS induced
proliferation. RR not only inhibited ERK1/2 activation, but also inhibited the
stimulation of proliferation after LIPUS treatment of DPSC. Conversely, although
RR inhibited ERK1/2 activation in PDLSCs, it exerted no effects on the increase in
PDLSC proliferation post-LIPUS. These data suggested that other mechanisms are
involved in LIPUS mechanotranduction in PDLSCs, potentially involving other
mechano-responsive elements such as integrins and cytoskeleton signalling
(Katsumi et al., 2004, Wu et al., 1999). Overall, these data underscore the intrinsic
differences between these two dental MSC types which possibly may be traced
back to their different embryonic origins, i.e. DPSC (dental papilla) and PDLSC

(dental follicle) (Thesleff et al.,, 1995), and/or their tissue/niche-specific
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microenvironment which closely regulate the stemness and function of stem cells

(Gattazzo et al., 2014).

However, it should be noted that RR is non-specific inhibitor of most TRP
channels. Thus, a more specific inhibition of Piezol and Piezo2 should be applied
in future experiments to clarify the specific role of Piezol and Piezo2. At this stage,
it can be concluded that LIPUS may promote cation transport via TRP/calcium
channels which are directly related to ERK1/2 MAPK activation. Studies have
proved that low intensity US led to a rise of calcium flow and that proliferative
effects of LIPUS closely dependent on Ca?* receptors (Alvarenga et al., 2010). lon
channels like Piezol/2 located on membrane are likely to be opened up by
ultrasound thus cation transport are enhanced and acted as secondary messenger to

trigger dynamic signalling processes.

PCNA, c-jun and c-fos are closely involved in the progression of cell cycle which
determine proliferative responses of cells. c-Jun and c-Fos combine to form the
activator protein-1 (AP-1) which is known as the early response transcription
factor, which was upregulated by LIPUS in rat BMSCs (Sena et al., 2005). In our
study, LIPUS increases expression of PCNA, c-jun and c-fos. It was reported that
the rise in expression of early response genes c-Fos, ¢c-Jun and c-Myc post-LIPUS

treatment could be further abrogated by ERK inhibition (Louw et al., 2013). These
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studies further enhanced our hypothesis that Piezol/2 are possible membrane ion
channels which are opened up by LIPUS and led to the rise of calcium flow which
acted as secondary messenger to activate ERK1/2 MAPK to increase the

progression of cell cycle by upregulated PCNA, c-fos and c-jun.

To summarise, Piezol and Piezo2 may be important membrane components
involved in transduction of mechanical stimuli generated by LIPUS to the
intracellular cytoplasm, activating the downstream cascades of ERK1/2
phosphorylation, followed by induction of mechanical response element genes, and

ultimately leading to an increase in cell proliferation (Fig. 21).

124



%LIPUS mechanical stimuli

I I Cell membrane

!

c-fos/c-jun

|

v

Stress

/L):&sﬁp;::y

Nucleus

Figure 21. Diagrammatic representation of the possible signal transduction
pathways stimulated by LIPUS in DPSCs. Mechanical stimuli generated
by LIPUS treatment stimulate piezo channels located on the cell
membrane and the associated ERK1/2 MAPK signalling. The signal
cascade transduces to mechanical/stress response elements in the cell
nucleus which affects cell cycle progression and cell proliferation.
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7.5 Conclusion

This study indicated that LIPUS is able to promote the proliferation of dental
MSCs. Within the settings used, the exposure duration was found to be less
important than intensity. LIPUS-stimulated proliferation is dependent on
differential activation of MAPK signalling pathways in the different MSC types.
Initial and novel evidences are provided to support an important and distinct role of
Piezol/2 in LIPUS stimulated proliferation and ERK1/2 MAPK signalling. The
role of Piezol/2 to activate ERK1/2 MAPK in particular may lead to other stem

cell responses other than proliferation which could be studied in the further.

The findings also shed light on intrinsic differences between MSCs from different
sources including dental tissues, which might have important implications for
future stem cell-based dental tissue regeneration (Ghorayeb et al., 2013). The
optimization of stem-cell-based tissue regeneration in the further should consider
the cell lineage-dependent characteristics, which may contribute to select optimal
stem cell lineage and stimuli to gain the maximum regenerative outcome, e.g
parameters of mechanical stress, the use of growth factors, the selection of various

biomaterials, and the set-up of particular micro-environment.
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7.6 Clinical Significance/Applications and Future Research

This study showed LIPUS-promoted proliferation of dental stem cells and the
possible underlying signalling mechanism, which corroborated the clinical
potential of LIPUS in treating dental diseases. However, much work remains to be

done to strengthen our conclusions and also to achieve bench-clinical transitions

For further experiments,

1) siRNA could be used to determine the specific role of MAPKs in LIPUS-
induced signal transduction.

2) siRNA could be used to determine the specific role of Piezol/2 in LIPUS-
induced signal transduction.

3) Other membrane molecules related in the mechanotranduction processes, i.e.
focal adhesions, integrins, ion channels.

4) Other signalling pathways related in the mechanotranduction processes such as
Rho ROCK and Whnt.

5) A wider range of ultrasound parameters can be investigated.

6) Other aspects of LIPUS-induced biological effects will also be interesting to

investigate, such as migration and differentiation of DPSCs and PDLSCs.
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7) More importantly, in vivo experiments could be designed to realize the
development of clinical LIPUS devices for treatment of dental tissue injury and

regeneration in the future.
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