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This review describes the role of bone cells and their surrounding matrix in maintain-
ing bone strength through the process of bone remodeling. Subsequently, this work
focusses on how bone formation is guided by mechanical forces and fluid shear stress
in particular. It has been demonstrated that mechanical stimulation is an important
regulator of bone metabolism. Shear stress generated by interstitial fluid flow in the lacu-
nar-canalicular network influences maintenance and healing of bone tissue. Fluid flow is
primarily caused by compressive loading of bone as a result of physical activity. Changes
in loading, e.g., due to extended periods of bed rest or microgravity in space are asso-
ciated with altered bone remodeling and formation in vivo. In vitro, it has been reported
that bone cells respond to fluid shear stress by releasing osteogenic signaling factors,
such as nitric oxide, and prostaglandins. This work focusses on the application of in vitro
models to study the effects of fluid flow on bone cell signaling, collagen deposition,
and matrix mineralization. Particular attention is given to in vitro set-ups, which allow
long-term cell culture and the application of low fluid shear stress. In addition, this review
explores what mechanisms influence the orientation of collagen fibers, which determine
the anisotropic properties of bone. A better understanding of these mechanisms could
facilitate the design of improved tissue-engineered bone implants or more effective bone
disease models.
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1. BONE PHYSIOLOGY

Bone is a highly specialized, rigid tissue which provides structural support for the body, allows
movement through muscle attachment sites, protects organs, and serves as calcium and growth
factor storage (Clarke, 2008). Bone has the power to regenerate and repair constantly throughout
the entire life. This process, referred to as bone remodeling, involves different cell types and can be

Abbreviations: ALP, alkaline phosphatase; ATP, adenosine triphosphate; BMP-2, bone morphogenetic protein 2; BSP, bone
sialoprotein; COX-2, cyclooxygenase-2; Cx43, connexin 43; DMP-1, dentin matrix protein 1; DNA, deoxyribonucleic acid;
ECM, extracellular matrix; ER, endoplasmic reticulum; FGF-23, fibroblast growth factor 23; FSS, fluid shear stress; hFOB,
human fetal osteoblast-like cells; hOB, human osteoblast-like cell; ISE interstitial fluid; LCS, lacunar-canalicular system;
M-CSE macrophage colony-stimulating factor; MSC, mesenchymal stem cell; NO, nitric oxide; OCN, osteocalcin; OPG,
osteoprotegerin; OPN, osteopontin; PIV, particle image velocimetry; PPFC, parallel-plate flow chamber; PGE,, prostaglandin
E»; RANK, receptor activator of nuclear factor kappa-B; RANKL, receptor activator of nuclear factor kappa-B ligand; RNA,
ribonucleic acid; Runx2, Runt-related transcription factor 2.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1

November 2016 | Volume 4 | Article 87


www.frontiersin.org/Bioengineering_and_Biotechnology
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2016.00087&domain=pdf&date_stamp=2016-11-15
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://dx.doi.org/10.3389/fbioe.2016.00087
www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:c.perrault@sheffield.ac.uk
http://dx.doi.org/10.3389/fbioe.2016.00087
http://www.frontiersin.org/Journal/10.3389/fbioe.2016.00087/abstract
http://www.frontiersin.org/Journal/10.3389/fbioe.2016.00087/abstract
http://www.frontiersin.org/Journal/10.3389/fbioe.2016.00087/abstract
http://loop.frontiersin.org/people/255751
http://loop.frontiersin.org/people/50710
http://loop.frontiersin.org/people/120150
http://loop.frontiersin.org/people/254668

Wittkowske et al.

In Vitro Bone Cell Models

initiated in response to changes in biomechanical loading or to
replace old, microdamaged bone with new, mechanically stronger
bone (Kini and Nandeesh, 2012).

1.1. Bone Remodeling

Bone remodeling is an essential process in maintaining bone
strength and mineral homeostasis. Remodeling allows the repair
of old and damaged bone and adjustment of the bone’s archi-
tecture to changes in external loading. Specialized cells, namely
osteoclasts which remove mineralized matrix and osteoblasts
which deposit new bone matrix, work together during this pro-
cess. Their collaboration is tightly controlled through biochemi-
cal pathways (Hadjidakis and Androulakis, 2006). For example,
the release receptor activator of nuclear factor kappa-B ligand
(RANKL) by osteoblasts induces osteoclast activation through
binding to RANK receptors on the surface of osteoclast precur-
sors. This process can be inhibited by osteoprotegerin (OPG)
which competitively binds to RANKL (Boyce and Xing, 2008).
The remodeling cycle (Figure 1) is composed of four consecutive
phases (Clarke, 2008):

o Activation: hormonal or physical stimuli recruit mononuclear
pre-osteoclasts from the circulation to the bone remodeling
site. Following attachment to the bone surface, cells fuse to
multinucleated osteoclasts.

o Resorption: osteoclasts initiate resorption of organic and
mineral bone components which takes between 2 and 4 weeks.

Osteoclasts form characteristic Howship’s lacunae in trabec-
ular bone and a cutting cone in cortical bone. After these
cavities reach a certain size, apoptosis of osteoclasts terminates
bone resorption (Sikavitsas et al., 2001).

o Reversal: the resorbed surface is smoothed by mononuclear
macrophage-like cells and prepared for matrix deposition.

o Formation: osteoblasts lay down new bone by secreting a colla-
gen matrix and controlling its mineralization. Throughout this
process, some osteoblasts become buried within the matrix
and differentiate to osteocytes which reside in the fully min-
eralized lacunar-canalicular system (LCS). After 4-6 months,
this phase is completed and osteoblasts either turn into
bone-lining cells or enter apoptosis.

In cortical bone, a remodeling rate of 2-3% per year is sufficient
to maintain bone strength. Trabecular bone presents a higher
turnover rate, indicating the importance of bone remodeling for
calcium and phosphorus metabolism (Clarke, 2008).

1.2. Bone Cells

Bone cells work together in a coordinated way during bone
remodeling by maintaining a balance between osteoblasts depos-
iting new bone tissue, osteoclasts breaking down bone matrix,
and osteocytes orchestrating the activity of osteoblasts and
osteoclasts as a response to mechanical loading (Hadjidakis and
Androulakis, 2006; Bonewald and Johnson, 2008).

Microdamage or Activation of Osteoclastic Reversal Osteoblastic Mineralization)
change in osteoclast bone bone osteocyto-
mechanical stress progenitors resorption formation genesis
RANKL mesenchymal ’
RANK stem cell
osteoclast - C .
progenitor apoptotic
apoptotic osteoblast

OP

bone lining cells

osteoclast

osteoclast

osteond

macrophage

osteocyte

FIGURE 1 | Bone remodeling cycle. Bone remodeling is initiated by microcracks or changes in mechanical loading and consists of four consecutive steps:
activation, resorption, reversal, and formation. Activation of osteoclasts is controlled through the RANK/RANKL/OPG pathway. Following bone deposition,
osteoblasts can differentiate to osteocytes (osteocytogenesis), turn to bone-lining cells, or enter apoptosis.
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1.2.1. Osteoblasts

Osteoblasts are bone-forming cells which are derived from mes-
enchymal stem cells (MSC) (Caplan, 1991). MSCs differentiate
into osteoblasts under the appropriate stimuli, but they can also
turn into cartilage, muscle, tendon, and fat cells (Caplan and
Bruder, 2001). The osteoblast differentiation and maturation
process is governed by both mechanical and biochemical path-
ways. For example, Runt-related transcription factor 2 (Runx2)
is essential in preosteoblast development where it activates
osteoblast-specific genes, including osteopontin, type I collagen,
osteocalcin, and alkaline phosphatase (ALP) (Ducy et al., 1997;
Xu et al., 2015). Mature osteoblast differentiation is controlled by
the Wnt signaling pathway, which is activated either by hormones
or mechanically (Westendorf et al., 2004).

The morphology of preosteoblasts is very similar to fibro-
blasts; however, the latter are not able to produce a mineralized
matrix. Mature osteoblasts are typically cuboidal in shape (Franz-
Odendaal et al., 2006). Osteoblasts directly regulate bone matrix
synthesis and mineralization by their own secretion mechanism.
Bone resorption is indirectly controlled by osteoblasts through
paracrine factors acting on osteoclasts. For example, the release
of receptor activator of RANKL initiates bone resorption through
binding to RANK receptors on the surface of osteoclast precur-
sors (Boyce and Xing, 2008).

The average life-span of osteoblasts ranges from a few days
to about 100 days (Rosenberg et al., 2012). At the end of their
life, osteoblasts can either (1) become embedded in newly formed
bone matrix and differentiate to osteocytes, (2) transform into
inactive bone-lining cells which protect inactive bone surfaces,
or (3) initiate apoptosis (Manolagas, 2000).

1.2.2. Osteocytes

Osteocytes are terminally differentiated osteoblasts which became
trapped within newly deposited bone matrix (Franz-Odendaal
et al., 2006). Although osteoblast and osteocytes have the same
origin, they significantly differ in morphology and function.
During osteocytogenesis, i.e., differentiation from osteoblasts to
osteocytes, the cell body size decreases and cell processes start to
radiate toward the mineralizing matrix which may be controlled
by E11/gp38, a marker for early osteocytes (Schulze et al., 1999).
After the transition, gene expression of ALP, type I collagen,
and bone morphogenetic protein 2 (BMP-2) are reduced. Other
proteins, including osteocalcin, E11/gp38, sclerostin (Sost), and
dentin matrix protein 1 (DMP-1) are upregulated or introduced
(Mullen et al., 2013).

There is little knowledge about the cues which regulate osteo-
cytogenesis (Dallas et al., 2013). The mechanical properties of
the deposited osteoid, which is softer compared to mineralized
bone tissue, might guide differentiation (Mullen et al., 2013). In
addition, mineralization of the osteoid and hypoxic conditions
might also be a driver for osteocyte formation (Irie et al., 2008;
Prideaux et al., 2012).

Research in osteocytes has gained interest in recent years, since
they are no longer seen as the “passive place holder in bone,” but as
cells with very different functions (Bonewald, 2011). Osteocytes,
which are the most abundant cell type in bone (90-95% of total
bone cells), are thought to respond to mechanical loading by

releasing signal factors. Through these factors, they coordinate
bone remodeling by regulating osteoclast and osteoblast activity
(Knothe Tate et al., 2004).

1.2.3. Osteoclasts

Osteoclasts are specialized cells which can resorb mineralized
bone matrix by secreting acid and lytic enzymes. They are multi-
nucleated cells derived from mononuclear precursor cells which
are located in the bone marrow (Boyle et al., 2003). Their dif-
ferentiation (osteoclastogenesis) is controlled by cytokines, such
as RANKL and macrophage colony-stimulating factor (M-CSF),
which are produced by neighboring stromal cells and osteoblasts.
Differentiation of osteoclasts can be inhibited by OPG which
binds RANKL with high affinity and prevents its attachment to
the RANK receptor (Suda et al., 1999).

1.3. Bone Extracellular Matrix

The extracellular matrix (ECM) of bone is a composite mate-
rial consisting of 50-70% inorganic mineral, 20-40% organic
materials, less than 3% lipids, and water (Clarke, 2008). The exact
composition depends on factors such as age, bone site, gender, or
medical conditions including osteoporosis (Boskey, 2013).

The mineral part of bone closely resembles hydroxyapatite
and provides the bone with mechanical rigidity and load-bearing
strength (Boskey, 2007). This phase can be best described as
a crystalline complex of calcium and phosphate which also
contains impurities, such as sodium, magnesium, citrate, and
fluoride (Khan et al., 2013). Elasticity and flexibility of the bone
is provided by the organic components which include structural
proteins, such as collagen and fibronectin (Nair et al., 2013). The
organic phase is also composed of other non-collageneous matrix
proteins which serve important functions controlling matrix
organization and mineral deposition (Young, 2003; Boskey,
2013). For example, mineralization is likely to be controlled by the
small Ca**-binding protein osteocalcin. Mechanotransduction is
facilitated by glycoproteins, such as osteopontin and osteonectin,
which can attach to integrins on cell surfaces. Osteopontin also
enables the attachment of osteoclasts to bone surfaces (Gundberg,
2003). The small amount of lipids is crucial for cell signaling and
ion flow (Clarke, 2008).

1.3.1. Collagen Assembly

The assembly of collagen fibrils is a complex process involving
intracellular and extracellular steps. Collagen is first synthesized
as precursor molecules (procollagen) in the intracellular space
before these molecules are assembled to long fibers outside the
cell (Figure 2).

Collagen formation is initiated in the nucleus of collagen-
producing cells, such as osteoblasts and also fibroblasts. In the
nucleus, a particular segment of deoxyribonucleic acid (DNA) is
transcribed into messenger ribonucleic acid (mRNA). After the
mRNA has moved out of the nucleus into the cytoplasm, it is
translated into polypeptide chains, known as pre-pro-collagen.
Each chain is about 300 nm in length and 1.5 nm in diameter.
They are characterized by a strict pattern consisting of multiple
triplet sequences of Gly-Y-Z. Glycine residues (Gly) have to be
present in every third position to allow proper folding of these

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2016 | Volume 4 | Article 87


www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive

Wittkowske et al.

In Vitro Bone Cell Models

Glycosylation

OH

COLLAGEN ASSEMBLY

3. Hydroxylation and

7. Procollagen secretion

8. Cleavage of propeptides

\
N 7wy &>

‘ 9. Fibril formation
17355585588/ 17355585588/ 17955585588/ 17355585588/ 1738858555 MM 7355588588/
173855 17355585588/ 17785585588/ 1775588888/ W’W
17558555 17%55885K) 179858855 175858555 708555 N 79558858,
10. Aggregation of collagen f|br|Is via
‘ crosslinks to form a collagen fiber

FIGURE 2 | Formation of extracellular matrix: collagen assembly and mineralization.
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chains later on. Although Y and Z can be any amino acid, they
are commonly proline and hydroxyproline (van der Rest and
Garrone, 1991). Each chain is terminated by a few characteristic
amino propeptides and carboxy propeptides on either side. These
terminal propeptides are essential in preventing self-assembly of
long collagen fibers within the cell.

Proline and lysine residues are then hydroxylated in the endo-
plasmatic reticulum (ER) which will aid cross-linking of peptide
chains later. This enzymatic step requires ascorbic acid (vitamin
C) as a cofactor. A lack of ascorbic acid would either result in

the formation of looser collagen triple helices or prevent collagen
synthesis altogether, resulting in diseases such as scurvy (Canty
and Kadler, 2005). Three modified peptide chains will form a
triple helix which is further stabilized by disulfide bonds. In the
case of type I collagen, two a1 chains and one a2 chain assemble
to form a triple helix, referred to as procollagen.

After the proteins have achieved their helical conformation,
they move from the ER to the Golgi apparatus where they are
packed into secretory vesicles. These carriers vary in size and
morphology and have been either described as vacuoles around
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500 nm in length (Leblond, 1989), or as larger tubular-saccular
structures (Polishchuk et al., 2000). The vesicles move along the
microtubules toward the plasma membrane where they release
the procollagen in the extracellular space.

Once procollagen has been released from the cell, collagen
fibers start to form directly on the cell membrane. This proxim-
ity potentially allows the cell to directly control fibrogenesis
and possibly even the formation of long-range assemblies, e.g.,
parallel bundles in tendon and ligament or interlocking weaves
in bone (Kadler et al., 2008). Fibronectin and specific cell-surface
integrins, such as the collagen-binding a2f1 integrin, have been
found to be essential in the organization and deposition of fibril-
lar collagen (McDonald et al., 1982; Li et al., 2003). Wenstrup
etal. (2004) also found that small amounts of type V collagens are
necessary for the induction of fibrillogenesis of collagen I fibers
in vivo.

Collagen fibers can only form after specific enzymes remove
the terminal propeptides from the procollagen which are then
called tropocollagen (Prockop et al., 1998). Tropocollagen units
assemble spontaneously into collagen fibers. Several hundred
tropocollagen molecules line up in a characteristic “quarter
staggered” array, so that the composite fiber appears as a striated
pattern by electron microscopy. The striated pattern results from
the longitudinal staggering of the molecules which leaves a “hole”
roughly the size of one quarter of the length of tropocollagen
(67 nm) between the end of one molecule and the beginning of the
next (Scott, 1995). The fibers are further supported through the
formation of covalent bonds. The enzyme lysyl oxidase catalyzes
the formation of bonds by converting hydroxyl groups on lysines
and hydroxyl lysines into aldehyde groups (Kagan and Li, 2003).
Consequently, the fibers increase up to 10-fold in diameter and
dramatically in length following lateral and end-to-end fusion
(Birk et al., 1995).

1.3.2. Collagen Orientation

Two types of bone can be distinguished based on the orientation
of collagen fibers within the bone matrix: (1) woven bone which
consists of randomly oriented collagen fibrils and (2) lamellar
bone which is characterized by highly orientated collagen fibers
(Kini and Nandeesh, 2012). Collagen fibers in lamellar bone
are arranged in arrays of parallel fibers, which successively
change orientation to form a “twisted plywood-like” structure
(Weiner et al., 1997). The alternating orientation of collagen
arrays results in significantly higher strength of lamellar bone
compared with woven bone (Clarke, 2008). This plywood
structure can be found in the cylindrical osteons which are the
primary building blocks of compact bone. Osteons are made
up of several concentric lamellae which are arranged in differ-
ent orientations around the Haversian channel containing the
blood and nerve supply (Figure 3). The long axis of an osteon is
usually parallel to the long axis of the bone, and the dominant
collagen fiber orientation commonly follows the direction of
load (Martin and Boardman, 1993; Hert et al., 1994; Seto et al.,
2008). Furthermore, longitudinal collagen fibers are primarily
present in regions supporting tensile loads, while regions under
compressive loading are composed of transverse fibers (Riggs
et al., 1993; Martin et al., 1996).

Besides the spatial orientation of collagen fibers, mechanical
properties of bone are also determined by several other factors
which include total bone mass and material properties of bone
mineral (Viguet-Carrin et al., 2006). While the latter is more
important with respect to bone stiffness and yield strength, the
collagen network appears to have a greater impact on post-yield
properties, including ultimate strength and toughness of bone
(Garnero, 2015). Even though the dependence of fiber orienta-
tion on bone strength is well accepted, it remains difficult to
estimate exactly the effect collagen orientation has on mechanical
properties of bone (Viguet-Carrin et al., 2006).

The mechanisms which guide the spatial arrangement of
collagen fibers have been a matter of research for more than
40 years. In 1975, Jones et al. (1975) observed that collagen fibers
were oriented in the same direction as osteoblasts producing
the collagen, but they could not determine whether the cells
controlled the orientation of the collagen fibers or vice versa. The
central question since then has been revolving around whether
the 3D organization of collagen fibrils is a result of self-assembly
(Giraud-Guille et al., 2008) or cell activity (Matsugaki et al.,
2015b). It is generally accepted that collagen fiber formation on
the nanometer length scale is driven by self-assembly (Kadler
et al., 2008), while, on a macro scale, there is clear evidence of
collagen fiber orientation following external loading patterns as
described above (Martin et al., 1996; Puustjarvi et al., 1999). As a
result, research focusses on determining the mechanisms which
regulate collagen fibril assembly on intermediate length scales and
whether cells influence this process (Kerschnitzki et al., 2011).

Mechanically weaker woven bone is produced in situations
where no bone matrix is present, i.e., during bone formation in
the fetus and newborn or in early phases of bone repair following
fractures and osteotomies. Under such conditions, mesenchymal
osteoblasts secret collagen fibers rapidly and randomly in all
directions (Shapiro, 1988, 2008). However, most bone in a healthy
adult which is formed as a result of the remodeling process
described above is composed of highly orientated, lamellar bone
(Figure 3). It is thought that the production of parallel collagen
fibers requires collective, organized action of bone-producing
cells (Kerschnitzki et al., 2011).

Weakly organized woven bone or pre-existing old bone
matrix is believed to act as trigger for cells enabling lamellar
bone formation. In particular, the nanofibrillar topography of
bone appears to be a powerful substrate-specific cue for cell and
collagen alignment. In vitro studies have shown that osteoblasts
align uniformly along the direction of grooves in the micrometer
(Wang et al., 2000, 2003) and nanometer range (Zhu et al., 2005;
Yang et al., 2009; Lamers et al., 2010). Highly oriented natural and
artificial collagen fiber matrices can also act as scaffold induc-
ing alignment of osteoblasts (Delaine-Smith, 2013; Matsugaki
et al., 2015b). These studies further show that newly secreted
collagen fibers and apatite crystals follow the cell direction. In
contrast, Matsugaki et al. (2015a) recently cultured osteoblasts
on nanogrooved biomedical alloys. However, they observed a
mismatch between cell orientation following the direction of
the grooves and collagen matrix and apatite crystals orientation
which aligned perpendicular to the cell direction. The authors
explained this “abnormal” orientation with a yet-to-define impact
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FIGURE 3 | Woven and lamellar bone. Two types of bone can be distinguished based on the orientation of collagen fibers within the bone matrix. Woven bone
(left) consists of randomly oriented collagen fibrils and exists during fetal development and fracture repair. Following bone remodeling, most mature bone can be
characterized as lamellar bone (right). Lamellar bone is characterized by highly orientated collagen fibers arranged in lamellae and osteons. The alternating
orientation of the collagen lamellae results in significantly higher strength of lamellar bone compared to woven bone.

of pattern spacing and the potential existence of a threshold for
parallel or perpendicular organization of bone matrix produced
by osteoblasts.

Mechanical stimulation might be another trigger coordinat-
ing 3D matrix arrangement. For example, osteoblasts collectively
change orientation under cyclic stretching probably to minimize
strain applied to them and secrete better organized collagen bun-
dles (Matsugaki et al., 2013). The influence of mechanical forces
on collagen fiber alignment has been extensively researched in
soft tissues where fibroblasts deposit an unmineralized collagen
matrix. For example, interstitial fluid flow might act as mechani-
cal stimuli for fibroblast-mediated collagen alignment. Ng et al.
(2005) observed perpendicular cell and collagen fiber alignment
relative to the direction of fluid flow in a 3D collagen model.
They explained the perpendicular fiber alignment with a reduc-
tion in shear and drag forces affecting the fibroblasts (Pedersen
et al., 2010).

Most of the hierarchical fiber assembly is believed to take place
extracellularly. However, some suggest a fiber pre-orientation
already inside the transport vesicles before the procollagen is
released from the cell (Leblond, 1989). In addition, cell-surface
“fibropositor” structures have been described in embryonic
tendons indicating that there might be mechanisms in place
which determine fiber orientation before the extracellular release
of procollagens (Holmes et al., 1998; Canty and Kadler, 2005).
Importantly, to date, this feature appears to be specific to tendon
development only and has not been found in bone-producing
osteoblasts.

In bone, the mechanisms involved in the alignment of collagen
fibers by osteoblasts are not well understood yet (Matsugaki et al.,
2013). In soft tissues, traction forces exerted by fibroblasts are
thought to be the main driver in remodeling ECM (Harris et al.,
1981;Fengetal.,2014). For example, contraction of myofibroblasts
and the transmission of these forces to the collagen network are
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considered a crucial step in wound healing (Tomasek et al., 2002).
Traction forces applied by osteoblasts might be able to orient fib-
ers in a similar way as observed with fibroblasts (Curtze et al.,
2004). Using traction force microscopy, Poellmann et al. (2015)
demonstrated that differentiated, collagen-producing osteoblasts
exert higher traction forces compared with preosteoblasts found
in the marrow which are not yet involved in collagen secretion.
In addition, time-lapse images suggest that traction forces com-
bined with cell motility enables osteoblasts to actively reorganize
the ECM by moving “packets” of fibriliar material around (Dallas,
2006). Traction forces induced by osteoblasts might also create
strains within the osteoid layer which initiate collagen fiber align-
ment through degradation of unstrained collagen fibers (Flynn
et al., 2010; Heck et al., 2015). Furthermore, interaction between
fibronectin, integrins, and other collagens, such as collagen V,
may also play a role in the collagen fiber orientation process
in vivo (Kadler et al., 2008).

1.3.3. Mineralization

The organic collagen matrix in bone is strengthened by a mineral
phase. Similar to the deposition of the organic collagen matrix,
mineralization is also a cell-controlled process. For example,
osteoblasts initiate calcification at selected, non-random sites and
they regulate the ion flux into the ECM (Boskey, 2007).

Mineralization occurs in two steps (Figure 2). First,
hydroxyapatite crystals are formed within matrix vesicles inside
the osteoblast. In the second step of mineralization, hydroxyapatite
is secreted through the membrane into the ECM and deposited
within the collagen fibrils (Anderson, 1995).

During the first phase, calcium jons and phosphates are accu-
mulated in matrix vesicles. This step is controlled by calcium-
binding moleculesand enzymes, including ALP (Anderson,2003).
ALP is a plasma membrane-bound enzyme, which is thought to
promote mineralization by increasing the local concentration of
phosphate and by breaking down extracellular mineralization
inhibitors, such as pyrophosphates (Golub and Boesze-Battaglia,
2007). Once the concentration of calcium ions and phosphates
exceed their solubility point, hydroxyapatite is formed within the
matrix vesicles (Orimo, 2010).

During the second phase of mineralization, matrix vesicle walls
are broken down and hydroxyapatite crystals are secreted into
the extracellular space. The organic collagen network acts as scaf-
fold for mineral deposition and together with non-collageneous
proteins defines the size and distribution of apatite crystals in the
bone (Wang et al., 2012). The small crystals are first deposited at
the gap zones within the quarter-staggered collagen fibrils (Katz
et al., 1989). Initially, apatite crystals align their c-axes parallel to
collagen fibers, but ultimately all available intra-fibrillar space is
filled with mineral (Golub, 2009). Fluid shear stress (FSS) might
also influence formation of bone apatite, since better organized
apatite crystals were formed under low ESS environment (<1 Pa)
compared to higher FSS (Niu et al., 2016).

2. BONE MECHANOTRANSDUCTION

The mechanism through which cells convert mechanical stimuli
into biochemical responses is called mechanotransduction

(Ingber, 2006). It is widely accepted that mechanical forces
influence cell behavior and play a central role both in normal
tissue physiology and diseases. Endothelial cells, for example,
experience one of the greatest forces within mammalian tissues
(2-4 Pa) as a result of blood shear and pressure. These cells have
been shown to alter their cell morphology and orientation and
determine vascular physiology and pathology as a result of fluid
shear stress (Davies, 1995). Other examples include the auditory
system and lungs. It has been shown that mechanotransduction
is fundamental for the ability to hear. Changes in sound pres-
sure bend hair cells in the inner ear and initiate a cascade of
biochemicals signals, e.g., release of Ca** (Vollrath et al., 2007;
Gillespie and Miiller, 2009). Lung function is also controlled by
mechanical forces which include tissue strain, fluid shear stress,
and compression (Schumacker, 2002).

Similarly, mechanical loading has been identified as one of the
main drivers on the mass and structural adaptation of bone. In
the 19th century, Julius (Wolff, 1892) postulated, in “Wolft’s law of
bone transformation,” the idea that bone architecture is a result of
mechanical stress and related it to a mathematical law. Although
more recent research has shown that some of Wolff’s assumptions
were incorrect, the general idea that mechanical forces are closely
linked to bone adaptation remains (Lee and Taylor, 1999).

Several in vivo studies demonstrated that gravitational forces
and mechanical loads generated by muscle contractions are essen-
tial for stimulating bone remodeling and maintaining optimal
mechanical performance. For example, reduction in mechanical
stimulation due to extended periods of bed rest (Leblanc et al.,
1990), microgravity in space (Vico et al., 2000) or limb paralysis
(Weinreb et al., 1989), are associated with reduced bone forma-
tion and increased bone resorption.

2.1. Mediators of Mechanotransduction

in Bone

Mechanical forces can be sensed and tranduced by various
means at the cellular level in bone (Figure 4) (Freund et al,
2012). The matrix-integrin-cytoskeleton pathway is thought
to play an important role in bone mechanotransduction, since
integrins directly connect bone cells with their ECM. Integrins
are membrane-bound glycoproteins which allow rapid transmis-
sion of physical stimuli from the ECM via the cytoskeleton to
the nucleus, where they could initiate changes in gene expres-
sion (Duncan and Turner, 1995). The cytoskeleton itself, which
is composed of actin, microtubules, and intermediate filaments,
not only connects all components of the mechanosensing system
but actin fibers in cell processes have also been shown to be cru-
cial for osteocyte mechanosensing (Klein-Nulend et al., 2012).
The primary cilium, which is a microtubule-based antenna-like
extension, has been identified as another mechanosensor in
bone cells (Malone et al., 2007; Delaine-Smith et al., 2014). The
glycocalyx, which is a cellular coating rich in hyaluronic acid,
might also contribute to bone cell mechanotransduction via force
transmission to the cytoskeleton and integrins (Reilly et al., 2003;
Burra et al,, 2011). Moreover, membrane-bound proteins, such
as connexins, allow exchange of molecules between adjacent
cells and are, therefore, thought to be essential in osteocyte
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communication (Rubin et al., 2006). In addition, channels which
are sensitive to fluid flow or membrane stretch can respond
rapidly to mechanical stimulation by admitting or releasing ions,
such as Ca?* (Walker et al., 2000).

2.2. Mechanical Forces in Bone

Gravitational forces and muscle contractions result in small
deformations of bone which generate matrix strain and intersti-
tial fluid flow within the porous bone.

2.2.1. Matrix Strain

Small deformations of mineralized bone induce tissue strain
which - to some extent - may be directly sensed by bone cells. In
1987, Frost related macrostructural bone deformations to bone
remodeling in his “mechanostat theory,” where he postulated
that physiological strains range between 0.03 and 0.15%. Below
this range, bone absorption is initiated, and between 0.15 and
0.3% bone mass is increased through bone remodeling (Frost,
1987). These thresholds have been confirmed experimentally
in vivo (Frost, 2003; Al Nazer et al., 2012). In vitro, however,
cells require much larger strains (1-10%) to induce osteogenic
responses (Klein-Nulend et al., 1995b; You et al., 2000); strains
of this magnitude would cause bone fracture in vivo. Therefore,
cells might not directly sense bone strains as described by Frost,
but rather microstructural strains near lacunae and microcracks
within the bone. These strains are thought to be several times
greater and might be able to stimulate osteoblasts directly
(Bonivtch et al., 2007).

2.2.2. Fluid Shear Stress

Interstitial fluid (ISF) is a main component of body mass (up to
20%) and is distributed throughout the ECM. It provides cells
with nutrients and waste removal (Bijlani, 2004) and can also be
found in cortical and cancellous bone where it fills the porosities
within the tissue. The three levels of porosities in bone are: (1) the
vascular porosity within the Volkmann canal and the Haversian
canals (20 pm radius), (2) the lacunar-canalicular system (LCS),
which are the channel structures within the mineralized bone
tissue surrounding osteocytes and their processes (0.1 pm
radius), and (3) tiny spaces between crystallites of the mineral
hydroxapatite and collagen fibers (0.01 pm radius) (Cowin and
Cardoso, 2015).

ISF flow is generally linked with lymphatic drainage, where
plasma that has leaked out of the capillaries is being returned to
the blood circulation (Swartz and Fleury, 2007). The hydrostatic
and osmotic pressure differences between blood, interstitium,
and lymphatics are considered the driving forces for the slow
but constant ISF present in most soft tissues and they also affect
flow in the vascular porosity and the small channels of the LCS,
in particular during rest periods without physical activity (Xing
etal., 2014).

In contrast to ISF flow in most soft tissues, substantially
greater flow rates can be generated in bone tissue by muscle
contractions inducing blood pressure changes and mechanical
loading (Figure 5A) (Burger and Klein-Nulend, 1999; Knothe
Tate et al., 2000). Mechanical loading results in bending of bones
and matrix deformation. Compressive stress is generated on one
side of the bone and tensile stress on the other (Figure 5B). The
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FIGURE 5 | Fluid shear stress in bone. (A) Fluid flow in bone can be generated through mechanical loading, muscle contraction, blood pressure, and lymphatic
drainage. (B) Bending of bone generates tension and compression forces which initiates interstitial fluid flow [adapted from Duncan and Turner (1995)]. (C) The
biomechanical environment experienced by osteoblasts and osteocytes differs regarding flow velocities and matrix stiffness.

resulting pressure gradient in the ISF is thought to drive the fluid
from regions of compression to tension (Duncan and Turner,
1995). ISF has to squeeze through the narrow channels, canali-
culi, which connect osteocytes residing in small spaces, lacunae,
within the mineralized bone matrix. Due to the small dimensions
of the channels, high wall shear stress comparable to vascular wall
shear stress is generated. A numerical model by Weinbaum et al.
(1994) estimated the mechanical loading-induced FSS sensed by
osteocytic processes within their proteoglycan filled canaliculi to
range between 0.8 and 3 Pa.

More recently, Weinbaum and colleagues put forward an
alternative hypothesis which advocates fluid shear-induced strain
instead of FSS as dominant mechanical stimuli in osteocytes. The
group developed mathematical models, which predict strong
mechanical stimulation due to fluid drag forces on actin filament
bundles of the cell processes and tethering fibers. Tethering fib-
ers anchor osteocyte cell processes to the canalicular walls and
center them within the canaliculi. Fluid drag forces generate a

“circumferential hoop strain” which can be compared to the force
applied by pulling a ring off a finger. These forces are thought to be
1-2 magnitudes larger than whole tissue strains and several times
larger than fluid shear forces on the cell surface (You et al., 2001b,
2004; Han et al., 2004). Interestingly, this hypothesis yet again
puts strain (although this time it is fluid shear-induced strain) at
the focus of attention.

Defining the mechanical environment of osteoblasts is
even more challenging than of osteocytes. It is unlikely that
the model by Weinbaum et al. (1994) can also be applied for
matrix-depositing osteoblasts. Unlike osteocytes, osteoblasts
are not located within tiny channels and surrounded by a stiff,
calcified bone matrix. Osteoblasts can be found on the surface
of soft osteoid and newly formed bone mineral at remodeling
sites, i.e., in regions with bigger porosities and hence reduced
fluid flow and FSS (Liegibel et al., 2004). Estimation of FSS
values is further complicated due to the constant remodeling
of the channel geometries which surround osteoblasts and a
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lack of knowledge regarding the mechanical properties of the
soft osteoid. Based on experimental and computational studies,
McGarry et al. (2005) hypothesized that the in vivo mechani-
cal environment of osteoblasts is distinctively different to
osteocytes. Bonewald and Johnson (2008) further stress that
osteoblasts are unlikely to be subjected to great FSS in vivo and
that the form and magnitude of FSS are very different from
what osteocytes sense in the LCS. Therefore, even though
medium to high FSS (>0.8 Pa) might be the dominant stimulus
for osteocytes within the LCS and under mechanical loading
during physical activity, osteoblasts might regularly encounter
lower, interstitial-like FSS (Figure 5C).

2.2.3. Matrix Strain or Fluid Shear Stress?

Matrix strain and fluid shear stress both cause cell deformation.
However, the nature of the deformation is not the same. While
strain is applied directly through the cell attachments, fluid flow is
sensed through the cell membrane, first (Mullender et al., 2004).
Consequently, it appears that both mechanisms excite different
signaling pathways (McGarry et al., 2005). There are only few
in vitro studies which directly compare effects of fluid flow and
mechanical strain on bone cells, and, although cells often react
to both stimuli, greater responses can be seen under fluid flow
(Owanetal., 1997; You et al., 2000). Therefore, this review focuses
on studies that investigate the direct impact of fluid shear stress
on bone cell behavior.

2.3. In Vitro Models for Fluid Shear Stress

Mechanotransduction

Our understanding of mechanotransduction in bone cells has
been greatly enhanced by in vitro models (Delaine-Smith et al.,
2015). In vitro models aim to recreate the fluid shear forces found
within the bone in a controlled cell culture environment. Since
the magnitude of fluid shear forces in bone is still debated, in vitro
models prove useful for studying the impact of tightly defined
types of flow, for example, by comparing unidirectional to oscil-
latory flow or varying the magnitudes of fluid flow.

2.3.1. Parallel-Plate Flow Chamber
Fluid shear stress is commonly applied to monolayer cell cultures
in a parallel-plate flow chamber (PPFC). Most designs of PPFC
are modifications of the original set-up by Frangos et al. (1985),
where cells were grown on a glass slide encased by a polycarbonate
chamber, sealed with a rubber gasket and the fluid flow was con-
trolled via hydrostatic pressure. Fluid flow can also be controlled
by pumps generating unidirectional (Reich and Frangos, 1991;
Genetos et al., 2004), pulsatile (Reich and Frangos, 1991; Hillsley
and Frangos, 1997; Klein-Nulend et al., 1997; Bacabac et al.,
2004), and oscillatory (Jacobs et al., 1998; Lu et al., 2012) flow
profiles. Physiologically relevant wall shear stresses in the range
of 0.001-3 Pa can be generated with PPFC (Yu et al., 2014). In
particular, the application of very high shear rates is an advantage
of PPFC compared to other systems.

Except near the inlet, flow in PPFC can be considered laminar
since Reynolds numbers are generally very small. Laminar flow
generates a simple flow profile resulting in a high degree of control

over the flow pattern and generated shear stresses. Shear stress 7
acting on the cells inside the channel can be calculated using the
following equation:

L 6Qu
bh’

1

where Q is the flow rate, u is the viscosity of the flow media, h
is the height of the channel, and b is the width of the channel.
In most chambers, more than 85% of the cells are exposed to
a homogeneous wall shear stress for b/h > 20 (Bacabac et al.,
2005). However, to ensure this uniformity, flow profiles should
be verified for each channel design with numerical simulations or
experimental methods, such as particle image velocimetry (PIV)
(Anderson et al., 2006).

Pump-driven flow often generates high pressure at the
chamber inlet, which easily causes leakages (Anderson et al,
2006). Moreover, such systems subject cells not only to FSS but
also to substantial pressures. A closed loop system where fluid
is simultaneously pushed and pulled can provide an alternative
method and significantly reduce pressure build-up within the
device (Huesa et al., 2010).

In order to perform experiments more efficiently and to test
different shear rates at the same time, the basic concept of PPFC
has been extended to multi-shear devices. For example, Yu et al.
(2014) designed a complex microfluidic network consisting of
relatively large cell culture chambers. They were able to gener-
ate different FSS on the same chip by using different widths and
lengths of the inlet channels.

PPFC can also be combined with micro-patterned systems
which enable cell organization. For example, Lu et al. (2012)
applied micro-contact printing and self-assembled monolayer
surface chemistry technologies to establish an osteocyte network
on a chip.

One drawback of PPFC is that flow regimes can rarely be
applied for more than 24 h. Commonly associated problems of
PPFC include the formation of air bubbles within the channels
which completely alter the biochemical and biomechanical envi-
ronment of cells (Anderson et al., 2006).

2.3.2. Multi-Well Plates on Rocking Platforms
Alternative methods for long-term culture of cells under fluid
stimulation include culturing cells in multi-well plates. FSS can
be applied to cell monolayers in these plates via rocking or orbital
shaking platforms. Both systems have the advantage of allowing
a high-throughput of samples. However, both systems are only
able to generate low magnitude FSS with non-uniform patterns.
The magnitude of shear stress sensed by the cells depends on
several factors, most importantly their location within the well,
the frequency of movement, and the amount of liquid in the well.

Rocking “see-saw” systems generate oscillatory FSS in the
range of 0.001-0.25 Pa. The characteristic shear stress 7 at the
bottom of the plate can be estimated using an analytical model
described by Zhou et al. (2010):

_ mud
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where p is the fluid viscosity, 6.« the maximal flip angle, J the
ratio of fluid depth to well length, and T the time for one cycle.

The “sea-saw” rocker system has also been characterized with
a computational finite element model and validated with PIV
measurements. For a rocking frequency of 0.5 Hz, a maximum
shear stress of 0.22 Pa was detected near the well edge but the
time-averaged shear stress along the majority of the plate center
line was much lower with 0.033 Pa (Tucker et al., 2014). The ana-
lytical characteristic shear stress of 0.027 Pa, which was calculated
for the same rocking frequency and the same maximum tilt angle
of 7°, was slightly lower compared to the time-averaged shear
stress estimated with the finite element model.

In vitro, fluid flow generated by “see-saw” rockers has been
shown to increase ALP activity and deposition of mineralized
matrix in MSCs (Delaine-Smith et al., 2012) and to increase
collagen secretion in tenocytes (Tucker et al., 2014). In another
experiment, conditioned media from “rocked” osteocytes has
upregulated osteogenic genes in MSCs (Hoey et al., 2011).

Oscillatory flow profiles can also be generated by orbital
shakers which are described in more detail in Salek et al. (2012).
Orbital shakers have been applied in bone mechanotransduction
research, for example, when investigating osteoblast attachment
(Aryaei and Jayasuriya, 2015), focal adhesion kinease functions
(Youngetal., 2011), and osteoblastic differentiation of mesenchy-
mal stem cells (Lim et al., 2014).

2.3.3. 3D Perfusion Bioreactors

Different scaffold materials have been used for 3D bone cell
culture aiming to provide a more natural cell environment
compared to flat plastic or glass surfaces. Scaffolds have been
manufactured using a wide range of different materials such as
metals, ceramics, synthetic and natural polymers, and composites
which are combinations of these materials. Scaffold composition
and architecture intend to mimic the natural properties of bone
including its porosity and stiffness. These properties are not only
determined by the scaffold material itself but also by its fabrication
process. Some of the most common methods to generate porous
scaffolds are solvent casting, gas foaming, phase separation,
freeze-drying, rapid-prototyping, and sintering (Karageorgiou
and Kaplan, 2005; Stevens et al., 2008). Examples of scaffolds for
bone cell applications include titanium fiber meshes (Bancroft
et al., 2002), chitosan scaffolds (Su et al., 2014), polymerized
high internal phase emulsions (PolyHIPEs) (Owen et al., 2016),
and non-fibrillar hydrogels, such as poly(ethylene glycol) (PEG)
(Chatterjee etal., 2010). Furthermore, collagen, which is a natural
hydrogel, has been applied extensively in models mimicking
the fibrillar, collageneous osteoid matrix (Parreno et al., 2008;
Prideaux et al., 2014). Properties of bone scaffold materials have
been reviewed in more detail for instance by Hutmacher (2000),
Stevens et al. (2008), and Bose et al. (2012).

Several bioreactor types have been developed to combine
fluid flow with 3D culture, including spinner flasks, rotating wall
bioreactors, and perfusion systems (McCoy and O’Brien, 2010).
The latter being most advantageous because a homogeneous
microenvironment is generated within the porous scaffold by
forcing fluid through the entire construct (Bancroft et al., 2002).
Shear stress magnitudes within the scaffold can be approximated

using the cylindrical pore model which takes into consideration
the geometry of the scaffold and its porosity. The mean veloc-
ity through the pores V,, can be calculated using the following
equation:

V.= Lz 3)
¢n(D/2)

where Q is the perfusion rate, ¢ is the porosity, and D is the

diameter of the scaffold. Assuming a parabolic flow profile and

cylindrical pores, the resulting shear stress at the scaffold wall 7,

can be calculated:

suv
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where y is the media viscosity and d is the diameter of the cylin-
drical pores in the scaffold (Goldstein, 2001).

In scaffolds, FSS is most likely not only caused by direct flow
perfusion but it might also be an indirect product of scaffold strain
(Sumanasinghe et al., 2006) and compression (Sittichockechaiwut
etal., 2009; Vazquez et al., 2014). This behavior has been observed
in natural bone where FSS is primarily a result of bone matrix
deformation (Weinbaum et al., 1994). However, estimating FSS
resulting from matrix strain and compression is not straight-
forward. Moreover, a direct comparison of estimated shear stress
magnitudes between monolayer and 3D experiments is often not
relevant as the mechanical environment in 3D is more complex.
For example, shear stress in 3D can also be transmitted to ECM
fibers leading to ECM strain and thus cytoskeletal strain trans-
mitted via integrins which can further increase the stress sensed
by cells in 3D (Ng and Swartz, 2003).

2.4. Bone Cell Models for In Vitro

Mechanotransduction Research

Advancement in bone mechanotransduction research depends
on the availability of suitable cell model systems which can sense
and respond to mechanical stimuli similar to cells in vivo. Bone
cells can be sourced from different origins including

o pluripotent stem cells which are differentiating to osteoblasts
(Jaiswal et al., 1997),

o primary osteoblasts and osteocytes from different species
(Jonsson et al., 2009; Prideaux et al., 2016), and

o immortalized and osteosarcoma cell lines (Kato et al., 2001;
Woo et al., 2011).

Each cell model has its own advantages and disadvantages;
hence, the appropriate cell model has to be selected depending
on the aim of the research (Czekanska et al., 2012).

2.4.1. Osteoblast Cell Models

Primary osteoblasts have been successfully isolated and cul-
tured from human bones (Jonsson et al., 2009). Human-derived
cells are a good candidate for clinical research since outcomes
are not influenced by interspecies differences. However, pri-
mary human osteoblasts are a heterogeneous population and
their behavior depends on several factors, including isolation
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method (Voegele et al., 2000), cell location within the skeleton,
and donor age (Martinez et al., 1999). All of these factors can
be better controlled by isolating primary cells from animals,
including rats (Orriss et al., 2012) and mice (Bakker and Klein-
Nulend, 2012). In addition, animal-derived primary cells are
more easily accessible and available in greater quantities
(Czekanska et al., 2012).

Compared to primary cells, cell lines can provide even more
homogeneous cell populations. They are either generated from
immortalized primary cells, e.g., MC3T3-E1, human osteoblast-
like cells (hOB), and human fetal osteoblast-like cells (hFOB),
or they are derived from osteosarcomas, e.g., MG-63 and SaOS2
(Kartsogiannis and Ng, 2004).

A commonly used cell line in bone mechanotransduction
research is MC3T3-E1 (Owan et al., 1997; You et al., 2001a;
Genetos et al., 2004). This cell line was originally derived from
primary cells collected from newborn mouse calvaria. MC3T3-E1
represents a preosteoblastic cell type capable of differentiating into
osteoblasts, and deposits collagen and mineral nodules in vitro
(Sudo et al., 1983; Franceschi and Iyer, 1992). However, variations
in culture condition might have resulted in the formation of mul-
tiple sublines of this cell line. Studies comparing cells obtained
from different sources found great differences in cell behavior, for
example, regarding mineralization (Wang et al., 1999) and PGE,
production (Leis et al., 1997). These alterations in cell behavior
should be considered when comparing results of different studies
which are potentially not using the same MC3T3-E1 subclones
but subclones in different differentiation stages.

The MLO-AS5 cell line also originates from primary mice cells
and has been used primarily in long-term studies investigating
the mineralized matrix deposition (Delaine-Smith et al., 2012).
In contrast to MC3T3-E1, MLO-A5 represent a post-osteoblast/
preosteocyte cell type which more rapidly mineralizes (Kato et al.,
2001). MLO-A5 express typical late-osteoblast markers, such as
high ALP, bone sialoprotein (BSP), and osteocalcin (OCN) (Stern
etal., 2012).

Osteosarcoma cells have also been used as a cell model when
researching bone mechanotransduction (Myers et al., 2007).
The cell line MG-63, for example, was originally derived from
an osteogenic sarcoma of a 14-year-old male (Heremans et al.,
1978). Osteosarcoma cell lines can be a valuable tool for investi-
gating specific aspects of bone cell function such as cell adhesion.
However, in certain aspects they behave very different to normal
bone cells, specifically their growth characteristics and ALP
activities differ considerably from primary osteoblasts (Clover
and Gowen, 1994).

Moreover, mesenchymal stem cells (MSCs) can also be used as
osteoblast cell models. Since MSCs are preosteoblasts, they are a
good model for gaining a better understanding of the mechanisms
guiding MSC differentiation. To induce osteogenic behavior in
MSCs in vitro, they are commonly cultured in dexamethasone-
supplemented culture medium (Kreke and Goldstein, 2004;
Scaglione et al., 2008).

2.4.2. Osteocyte Cell Models
Although osteocytes are the most abundant cell type in bone,
their isolation and culture is very challenging due to their

location deep within the bone matrix. Primary osteocytes were
first successfully isolated from chicken calvariae. The cell isola-
tion process involved digestion of chick bones with collagenase
and EDTA, followed by purification of the heterogeneous cell
population with an osteocyte specific antibody (van der Plas and
Nijweide, 1992). Similar procedures were applied for the isola-
tion of primary osteocytes from mice (Stern et al., 2012), rats (Gu
et al., 2006), and most recently humans (Prideaux et al., 2016).
However, primary osteocyte culture still faces many obstacles.
For example, the yield of osteocytes after isolation is normally
low and since they are terminally differentiated cells they also lack
the capability to proliferate in culture (Stern et al., 2012).

The first osteocyte cell line was developed by Kato et al. (1997).
They isolated the cell line MLO-Y4 from the long bones of trans-
genic mice. This cell line can be considered as the most common
osteocyte cell model and it has been widely applied in mecha-
notransduction studies (Zhang et al., 2006; Ponik et al., 2007;
Li et al., 2012). MLO-Y4 cells represent an early osteocyte cell
type. Unlike osteoblasts, MLO-Y4 cells produce large amounts
of osteocalcin but low levels of ALP and collagen. In addition,
MLO-Y4 cells are characterized by extensive dendrites and
increased expression of connexin 43 as expected in osteocytes
(Kato et al., 1997). In contrast, MLO-Y4 do not express the genes
dentin matrix protein 1 (DMP-1) and Sclerostin (Sost), which are
normally found in osteocytes (Stern et al., 2012).

This short-coming has been overcome by the development of
the osteoblast-to-late-osteocyte cell line IDG-SW3. In the begin-
ning of culture, IDG-SW3 show characteristics of osteoblasts,
e.g., expression of ALP and deposition of collagen type I and
mineral. Over time, IDG-SW3 cells differentiate toward early
osteocytes (expression of E11/gp38, Dmpl, Phex) and subse-
quently toward late osteocytes which possess a characteristic
dendritic morphology and express SOST/sclerostin and FGF23
(Woo et al., 2011). IDG-SW3 were isolated from long bones
of transgenic mice in which the Dmpl promoter drives the
expression of the green fluorescent protein (GFP), which allows
observation of osteocytogenesis by fluorescence microscopy. The
more recently developed osteocyte cell line Ocy454 was isolated
from the same transgenic mouse model as IDG-SW3. In contrast
to IDG-SW3, Ocy454 demonstrated osteocytic characteristics
within a considerably shorter period of time and did not require
specific differentiation medium containing ascorbic acid or
p-glycerophosphate (Spatz et al., 2015).

2.5. Responses of Osteoblasts
to Fluid Shear Stress

Osteoblasts respond to a wide range of different shear stimuli
in vitro (Reich and Frangos, 1991; Owan et al., 1997; Bakker et al.,
2001; Yu et al., 2014).

2.5.1. Responses to High Fluid Shear Stress

Relatively high FSS ranging between 0.5 and 2 Pa have been
widely reported to impact osteoblasts in vitro, including
changes in biochemical factors and gene expression (Table 1).
For example, flow shear rapidly increases intracellular calcium
(Hung et al., 1995; You et al., 2001a), inositol trisphosphate
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TABLE 1 | Osteoblastic responses to medium and high fluid shear stress.

Cell type Shear stress (Pa) Flow type Flow time Culture system mRNA Other factors Reference

Rat 0.6 s 12h PPFC NO 1 Johnson et al. (1996)

Rat 0.1-2.4 s, p 30 min PPFC PGE: 1 Reich and Frangos (1991)
Mouse 0.7 p 1h PPFC PGE; 1 Klein-Nulend et al. (1997)
MC3T3 - - 72h Bending device OPN 1t Owan et al. (1997)
Mouse 0.4-1.2 p 15 min PPFC NO 1, PGE> t Bakker et al. (2001)
MC3T3 2 o 2h PPFC OPN 1 Ca* 1t You et al. (20014a)

MC3T3 1.2 s 1h PPFC COX-2 1, c-FOS 1t Pavalko et al. (1998)
MC3T3 1.2 s 5 min PPFC PGE, 1, ATP 1 Genetos et al. (2004)
MG-63 1 p 12h PPFC? Col 1 Myers et al. (2007)

Cell types refer to primary cells unless a specific cell line is stated. In case of oscillatory or pulsatile fluid flow the value given refers to the peak shear stress.

2A Streamer™ unit was used.
s, steady; p, pulsatile; o, oscillatory.

TABLE 2 | Osteoblastic responses to low fluid shear stress.

Cell Shear stress  Flow type Flow time Culture system mRNA Other responses Reference

type

hOB 1-63 uPa o) 10-96 h Orbital shaker ALP 1 FN 1, PGE; t, TGF-8 1, CP 1 Liegibel et al. (2004)
Rat 0.03-0.3 Pa s 2 min PPFC Ca* 1 Kou et al. (2011)
Rat 0.5 Pa s 24 h PPFC Col I t FN 1, ALP |, coll. 1, CP t Xing et al. (2014)
MC3T3  1.5-412 uPa s 24 h PPFC ALP 1, OCN 1, Col I 1, Runx2 t, OSX « CP t Yu et al. (2014)
NHOst - o) 72 h Orbital shaker CP 1, ALP 1, OCN « Aisha et al. (2015)

Cell types refer to primary cells unless a specific cell line is stated. In case of oscillatory fluid flow, the value given refers to the peak shear stress.

s, steady; o, oscillatory; CR, cell proliferation; OSX, osterix; NHOst, normal human osteoblast.

(Reich and Frangos, 1991), nitric oxide (NO) (Johnson et al.,
1996; Owan et al., 1997), prostaglandin E, (PGE;) (Reich and
Frangos, 1991; Klein-Nulend et al., 1997; Bakker et al., 2001),
and adenosine triphosphate (ATP) (Genetos et al., 2004) levels
in osteoblast cultures. PGE,, NO, and ATP have all been shown
to depend on calcium signaling. Fluid flow has also been shown
to regulate expression of osteoblast genes for osteopontin (OPN)
(Owan etal., 1997; You et al., 2001a), cyclooxygenase-2 (COX-2),
and c-FOS (Pavalko et al., 1998) but also genes related to matrix
metabolism such as collagen I (Myers et al., 2007).

Most experiments have been performed in PPFC, but the
short flow durations indicate the previously discussed challenges
of culturing cells in channels for more than a couple of hours
(Zheng et al., 2010). In addition, osteoblast proliferation and
matrix deposition will change the channel geometry over time
and thus alter the shear stress (Nauman et al., 2001).

2.5.2. Responses to Low Fluid Shear Stress

As discussed previously, osteoblasts unlike osteocytes might be
more commonly subjected to low FSS (Figure 5C). Osteoblast
responses to low FSS below 0.5 Pa have also been shown
in vitro (Liegibel et al., 2004; Yu et al., 2014; Aisha et al., 2015).
Responses of osteoblasts, which were cultured on planar surfaces
as monolayer, to low FSS were comparable to high FSS responses
(Table 2). It should be noted, however, that fewer studies inves-
tigated the lower stress range. Low FSS resulted in an increased
production of PGE, (Liegibel et al., 2004), ALP (Xing et al., 2014;
Aisha et al., 2015), and collagen (Xing et al., 2014). Furthermore,
osteoblasts tended to proliferate more under low flow (Liegibel
etal,,2004; Xing et al., 2014; Aisha et al., 2015). mRNA expression

of osteogenic genes Runx2, ALP, Col I, and osteocalcin was also
increased under low FSS (Yu et al., 2014). Similar to high FSS
experiments, PPFC were often used to provide the required
stimuli in low FSS applications (Kou et al., 2011; Xing et al., 2014).
In addition, rockers and orbital shakers were also used to generate
FSS in this range (Liegibel et al., 2004; Aisha et al., 2015).

2.5.3. Long-Term Responses by Cell Monolayers
Osteoblasts respond within hours to fluid flow by releasing
signaling factors, including NO and prostaglandins (Bakker et al.,
2001). However, it takes days to weeks for osteoblasts to begin lay-
ing down a collagen matrix which later mineralizes. For example,
MLO-A5 or MC3T3-E1 require at least 3 days (Kato et al., 2001)
or even 2 weeks (Fratzl-Zelman et al., 1998), respectively, before
they begin to mineralize. Evaluation of such late responses - in
addition to early responses — is important for a better under-
standing of bone remodeling and improved tissue engineering
strategies. Bone strength, for example, is directly influenced by
long-term responses, such as mineral content and collagen fiber
distribution, but only indirectly linked to signaling factors, such
as NO (Bouxsein and Seeman, 2009).

Due to the previously discussed difficulties in culturing cell
for days and weeks under controlled flow conditions, only a
small number of studies are looking into downstream responses
of osteoblasts (Table 3). Morris et al. (2010) cultured MLO-A5
osteoblasts in commercially available PPFC for 10 days while
applying fairly high intermittent unidirectional fluid flow
(0.8 Pa). They did not report any of the previously reported
technical difficulties associated with long-term culture in
PPFC. Similarly, Scaglione et al. (2008) were able to culture cells
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TABLE 3 | Long-term effects or fluid flow on osteoblasts.

Cell type Shear stress Flow Culture Culture mRNA Other responses Reference

type time (days) system
Rat MSC  0.06-0.6 Pa p 24 PPFC MZ <, PGE; 1 Nauman et al. (2001)
Rat MSC  0.036-0.27 Pa s 21 RFC CP <, OCN 1, PGE; 1, no MZ  Kreke and Goldstein (2004)
Rat MSC  0.16 Pa s 20 PPFC OPN 1, BSP 1 CP <, ALP <, OCN 1t Kreke et al. (2005)
Rat MSC  0.23 Pa s 14 PPFC OCN t, OPN 1, Col I 1, COX-2 1, BSP 1 Kreke et al. (2008)
Human 1.2 mPa s 10 PPFC ALP |, OCN |, OPN «, COL I 1,0SX 1, CP [, col. t, MZ 1 Scaglione et al. (2008)
MSC cbfa-1 1, BSP «
MLO-A5 0.051 Pa o 21 Rocker CP <, coll. 1, MZ 1, ALP < Delaine-Smith et al. (2012)
MC3T3 1.2 Pa S 12 PPFC ALP 1, Runx2 1, COX-2 1, BMP-2 1 coll. 1, MZ 1, ALP 1 Mai et al. (2013a,b)
MLO-A5  0.051 Pa o 12 Rocker CP &, MZ 1t Delaine-Smith et al. (2014)

Cell types refer to primary cells unless a specific cell line is stated. In case of oscillatory or pulsatile fluid flow the value given refers to the peak shear stress.
s, steady; o, oscillatory; p, pulsatile; CF, cell proliferation; MZ, mineralization; coll., collagen; OSX, osterix.

TABLE 4 | Osteoblastic responses to fluid flow in 3D.

Cell type Shear stress Culture time  Scaffold mRNA Other responses Reference

Rat MSC <0.1 Pa 16 days Titanium fiber mesh MZ 1, OCN 1, NO 1 Bancroft et al. (2002)
Rat MSC <0.03 Pa 16 days Titanium fiber mesh ALP 1t Sikavitsas et al. (2003)
MC3T3 n.i. 7 days Bone ALP 1, OCN 1, Runx2 t CP1 Cartmell et al. (2003)
Rat MSC 0.005 Pa 16 days PLLA MZ 1, CPt Sikavitsas et al. (2005)
MC3T3 0.3 Pa 4h Porous collagen Col 1 Tanaka et al. (2005)
Rat MSC n.i. 16 days Bone and titanium fibers MZ 1 Datta et al. (2006)
MC3T3 0.07-0.6 Pa 13 days PDMS ALP t,CP | Leclerc et al. (2006)
MC3T3 n.i. 49 h Collagen-GAG OPN 1, Col I t,COX-21t PGE,1,CP | Jaasma and O’Brien (2008)
Human MSC 0.005-0.015 Pa 28 days B-TCP MZ 1, ALP 1, OCN 1t Li et al. (2009)

Rat 0.1 Pa 12 days Bone ALP 1, OCN 1 MZ 1 Ban et al. (2011)
MG-63 n.i. 21 days Chitosan OCN 1, Col I 1 ALP t Su et al. (2014)

Cell types refer to primary cells unless a specific cell line is stated.

CR, cell proliferation; GAG, glycosaminoglycan; MZ, mineralization; n.i., not identified; PLLA, polylactic acid; TCF, tricalcium phosphate.

continuously over 10 days in a PPFC, but their system consisted
of higher channels (2 vs 0.4 mm), which facilitated long-term
cell culture without obstructing the channels. However, high
channels meant that only low FSS in the millipascal range could
be generated with this system. Other studies apply flow only for
a couple of minutes to a maximum of several hours before disas-
sembling the chambers and continuing cell culture outside of the
flow chambers (Kreke et al., 2005, 2008). Less defined and very
low flow was also successfully applied by Delaine-Smith et al.
(2012), who generated fluid flow in six-well plates with a see-saw
rocker over 21 days.

The few long-term monolayer studies available report con-
flicting results whether fluid shear stress can indeed increase
collagen deposition and mineralization. Nauman et al. (2001)
reported no change in mineralization under pulsatile fluid flow.
Other studies show a significant increase in collagen and calcium
deposition as a result of fluid flow (Scaglione et al., 2008; Morris
et al,, 2010; Delaine-Smith et al., 2012). Scaglione et al. (2008)
reported, in the same study, a lower mRNA expression of OCN
under fluid stimulation. OCN is a late phenotypic marker of
osteoblastic differentiation and associated with mineralization.
In contrast, Kreke and Goldstein (2004) report higher levels
of OCN protein in the culture media when cells were exposed
to high, intermittent shear stress. However, increased levels of
OCN proteins did not translate directly to higher mineralization.
Instead, the number of cell aggregates, where mineralization

would initiate, decreased under fluid flow in the same study
(Kreke and Goldstein, 2004).

2.5.4. Long-Term Responses by Cells in 3D

In contrast to the few long-term flow studies available on flat
surfaces, osteoblast behavior on scaffolds in 3D has been studied
extensively (Table 4). In vitro experiments have demonstrated
that perfusion increases osteogenic differentiation and produc-
tion of calcified extracellular matrix in 3D (Bancroft et al., 2002;
Sikavitsas et al., 2005). Perfusion bioreactor studies, however,
were normally not able to distinguish between effects caused by an
increased nutrient transport or the stimulatory effects of FSS on
the cultured osteoblasts (Sikavitsas et al., 2005; Ban et al., 2011).
It is possible to separate the effects of FSS and mass transport by
changing the culture media’s viscosity (Sikavitsas et al., 2003; Li
etal., 2009). For example, Sikavitsas et al. (2003) added dextran to
the culture medium and demonstrated that enhanced osteogenic
differentiation was indeed a result of increased FSS and not only
greater mass transport.

FSS in perfusion bioreactors is commonly several magnitudes
lower than shear stress generated with PPFC (Goldstein, 2001).
However, exact estimation of FSS is difficult since shear stress
profiles are often inhomogeneous depending on the porosity
of the (irregular and often anisotropic) scaffolds. Furthermore,
matrix deposition will alter the porosity and, therefore, change
the magnitude of FSS over time.
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2.6. Responses of Osteocytes to Fluid

Shear Stress

Osteocytes comprise between 90 and 95% of bone cells and are
embedded deeply within the mineralized bone matrix. Osteocytes
were found to be extremely sensitive to mechanical loading and
to respond by releasing soluble factors enabling them to control
bone remodeling directly or via paracrine signaling (Bonewald,
2011).

2.6.1. Direct Responses to Fluid Shear Stress
Osteocytes subjected to FSS have been shown to release several
physiological relevant messengers in vitro (Table 5), including
Ca** (Lu et al,, 2012; Jing et al.,, 2013), ATP (Genetos et al., 2007),
NO (Klein-Nulend et al., 1995a), and PGE, (Klein-Nulend et al.,
1997; Kamel et al., 2010).

ESS also regulates the release of RANKL and OPG. The rela-
tive abundance of RANKL compared to OPG is indicative of the
amount of bone resorption. Downregulation of RANKL com-
bined with upregulation of OPG as result of steady or oscillatory
flow have been demonstrated in flow chamber experiments (Li
et al, 2012, 2013). In addition, the mRNA expression of SOST/
sclerostin, which functions as an inhibitor of bone formation, was
reduced in short-term fluid flow studies (Spatz et al., 2015).

Osteocytes possess long dendritic processes which they use
to form networks with neighboring osteocytes or cells on the
bone surface (Kamioka et al., 2001). As a response to FSS, osteo-
cytes are able to modify and enlarge this network. For example,
Zhang et al. (2006) demonstrated that FSS increased dendricity

and elongation of osteocyte dendrites because of a greater
expression of E11 mRNA. The dendritic protein E11 is one
of the earliest osteocyte markers appearing on the elongating
dendritic processes. E11 is absent on primary osteoblasts and
increases with time following differentiation into an osteocyte-
like cell type.

Osteocytes communicate with each other and osteoblasts and
osteoclasts on the bone surface primarily through gap junction
channels also referred to as connexins. Connexin 43 (Cx43) is
the most abundant gap junction channel on bone cells which can
be found both on cell bodies and on their dendritic processes
(Yellowley et al., 2000). Connexins allow small molecules, includ-
ing Ca?* and PGE,, to pass through and enable a coordinated
response to external stimuli by osteocytes. Physiological FSS of
1.6 Pa enhanced osteogenesis through upregulation of Cx43,
indicating the involvement of gap junctions in mechanical
loading-induced signaling (Li et al., 2013).

2.6.2. Paracrine Signaling between Osteocytes and
Osteoblasts

Paracrine signaling enables osteocytes to control bone remodeling
even though they cannot actively deposit or resorb bone matrix
(Klein-Nulend et al., 2013). The release of signaling factors as a
result of FSS (as summarized above) allows osteocytes to orches-
trate osteoblast and osteoclast activity, which can be studied in
coculture experiments (Table 6). Experimental set-ups include
the culture of osteoblasts either (1) with conditioned media, i.e.,
culture media of previously mechanically stimulated osteocytes

TABLE 5 | Osteocytic responses to fluid flow.

Celltype  Shear stress (Pa) Flow type Flowtime mRNA Other responses Reference

Chicken 0.5 p 45 min NO 1, PGE: 1 Klein-Nulend et al. (1995a)
Mouse 0.7 p 1h PGE: t Klein-Nulend et al. (1997)
Chicken 0.7 p 10 min PGE; 1 Ajubi et al. (1999)
MLO-Y4# 0.4-1.62 s 2h E111 Zhang et al. (2006)
MLO-Y4 0.8, 1.1 S, 0 24 h OPN 1, COX-2 1 Ponik et al. (2007)
MLO-Y42 2 o) 15 min Ca®** 1, PGE, 1, ATP 1 Genetos et al. (2007)
MLO-Y4 0.2-3.2 p 2h PGE: t Kamel et al. (2010)
MLO-Y4 0.5-5 o} 4h COX-2 1, RANKL/OPG | Lietal (2012)

MLO-Y4 2 S, 0 Ca* 1 Luetal. (2012)

MLO-Y4 1.6-3.2 s 24 h Cx43 1, RANKL |, OPG 1, Sost | viability | Lietal. (2013)

MLO-Y42 0.5-4 s 10 min Ca? 1 Jing et al. (2013)
Ocy4542 0.05-0.8 s 2h(3days) SOST | RANKL |, 0.8 Pa: RANKL 1 + Dmp1 t Spatz et al. (2015)

Cell types refer to primary cells unless a specific cell line is stated. In case of oscillatory or pulsatile fluid flow the value given refers to the peak shear stress.

s, steady; o, oscillatory; p, pulsatile.
aStudies which compare osteocytic responses to osteoblastic responses.

TABLE 6 | Osteoblastic responses to paracrine signaling from osteocytes.

Osteoblast Osteocyte Shear Flow Flow Culture system mRNA Other Reference

stress (Pa) type time (h) responses
hFOB, MC3T3 MLO-Y4 0.44 - 1 Insert with rotating disk ALP t Taylor et al. (2007)
MC3T83, MLO-Y4 0.05 o 2 Rocker MC3T3: no changes; C3H10T1/2: Hoey et al. (2011)
C3H10T1/2 COX-2 1, Runx2 <
Chicken Chicken 0.7 p PPFC CP |}, ALP t Vezeridis et al. (2006)
MC3T3 MLO-Y4 0.7 p 1 PPFC Runx2 |, OCN |, Ki67 1, DMP-1 < Bakker et al. (2013)

Cell types refer to primary cells unless a specific cell line is stated. In case of oscillatory or pulsatile fluid flow, the value given refers to the peak shear stress.

o, oscillatory; p, pulsatile; CF, cell proliferation.
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FIGURE 6 | In vitro studies investigating the effect of fluid shear stress on osteoblast and osteocyte behavior. All experiments were performed using
PPFC, exceptions: Aradial flow chamber, Brocking platform, Corbital shaker, and 3D perfusion bioreactor experiments in blue area. Long-term experiments are

Osteocyte

(Vezeridis et al., 2006; Hoey et al., 2011; Bakker et al., 2013) or
(2) in transwell inserts allowing only indirect contact between cell
types (Taylor et al., 2007).

Coculture experiments demonstrated that osteocytes subjected
to FSS regulate osteoblast proliferation (Vezeridis et al., 2006) and

differentiation, for example, through the RANK ligand pathway
(Hoey et al.,, 2011; Bakker et al., 2013). Osteocytes cultured both
statically (Heino et al., 2004) and with fluid flow (Vezeridis et al.,
2006; Taylor et al., 2007) induced enhanced ALP expression in
osteoblasts.
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In addition to the effect of FSS on paracrine signaling, Vazquez
et al. (2014) demonstrated the impact of compression in a 3D
coculture model. In their model, osteocytes were embedded in
type I collagen gels with osteoblasts cultured on top of the hydro-
gel. Osteocytes formed networks within the 3D collagen gels and
osteoblasts responded to mechanical loading with increased col-
lagen production. The effects of dynamic compression were also
investigated in a trabecular bone explant model by Chan et al.
(2009). They observed increased PGE, release by bone cells when
osteoblasts were cocultured with osteocytes during a 4-week
culture period.

3. CONCLUSION

Osteoblasts and osteocytes respond to fluid shear stress over a
wide range of magnitudes as demonstrated extensively in vitro
(Figure 6). These responses indicate that fluid shear stress con-
trols factors known to be important in bone formation. Different
experimental set-ups and bone cell models have been applied
over the last decades to investigate how fluid flow affects bone
formation. These experiments have created a better understand-
ing of how bone cells respond to different flow patterns and
magnitudes of shear forces. For example, osteocytes respond to
high fluid shear stress by releasing signaling factors which can
also influence osteoblast behavior via paracrine signaling. The
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