JBMR

Osteocytic Network Is More Responsive in Calcium
Signaling Than Osteoblastic Network Under Fluid Flow
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ABSTRACT

Osteocytes, regarded as the mechanical sensor in bone, respond to mechanical stimulation by activating biochemical pathways and
mediating the cellular activities of other bone cells. Little is known about how osteocytic networks respond to physiological mechanical
stimuli. In this study, we compared the mechanical sensitivity of osteocytic and osteoblastic networks under physiological-related fluid
shear stress (0.5 to 4 Pa). The intracellular calcium ([Ca®"1];,) responses in micropatterned in vitro osteoblastic or osteocytic networks were
recorded and analyzed. Osteocytes in the network showed highly repetitive spikelike [Ca>"]; peaks under fluid flow stimulation, which
are dramatically different from those in the osteoblastic network. The number of responsive osteocytes in the network remained at a
constant high percentage (>95%) regardless of the magnitude of shear stress, whereas the number of responsive osteoblasts in the
network significantly depends on the strength of fluid flow. All spatiotemporal parameters of calcium signaling demonstrated that
osteocytic networks are more sensitive and dynamic than osteoblastic networks, especially under low-level mechanical stimulations.
Furthermore, pathway studies were performed to identify the molecular mechanisms responsible for the differences in [Ca®']; signaling
between osteoblastic and osteocytic networks. The results suggested that the T-type voltage-gated calcium channels (VGCC) expressed
on osteocytes may play an essential role in the unique kinetics of [Ca®']; signaling in osteocytic networks, whereas the L-type VGCC is
critical for both types of cells to release multiple [Ca®"]; peaks. The extracellular calcium source and intracellular calcium store in ER-, ATP-,
PGE,-, NO-, and caffeine-related pathways are found to play similar roles in the [Ca®']; signaling for both osteoblasts and osteocytes.
The findings in this study proved that osteocytic networks possess unique characteristics in sensing and processing mechanical signals.
© 2012 American Society for Bone and Mineral Research.
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Introduction cell system.®*® A prominent mechanism for osteocytes to

communicate with each other is through the intercellular

steocytes are the most abundant cells in bone, composing

more than 90% of bone cell population.™ Throughout the
lacunae-canaliculi system, osteocytes build connections with
each other with their numerous dendritic processes and form an
extensive cell network in the mineral matrix.> The elaborate
osteocytic networks act as a highly efficient sensor in bone for
detecting mechanical signals generated by the host's daily
physical activities. The osteocytic network draws a morphologi-
cal similarity with neuronal network, suggesting a potential in
processing and translating mechanical stimuli. Recent findings
showed that the bone adaptation process requires osteocytes
to detect mechanical signals in situ and integrate the signals
into appropriate anabolic or catabolic activities of the bone

physical connections. Osteocytes can establish gap junction
intercellular communication (GJIC) with each other at the end of
long processes as well as cells on the bone surface (mainly lining
cells and osteoblasts) and cells in bone marrow.”® However,
studies showed that osteoblasts could also regulate cellular
activities in response to mechanical stimuli, eg, fluid flow can
induce prominent calcium responses in osteoblasts or osteo-
blastic networks.®'? The key question, which has yet to be
investigated, is whether an osteocytic network behaves
differently from an osteoblastic network under a physiological
mechanical environment. The means by which these two types
of networks coordinate with each other or harmonize their
mechanotransduction activities are thus far poorly understood.
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The focus of this study, as a first step, was to compare the
mechanical sensitivity between osteocytic and osteoblastic
networks in terms of intracellular calcium ([Ca®™]) signaling
induced by fluid flow.

Physical loading on bones from daily physical activities can
generate fluid flow in the lacunae-canaliculi system and further
exert shear stress on bone cell processes and bodies.”’ Shear
stress generated by fluid flow has been shown to play a critical
role in the mechanotransduction process in bone cells and to be
able to initiate a cascade of biochemical activities in cells.'%'2~">
Analytical modeling predicted that the fluid shear stress on
osteocytes is in the range of 0.8 to 3Pa,"® whereas recent
imaging techniques estimated that the peak shear stress on
osteocyte processes could reach 5Pa.’” In this study, to
compare the sensitivity of the osteocytic and osteoblastic
network in response to mechanical stimulation, a full range of
fluid shear stress under unidirectional steady fluid flow expected
to occur during routine human physical activities, ie, 0.5 to 4 Pa,
will be employed as mechanical stimuli. The unidirectional
steady flow was chosen to represent a physiological but unusual
mechanical stimulus that is different from the oscillatory flow
presumed to occur under cyclic daily activities." It is known that
bone cells, including both osteocytes and osteoblasts, respond
more actively to new patterns or types of mechanical loading.
This is a major advantage of using unidirectional flow in this cell
comparison study.

Studies have shown that fluid flow can induce consistent
oscillations of [Ca®"]; intensity in bone cells.>'¥2% Calcium
signaling is observed as one of the earliest biochemical
responses in bone cells under mechanical stimuli and can
regulate many downstream signaling events.”'~23) For example,
blocking extracellular calcium influx or inhibiting the release of
calcium from intracellular store can markedly inhibit the
mechanically induced PGE, release in osteocytes.®? It has been
recently shown that the [Ca®'], responses can propagate
between neighboring cells, and the calcium wave propagation
can act as a critical mechanism for cell-cell communication
in bone cell networks.?%=2” More important, the [Ca*'];
oscillation in osteoblasts has been shown to be dependent on
the mechanical loading frequency and magnitude of shear
stress.?®

The fluid flow-induced elevation of cytosolic calcium
mainly comes from two sources: intracellular buffering
stores (eg, endoplasmic reticulum [ER]) and the extracellular
environment. 23" The Ca?* exchange between intra- and
extracellular environments involves stretch-activated ion chan-
nels, store-operated calcium channels, voltage-gated calcium
channels (VGCC), and other ligand-gated ion channels (eg, ATP-
activated P,X; receptor). A recent study demonstrated
that osteoblasts predominantly express L-type VGCC, whereas
osteocytes, in contrast, express T-type VGCCs and a relatively
small amount of L-type VGCCs.®? The release of intracellular
Ca®" pools such as ER occurs mainly through the inositol
trisphosphate (IPs) pathway. IP5 can bind to the receptors on the
ER leading to a rapid release of Ca®" stored in the ER.®33%
Another type of calcium channel on the reticulum is ryanodine
receptor (RyR), the sensitivity of which can be dramatically
increased by high caffeine concentration.®> When the cytosolic

calcium concentration is elevated to a critical level by intra/
extracellular sources, the depleted intracellular calcium stores
undergo a rapid reuptake through Ca?"-ATPase. Simultaneously,
an extrusion of Ca®* across the plasma membrane through Ca*"
pumps and Na'/Ca®" exchanger helps to reduce the [Ca®'];
intensity to the resting level and prepares cells for the next
calcium response.®33® Previous studies showed that nitric oxide
and PGE,, two essential pathways in bone metabolism, may also
be involved in bone cell [Ca?"]; signaling. Fluid shear stress can
prompt the induction of COX-2 protein expression and induce
further PGE, release in osteocyte-like and osteoblast-like
cells.®*”*® Nitric oxide modulates [Ca®"]; signaling via a cyclic
guanosine monophosphate (cGMP)-dependent pathway®® or
nitrosylation of proteins.*® Moreover, nitric oxide could directly
contribute to the [Ca®']; release via triggering of an influx
pathway that is, in part, responsible for refilling of the internal
calcium stores.“” All of these pathways may significantly
contribute to the spatiotemporal characteristics of [Ca®'];
transients in bone cells under mechanical stimulation.

In this study, we hypothesized that the mechanosensitivity of
an osteocytic network is different from that of an osteoblastic
network in terms of their spatiotemporal characteristics of [Ca®'];
responses. Using our novel in vitro micropatterned bone cell
networks, we propose to: 1) compare the mechanosensitivity of
osteoblastic and osteocytic networks under physiologically
relevant mechanical stimuli; 2) examine the spatiotemporal
characteristics of [Ca®']; signaling in osteoblastic and osteocytic
network and their dependence on the stimulation intensity; and
3) investigate the roles of major [Ca®']; signaling pathways and
identify the potential mechanisms responsible for the difference
between osteocytic and osteoblastic networks in their [Ca®'];
responses. This study represents the first effort to systematically
compare the mechanosensitivity between osteocytes, the so-
called “mechanical sensor,” and osteoblasts as two distinctive
cell networks.

Materials and Methods

Chemicals

Minimum essential alpha medium (a-MEM), calcium-free
Dulbecco’s modified Eagle medium (DMEM), calcium-free Hank’s
balanced salt solution (HBSS), and ATP determination kit were
obtained from Invitrogen Corporation (Carlsbad, CA, USA). Fetal
bovine serum (FBS), charcoal-stripped FBS, and penicillin/
streptomycin (P/S) were obtained from Hyclone Laboratories
Inc. (Logan, UT, USA). Trypsin/EDTA, octadecanethiol, dimethyl
sulfoxide (DMSO), fibronectin, 18a-glycyrrhetinic acid (18a-GA),
suramin, caffeine, EGTA, tetracaine hydrochloride, NNC 55-0396,
amlodipine, and thapsigargin were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). N-(2-cyclohexyloxy-4-nitrophenyl)
methanesulfonamide (NS-398) and NG-monomethyl-L-arginine
(L-NMMA) were from EMD Chemicals Inc. (San Diego, CA, USA).

Cell culture

Osteocyte-like MLO-Y4 cells (a generous gift from Dr. Lynda
Bonewald, University of Missouri-Kansas City, Kansas City, MO)
were cultured on type I rat tail collagen (BD Biosciences, San Jose,
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CA, USA) coated petri dish in a-MEM supplemented with 5% FBS,
5% calf serum (CS), and 1% P/5.“? MC3T3-E1 osteoblastic cells
were cultured in a-MEM containing 10% FBS and 1% P/S. Cells
were maintained at 37°C and 5% CO, in a humidified incubator
and not allowed to exceed 70% to 80% confluency to maintain
the dendritic characteristic of the cell lines.

Bone cell network

Micro-contact printing and self-assembled monolayer (SAM)
surface chemistry technologies were employed to construct in
vitro bone cell networks for calcium signaling experiments as
described previously.“*** This technique can precisely control
the geometric topology of cell network, unify the intercellular
connections for each individual cell, and best mimic native
structure of mature bone cell networks. In brief, a grid mesh cell
pattern was designed using parameters optimized for MC3T3-E1
and MLO-Y4 cells, respectively. The designed patterns were
printed on a chromium mask and then replicated to a master
made of positive photoresist (Shipley 1818, MicroChem Corp.,
Newton, MA, USA) by exposing the master to UV light through
the chromium mask. Polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning, Midland, MI, USA) was poured on the master and
oven cured at 85°C. Micro-contact printing PDMS stamps with
the designed pattern were obtained by lifting off the PDMS from
the master surface. To build a bone cell network, the PDMS
stamp was dipped into an adhesive SAM (octadecanethiol) and
then pressed onto a gold-coated glass slide (custom designed by
an E-beam evaporator; SC2000, SEMICORE Inc., Livermore, CA,
USA). The stamped glass slide was immediately immersed in a
nonadhesive ethylene glycol terminated SAM solution (HS-C; -

EGs; Prochimia, Sopot, Poland) for at least 3 hours. A monolayer
of EGs, which can effectively resist protein adsorption and cell
adhesion, was formed on areas that were not previously inked
with the adhesive SAM. To further improve the cell attachment
on the adhesive SAM inked regions, the glass slide was incubated
in a 1% fibronectin solution for 1 hour before cell seeding, where
the fibronectin only deposited on the adhesive SAM region.
Finally, MC3T3-E1 or MLO-Y4 cell suspension was dropped onto
the glass slide for the 1-hour seeding process (approximately
1.0 x 10% cell/cm? slide area). The cell-seeded slide was cultured
for 24 hours before the fluid flow experiment. Fluorescent
images of typical well-formed cell networks for each cell type are
shown in Fig. 1A and B. Each cell attaches on a round island and
connects with four neighboring cells through their dendrites.

i

Fluid flow stimulation and [Ca®"]; responses

To indicate [Ca®"]; signaling, cell networks were incubated in a
humidified incubator for 45 minutes with 10mM Fura-2 AM
medium (Molecular Probes, Eugene, OR, USA) and then rinsed
with fresh working medium (a-MEM without phenol-red
supplemented with 2% FBS and 2% CS) three times. The slide
was mounted into a custom-built parallel plate flow chamber for
laminar fluid flow stimulation (Fig. 1C). The flow chamber was
mounted on an inverted fluorescence microscope (Olympus
IX71, Melville, NY, USA) and left undisturbed for 15 minutes,
which has been shown to be sufficient for bone cells to recover
from disturbance and to generate repetitive [Ca>*]; responses.“”
A magnetic gear pump (SiLog, Micropump, Inc., Vancouver, WA,
USA) was connected to the chamber to run the fresh working
medium through the chamber with a desired steady flow rate.
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Fig. 1. Micropatterned bone cell networks, laminar fluid flow stimulation, and the definition of spatiotemporal parameters to characterize the [Ca®"];
transients. Fluorescent images show typical well-formed (A) MLO-Y4 and (B) MC3T3-E1 cell networks. The cells were loaded with Fura-2 AM to indicate
intracellular calcium ions. Each cell attaches on a round island on micropatterned slides. The island is 15 mm in diameter for MLO-Y4 and 20 mm for
MC3T3-E cells. Scale bars in both images are 30 mm. (C) The slide with patterned cell network was mounted in a laminar fluid flow chamber. The laminar
flow rate was controlled by a high-resolution magnetic gear pump to generate 0.5, 1, 2, or 4 Pa shear stress on the cell surface. (D) The calcium responses of
cell networks were recorded for 10 minutes: 1 minute for baseline and 9 minutes during fluid flow stimulation. The [Ca®*]; intensity was represented by
averaging image intensity inside a normalized cell over baseline level. Number of [Ca®"]; peaks, magnitude of first peak m;, time to first peak t;, relaxation
time of first peak t,, and time interval between first and second peaks t; were defined here using a typical [Ca®']; transient of MC3T3-E1 cell.

Journal of Bone and Mineral Research

COMPARISON OF OSTEOCYTES AND OSTEOBLASTS 565



The [Ca®']; responses of bone cell networks under fluid flow
stimulation were recorded with a high-speed CCD camera
(ORCA-ER-1394, Hamamatsu Photonics KK, Hamamatsu City,
Japan) for a total of 10 minutes, 1 minute for baseline and
9minutes after the onset of fluid flow. Fura-2 340 nm/380 nm
ratio images were used to obtain the dynamic history of [Ca®'];
by measuring the average image intensity of each cell using
MetaMorph Imaging Software 7.0 (Molecular Devices, Down-
ingtown, PA, USA). The intensity of [Ca®"]; for each cell was
normalized by its corresponding baseline.

Osteocytic and osteoblastic networks under fluid flow

Cell networks of each cell type were separated into four groups
and stimulated with one of the following shear stress on the cell
surface: 0.5, 1, 2, and 4 Pa, which were designed to cover the
range of in vivo fluid flow stress on osteocytes."'®'” A total of
eight groups of cell networks were tested in this study, four
groups each for MLO-Y4 and MC3T3-E1 cells. The number of
tested cell network slides and analyzed cells are summarized in
Table 1.

[Ca®"]; signaling pathway studies

To compare the contribution of major [Ca®']; signaling pathways
in the responses of osteocytes and osteoblasts, each type of cell
network was divided into eight groups, and the fluid flow
experiments were performed with the presence of specific
pathway inhibitors in each group. The pathways investigated in
this study are schematically illustrated in Fig. 4A. The shear stress
of fluid flow was 2Pa for all groups. Therefore, the untreated
groups can be adopted from previous flow strength studies. The
other seven groups are specified as following: 1) Extracellular
calcium depletion: In this group, calcium-free DMEM and
calcium-free HBSS were used to replace the regular medium
in fluid flow tests (99 MC3T3-E1cells and 66 MLO-Y4 cells
analyzed in this group). 2) ER calcium store depletion: Cell
networks were incubated in 1 mM thapsigargin (TG) medium for
30 minutes before flow. TG depletes calcium from the ER store“®
(90 MC3T3-E1 cells and 111 MLO-Y4 cells). 3) PGE, blocking: Cell
networks were treated with 10 mM NS-398 for 24 hours before
the flow study. NS-398 selectively inhibits the COX-2 enzyme
activity, which in turn blocks the PGE, release®” (123 MC3T3-
E1 cells and 139 MLO-Y4 cells). 4) NO blocking: 100 mM L-NMMA
was introduced into the cell culture medium 1 day before

Table 1. Number of Cell Networks (Slides) and Analyzed Cells in
Different Experimental Groups

Shear stress

seeding the cells on the slides and continuously presented in
medium afterward. L-NMMA inhibits the production of nitric
oxide via competitively inhibiting all three isoforms of nitric
oxide synthase (NOS)“” (189 MC3T3-E1cells and 131 MLO-
Y4 cells). 5) Gap junction blocking: 75 mM 18a-GA, a reversible
gap junction blocker that binds to membrane proteins and
causes disassembly of gap junction plaques,*® was supplied in
fluid flow medium“® (61 MC3T3-E1 cells and 125 MLO-Y4 cells).
6) Extracellular ATP pathway blocking: 100 mM suramin, a P2
purinergic receptor blocker, was applied to the cell networks
30 minutes before exposing to shear flow®® (50 MC3T3-E1 cells
and 95 MLO-Y4 cells).”” Vehicle DMSO control: Among all the
previously employed chemicals, NS-398, 18a-GA, and TG were
dissolved into DMSO. Therefore, vehicle control was tested with
0.3% v/v DMSO presented in medium (51 MC3T3-E1 cells and 151
MLO-Y4 cells). The concentrations of the above agents were
chosen from the relevant literature in bone cells where they have
been demonstrated to be effective in inhibiting respective
pathways.

Roles of T-type and L-type VGCCs

T-type or L-type VGCC blocker was added into the flow medium
280 seconds after the onset of fluid flow to identify the roles of
VGCC in [Ca®™]; transients of MC3T3-E1 cells and MLO-Y4 cells.
NNC 55-0396 (18 mM), a selective inhibitor of T-type Ca**
channel,®" was employed to block the T-type VGCCs, whereas
amlodipine (10mM) was used to inhibit the L-type VGCCs.®?
Four experimental groups were tested in this study with two
types of cells and two inhibitors. The experiments were repeated
on at least three slides for each individual group.

Data analysis

The number of responsive cells in each group was evaluated. A
cell was defined as responsive to the fluid flow stimulation if it
successfully released a calcium spike with a magnitude four
times higher than its fluctuations during the period of baseline
measurement."” The number of [Ca®']; peaks during the
stimulation period were then counted for all the responsive cells.
To further quantitatively analyze the spatiotemporal character-
istics of the [Ca®"]; transients, a set of parameters were defined as
shown in Fig. 1D. The magnitudes of the first [Ca®']; peak were
measured and compared between different groups. The time
between the onset point of fluid flow and the maximum value of
the first responsive spike was defined as “time to first peak,”
denoted as t;, to evaluate the responsive speed of cells under
various mechanical stimulations. “Relaxation time of first peak”
(t,) was defined as the time it takes for the [Ca®']; intensity to
drop 50% from first peak magnitude. The time interval and the
ratio of magnitudes between the first and second [Ca*"]; peaks
were also reported and compared between all cell groups.
Student'’s t tests were used to determine significant difference
of each parameter (number of peaks, magnitude of first peak,
time to first peak, relaxation time of first peak, time between first
and second peak, and ratio between magnitudes of second
and first peaks) between MLO-Y4 and MC3T3-E1cells at a
specific stimulation strength. All data are shown as mean +
standard deviation. One-way analysis of variance (ANOVA) with

5 Pa 10 Pa 20 Pa 40 Pa

MLO-Y4

Slides 3 4 4 5

Cells 150 440 355 370
MC3T3-E1

Slides 3 3 7 4

Cells 130 124 420 259
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Bonferroni’'s post hoc analysis was performed to determine
statistical differences between mean values of different
stimulation strength for each cell type. To determine the
correlation between a spatiotemporal parameter and the
stimulation strength, a linear regression analysis was performed.
The number of [Ca®"]; peaks were compared between 16 groups
using ANOVA with Bonferroni’s post hoc analysis to analyze the
effects of different pathways. Two-way ANOVA was performed to
identify the interaction between two factors, cell type and
pathway inhibition. Statistical significance can be observed when
p < 0.05.

Results

2+]i

Number of responsive cells and multiple [Ca peaks

A set of typical [Ca®']; transients from MLO-Y4 and MC3T3-
E1 cells under 2 Pa fluid flow stimulation are shown in Fig. 2A.
MC3T3-E1 cells released a strong [Ca’']; peak at the onset
of flow, which was followed by a few lower peaks during the
9-minute fluid flow stimulation period. A large portion of MLO-
Y4 cells, interestingly, tended to demonstrate repetitive, spikelike
peaks, the number of which can reach up to 17 during the
9-minute fluid flow stimulation. Thus, it took an MLO-Y4 cell less
than 30 seconds to demonstrate a full [Ca®']; spike. For the MLO-
Y4 cells that released spikelike responses, the magnitudes of
[Ca*"]; peaks tended to be maintained at a constant level, ie, no
declining trend as observed in MC3T3-E1 cells. Under all levels of
fluid flow stimulation, few MC3T3-E1 cells demonstrated similar
spikelike repetitive [Ca®"]; transients with these from MLO-
Y4 cells.

The percentage of responsive MLO-Y4 cells under four dif-
ferent fluid flow strengths varied from 96% to 97.2% (Fig. 2B), and
no statistical trend was detected between the percentage of
responsive cells and the fluid flow strength. The percentage
of responsive MC3T3-E1 cells increased as the mechanical

stimulation intensified, 59% at 0.5Pa, 84% at 1Pa, 98% at
2Pa, and 99% at 4Pa. Under all fluid flow rates, the average
number of [Ca®™]; peaks of MLO-Y4 cells was significantly higher
than that of MC3T3-E1 cells (p < 0.01) (Fig. 20). Linear regression
analysis showed that the number of peaks for both cell types is
positively correlated with fluid flow rate. ANOVA found that the
number of peaks of MLO-Y4 cells was statistically different at all
stimulation strengths. For MC3T3-E1 cells, no significant differ-
ence was detected between the two groups under 2-Pa and 4-Pa
stimulations, and all other groups were significantly different
with each other. When fluid stress was 0.5 Pa or 1 Pa, more than
60% of MLO-Y4 cells released a single [Ca®"]; peak, but when
shear stress was equal to or higher than 2 Pa, more than 50% of
MLO-Y4 cells tended to release four or more repetitive [Ca®'];
peaks. Under all fluid flow rates, more than 40% MC3T3-E1 cells
had zero or a single [Ca®']; peak, and more than 70% of cells
released three or fewer [Ca*]; peaks during a 9-minute fluid flow
stimulation under all levels of stimuli (results not shown).

Spatiotemporal characteristics of [Ca”]i transients

The spatiotemporal characteristics of the first [Ca®*]; peak from
MLO-Y4 and MC3T3-E1 cells were summarized in Figs. 2D-F. The
peak magnitudes of both cell types were positively correlated
with mechanical stimulation strength (Fig. 2D). When shear stress
was lower than 4Pa, MLO-Y4cells had significantly higher
magnitudes than MC3T3-E1 cells, but no difference was detected
for peak magnitudes between two cell types under 4-Pa
stimulation. For MLO-Y4 cells, magnitudes of all four groups were
significantly different from each other, except between the 1-
and 2-Pa groups and the 2- and 4-Pa groups. The first [Ca®'];
peak magnitudes of MLO-Y4 cells increased only slightly with
shear stress. For MC3T3-E1 cells, the 0.5- and 1-Pa groups had no
significant difference, whereas all other groups were significantly
different from each other. For both MLO-Y4 and MC3T3-E1 cells,
the time to reach the first [Ca®']; peak shortened as the
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Fig. 2. Comparison of [Ca>"]; responses of MLO-Y4 and MC3T3-E1 cells under fluid flow stimulations and the spatiotemporal characterization of the first
[Ca®"]; peaks released by MLO-Y4 and MC3T3-E1 cells. (A) Typical [Ca®"]; transients of a MLO-Y4 cell and a MC3T3-E1 cell under 2-Pa shear stress
stimulation. (B) The number of responsive MLO-Y4 and MC3T3-E1 cells under four different fluid flow strengths. (C) Number of peaks in [Ca?™); responses
during 9-minute fluid flow stimulation. (D) Magnitude of first peak in [Ca®™); responses. (E) Time to reach the first [Ca®™); peak since the onset of fluid flow.
(F) Relaxation time for [Ca®"]; intensity to drop 50% from peak magnitude. Data shown are mean + SD. *Statistically significant difference between two

types of cells at a specific fluid flow strength, p < 0.05.
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stimulation strength increased (Fig. 2E). The average time for
MLO-Y4cells to reach the first [Ca®']; peak was close to
20 seconds. For MC3T3-E1 cells, time to reach first [Ca®']; peak
was 40seconds at 0.5Pa but only 14seconds at 4Pa. When
fluid shear stress was lower than 4Pa, MLO-Y4 cells required
significantly shorter time to reach the first [Ca®']; peak but vice
versa at 4 Pa. It also took shorter time for MLO-Y4 cells to reduce
the [Ca®™]; intensity from peak value to lower level under 0.5-, 1-,
and 2-Pa stimulations (Fig. 2F). No significant difference was
detected between the two types of cells at the 4-Pa level. A linear
regression analysis of the data showed a decreasing trend
between relaxation time and stimulation strength for MC3T3-
E1 cells but not for MLO-Y4 cells. ANOVA showed no statistical
difference in relaxation time between 1-, 2-, and 4-Pa groups for
MLO-Y4 cells.

The kinetic parameters of the second [Ca®*]; peaks released by
MLO-Y4 and MC3T3-E1 cells are summarized in Fig. 3. The mean
values were reported with the exclusion of cells with no [Ca®"];
peaks or a single [Ca®']; peak. At all stimulation strengths, the
MLO-Y4 cells took shorter time than MC3T3-E1 cells to recover
from the initial response to release a second [Ca’']; peak
(Fig. 3A). For both types of cells, the time between first and
second [Ca®"]; peaks decreased as the mechanical stimulation
strength increased. The ratio of peak magnitudes (second/first)
for MLO-Y4 cells ranged from 0.85 to 0.99 (Fig. 3B) and was not
correlated with the magnitude of shear stress. ANOVA further
showed that there was no significant difference between all four
groups of MLO-Y4 cells. For MC3T3-E1 cells, however, a decreas-
ing trend was detected between the magnitude ratio and
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Fig. 3. Comparison of the spatiotemporal characterization of the second
peaks in [Ca®']; responses. Only cells with more than one [Ca®']; peak
were counted. (A) Time gap between the highest magnitudes of the first
and second [Ca®™]; peaks. (B) The magnitude ratio between second and
first [Ca®"]; peaks. Data shown are mean + SD. *Statistically significant
difference between two types of cells at a specific fluid flow strength,
p < 0.05.
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Fig. 4. Roles of critical signaling pathways involved in [Ca®']; responses
were examined and compared between MLO-Y4 and MC3T3-E1 cells. (A)
A schematic drawing of the calcium signaling pathways in bone cells
investigated in the current study. The cytoplasm calcium can exchange
with extracellular calcium source in medium and intracellular calcium
store in ER. Voltage-gated calcium channels, ligand-gated ion channels
(eg, ATP-activated P,X;), G-protein, and stretch-gated ion channels can
transfer Ca®" between intra- and extracellular environments. Gap junc-
tion provides a direct channel for small molecule (eg, IP; and ca?h)
diffusion between connected neighboring cells. The calcium store in ER
can be released by activation of IP; or ryanodine receptors on ER
membrane. As two of the most essential signaling pathways involved
in bone cell metabolisms, PGE, and NO pathways were also investigated
to identify their correlations with [Ca™y; responses under mechanical
stimulation. (B) The average number of responsive [Ca®']; peaks from
pharmacologically pretreated groups. The affected pathways are listed
below the corresponding chemicals. L-NMMA-treated (MLO-Y4:4.2 +2.4;
MC3T3: 1.8 £0.1), suramin-treated (MLO-Y4: 1.3 £ 0.6; MC3T3: 1.2 £0.1),
and Ca’'-free medium-treated (MLO-Y4: 0; MC3T3: 0) groups were
compared with the untreated group (MLO-Y4: 4.7+2.7; MC3T3:
2.9 +0.2). NS398-treated (MLO-Y4: 3.4+ 2.2; MC3T3: 1.7 +£0.1), 18a-
GA-treated (MLO-Y4: 24+1.5; MC3T3: 1.4+0.1), and thapsigargin-
treated (MLO-Y4: 1.3 £0.7; MC3T3: 1.1+0.1) groups were compared
with the DMSO vehicle control group (MLO-Y4: 3.5+2.1; MC3T3:
2340.2). The group of Ca®"-free medium had no response to fluid
flow. Data shown are mean + SD; p < 0.05.

stimulation strength. The ratios were 1.07 +0.32, 0.88 +0.37,
0.72 +£0.32, and 0.59 +0.26 for 0.5, 1, 2, and 4 Pa, respectively.
In the 2- and 4-Pa groups, the ratio values of MLO-Y4 cells
were significantly higher than that of MC3T3-E1 cells, but no
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significant difference was detected when shear stress was equal
to or lower than 1 Pa.

2+]i

Essential pathways in [Ca“]; signaling

The essential [Ca®']; signaling-related pathways investigated in
this study are summarized in Fig. 4A. The average number of
[Ca®"]; peaks of the 16 groups are shown in Fig. 4B. Most
inhibitor-treated groups showed significantly fewer [Ca®"]; peaks
than the untreated or the vehicle control group during the
9-minute fluid low stimulation, except the interrupted PGE,
pathway for MLO-Y4 cells, which had no significant difference
with the vehicle control group. The suramin-treated groups had
significantly reduced number of [Ca®']; peaks. Seventy-nine
percent of MLO-Y4 cells and 60% of MC3T3-E1 cells showed a
single [Ca®"]; peak after the suramin treatment. Depletion of ER
calcium stores in both types of cells showed similar effects on
[Ca®"]; signaling. The average number of [Ca®]; peaks decreased
to one. Thus, for both MC3T3-E1 and MLO-Y4cells, the
extracellular ATP pathway and intracellular calcium store are
critical for the release of multiple [Ca']; peaks. Blocking GJIC also
reduced the number of peaks significantly in both types of cells,
but the peak numbers are still significantly higher than the
corresponding TG-treated groups. The L-NMMA treatment (NOS
blocking) resulted in fewer multiple responses in both cell types.
Importantly, the removal of extracellular Ca®" completely
abolished the [Ca®']; response in both MLO-Y4 and MC3T3-
E1 cells. Two-way ANOVA showed that the effects of suramin and
L-NMMA treatment are dependent on cell types, whereas the
effect of 18a-GA, NS398, and TG are not. Therefore, the
purinergic and NO pathways may interact with calcium signaling
differently in MLO-Y4 and MC3T3-E1 cells. Again, all MLO-Y4 cells
showed more peaks than their corresponding MC3T3-E1 groups,
with the exception of the Ca®>"-free medium group, in which
both cell types had no responses.

To confirm the exceptional roles of extracellular Ca®* source in
[Ca®"]; responses, EGTA, a chelating agent of Ca®", was added
into the flow medium during the fluid flow tests after the [Ca®'];
responses were initiated in cell networks by fluid flow. The
oscillations of [Ca®']; intensity were immediately stopped by the
introduction of EGTA in both types of cells (Fig. 5A). This verified
that extracellular Ca®" source was required in [Ca®']; signaling
for MLO-Y4 and MC3T3-E1 cells during the entire stimulation
period.

To explore the potential mechanisms responsible for the
difference between MLO-Y4 and MC3T3-E1 cells, we examined
the RyR pathway given the critical roles of ER calcium store for
multiple [Ca®"]; responses shown in Fig. 4B. Caffeine (1 mM), an
agonist of the RyR pathway, was supplied to the flow medium
during the fluid flow tests. No dedicated [Ca®']; peaks were
observed after the supplement of caffeine for either cell type
(Fig. 5B). This result was further confirmed by RyR blocking
tests on MLO-Y4cells. RyR, a class of intracellular calcium
release channels in the ER that can be activated by millimolar
caffeine concentrations, was blocked by 50 mM tetracaine.®
The number of [Ca®>"]; peaks was only slightly reduced in the RyR
blocked group, although significant (Fig. 5C), and the average
peak number of the RyR blocked group was 4.0 - 2.1. To verify

the role of PLC-IP3 pathway in calcium signaling, the osteocytes
were treated with neomycin (15 mM), which blocks PLC from
hydrolyzing phospholipids into inositol triphosphate (IP3) and
diacylglycerol. The number of [Ca®']; peaks in the neomycin-
treated group (1.23 £ 0.57) was much lower than the untreated
group (Fig. 5Q).

Given the critical roles of the ATP pathway in bone cell [Ca*™];
responses revealed in Fig. 4B and in our previous studies,?*?” we
next questioned whether the MLO-Y4 cells released much more
ATP into the flow medium under shear stress stimulation, and
subsequently whether the high ATP concentration induced more
[Ca®"], peaks in MLO-Y4cells. MLO-Y4cells can release ATP
through hemichannels under fluid flow, whereas MC3T3-E1 cells
release ATP mainly through vesicular fusion.®>*¥ Flow medium
was sampled before and after the 9-minute laminar flow
stimulations on cell networks. The ATP concentration in medium
was measured by using a commercial ATP determination kit
(Invitrogen Corporation). The change of ATP intensity before and
after the experiments are reported in Fig. 5D. MC3T3-E1 cells
released significantly more ATP into medium under fluid flow
than MLO-Y4 cells did. The same result was revealed when the
ATP concentration was normalized by the number of cells in cell
networks (Fig. 5E).

T-type and L-type VGCCs

A major difference between osteocytes and osteoblasts in
calcium signaling is the expression of VGCCs. Osteoblasts
predominantly express L-type VGCCs composed of the a; pore-
forming subunit and several auxiliary subunits. Osteocytes, in
contrast, express T-type VGCCs and a small amount of L-type «;
subunits. Amlodipine (L-type VGCC blocker) induced prolonged
declining of [Ca®™]; in both types of cells (Fig. 6A), which
confirmed the existence of L-type VGCC in both osteoblasts and
osteocytes and its involvement in calcium signaling. Amlodipine
induced an immediate [Ca®']; spike in MLO-Y4cells but an
inversed dive of [Ca®"]; in MC3T3-E1 cells. The treatment of
NNC55-0396 (T-type VGCC blocker) can discontinue the
repetitive [Ca®']; peaks in MLO-Y4cells after inducing an
immediate spike, and it had no observable effects on MC3T3-
E1 cells.

Discussion

The osteocytic network acts as a critical coordinator in bone
modeling and remodeling processes. Previous mechanotrans-
duction studies of bone cells were mostly performed on
confluent or subconfluent cell monolayers. However, osteocytes
form an elaborate cell network in vivo. Each cell connects with
several neighboring cells via gap junctions, thereby allowing
direct cell-to-cell coupling.®>>® Our previous studies proved that
cell-cell communication plays a critical role in determining the
characteristics of [Ca%"]; responses in bone cell networks.?? In
this study, the in vitro osteocytic network constructed with
micropatterning techniques, for the first time, simulates the in
vivo bone cell networks in a lacunar-canalicular system.

In this study, unidirectional steady fluid flow was employed as
mechanical stimulation on bone cells. Mechanical loading from
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Fig. 5. Roles of extracellular calcium source and caffeine in [Ca®']; responses of MLO-Y4 (left) and MC3T3-E1 (right) cells. (A) Depletion of extracellular
calcium in medium during the fluid flow stimulation terminates the [Ca®™); responses in both MLO-Y4 and MC3T3-E1 cells. (B) Adding caffeine in medium
during fluid flow stimulation has no significant effect on the [Ca®™); responses in either MLO-Y4 or MC3T3-E1 cells based on visual inspection. (C) The
average number of responsive [Ca®']; peaks in MLO-Y4 cells when treated with RyR inhibitor and PLC pathway inhibitor. (D) The ATP concentration in flow
medium after fluid flow stimulation on MLO-Y4 or MC3T3-E1 cells. (E) ATP concentration in flow medium showing in (D) normalized by corresponding cell

numbers. Data shown are mean 4 SD.

our daily activities, such as repetitive loading owing to
locomotion or muscular loading associated with postural control,
is presumed to generate oscillatory fluid flow on osteocytes.
Previous studies showed that oscillating flow was a much less
potent stimulator of bone cells than steady flow."¥ To compare
the calcium signaling in osteocytes and osteoblasts, steady flow
was employed in this study, which could generate a distinguish-
able and prominent difference between two types of cells. Both
osteocytes and osteoblasts showed [Ca®']; responses when
stimulated with laminar steady fluid flow. The responses of
osteoblasts, especially those under 2-Pa shear stress, are
consistent with those reported in literature."""'%?*) To our
knowledge, this is the first study to investigate the flow-induced

[Ca®™]; responses of an osteocytic network. More than 96% of
osteocytes showed [Ca®*]; responses to fluid stimulation, even to
flow at low magnitudes (0.5 or 1Pa shear stress), significantly
higher than the responsive rate of the osteoblastic cells. Previous
studies demonstrated that osteocytes can respond to a pulsatile
fluid shear stress as low as 0.5 Pa with a sustained release of PGE,,
but neither osteoblasts nor fibroblasts showed the same
response.®® Our new results confirmed that osteocytes are
significantly more responsive than osteoblasts under low
magnitude fluid flow stimulation. Animal studies have shown
that low-intensity mechanical signals incorporate all aspects of a
complex remodeling cycle and ultimately stimulate formation of
lamellar bone to improve bone quantity and quality.®”*® The
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unique high sensitivity of osteocytes under low-level stimuli
revealed in this study may endow the capability of osteocytic
networks to act as a dedicated sensor in bone for daily physical
activities and to contribute to the entire bone remodeling cycle
under low-intensity loading.®

The spatiotemporal characteristics of [Ca®']; transients are also
dramatically different in osteocytic and osteoblastic networks.
Most osteoblasts release a full [Ca®']; peak at the beginning of
fluid flow followed by a few weaker peaks, whereas osteocytes
tend to have repetitive [Ca®']; peaks with constant magnitudes
at a significantly higher number. The spikelike [Ca®"]; oscillations
showed by MLO-Y4cells can rarely be observed in MC3T3-
E1 cells. The difference is prominent by mere visual inspection.
The analysis showed that osteocytes had nearly 100% more
[Ca*"], peaks than osteoblasts at all levels of stimuli, and
the difference aggregates under higher shear stress. Therefore,
the highly sensitive osteocytes not only can detect all levels of
mechanical signals but also can respond to the signals with
unyielding full-magnitude [Ca®']; spikes.

To identify the mechanisms responsible for the difference
between MLO-Y4 and MC3T3-Elcells in [Ca®']; signaling,
extensive pathway studies were performed on both types of
cell networks. Our previous experiments with osteoblasts
showed that the increase of [Ca®']; intensity relies on two
sources, the influx of extracellular calcium and the release from
ER calcium stores.?%?”) In the current study, both types of cells in
calcium-free medium showed no response to fluid flow, which
reveals that the [Ca®*]; transients in both MC3T3-E1 and MLO-
Y4 cells induced by mechanical stimulation have to be initiated
by extracellular calcium influx. It has been noted that the influx of
extracellular calcium is required to evoke the opening of the
calcium-release channels in the ER of cells.?®%® We further
demonstrated that the removal of the extracellular calcium
source during the fluid flow ceased the [Ca®']; responses in MLO-

Y4 and MC3T3-E1 cells. Thus, Ca®" in medium is essential for
fluid flow-induced [Ca®"]; oscillations in both types of bone
cells. The other major calcium source of [Ca®']; responses is
the intracellular calcium store, which is mainly held within the
membrane systems of the ER.©"? Extracellular ATP can activate
the purinergic receptors of the G protein-coupled P,Y class that
activate phospholipase C, resulting in the generation of IP; and
intracellular calcium release from IP5-sensitive ER calcium stores.
In this study, depletion of the ER stores with thapsigargin or
blocking ATP pathway severely hampered multiple [Ca**]; spikes
in both types of cells. Experiments on MC3T3-E1 monolayer
(results not shown) demonstrated that exogenous application of
ATP can barely induce [Ca®"]; responses when the ER Ca*" store
was depleted. Besides the ER and ATP pathways, the GJIC-, PGE,-
and NO-related pathways all showed identical or similar effects
on MLO-Y4 and MC3T3-E1 cells. Although these results provide
important insight into the [Ca®']; signaling mechanisms of MLO-
Y4 cells, it is unlikely that one of these pathways is responsible for
the dramatic difference between MLO-Y4 and MC3T3-E1 cells.
The ATP-related pathway is critical for the multiple [Ca®'];
peaks. Suramin treatment reduced the [Ca®*]; oscillation to a
single peak in both types of bone cells. Our previous study
showed that extracellular ATP diffusion plays a critical role in
the calcium wave propagation across bone cell networks.?”
The ATP release in bone cells can be initiated by mechanically
induced Ca*" influx.*>** However, bioluminescence assay of
ATP intensity in extracellular medium showed that MC3T3-
E1cells are releasing more ATP than MLO-Y4cells upon
stimulation. Therefore, the ATP release is the necessary but
not sufficient condition for multiple peaks, which is not positively
correlated with the amount of ATP released. It is also possible
that the P2 family receptors have different expression in two
types of cells, and the receptors on MLO-Y4cells are more
sensitive or efficient than those on MC3T3 cells. The results from
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two-way ANOVA also showed that the effect of suramin
treatment is dependent on cell type. We then examined
another mechanism related to ER calcium store release, the
caffeine-RyR pathway. It has been shown that caffeine can
activate intracellular Ca*" release in the osteoclast® and
enhance the receptor activator of nuclear factor-xB ligand
(RANKL) expression in MC3T3-E1 cells.®® The results showed
that neither caffeine stimulation nor the inhibition of RyR can
almost completely remove the multiple [Ca®']; responses in
MLO-Y4 cells, as in the suramin- or TG-treated group.

Once the [Ca®']; intensity increases in cells, there is an
immediate activation of the processes that restore [Ca®']; to
resting levels to prevent extended exposure to toxic intensity
of [Ca"1.%” This process is achieved by transferring or pumping
the Ca®" out of the cell and back into the ER store
simultaneously. Afterward, the bone cell may be restored or
partially restored to its original state before stimulation, ready to
release the next [Ca®"]; response. The [Ca®]; transient history in
Fig. 2A suggests that the MLO-Y4cells can fully recover to
original state in a short period, whereas the MC3T3-E1 cells
obviously lack this capability. In the recovery process, a lot of ion
channels, such as VGCC, store-operated calcium channels, and
ligand-gated ion channels (eg, P,X;), and the agonists or
antagonists acting on these channels may be involved. Previous
studies have identified the L-type subunit Cav1.2 as the
predominant VGCC pore-forming subunit in osteoblasts,®¥
whereas osteocytes express the T-type Cav3.2 subunit.®> These
findings were also confirmed in the MC3T3-E1 cell line and the
MLO-Y4 cell line.®® Blocking T-type VGCCs stopped the multiple
peaks in MLO-Y4 but had no detectable effects on MC3T3-
E1 cells. Therefore, the T-type VGCC may play an essential role in
the unique vigorous [Ca®']; responses in MLO-Y4cells. The
physiological roles of T-type channels are very often accom-
plished by the distinctive low activation threshold of these
channels, which boosts up membrane depolarization in excitable
cells. The opening of T-type channels allows a Ca®" influx that
provokes membrane depolarization and an increase in the
[Ca®"]; concentration.®® Understanding the exact cellular and
molecular mechanisms responsible for the revealed [Ca®'];
signaling difference between osteoblasts and osteocytes is
beyond the scope of this study, which is another ongoing
research area attracting extensive attention.

Bone adapts to mechanical loading in a frequency- and
magnitude-dependent fashion. In the current study, all the
spatiotemporal parameters of the first [Ca>"]; peak in osteoblasts
and osteocytes are highly dependent on the strength of
mechanical loading. Therefore, the physical stimulus information
in bone can be encoded in the pattern of [Ca®']; signaling in
osteocytes. It is well known that the bone cells can memorize
and accommodate to mechanical loading history.®” As the
mechanosensory apparatus in bone, osteocytes are conjectured
to be the most potent candidate to establish a memory of the
local mechanical environment in bone tissue. The high sensitivity
of osteocytes and the ability to encode the mechanical stimuli
into biochemical signaling found in this study further endowed
this hypothesis. Moreover, our pathway studies revealed that the
T-type VGCC on osteocytes play an essential role in the kinetics of
[Ca®']; signaling in osteocytic networks. Interestingly, T-type

VGCC exists only in three types of cells, including cardiac cells,
neuronal cells, and osteocytes. The cellular function of T-type
VGCC in cardiac and neuronal cells includes pacemaking and
repetitive firing.®®®® The repetitive [Ca®>"]; peaks in osteocytes
revealed in this study resemble the action potentials of a neural
network. There is no doubt that osteocytic networks, according
to the findings in this study, are qualified to act as an orchestrator
of the bone modeling and remodeling process.
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