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ABSTRACT

Anisotropic collagen/apatite microstructure is a prominent determinant of bone tissue functionalization; in
particular, bone matrix modulates its anisotropic microstructure depending on the surrounding mechanical
condition. Although mechanotransduction in bones is governed by osteocyte function, the precise mechanisms
linking mechanical stimuli and anisotropic formation of collagen/apatite microstructure are poorly understood.
Here we developed a novel anisotropic mechano-coculture system which enables the understanding of the
biological mechanisms regulating the oriented bone matrix formation, which is constructed by aligned osteo-
blasts. The developed model provides bone-mimetic coculture platform that enables simultaneous control of
mechanical condition and osteoblast-osteocyte communication with an anisotropic culture scaffold. The engi-
neered coculture device helps in understanding the relationship between osteocyte mechanoresponses and
osteoblast arrangement, which is a significant contributor to anisotropic organization of bone tissue. Our study
showed that osteocyte responses to oscillatory flow stimuli regulated osteoblast arrangement through soluble

molecular interactions. Importantly, we found that prostaglandin E2 is a novel determinant for oriented
collagen/apatite organization of bone matrix, through controlling osteoblast arrangement.

1. Introduction

Bone is a complex, multicellular tissue that represents a character-
istic microstructure controlled by the mechanical environment [1]. Its
unique oriented architecture allows bone tissue functionalization
depending on the surrounding stress distribution [2]. For example, ulnar
tissue shows a highly aligned collagen/apatite bone matrix structure,
which possesses mechanical properties that are stronger in the longi-
tudinal direction than in the transverse direction [3]. There is increasing
evidence that the microstructural arrangement of bone matrix is a
dominant contributor to the functional adaptation of bone tissue to the
mechanical environment [4]. Long-term bedridden or spaceflight envi-
ronments severely weaken bones because of a decrease in loading levels
[5,6]. Moreover, skeletal unloading induces a deteriorated microstruc-
ture of the bone matrix in relation to abnormal osteocyte arrangement
[7]. Osteocytes play a central role in sensing mechanical stimuli and
converting them into biochemical signals orchestrated with osteoblasts
and osteoclasts [8]. In particular, osteocytes communicate with osteo-
blasts via soluble factors through the lacunar-canaliculi network inside

the mineralized matrix [9-11]. Recent findings indicate that the aniso-
tropic microstructure of bone tissue is strictly controlled by osteocyte
function [12,13]. Besides the above role of osteocytes as a control tower
of bone regulation, osteoblasts directly contribute to bone matrix
orientation depending on the degree of their alignment [14,15]. It is
important that the degree of bone tissue anisotropy can be estimated
quantitatively from the osteoblast alignment in response to scaffold
orientation [16]. Elucidation of osteoblast-osteocyte interaction sce-
narios governing the anisotropic morphological regulation under me-
chanical conditions can aid in the development of biomedical devices or
a therapeutic target for the recovery of bone function.

Artificial control of mechanical stimuli to osteocytes has been pre-
viously investigated using in vivo loading models [17] and in vitro shear
stress models [18,19]. Although these studies promoted the under-
standing of biological responses to mechanical conditions at tissue or
molecular levels, the role of osteocytes in the regulation of anisotropic
collagen/apatite construction of bone tissue, the strong modulator of
mechanofunction in bone tissue, is not fully understood. Moreover,
osteoblast-osteocyte coculture devices need to satisfy both mechanical

* Corresponding author. Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, Osaka, Japan.

E-mail address: nakano@mat.eng.osaka-u.ac.jp (T. Nakano).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.biomaterials.2021.121203

Received 10 November 2020; Received in revised form 7 October 2021; Accepted 20 October 2021

Available online 21 October 2021

0142-9612/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:nakano@mat.eng.osaka-u.ac.jp
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2021.121203
https://doi.org/10.1016/j.biomaterials.2021.121203
https://doi.org/10.1016/j.biomaterials.2021.121203
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2021.121203&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Matsuzaka et al.

and architectural properties of bone tissues to mimic intercellular
communications in the bone. Mechanical control of osteocyte function,
in combination with biomaterials as a scaffold for osteoblast adherent
substrates, may provide a powerful system that allows us to determine
the molecular mechanisms underlying bone tissue functionalization.
During physical activity, the bone matrix deforms, generating interstitial
fluid flow through the canaliculi; osteocytes embedded in the bone
matrix sense the applied mechanical stress as shear stress generated on
the cell surface [20,21]. Under physiological conditions, bone tissue is
exposed to dynamic mechanical conditions, which generate oscillatory
flow stimuli to osteocytes. Here, we propose a novel coculture device for
understanding the relationship between osteocyte mechanosensing and
osteoblast alignment. The developed coculture model enables simulta-
neous regulation of osteocyte mechanical stimulation and osteoblast
adhesion on an anisotropic culture scaffold. Osteocytes stimulated by
the oscillatory flow, but not unidirectional steady flow, resulted in high
level of osteoblast arrangements along the substrate collagen. Of note,
prostaglandin E2 (PGE2), a stress-responsive molecule produced by os-
teocytes, was found to be a novel guiding cue that controls the aniso-
tropic bone matrix arrangement through regulating the osteoblast
alignment via PGE2-EP2/EP4 pathway.

2. Materials and methods
2.1. Fabrication of the oriented collagen substrates

Oriented collagen substrates were produced using a hydrodynamic
extrusion method. Rat tail collagen type I was prepared at a concen-
tration of 10 mg/mL in 0.02 N acetic acid. Collagen deposition into
phosphate buffer saline (PBS, 10x concentration) was controlled by a
three-axis robotic arm (SM300-3A; Musashi Engineering, Tokyo, Japan),
which could regulate deposition speed and direction of collagen mo-
lecular fibrils; deposition speed of the robotic arm was set at 400 mm/s.

2.2. Isolation and culture of osteoblasts

Primary osteoblasts were isolated from calvariae of newborn mice by
sequential enzymatic treatment. Calvariae were extracted from newborn
C57BL/6 mice (3 days old) and placed in ice-cold a-MEM (Invitrogen,
Carlsbad, CA). Fibrous tissues around the bone were cleanly removed,
finely cut, and washed with Hank’s balanced salt solution (Gibco). The
extracted calvariae were then treated with collagenase/trypsin (colla-
genase: Wako, Osaka, Japan; trypsin: Nacalai Tesque, Kyoto, Japan) five
times at 37 °C for 15 min each. The supernatants of the first two treat-
ments were discarded, and the supernatants of the third, fourth, and fifth
treatments were collected in a-MEM. Collections were passed through a
100-pm mesh strainer (BD Biosciences, San Jose, CA, USA), centrifuged,
and the supernatant was removed. Extracted cells were resuspended in
a-MEM containing 10% fetal bovine serum (FBS; Gibco), 1% penicillin,
and streptomycin (Invitrogen, Carlsbad, CA) for cell culture. All animal
experiments were approved by the Osaka University Committee for
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2.3. Isolation and culture of IDG-SW3

IDG-SW3 cells (Applied Biological Materials, Canada) were cultured
on rat tail type I collagen-coated plates (Thermo Fisher Scientific) under
proliferative conditions at 33 °C in a-MEM containing 10% FBS, 1%
penicillin and streptomycin, and interferon (IFN)-y (Invitrogen). To
induce differentiation, IDG-SW3 cells were seeded at a density of 80,000
cells/cm? with 50 pg/mL ascorbic acid and 4 mM B-glycerophosphate at
37 °C without IFN-y. After 14 days of culture under differentiation
conditions, cells were collected by treatment with trypsin, collagenase,
and EDTA. Cells were analyzed and sorted using a fluorescent activated
cell sorter equipped with a 488-nm laser (FACS, Aria IIIu cell sorter, BD
Biosciences). Cell debris, dead, or doublet cells were excluded by se-
lective gating of the area, width, and height of the scattered light plots.
The resultant single cell population expressing the top 30% green fluo-
rescent protein (GFP) intensity was collected as stress-responsive mature
osteocytes. Data analysis was performed using the BD FACS Diva soft-
ware (BD Biosciences). The sorted cells were seeded at a density of
80,000 cells/cm? under the differentiation conditions mentioned above,
and were observed under a fluorescence microscope (BZ-X710, Keyence,
Osaka, Japan). To verify the response to external stimuli and signaling
through the intercellular network, the cells were treated with calcium
indicator (Fluo 4-AM, DOJINDO, Kumamoto, Osaka) and then stimu-
lated with a manipulation system (InjectMan, Eppendorf, Hamburg,
Germany) equipped with microcapillary (Femtotips, Eppendorf).

2.4. Anisotropic coculture model with controlled fluid flow stimuli

A novel anisotropic coculture model of osteoblasts-osteocytes under
controlled mechanical stimuli was constructed by designing a custom-
made fluid flow stimuli system in combination with a horizontal
coculture platform (Ginrei lab, Ishikawa, Japan). More importantly,
osteoblast culture was conducted on the anisotropic culture scaffold,
which provides a one-directional arrangement of collagen molecules.
This system enables intercellular communication between osteoblasts
and osteocytes through hydrophilic polycarbonate membranes with 0.6
pm pores (Ginrei lab) [22,23]. Fluid flow stimuli to osteocytes were
controlled by designing and developing a cone-and-plate system
composed of a rotating DURACON® cone with a 10° cone angle (Strex,
Osaka, Japan). Osteoblasts were seeded at a density of 4,000 cells/cm?
on the oriented collagen substrate on one side of the coculture device.
The sorted IDG-SW3 cells were cultured at a density of 25,000 cells/cm?
on the other side of the device, which was equipped with a rotating cone.

2.5. Particle imaging velocity (PIV)

The dynamics of fluid flow that stimulated osteocytes were analyzed
using PIV. Tracer particles for PIV were determined considering the
density and kinematic viscosity of the cell culture medium, according to
the Baset-Boussinesq-Oseen equation as follows [24].
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Animal Experimentation. Isolated osteoblasts were seeded onto each
oriented collagen substrate at a density of 4,000 cells/cm?, and were
incubated at 37 °C in 5% CO».
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where d is the tracer particle diameter and v is the kinematic viscosity of
the liquid. u, uy, p,, and p; are the velocities and densities of the tracer
particles and fluid, respectively. The first term on the right-hand side of
the equation is the Stokes’ drag force for instantaneous relative velocity.
The second term is the Froude-Krylov force due to pressure gradient in
undisturbed flow; the third term is the added mass force and the last
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term is the Basset history integral. Glass hollow particles with a mean
diameter of 10 pm were used to ensure the traceability of the particles.
Colorless culture medium (600 pl), in which the particles were diffused,
was placed in a well, and cone rotation was regulated under motor
control. Particles 1 mm away from the plate surface were photographed
at 1 ms intervals and recorded. Recorded images were used for calcu-
lating the fluid velocity using Davis 10.0 (LAVISION).

2.6. Cell viability assay

The Live/Dead Cell Staining Kit II (PromoKine) was used to quantify
cell viability. After the fluid flow stimulations, cells were washed twice
with PBS and incubated with calcein-AM and ethidium homodimer-3
(Dojindo) for 45 min at room temperature. Green fluorescent and red
fluorescent cells were counted as live and dead cells, respectively, under
a fluorescence microscope (BZ-X710, Keyence, Osaka, Japan). The ratios
of live/dead cells were calculated.

2.7. Immunofluorescence staining

Osteoblasts on the oriented collagen substrates cocultured with os-
teocytes were fixed with 4% formaldehyde in PBS at room temperature
for 20 min, and were then washed with PBST (PBS-0.05% Triton X-100).
PBST containing 5% normal goat serum (Invitrogen) was used to block
non-specific binding sites at room temperature for 30 min. For immu-
nostaining of vinculins, cells were incubated with mouse monoclonal
antibodies against vinculin (Sigma-Aldrich) at 4 °C overnight. After
rising with PBS, cells were exposed to secondary antibodies (Alexa Fluor
546-conjugated anti-mouse IgG, Invitrogen) and DAPI (Invitrogen), and
were further incubated at room temperature for 2 h. For visualization of
F-actin, cells were exposed to Alexa Fluor 488-conjugated phalloidin
(Invitrogen). Finally, cells were washed with PBST, mounted with Pro-
long Diamond Antifade Reagent (Invitrogen), and observed under a
fluorescence microscope (BZ-X710, Keyence, Osaka, Japan).

2.8. Analysis of cell orientation

The degree of cell orientation with respect to the collagen running
orientation of substrates was evaluated by taking photographs of fluo-
rescent cells obtained via a fluorescence microscope (BZ-X710, Keyence,
Osaka, Japan). Cell orientation was quantitatively analyzed using the
Cell Profiler software (Broad Institute, Cambridge, MA), and degree of
cell arrangement, R, was calculated using the following equation.

R:2<005207%> 1)

00529—<i00520>/n 2)
1

2.9. Gene expression analysis

Total RNA was isolated from osteocytes or osteoblasts using TRIzol
reagent (Invitrogen) according to manufacturer’s instructions. Gene
expression levels were assessed using quantitative real-time PCR (Step-
one, Applied Biosystems, CA, USA). In PCR analysis, the threshold cycle
(Ct) value was set within the exponential phase of the PCR reaction, and
the ACt value for each target gene was determined by subtracting the Ct
value obtained for GAPDH (internal control) from the target gene. Re-
sults were normalized using expression levels determined in control
cells.

For comparison of gene expression under different mechanical
stimulation conditions, total RNA was extracted using NucleoSpin RNA
Plus XS (MACHEREY-NAGEL). Gene expression profiles were obtained
using a NovaSeq 6000 system (Illumina, San Diego, CA, USA) according
to manufacturer’s guidelines. Briefly, RNA purity and integrity were
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evaluated using electrophoresis via the Agilent 2200 TapeStation (Agi-
lent Technologies, Santa Clara, CA, USA). Two indexed libraries were
pooled and sequenced. After that, data analysis was performed using the
Genedata Profiler Genome software (Genedata). RNA seqence data was
imported into integrated differential expression and pathway analysis
(iDEP v.0.93), an integrated application software for gene ontology
analysis. The target genes expressing the intensity more than 1.5-fold in
the oscillatory flow condition compared to those in the control were
indicated as a normalized value by a color bar.

2.10. Blocking of EP2 and EP4 receptor

The effects of PGE2 on osteoblast arrangement were investigated
using a PGE2 antagonist. PGE2 receptor EP2- and EP4- specific in-
hibitors, TG6-10-1 (Merck) and L-161982 (Sigma-Aldrich), were used to
stimulate primary osteoblasts 24 h after seeding, at a final concentration
of 10 M for 48 h [25,26]. The osteoblasts were immunostained and the
degree of cell orientation was analyzed as described in section 2.8.

2.11. Statistical analysis

Values are reported as mean + standard deviation. Statistical sig-
nificance between two groups was tested using the Student’s t-test or the
Welch’s t-test. For comparison among three groups, one-way analysis of
variance was conducted, followed by Tukey’s multiple comparison tests.
Significance was established when p < 0.05, and p < 0.01.

3. Results
3.1. Isolation of mature osteocytes

DMP1-GFP is a marker of osteocyte differentiation. Fluorescence
microscopy images of DMP1-GFP expression revealed that IDG-SW3
cells were successfully differentiated into GFP-positive osteocytes and
isolated via cell sorting (Fig. 1A). When cultured under proliferative
conditions, IDG-SW3 cells were GFP-negative. In contrast, IDG-SW3
cells cultured for 14 days under differentiation conditions showed GFP
expression according to cell maturity, and adopted dendritic cell
morphology. Mature osteocytes with GFP intensity in the top 30% were
isolated and extracted from the 14-day IDG-SW3 cell culture and were
sorted based on GFP levels (Fig. 1B). Gene expression analysis demon-
strated that total GFP level was increased, thus confirming that mature
osteocytes were accurately isolated (Fig. 1C). Moreover, the osteocytes
responded to the mechanical stimulation, cell to cell spread of calcium
signaling was observed among the cultured osteocytes (Fig. 1D).

3.2. Anisotropic coculture model with controlled mechanical stimuli

An anisotropic coculture system that mimics the bone microenvi-
ronment with stress fields was established (Fig. 2A). Isolated mature
osteocytes and cocultured osteoblasts were separated by inserts, and
only osteocytes were stimulated by fluid flow. PIV measurement
demonstrated that osteocytes were stimulated by fluid flow that was
precisely controlled by cone rotations (Fig. 2B). Cell morphology and
viability were assessed by live/dead cell staining (Fig. 2C). Fluorescence
microscope images of osteocytes located equidistant from the center of
the well showed that cell shape was not significantly affected by flow
stimulations. Unstimulated cells were 97.9 4+ 0.8% viable; cells stimu-
lated by fluid flow also retained good viability. Cells stimulated by
steady flow and oscillatory flow were 97.0 £+ 0.7% and 95.8 + 2.1%
viable, respectively (Fig. 2D).

3.3. Oscillatory flow stimulation to osteocytes regulate cocultured
osteoblast arrangement through soluble factors

Osteoblasts were preferentially aligned along the substrate collagen
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Fig. 1. Isolation of mature osteocytes from IDG-SW3 cells using cell sorting. (A) DMP1-GFP expression in IDG-SW3 at each differentiation stage. The insets show the
phase-contrast images of the corresponding fluorescent images. (B) Histogram of GFP intensity for proliferation and differentiation induction. (C) Gene expression of
DMP1 in IDG-SW3 at each differentiation stage. (D) Stimulation of a single osteocyte with a needle manipulator. Intercellular Ca®" signaling was observed among the

obtained osteocytes.

orientation. The degree of cell arrangement was comparable between
the control and osteoblasts cocultured with osteocytes stimulated by
steady flow. In contrast, osteoblasts cocultured with osteocytes stimu-
lated by oscillatory flow showed significantly higher degree of orienta-
tion than the control or cells stimulated by steady flow (Fig. 3A and B).
To determine which signaling pathways determined the osteoblast
arrangement, comprehensive gene expression profiles of osteoblasts
were obtained. The expression levels of Myosin family members (Myl1,
Myl4, Myll12a, Myold, Myo5a, Myo5c, Myof), Actin family molecules
(Actnl, Actn4), focal adhesion-related molecules (Src, Cfll, Pxn), and
Integrin family (Itga5, Itgb1, Itgav, Itghb3) were increased specifically in
osteoblasts cocultured with oscillatory flow-stimulated osteocytes
(Fig. 3C). These results indicated that osteocytes stimulated by oscilla-
tory flow regulated the osteoblast cytoskeletal-adhesion construction via
soluble factors, resulting in the high degree of cell alignment. To reveal
the soluble factors responsible for osteoblast arrangement, alterations in
gene expression in osteocytes in response to fluid flow stimuli were
analyzed. No significant differences in BMP2, Wnt5a, Sfrpl, and Sost

expression were found among control, steady, and oscillatory flow-
stimulated osteocytes. Contrarily, oscillatory flow stimulation
enhanced Ptgs2 (encoding PGE2) expression as compared with those in
control cells and those stimulated by steady flow (Fig. 3D).

3.4. The effects of PGE2 blockade on osteoblast arrangement

These results suggested that PGE2 secretion by osteocytes regulates
osteoblast arrangement. To confirm that this effect is mediated by PGE2
activation, the PGE2 receptors on osteoblasts, EP2 and EP4, were
blocked by antagonists. Osteoblast arrangement was disturbed by the
addition of EP2 and EP4 receptor antagonists, indicating that PGE2-
EP2/EP4 signaling is involved in osteocyte-mediated osteoblast
arrangement (Fig. 4A and B). In addition, a significant reduction in focal
adhesion molecules, FAK and Pxn was observed after the antagonist
treatment, as well as the downregulation of the Integrin family including
Itga5, Itgav and Itgb3.
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of how oriented collagen substrates for osteoblasts were produced. (Right) Schematic illustration of the novel horizontal osteocyte-osteoblast coculture model. (B)
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dead cell staining; live and dead cells are indicated by green and red fluorescence, respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 3. Osteoblasts arrangement in response to control (no flow), steady flow or oscillatory flow. (A) Immunofluorescence images of osteoblast cultured on oriented
collagen substrates with osteocyte loaded shear stress. (B) Comparison of the degree of cell orientation. **: p < 0.01 vs. control. (C) Comprehensive gene expression
analysis in osteoblasts cocultured with fluid flow-stimulated osteocytes. (D) Comparison of osteocyte mechanosensing-related gene expression in response to steady
and oscillatory flow. A significant difference in PGE2 gene expression is found between steady flow and oscillatory flow conditions.

4. Discussion

4.1. Construction of a novel coculture device of osteoblast-osteocyte with
controlled fluid flow stimuli

In this study, we established a novel coculture platform in which
osteoblasts and osteocytes can interact via soluble factors under fluid
flow stimuli. Osteocyte functions have been previously studied using
primary cells [27,28] or other cell lines [29,30]; however, these systems
were insufficient for understanding the mechanical responses of osteo-
cytes. In this study, the IDG-SW3 cell line, which express a series of

(=)}

differentiation markers, including those of osteoblasts and early and late
osteocytes, was used [31]. Considering the effects of cellular heteroge-
neity depending on their differentiation stages, mature osteocytes that
expressed fluorescence intensities above 30% of DMP1-GFP cells were
isolated using cell sorting (Fig. 1A and B). The expression level of DMP1
in isolated cells was significantly higher as compared with that in the
heterogeneous cell population during both proliferative and differenti-
ation stages (Fig. 1C), indicating that fully maturated osteocytes were
isolated with high accuracy. In addition, the intercellular calcium
signaling in response to the mechanical stimulation was clearly observed
in our coculture system (Fig. 1D). Considering osteocytes function
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Fig. 4. The effects of PGE2 signaling on osteoblasts arrangement. (A) Immunofluorescence images of osteoblast treated with EP2/EP4 antagonist on oriented
collagen substrates. Green, F-actin; red, vinculin; blue, nuclei. (B) Comparison of the degree of cell orientation. (C) Comparison of gene expression in osteoblasts
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control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

depends on the surrounding environment, the 2D cultivation in this
coculture system can further extend to 3D cultivation which mimics
fully functional osteocytes [32,33].

The osteocyte and osteoblast coculture was classically investigated
mainly using a transwell system, in which the cells are separated into
upper and lower parts [34,35]. In addition, recent works developed
some innovative methodology including 3D microfluidic coculture chips
[32]. The present coculture platform provided an independent harvest
environment, an anisotropic scaffold for osteoblast cultivation, and
mechanical stimuli for osteocytes. The anisotropic collagen substrate
was fabricated using extrusion method, whereas there have been re-
ported various methodology to create oriented substrate including flow
stimulation [36]. The horizontal connection between different cell types
enabled simultaneous observation of both cells. Furthermore, our
coculture system can be extended to human cell research. The human
osteoblast alignment can also be evaluated by observing the response of
cytoskeleton and focal adhesion activation in response to oriented
collagen scaffold [37]. In summary, the present coculture system
allowed us to understand the interaction between osteocytic responses
against mechanical stimuli and osteoblastic alignment against substrates
collagen orientation (Fig. 2A).

It is important that the fluid flow stimuli to the osteocytes in the
present system were quantitatively controlled to simulate the flow
condition inside the living bone considering the flow velocity and the
size of the lacunar/canaliculi [38,39]. The flow stimuli were accurately
loaded based on the PIV analysis (Fig. 2B and C). PIV analysis revealed
that the applied shear stress well reflected the solute transport inside the
lacunar-canaliculi system in bones with a maximum controlled fluid
velocity of 40 mm/s. It also demonstrated that fluid flow stimuli were

applied only to the osteocytes and no effects of stimulation in the
separated wells for osteoblasts were noted. Live/dead staining revealed
that both steady and oscillatory flow exhibited no statistically significant
effects on cell viability when compared to the control group (Fig. 2D).

4.2. Osteocyte mechanosensing regulates osteoblast arrangement

Osteoblast orientation is one of the strong determinants of oriented
bone matrix microstructure [14-16,40]. The degree of osteoblast
alignment mirrors the level of bone matrix arrangement, which domi-
nates the mechanical function of bone tissue [4]. In this study, osteoblast
orientation was clearly affected by the different external mechanical
conditions surrounding osteocytes, suggesting that different responses
of osteocytes to mechanical conditions regulated the degree of osteo-
blast arrangement via soluble factors (Fig. 3A and B). Interestingly, it
was first shown that the arrangement of osteoblasts was significantly
influenced by oscillatory flow, but not by steady flow stimulation of
osteocytes. In actual living systems, movement involves repeated
loading and unloading conditions of the bone. The direction of fluid flow
inside a lacunar/canaliculi network is reversed according to the loa-
ding/unloading condition [20]; oscillatory flow can work as a more
physiologic flow than unidirectional flow [41]. The responses of oste-
ocytes to different types of fluid shear stress, including constant, pul-
satile, and oscillatory fluid flows, have been studied separately. The load
magnitude, frequency, and number of cycles are considered possible
factors that determine cellular responses [42-44]. However, the sys-
tematic understanding of the cellular responses to shear stress condi-
tions of static or dynamic stimuli is currently lacking. In this study, we
constructed a novel coculture device under controlled fluid flow stimuli,
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which enabled the comparison between steady and oscillatory flow and
its effects on osteocyte function. Furthermore, it is important that me-
chanically stimulated osteocytes can communicate with osteoblasts
cultured on oriented collagen substrates, which mimics the bone matrix
microstructure, via soluble proteins. The results indicate that osteoblast
alignment is regulated by activated osteocytes in response to a relatively
high frequency (0.25 Hz) oscillatory flow. Moreover, steady and oscil-
latory flow possibly affected osteocytes through different molecular
pathways [45]. Although the exact mechanisms by which physical sig-
nals, such as mechanical loads, are converted into biochemical signals
are not completely understood, a variety of cell surface proteins and
structures, including integrins, primary cilia, and ion channels, have
been proposed to function as a sensor of fluid stimulation in osteocytes
[46-49]. These findings led us to consider the molecular interaction
between osteoblasts and osteocyte mechanosensing in the regulation of
osteoblast arrangement, which determine the functionalization of bone
tissue based on anisotropic microstructural construction.

4.3. PGE2 mediates osteocyte stress response and osteoblast arrangement

In osteoblasts cocultured with oscillatory flow-stimulated osteocytes,
which have the highest degree of cell orientation, the expression levels
of Myosin family, cell adhesion-related proteins and Integrin family genes
were increased. It is suggested that osteocyte stimulus induced the
osteoblast actin/myosin-responsive focal adhesion construction
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involved in cytoskeletal deformation, resulting in the significant change
in osteoblast orientation via intercellular indirect signal transmission
(Fig. 3C). Several key genes associated with osteocyte mechanosensing
were compared under control (no flow), steady, and oscillatory flow
conditions. The expression level of all the examined genes was signifi-
cantly altered in the presence or absence of mechanical stimuli (Fig. 3D);
this finding is consistent with previous reports [50-52]. Among them,
significant difference in PGE2 gene expression was found between
steady flow and oscillatory flow conditions, which suggested that PGE2
secretion in response to steady or oscillatory flow can regulate osteoblast
arrangement via intercellular signaling. Considering that steady flow
does not seem to impact osteoblast arrangement, it was suggested that
PGE2 expression likely promoted osteoblast arrangement in a
concentration-dependent manner.

PGE2, an early response molecule to mechanical loading [53-55],
acts on a variety of cells by activating four types of membrane receptors,
EP1-EP4, which have different signal transduction properties [56,57].
Osteoblasts express EP2 and EP4 receptors, which have been recognized
as a regulatory pathway involved in bone formation [58,59]. Although
these previous findings suggested the role of PGE2 in bone metabolism
in response to mechanical stimuli, its essential roles in bone function-
alization has never been elucidated. In this study, osteoblasts treated
with EP2 and EP4 receptor-specific antagonists induced loss of osteo-
blast arrangement on oriented collagen substrates (Fig. 4A and B). The
findings revealed the novel role of PGE2/EP-EP4 signaling as an

Bone functionalization controlled by highly-aligned osteoblasts

Fig. 5. Osteocyte responses to oscillatory flow stimuli promoted osteoblast arrangement via soluble mediator proteins. Notably, a novel role of PGE2 as a mediator
for controlling osteoblast arrangement in response to oscillatory flow to osteocytes was found for the first time. The findings indicate PGE2 as an important target

molecule to determine the anisotropic collagen/apatite bone matrix.
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essential contributor for regulating osteoblast arrangement, which is
one of the most important determinant in anisotropic bone matrix
microstructure. Indeed, PGE2 signaling has been reported to be involved
in cytoskeletal arrangement via the PKA signaling pathway [60].
Furthermore, PGE2 plays an important role in directional regulation of
hair follicle morphogenesis [61]. It is interesting that the focal adhesion
molecules were enriched in control cells compared with EP2/EP4
blocked osteoblasts (Fig. 4C). Previous study has shown that PGE2 is
related to the cytoskeletal organization in osteoblasts [62]. Intact oste-
oblasts sense the molecular orientation of collagen that substrates via a
specific amino acid sequence [63], which induces cytoskeletal
arrangement along the running direction of the collagen fiber [64].
Upregulated PGE2 secretion from osteocytes in response to oscillatory
fluid flow could stimulate downstream signaling in osteoblasts, resulting
in greater cell alignment, and leading to bone tissue functionalization
with highly aligned bone matrix construction (Fig. 5).

5. Conclusion

Bone tissue functionalization is governed by the oriented micro-
structure, which is modulated by multiple types of cells in response to
the mechanical environment. Little is known, however, about the pre-
cise molecular mechanisms linking mechanical conditions and bone
tissue organization. Simultaneous control of mechanical conditions and
intercellular communication can provide a powerful platform to un-
derstand the cellular mechanisms in response to external stimuli. Here,
we designed and developed a novel osteocyte-osteoblast communication
system equipped with controlled shear stress stimulation and an aniso-
tropic scaffold. Osteocyte responses to oscillatory flow stimuli promoted
osteoblast arrangement via soluble mediator proteins. The developed
anisotropic mechano-coculture system heralds the next-generation
microstructural medicine in bone therapeutics, which have never been
achieved so far. Notably, a novel role of PGE2 as a mediator for con-
trolling osteoblast arrangement, a key regulator in bone functionaliza-
tion was found for the first time. The findings can open up new avenues
for the healing strategy of bone microstructure, overcoming the limi-
tation of conventional bone mass regulation.
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